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Prediction of gene regulatory sequences using phylogenetic footprinting has advanced considerably but lacks
experimental validation. Here, we report whether transcription factor binding sites predicted by dot plotting
or web-based Trafac analysis could be validated by chromatin immunoprecipitation assays. MYC overexpres-
sion enhances glycolysis without hypoxia and hence may contribute to altered tumor metabolism. Because the
full spectrum of glycolytic genes directly regulated by Myc is not known, we chose Myc as a model transcription
factor to determine whether it binds target glycolytic genes that have conserved canonical Myc binding sites or
E boxes (5�-CACGTG-3�). Conserved canonical E boxes in ENO1, HK2, and LDHA occur in 31- to 111-bp
islands with high interspecies sequence identity (>65%). Trafac analysis revealed another region in ENO1 that
corresponds to a murine region with a noncanonical E box. Myc bound all these conserved regions well in the
human P493-6 B lymphocytes. We also determined whether Myc could bind nonconserved canonical E boxes
found in the remaining human glycolytic genes. Myc bound PFKM, but it did not significantly bind GPI, PGK1,
and PKM2. Binding to BPGM, PGAM2, and PKLR was not detected. Both GAPD and TPI1 do not have
conserved E boxes but are induced and bound by Myc through regions with noncanonical E boxes. Our results
indicate that Myc binds well to conserved canonical E boxes, but not nonconserved E boxes. However, the
binding of Myc to unpredicted genomic regions with noncanonical E boxes reveals a limitation of phylogenetic
footprinting. In aggregate, these observations indicate that Myc is an important regulator of glycolytic genes,
suggesting that MYC plays a key role in a switch to glycolytic metabolism during cell proliferation or
tumorigenesis.

Defining transcriptional regulatory networks is essential for
our understanding of embryonic development, cell growth, and
tumorigenesis. Throughout evolution, biologically important
genes and their regulatory elements have been selectively con-
served (34). Completing sequencing the genomes of a variety
of species provides a unique opportunity for the identification
of transcriptional regulatory regions through interspecies se-
quence comparison, also known as phylogenetic footprinting.
In particular, noncoding sequences with interspecies sequence
identity approaching that of exonic sequences are enriched
with putative transcription factor binding sites.

A number of approaches that allow the prediction of tran-
scriptional regulatory regions in any genomic region through
comparisons of mouse and human sequences have been re-
ported (4, 19, 21, 24). These approaches identify conserved
regions that contain putative transcription factor binding sites.
However, a purely computational approach tends to be replete
with the uncertainty as to whether a predicted cis-regulatory
module is biologically functional.

Several algorithms have been developed and experimentally
evaluated for the discovery of candidate regulatory regions,
such as those in the Drosophila genome (2, 26). In mammalian
systems, we and other groups have evaluated the functionality
of the transcriptional regulation of conserved cis elements.
These studies, however, addressed individual genes or a small
set of genes rather than a series of functionally related genes,
such as those encoding a specific biochemical pathway. In our
previous studies, putative direct Myc target genes were ran-
domly selected and subjected to chromatin immunoprecipita-
tion (ChIP) assays to identify Myc binding sites (43). In addi-
tion to class I genes in which Myc binding regions are highly
conserved among species, we identified another group of genes
termed class II genes, in which Myc binding regions do not
contain conserved sequences (18). Thus, experimental valida-
tion of these computational approaches is particularly impor-
tant in a well-defined model system involving a set of coordi-
nately regulated genes, such as those encoding components of
a metabolic pathway.

Although Myc and its target genes have been studied at a
broader genome-wide level (6, 7, 14, 16, 17, 23, 25, 27, 29–31,
35, 41), the coupling of comparative interspecies sequence
analysis and experimental validation of Myc target genes in-
volved in a single metabolic pathway has not been thoroughly
studied. It is particularly intriguing to note that ODC is not
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only the first identified bona fide Myc target gene, but it also
contains a phylogenetically conserved intronic region bearing
tandem canonical E boxes (1). MYC overexpression has been
suggested to aberrantly enhance tumor glycolysis even in the

presence of oxygen, a phenomenon termed the Warburg effect
(8, 39). Thus, we chose Myc as a model transcription factor and
the glycolytic genes as model target genes to predict Myc
binding regulatory regions, which can then be experimentally

FIG. 1. Locations of canonical E boxes in the human and mouse genomic sequences and phylogenetic footprinting analysis. Genomic sequences
containing 5 kb upstream of the transcriptional start site through intron 1 were screened for the presence of the canonical E box. The positions
of canonical E boxes and exons are mapped in the human (top of each pair) and mouse (bottom of each pair) genomic sequences. The maps show
phylogenetically conserved canonical E boxes in ENO1, HK2, and LDHA genes. Conserved canonical E boxes were identified using the dot plot
features of OMIGA software. Conservation of the canonical E box and its extended flanking region with more than 65% sequence identity for
longer than 30 bp is indicated. The percentages of sequence identity between the two sequences are also indicated in the maps. Sequence
alignments of the conserved E box and its extended flanking regions are shown below the maps. Canonical E boxes are boxed in each sequence
alignment. Conserved nucleotides are shown in bold type. The regions that are amplified for the ChIP assay are indicated by the lines above the
human gene and labeled A, B, or C in the maps.
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tested. We have previously found that Myc specifically trans-
activates LDHA and increases the expression of other glyco-
lytic enzyme genes (32, 37). Numerous studies using global
gene expression profiling methods, such as serial analysis of
gene expression (SAGE) and DNA microarrays, have found
that Myc increases the expression of specific glycolytic enzyme
genes, though these increases may be direct or indirect effects
of Myc (27–29, 35).

To identify the direct target genes of Myc and its binding
sites, we and other groups have applied various assays, includ-
ing an in vitro reporter assay, electrophoresis mobility shift
assay (EMSA), and the Myc-estrogen receptor (MYC-ER)
system (11). Through the use of the MYC-ER system, several
glycolytic genes, such as ENO1, GPI, HK2, LDHA, and PFKM,
have been identified as direct targets of Myc (7, 29, 32, 35).
However, these experimental approaches did not provide phys-

FIG. 2. (A) Organization of human and mouse glycolytic genes, which do not contain conserved canonical E-box regions. Mouse Gpi, Pfkm,
and Pklr genes do not contain a canonical E box. The sequences in or around the canonical E boxes of BPGM, PFKM, PGAM2, PGK1, and PKM2
were not conserved. Note that most sequences for the mouse Pfkm promoter region are not available. (B) Organization of GAPD and TPI1 genes.
Human GAPD and TPI1 genes do not contain a canonical E box. The regions that are amplified for the ChIP assay are indicated by the lines above
the human gene and labeled A, B, or C.
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ical evidence that Myc directly activates the transcription of
these genes through its association with specific genomic re-
gions. The MYC-ER fusion protein system has been particu-
larly used as a standard for the study of direct Myc target
genes, as it allows the identification of MYC-ER-induced tar-
gets upon estrogenic ligand stimulation in the presence of

cycloheximide, which prevents secondary transcriptional
events (11). However, estrogenic ligands and cycloheximide
used in these experiments may confound the effects of Myc,
and the MYC-ER system is unable to reveal Myc target genes
that are in feed-forward loops. In these loops, the expression of
terminal target genes are dependent on both Myc and an

FIG. 3. Trafac analysis (regulogram) of glycolytic genes. The phylogenetically conserved regions aligned with more than 50% identity are
represented as different colored blocks. In each conserved region (indicated by a different color), the number of shared transcription factor binding
sites (hits) and the percentage of sequence identity between human and mouse genomic sequences are indicated as two separate line graphs. For
HK2, LDHA, and intronic E boxes of ENO1, conserved canonical E boxes identified by dot plot analysis (OMIGA software) as described in the
legend to Fig. 1 consistently aligned in the Trafac analysis. Two human canonical E boxes in the promoter region of ENO1 correspond to the mouse
noncanonical E box (5�-CACGCG-3�) in the same region. With PGK1, Trafac analysis detected a conserved intronic canonical E box.
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intermediate transcription factor that is also a direct target of
Myc.

We reasoned that functionally important genomic regions
for Myc binding have been preferentially conserved in the
direct target genes. Given that exonic sequence identity in the
human and mouse genomes is estimated at about 85% (40), we
have performed manual sequence alignments using dot plot-
ting to identify nonexonic regions with at least 65% sequence
identity in 30-bp segments. These cutoff criteria are adequately
stringent to predict a particular class of Myc target genes, as
previously reported (18, 43). We also used the Trafac server to
identify potential Myc binding sites in glycolytic genes (19). A
number of programs, including RepeatMasker (masking out
repeat elements), PipMaker-BLASTZ (sequence alignment al-
gorithm), and MatInspector Professional (transcription factor
binding sequence scan), are integrated into the Trafac system
to perform phylogenetic footprinting analysis (19). Trafac
analysis predicts both canonical and noncanonical E boxes that
reside in regions that have at least 50% sequence identity in
the human and mouse genomes. Within these conserved seg-
ments, we sought to identify canonical Myc binding sites or E
boxes with the consensus sequence 5�-CACGTG-3� and deter-
mine whether Myc could bind these regions by ChIP assays (10,
14, 23). By performing a ChIP assay, we can identify immuno-
precipitated regions of the genome that are cross-linked to the
bound Myc protein by amplifying the Myc-associated DNA
fragments by PCR.

Our approach using Myc and 14 glycolytic genes as a model
provides a unique opportunity not only to evaluate phyloge-
netic footprinting and determine the architecture of the Myc
target glycolytic gene network but also to dissect the molecular
basis of Myc-induced altered glucose metabolism. Our results
provide evidence that MYC enhances aerobic glycolysis by di-
rectly up-regulating the expression of ENO1, GAPD, HK2,
LDHA, PFKM, and TPI1 genes, whereas Myc binding to GPI,
PGK1, and PKM is diminished or absent in the cases of BPGM,
PGAM2 (muscle specific), and PKLR (liver specific). This
study indicates that conserved, canonical E boxes are predic-
tive of significant Myc binding to glycolytic target genes, but
the absence of canonical E boxes does not exclude the possi-
bility of significant Myc association.

MATERIALS AND METHODS

Phylogenetic footprinting analysis. Genomic or cDNA sequences were down-
loaded from the University of California at Santa Cruz Genome Bioinformatics
website (http://genome.ucsc.edu), Ensembl Genome Browser (http://www
.ensembl.org), or National Center for Biotechnology Information (NCBI) Ref-
erence Sequence database (http://www.ncbi.nlm.nih.gov/RefSeq/). Canonical (5�-

CACGTG-3�) or noncanonical (5�-CATGTG-3�, 5�-CACGCG-3�, 5�-CATGCG-
3�, 5�-CACGAG-3�, 5�-CTCGCG-3�, and 5�-CACGTTG-3�) Myc binding sites
(E boxes) (3) were identified within the 5 kb upstream of the transcriptional start
site through intron 1 using the user-defined nucleic acid motifs feature of
OMIGA software (Oxford Molecular Limited, Oxford, United Kingdom). Com-
putational comparison of phylogenetically conserved canonical E boxes and
extended flanking sequences was performed using the dot plot feature of
OMIGA software with the parameters of a 30-bp window and more than 65%
sequence identity. These parameters are less stringent than the criterion of 70%
sequence identity in 50-bp windows, which has a sensitivity of only 65% (21).
Identifying and visualizing shared transcription factor binding sites in the phy-
logenetically conserved regulatory regions were performed using a web-based
phylogenetic footprinting analysis called Trafac (http://trafac.cchmc.org) as de-
scribed previously (19).

Cell lines. The human Burkitt’s lymphoma cell line P493-6 carrying an induc-
ible MYC repression system (35) and human breast epithelial A1N4 cells (22)
were used for ChIP analysis. P493-6 cells were maintained in RPMI 1640 me-
dium with 10% fetal bovine serum (GIBCO/BRL) and 1% streptomycin and
penicillin (Invitrogen). A1N4 cells were maintained in Improved MEM Zinc
Option medium (Invitrogen) with 0.5% fetal bovine serum (GIBCO/BRL), 10 ng
of epidermal growth factor (EGF) (Invitrogen) per ml, 0.5 ng of hydrocortisone
(Clonetics) per ml, and 5 ng of insulin (Clonetics) per ml. Incubating P493-6 cells
with 0.1 �g of tetracycline per ml for 72 h led to significant repression of MYC.

ChIP assay. P493-6 cells left untreated or treated with tetracycline for 72 h and
human breast epithelial A1N4 cells stimulated by 20 ng of EGF (Invitrogen) per
ml for 24 h were used for all ChIP assays. Cells were cross-linked by formalde-
hyde, and chromatin was immunoprecipitated as described previously (5). The
rabbit polyclonal Myc antibody (sc-764; Santa Cruz Biotechnology) and human
hepatocyte growth factor (HGF) antibody (sc-7949; Santa Cruz Biotechnology)
were used to precipitate chromatin. The total input was the supernatant from the
no-antibody control. For a control, some samples were treated the same as the
other samples, but these samples had no chromatin (mock control samples).
Real-time PCR quantitation of precipitated chromatin fragments was performed
using a SYBR green core reagent kit (PE Applied Biosystems) on an ABI 7700
sequence detection system (PE Applied Biosystems) according to the manufac-
turer’s instructions. Primers were designed using Primer Express software (PE
Applied Biosystems) (see Table S1 in the supplemental material for the primer
sequences for the ChIP assay). The data were analyzed by SDS 1.91 software (PE
Applied Biosystems). Four serial 10-fold dilutions of total input DNA were used
to generate a standard curve for each primer pair. Relative amounts of each
chromatin fragment were then extrapolated on the basis of their threshold cycle
values and determined by the percentage of the total input DNA. For each
amplification, melting curves and gel electrophoresis of the PCR product were
used to verify the identities of the PCR products. All real-time PCRs were
performed in triplicate.

RNA analysis. MYC and glycolytic mRNA levels were determined by Northern
blot analysis or quantitative real-time reverse transcription-PCR (RT-PCR).
Total RNA was isolated from P493-6 cells using Trizol (Invitrogen). Five micro-
grams of RNA was used in Northern blot analysis. RNA was subjected to 1.2%
agarose electrophoresis and transferred to a nylon membrane (Nytran). The
membrane was probed with a human MYC gene probe or a glycolytic gene probe
which had been labeled with 32P using a random primer labeling kit (Stratagene).
An ethidium bromide-stained agarose gel of 18S rRNA was used as a loading
control.

Quantitative real-time RT-PCR was performed using TaqMan one-step RT-
PCR master mix kit (PE Applied Biosystems) with probes and primers. Alter-
natively, cDNA was reverse transcribed from the total RNA (2 �g) using Taq-
Man reverse transcription reagents (PE Applied Biosystems), and subsequent
real-time PCR of cDNA was performed using the SYBR green core reagent kit
on an ABI 7700 sequence detection system. Primers and probes were designed by
the Primer Express software (see Table S2 in the supplemental material for the
primers and probes). Amplified fragments span intron/exon boundaries in the
cDNA sequences. The expression level of human 18S RNA was determined by
a predeveloped mixture of TaqMan probe and primers (PE Applied Biosystems)
and used for normalization. All PCRs were performed in triplicate.

Western blotting. Equal amounts of protein extracted from P493-6 cells were
subjected to electrophoresis on sodium dodecyl sulfate–10% polyacrylamide
gels. Monoclonal anti-Myc antibody (9E10; Oncogene Research Products) and
anti-�-tubulin antibody (CP06; Oncogene Research Products) were used for
immunoblotting.

FIG. 4. (A) Western blot analysis of Myc expression in P493-6 cells
left untreated (�) or treated (�) with tetracycline (Tet) for 72 h.
(B) Western blot analysis of Myc expression in A1N4, human breast
epithelial cells treated with 20 ng of EGF per ml. The number of hours
after incubation with EGF is indicated. Tubulin is shown as a loading
control in both panels.
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FIG. 5. ChIP assay of glycolytic genes in the P493-6 cell system. Glycolytic genes displaying strong Myc binding (A), moderate or weak Myc binding
(B), or no Myc binding (C) are shown. Labeled regions (as shown in Fig. 1; region A, B, or C) of each gene were quantitatively amplified by real-time
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RESULTS

Identification of canonical E boxes in glycolytic genes. The
genomic sequences spanning 5 kb upstream of the transcrip-
tional start site through the first exon and including the entire
intron 1 of 14 human glycolytic genes (except LDHB) and their
murine orthologs were analyzed to identify canonical E boxes
(5�-CACGTG-3�). Although it is possible that Myc binding
sites may occur outside the regions we studied, this coverage
was determined from the precedence that bona fide Myc bind-
ing sites appear to cluster within 2 kb of the start site, and there
is a prevalence of Myc binding sites in many first introns (14).
The analysis shows the locations of canonical E boxes in hu-
man and mouse glycolytic genes (Fig. 1 and 2). As summarized
in Table 1, canonical E boxes occur in 12 human glycolytic
genes but not in GAPD and TPI1. Among the mouse glycolytic
genes, Gpi, Pfkm, and Pklr have no canonical E boxes. Intronic
canonical E boxes occur in several glycolytic genes. Glycolytic
genes in which canonical E boxes were found in both human
and mouse genomic sequences were subjected to phylogenetic
footprinting to determine whether these human E boxes are
phylogenetically conserved.

Phylogenetic footprinting analysis. We chose manual se-
quence alignment using the dot plot function of OMIGA soft-
ware and the Trafac server for phylogenetic footprinting to
predict Myc binding sites. The ALDOA, BPGM, ENO1, HK1,
HK2, LDHA, PFKM, PGAM, PGK1, and PKM2 genes were
selected for the phylogenetic footprinting analysis, as canonical
E boxes for these genes occur in both human and mouse
genomic sequences. Using the parameters of a 30-bp window
and a minimum of 65% sequence identity, we identified three
genes, ENO1, HK2, and LDHA, whose E boxes and their ex-
tended flanking sequences showed 66 to 82% sequence identity
between the human and mouse genomic sequences for longer
than 30 bp (31 to 111 bp) (Fig. 1). Moreover, as shown in a
regulogram of a web-based Trafac analysis, a visual represen-
tation of common binding sites (hits), conserved canonical E
boxes identified with these parameters were consistently de-
tected in the conserved sequence blocks (Fig. 3).

Through manual alignment, the promoter and intron 1 re-
gions of HK2 and LDHA display very high sequence conserva-
tion. These regions extend over 70 bp, with more than 70%
sequence identity (Fig. 1). In ENO1, however, the conserved
sequences are not parallel; one human canonical E box in the
promoter region aligns with an intronic mouse canonical E box
that lies 1 kb downstream of the transcriptional start site (Fig.
1). Both conserved regions in ENO1 are about 30 bp, which is
shorter than those in HK2 or LDHA. Trafac analysis further
reveals two human ENO1 canonical E boxes that correspond to
a mouse noncanonical E box (Fig. 3). Despite manually low-
ering the stringency to 50% sequence identity with dot plotting,
we are unable to align either of the two human ENO1 pro-
moter E boxes with the mouse noncanonical E box (data not

shown). The increased sensitivity of Trafac analysis is due to
the less stringent criterion of including noncanonical E boxes
that occur in larger regions with at least 50% interspecies
sequence identity. Trafac analysis does not require local se-
quence alignment of the E boxes for inclusion as predicted
transcription factor binding sites.

Predicted conserved canonical E-box regions bind to Myc in
vivo. To determine whether Myc binds conserved canonical E
boxes, we performed ChIP assays. In addition to ENO1, HK2,
and LDHA, which display significant conservation (Fig. 1), we
selected additional human glycolytic genes to determine
whether nonconserved canonical E boxes might be bound by
Myc. Human GPI, PFKM, and PKLR genes contain canonical
E boxes that are not found in the mouse orthologs. BPGM,
PGAM, PGK1, and PKM2 do not have conserved E boxes (Fig.

FIG. 6. ChIP assay of glycolytic genes in the A1N4 cell system.
Chromatin precipitated from A1N4 cells at the indicated times with
anti-Myc antibody or without antibody (no Ab) were subjected to
real-time PCR as described in the legend to Fig. 5.

PCR. PCR was performed on the fragmented chromatin precipitated from P493-6 cells left untreated (�) or treated (�) with tetracycline (Tet)
for 72 h with anti-Myc or HGF, without antibody (no Ab), or mock control samples as indicated at the bottom of the graph. The white bars
represent the percentage of total input of control regions (region A). The black and hatched bars represent the percentage of total input of the
chromatin regions that contain conserved canonical E boxes (ENO1, HK2, and LDHA) or nonconserved canonical E boxes (BPGM, GPI, PFKM,
PGAM2, PGK1, and PKM2).
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2A). It should be noted, however, that intronic PGK1 con-
served canonical E boxes were detected by Trafac analysis (Fig.
3). By lowering the stringency of our manual alignment to 50%
identity, we were able to align these E boxes (data not shown).
The P493-6 B-cell line was chosen for the ChIP assay (35, 36).
These cells carry a tetracycline-responsive MYC expression
system. Tetracycline significantly represses ectopic Myc pro-
tein expression, resulting only in residual endogenous Myc
expression (Fig. 4A). MYC mRNA level was also significantly
repressed, as previously reported (43). Removal of tetracycline
resulted in a significant induction of MYC and enhancement of
glycolysis (36).

Chromatin fractions from untreated and tetracycline-treated
P493-6 cells were immunoprecipitated with polyclonal anti-
Myc antibody. For each gene, two or three primer pairs were
designed to amplify the DNA regions that contained conserved
canonical E boxes (ENO1, HK2, and LDHA), nonconserved E
boxes (BPGM, GPI, PFKM, PGAM, PGK1, PKLR, and PKM2),
or control regions that are at least 1 kb away from the E boxes
(Fig. 1 and 2). Region A represents the control region at least
1 kb away from the E boxes, and regions B and C are the
chromatin fragments that contain nonconserved and conserved
canonical E boxes, respectively. We observe that all conserved
canonical E-box regions in ENO1, HK2, and LDHA displayed
strong Myc binding (0.7 to 1.5% of total input DNA), whereas
control regions showed only background signal (Fig. 5A). Myc
binding to GPI, PGK1, and PKM2 (region B or C) was dimin-
ished (Fig. 5B). The canonical E-box region of the human
PFKM gene, which is not conserved in the rat Pfkm gene (most
sequences for mouse Pfkm promoter region are not available),

was bound by Myc but to a lesser extent than the highly con-
served E-box regions of ENO1, HK2, and LDHA (Fig. 5B).
Myc did not bind the nonconserved E-box regions of BPGM,
PGAM2, and PKLR (region B) (Fig. 5C). We confirmed the
specificity of ChIP assay by performing immunoprecipitation
with anti-HGF antibody, without antibody, and with mock con-
trol samples. In all these conditions, we observed only back-
ground signals (Fig. 5 and 6).

Moderate Myc binding to ENO1, HK2, and LDHA canonical
E boxes were detected with endogenous Myc (Fig. 5A) in
P493-6 cells treated with tetracycline, which suppresses only
ectopic MYC expression. We further confirmed that endoge-
nous Myc could bind chromatin fragments that contain con-
served canonical E boxes in another experimental system. We
used the A1N4 human breast epithelial cell line (22), which
when treated with EGF for 24 h, expresses a significantly
higher level of endogenous Myc than EGF-starved A1N4 cells
(Fig. 4B). All regions spanning conserved canonical E boxes
(regions B and C) displayed strong Myc binding, whereas con-
trol regions (region A) showed only background signals (Fig.
6). While we do not know the basis for the relatively high level
of Myc binding to target sequences in A1N4 cells, it is intrigu-
ing to note that the levels of recovered chromatin from endog-
enous Myc reproducibly reached approximately 2 to 4%, which
is higher than those from exogenous Myc in P493-6 cell system
(0.7 to 1.5%). Furthermore, for the ENO1 gene, region C
spanning the conserved intronic canonical E box was bound by
endogenous Myc at a significantly higher level than the con-
served canonical E box in the promoter region (region B).
Taken together, these observations suggest that conserved ca-

TABLE 1. Summary of data on conservation of canonical E boxes, in vivo Myc binding, and expression profiles of glycolytic gene expression

Gene

This study Data from previous studiesa

No. of canonical E
boxesb Conservation of

E-box region
In vivo Myc

bindingc
Induction by

Mycd
Induction
by Myce

Induction
by MYC-

ER
Myc DNA binding

Human Mouse

ENO1 5 3 Yes ��� (0.80) 8.05 (�0.11) Up (M, S) Yes Yes (ChIP)
HK2 5 4 Yes ��� (1.47) 3.66 (�1.28) Up (M) Yes
LDHA 2 3 Yes ��� (0.75) 14.98 (�0.88) Up (M, S) Yes Yes (ChIP, EMSA)

GAPD 0 2 No ��� (0.76) 3.72 (�0.36) Up (G, S) No Yes (ChIP)
PFKM 1 1 (rat)f No �� (0.29) 8.68 (�0.03) Up (M, S) Yes
TPI1 0 1 Yesg �� (0.34) 5.19 (�2.29) No

GPI 1 0 No �/� (0.11) 9.84 (�3.23) Up (M) Yes/Noh

PGK1 3 4 No �/� (0.17) 2.85 (�1.24) Up NDi

PKM2 1 2 No �/� (0.13) 3.20 (�0.94) ND Yes (ChIP)
BPGM 1 4 No � (0.03) 0.74 (�0.12) ND
PGAM2 1 3 No � (0.02) NA ND
PKLR 1 0 No � (0.02) NA No

ALDOA 2 2 No NA 6.73 (�0.08) No
HK1 4 8 No NA 1.93 (�0.03) ND

a Data adapted from the MYC target gene database (http://www.MYCcancergene.org) and previous publications (7, 29, 32).
b Number of canonical E boxes within the 5 kb upstream of the transcriptional start site through intron 1.
c In vivo Myc binding is indicated as follows: ���, strong binding; ��, moderate binding; �/�, weak binding; �, no binding; NA, not available. The percentage

of total input is shown in parentheses.
d Fold induction in P493-6 cells not treated with tetracycline.
e The method is given in parentheses as follows: M, microarray; S, SAGE; G, guess.
f Most sequences for the mouse Pfkm reporter region are not available.
g Conservation of noncanonical E boxes.
h Yes/No, discrepant reports.
i ND, not determined.
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nonical E boxes are bound by ectopic Myc and that they are
also significantly bound by endogenous levels of Myc.

The binding of Myc to the promoter or intron 1 regions of
ENO1, HK2, and LDHA also correlated with gene expression.
Using P493-6 cells, we observed that the mRNA levels of these
three genes were also significantly higher in untreated P493-6
cells (high MYC) than in tetracycline-treated P493-6 cells (low
MYC) (Table 1). The increased expression of these genes in
response to elevated Myc provides further evidence that these
genes are functional direct Myc targets.

Identification of Myc binding regions not predicted by phy-
logenetic footprinting in GAPD and TPI1. Myc induces the
expression of both GAPD and TPI1, although they do not
contain canonical E boxes (Fig. 2B and Table 1). To determine
whether Myc could directly bind to regions in the promoter or
intron 1, we used scanning ChIP assay (42). First, we used five
PCR primer pairs to scan the human GAPD locus at approx-
imately 1-kb intervals (regions A, B, C, E, and G) (Fig. 7A).
Using the P493-6 cell system, significant Myc binding was
found in region G that spans approximately 40 bp upstream of

the transcriptional start site through the entire exon 1 (Fig.
7B). We then considered the role of noncanonical E boxes, as
we previously demonstrated Myc binding to conserved, nonca-
nonical E boxes in vivo (43). We identify four noncanonical E
boxes in the human GAPD gene and seven noncanonical E
boxes in the mouse Gapd gene (Fig. 7A) (see Materials and
Methods for the sequence variations of noncanonical E boxes).
Two pairs of human noncanonical E boxes are located either
within 0.4 kb or within 2 kb upstream of the transcriptional
start site. However, these noncanonical E boxes were not sig-
nificantly conserved. We then performed an extended scan
with additional PCR primer pairs to pinpoint the fragments
that lie within 100 bp of the noncanonical E boxes (regions D
and F) (Fig. 7). Region H was used as an additional control.
Figure 7B demonstrates Myc binding to region F (0.8% of total
input) and region D (0.3% of total input). These results sug-
gest that Myc binds a GAPD promoter region containing non-
canonical E boxes that are not conserved in the mouse Gapd
gene.

The human TPI1 gene was scanned by ChIP assay with five

FIG. 7. Scanning ChIP assay of the human GAPD gene. (A) Locations of canonical E boxes, noncanonical E boxes, and exons in the human
and mouse genomic sequences. Canonical E boxes in the mouse gene are indicated by black circles. The lead (�) or complement (�) sequences
of noncanonical E boxes are also indicated. The regions that are amplified for the scanning ChIP assay are indicated by the lines above the human
gene and labeled A to H. (B) The human GAPD gene was scanned by ChIP assay in the P493-6 cell system. P493-6 cells were either not treated
(� Tet) or treated with tetracycline (� Tet) for 72 h. ChIP was performed with anti-Myc or HGF, without antibody (no Ab), or mock control
samples as indicated at the bottom of the graph.
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FIG. 8. Phylogenetic footprinting analysis and scanning ChIP assay of TPI1. (A) Noncanonical E boxes and exons are indicated in the human
and mouse genomic sequences. The lead (�) or complement (�) sequences of noncanonical E boxes are also indicated. One canonical E box in
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PCR primer pairs at approximately 1-kb intervals (Fig. 8A).
Myc bound region E, which lies in intron 1 (approximately 800
bp downstream of the transcriptional start site) (Fig. 8D). We
found 14 noncanonical E boxes in human TPI1 (11 in the
promoter region and 3 in intron 1) and analyzed them by
phylogenetic footprinting (Fig. 8A). Through dot plot analysis,
we detected two highly conserved promoter and intron 1 re-
gions. The conserved intron 1 region, however, does not con-
tain perfectly matched noncanonical E box (5�-CAAGGTG-3�
in human TPI1). Both conserved regions extend over 100 bp
with more than 80% sequence identity (Fig. 8A and B). How-
ever, in the Trafac analysis, an intronic canonical E box in the
mouse Tpi1 gene is conserved and corresponds to two human
noncanonical E boxes (Fig. 8C). It is intriguing that this con-

served intronic region, but not the upstream region, was bound
by Myc in the scanning ChIP assay (Fig. 8D, region E). Our
data provide evidence that Myc could associate with nonca-
nonical E boxes or unknown new binding sites in these genes.
These studies indicate that GAPD and TPI1 are direct targets
of Myc with binding sites that are largely unpredicted by phy-
logenetic footprinting.

Induction of glycolytic gene expression by Myc correlates
with predicted canonical Myc binding sites. To determine
whether in vivo Myc binding correlates with the expression of
glycolytic genes, we subjected tetracycline-treated and un-
treated P493-6 cells to quantitative real-time RT-PCR (for all
14 glycolytic genes) and Northern blot analysis (for HK2,
GAPD, and PFKM [data not shown]). The changes in expres-

FIG. 9. Regulation of the glycolytic gene network by HIF-1 and Myc. Arrows emanating from HIF-1 indicate regulation of specific glycolytic
genes by HIF-1 in response to hypoxia. Arrows emanating from Myc are shown with different thicknesses. The thickest arrows represent strong
binding by Myc, whereas dashed arrows represent diminished binding. HIF-1 is shown downstream of oncogenic Ras and Src as well as being
negatively regulated by von Hippel-Lindau protein (pVHL).

mouse intron 1 is indicated as a black circle. The dotted areas represent the conservation of the noncanonical E box and its extended flanking
region with more than 65% sequence identity for longer than 30 bp. The percentage of sequence identity is also shown. The regions that are
amplified for the scanning ChIP assay are indicated as the lines above the human gene and labeled A to E. (B) Sequence alignments of the
conserved E box and its extended flanking regions are shown. Noncanonical E boxes are boxed in each sequence alignment. Conserved nucleotides
are shown in bold type. (C) Trafac analysis (regulogram) of human and mouse genomic sequences. (D) Scanning ChIP assay of human TPI1 in
P493-6 cell system. P493-6 cells were either not treated (� Tet) or treated with tetracycline (� Tet) for 72 h. ChIP was performed with anti-Myc
or HGF, without antibody (no Ab), or mock control samples as indicated at the bottom of the graph.
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sion of 14 human glycolytic genes are listed in Table 1. The
mRNA expression levels of all genes that showed strong Myc
binding (ENO1, GAPD, HK2, LDHA, PFKM, and TPI1) were
significantly elevated by Myc. Note that ENO1, HK2, and
LDHA are among the highest Myc binding targets that were
predicted by phylogenetic footprinting. However, the induc-
tion of gene expression is less well correlated with Myc binding
in GAPD and TPI1, in which Myc binds noncanonical E-box
regions. ALDOA, GPI, PFKM, PGK1, and PKM2 were induced
by Myc, but we could not detect E-box conservation or Myc
binding, suggesting that these genes are regulated by Myc
indirectly or that Myc may bind ALDOA, GPI, PFKM, PGK1,
and PKM2 in regions that we did not examine.

DISCUSSION

Our present studies using Myc and glycolytic genes as a
model system provide not only a critical analysis of phyloge-
netic footprinting but also a comprehensive evaluation of Myc
and the glycolytic target gene network. Our findings indicate
that most glycolytic genes are directly regulated by Myc, sup-
porting the notion that deregulated MYC can contribute to
altered tumor glucose metabolism under normal oxygen levels.

Phylogenetic footprinting analyses by both manual align-
ment and Trafac analysis predicted evolutionarily conserved,
canonical Myc binding sites in ENO1, HK2, and LDHA, which
were all confirmed by ChIP assay results. We observed that in
vivo, Myc binding correlated with the induction of glycolytic
target gene expression by Myc. These genes belong to what we
previously termed class I Myc target genes, which contain con-
served canonical E boxes (18). Since promoter-reporter assays
and EMSA do not reflect in situ Myc binding, we had not
included these assays in the present study. Nevertheless, we
previously demonstrated for LDHA that Myc binds the highly
conserved LDHA E boxes in EMSA as well as in promoter-
reporter assays and that mutation of the E boxes rendered the
promoter unresponsive to Myc (37). Given the limitations of
EMSA (18) and considering the fact that even artificial pro-
moters bearing E boxes are responsive to Myc in transient-
transfection assays (20), we have focused on ChIP as a measure
of in vivo Myc binding.

All other glycolytic genes studied do not have evolutionarily
conserved canonical E boxes, although most of the glycolytic
genes we studied were up-regulated in the presence of high
levels of Myc. Because human GAPD and TPI1 genes are
induced by MYC but do not contain predicted Myc binding
sites or canonical E boxes, we sought to determine whether
Myc binds these genes by scanning ChIP assays. The ChIP
assay identified strong Myc binding to the regulatory regions of
GAPD and TPI1, providing evidence that GAPD and TPI1 are
direct Myc targets. However, the correlation between Myc
binding and phylogenetic conservation in GAPD and TPI1 is
less clear. TPI1, which is induced by Myc, has a conserved
noncanonical E box (5�-CACATG-3�) in the upstream region.
However, Myc bound best to the intron 1 region that contains
two noncanonical E boxes (5�-CACATG-3� and 5�-CGCGTG-
3�) that correspond to a mouse canonical E box. These intron
1 regions were aligned by Trafac analysis, but not by dot plot-
ting. Instead, dot plotting identified different areas of nonca-
nonical E-box conservation in the intron 1 regions (Fig. 8A and

C). GAPD, which is also induced by Myc, has no conserved
canonical or noncanonical E boxes. With GAPD, Myc bound
best to the human promoter region F that is near two noncon-
served, noncanonical E boxes (5�-CGCGTG-3� and 5�-CGCG
AG-3�). Hence, both GAPD and TPI1 belong to what we pre-
viously termed class II direct Myc target genes, whose Myc
binding sites either drifted during evolution or are newly ac-
quired (18).

The human PFKM gene contains a canonical E box in the
promoter region, which is bound well by Myc, although this
canonical E-box region is not conserved in the rat Pfkm gene.
Most of the corresponding mouse sequence is currently un-
available. Myc slightly bound the human PGK1 region with one
upstream and two intron 1 canonical E boxes. Myc bound the
human GPI promoter region with one canonical E box. It is
less clear whether Myc bound the human PKM2 region near an
intron 1 canonical E box, when a control region several kilo-
bases upstream is considered (Fig. 5B). No Myc binding was
detected in the canonical E-box regions of human BPGM,
PKLR, and PGAM2 genes. We were unable to identify suitable
primers for quantitative PCR in the ALDOA and HK1 loci. In
aggregate, these observations indicate that Myc binds weakly
to glycolytic genes that do not contain conserved Myc canon-
ical binding sites. Because we examined Myc binding only in
canonical E-box regions for the remaining genes (Fig. 2A), we
cannot exclude the possibility that Myc may bind noncanonical
E boxes or unknown novel binding sites.

Since tetracycline treatment suppresses only ectopic Myc
expression in P493-6 cells and does not affect endogenous Myc
expression, this study provides a unique opportunity to exam-
ine endogenous Myc and ectopic Myc binding to the same
genes. Only class I (ENO1, HK2, and LDHA) and class II
(GAPD and TPI1) genes demonstrate binding by endogenous
Myc (Fig. 5A, 7B, and 8D). Intriguingly, while both HK2 and
LDHA displayed a corresponding enhanced binding of ectopic
Myc to the same regions, ectopic Myc binding to ENO1 is
higher in promoter region B than in the intronic region C that
is bound well by endogenous Myc (Fig. 5A and 6). Through
studying the human A1N4 breast epithelial cells, in which
endogenous Myc is induced by the growth factor EGF, we also
observed that intronic region C of ENO1 is better bound by
endogenous Myc than the promoter region B. High basal Myc
binding to ENO1 region C was observed compared to either
LDHA or HK2. With GAPD, there was significant binding of
ectopic Myc to region D, which was not bound by endogenous
Myc, although this level of binding might be at the threshold of
detection. With PFKM, PGK1, GPI, and PKM2, moderate to
diminished binding was detected only with ectopic Myc. With
endogenous Myc, phylogenetic footprinting was highly predic-
tive of Myc binding to the conserved regions bearing canonical
E boxes.

So why are these specific regions conserved in ENO1, HK2,
and LDHA? As less than 20% of nonexonic sequence is con-
served in the human and mouse genomes, significantly high
level of conservation, which is more than 65% sequence iden-
tity at and around Myc binding regions extending 30 to more
than 100 bp, shown in ENO1, HK2, LDHA, and TPI1 genes
may have an impact on Myc-mediated transcriptional regula-
tion. One possibility is that these extended conserved se-
quences may contain binding sites for other transcription fac-
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tors or chromatin remodeling proteins, which could affect the
transcriptional activity of Myc (12). Our preliminary Trafac
analysis suggests that conserved binding sites for the transcrip-
tion factors ETS, AP4, Sp1, CREB, and HIF-1 are found
overrepresented near conserved Myc E boxes in glycolytic
genes (A. G. Jegga, unpublished data). In particular, among
the 10 glycolytic genes with more than three other conserved
transcription factor binding sites near a conserved E box, only
ENO1, HK2, and LDHA lack clusters containing AP4 sites with
an E box (Jegga, unpublished). It will be intriguing to deter-
mine whether the lack of AP4 sites in ENO1, HK2, and LDHA
contributes to their robust response to Myc. At this time, we
are evaluating these candidate transcription factors, but the
findings are beyond the scope of this report.

While previous studies reveal that hypoxia induces glycolysis
through the HIF-1 transcription factor, our studies demon-
strate that in normoxia, Myc can induce most glycolytic genes
including ALDOA, ENO1, GAPD, GPI, LDHA, HK2, PFKM,
PGK1, PKM, and TPI1 (Fig. 9). This supports the hypothesis
that the propensity for some tumors to undergo aerobic glyco-
lysis (Warburg effect), in which glucose is converted to lactate
despite the availability of oxygen, could be the result of Myc
activation of glycolytic gene expression independent of hyp-
oxia. Of the Myc-induced genes, HK2, PFKM, and PKM were
previously considered to be important rate-limiting regulatory
points in glycolysis. However, according to metabolic control
analysis, there are no so-called rate-limiting enzymes in a path-
way. Rather, the control of metabolic flux through a pathway is
shared between all enzymes in different proportions such that
coordinate regulation of a number of enzymes in a specific
pathway is sufficient to affect overall metabolic flux. Hence, the
induction of genes encoding key enzymes by Myc appears
sufficient for enhanced glycolytic flux.

In addition to bearing evolutionarily conserved regulatory
Myc binding sites, these glycolytic genes may share some other
functional features that are important for mammalian cell
growth and development. Recent studies suggest that glycolytic
enzymes may not only be involved in glucose metabolism but
they may also influence other biological processes. Several
isoforms of hexokinase play a key role in mitochondrion-me-
diated apoptosis by modulating proapoptotic molecules includ-
ing Bax and Bad, suggesting that the glycolytic pathway and
apoptosis are integrated (9, 15, 33). The roles of LDHA and
GAPD proteins in glycolysis are well-established, yet the nu-
clear localization of these proteins suggest additional biologi-
cal functions (45). Recently, GAPD and LDH were both found
in a transcriptional coactivator complex that assists the Oct-1
transcription factor in regulating histone H2B expression (44).
GAPD, in particular, alters the coactivator activity as a func-
tion of NAD�/NADH ratio. Several studies suggest that
ENO1 and MYC promoter-binding protein 1 (MBP-1) are
encoded by the same gene (13, 38). MBP-1, which results from
an internal translational initiation site of the ENO1 mRNA, is
a negative transcriptional regulator of MYC transcription.
These findings imply that a negative-feedback loop exists be-
tween MYC and ENO1. It is notable that while there is overlap
between glycolytic genes that are responsive to hypoxia via the
HIF-1 transcription factor and those that are regulated by Myc,
a hierarchy of glycolytic genes preferentially regulated by
HIF-1 is not apparent, since HIF-1 appears to uniformly affect

genes encoding many enzymes of the entire pathway (13, 38).
In aggregate, these observations suggest that glycolytic genes,
which serve other biological functions, may have preferentially
conserved regulatory sequences that are responsive to partic-
ular transcription factors or stimuli. In particular, we demon-
strate here that Myc serves as a regulator of many key glyco-
lytic genes, providing additional insight into the complexity of
transcriptional control of glycolytic genes in normoxic condi-
tions (Fig. 9).
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