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CAD, a c-Myc Target Gene, is Not Deregulated
in Burkitt's Lymphoma Cell Lines
Susanna M. Mac and Peggy J. Farnham*
Department of Oncology, McArdle Laboratory for Cancer Research, University of Wisconsin±Madison, Madison, Wisconsin

Although the Myc family of transcription factors is upregulated in many human tumors, it is unclear which genes are
targets for the deregulated Myc. Previous studies suggest that hamster and rat carbamoyl phosphate synthase,
aspartate transcarbamylase, dihydroorotase Cad genes are regulated by c-Myc. In fact, of all putative target genes
thought to be activated by c-Myc, only the Cad gene showed loss of growth regulation in rat cells nullizygous for
c-Myc. However, it was unknown whether upregulation of CAD, which performs the first three rate-limiting steps
of pyrimidine biosynthesis, contributes to c-Myc's role in human neoplasia. To explore this possibility, we cloned
the human cad promoter. We found that c-Myc could bind to an E box in the human cad promoter in gel shift assays
and that growth regulated transcription from the human cad promoter was dependent on this c-Myc binding site.
However, the increased amount of c-Myc found in Burkitt's lymphoma cell lines did not lead to increased cad
mRNA levels. Thus, we suggest that although c-Myc is clearly important for the normal transcriptional control of the
cad promoter, it is unlikely that increased levels of CAD are important mediators of c-Myc±induced neoplasia.
Therefore, an understanding of the mechanism by which overexpressed c-Myc contributes to the development of
Burkitt's lymphoma requires the identification of additional c-Myc target genes. Mol. Carcinog. 27:84±96, 2000.
ß 2000 Wiley-Liss, Inc.
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INTRODUCTION
The proto-oncogene c-myc encodes an essential
nuclear phosphoprotein [1]. Experimental overexpression of c-Myc can transform primary rat embryo
®broblasts in cooperation with Ras and predispose
transgenic mice to various cancers [2]. In humans,
the c-myc gene is ampli®ed in cancers of the lung,
breast, and colon [3]. In Burkitt's lymphoma, the
c-myc gene is translocated to an immunoglobulin
locus, resulting in higher levels of the c-Myc protein
and/or mutated c-Myc proteins [4]. It has been
postulated that increased c-Myc levels may contribute to neoplasia by maintaining the cycling of
cells that would normally exist in a differentiated
state, allowing more time for additional mutations
to occur [4].
The c-Myc protein is a transcriptional regulator
that requires dimerization with a protein partner,
max [5]. c-Myc's carboxyl terminus contains a basic
helix-loop-helix leucine zipper (bHLHZip) domain
that mediates DNA binding and heterodimerization, while the amino terminus contains a transactivation domain and mediates interactions with
proteins such as p107 and TATA binding protein [6].
c-Myc/max dimers bind to, and increase transcriptional activity of, promoters containing E boxes
(consensus sequence  CACGTG). These heterodimers must compete with max homodimers for
binding to E boxes, as well as with Max paired with
the Mad family of proteins (Mad, Mxi1, Mad3,
Mad4) [7±10]. In contrast to c-Myc/max heteroß 2000 WILEY-LISS, INC.

dimers, the Max complexes lacking c-Myc repress
transcription [7±10]. Additionally, other ubiquitous
homo- and heterodimeric bHLHZip proteins, such
as USF, can bind E boxes [11]. These proteins
activate some, but not all, of the E box containing
promoters that are activated by c-Myc/Max [12,13].
Finally, evidence exists that c-Myc can repress
transcription in an E box±independent manner
through protein-protein interactions at elements
such as initiators [14,15].
Since deregulation of c-Myc activity can cause
neoplastic transformation, recent efforts have
focused on identifying potential target genes that
encode proteins which may contribute to a
neoplastic phenotype. Although E boxes that
contribute to transcriptional activity have been
identi®ed in a variety of promoters, a biological
connection between c-Myc and many of the
potential target genes is unclear. Recent studies
using c-Myc±null cell lines suggest that absence of
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c-Myc does not affect the regulation of most of the
putative c-Myc target genes [16]. These observations
may suggest that c-Myc's role in mediating neoplastic transformation may not be as a transcriptional
activator. This hypothesis is supported by the
®ndings that a c-Myc protein that has lost the
ability to repress transcription, but still retains the
ability to activate a synthetic promoter, has also lost
the ability to transform cells [15]. However, the
activation of one gene which was previously
postulated to be regulated by c-Myc was affected in
the c-Myc-null cells. The growth±regulated increase
in mRNA for carbamoyl phosphate synthetase,
aspartate transcarbamylase, dihydroorotase (CAD),
a trifunctional protein that is rate-limiting for
pyrimidine biosynthesis, was abolished in the cMyc±null cells [16]. Thus, c-Myc does appear to be a
critical regulator of the rat cad gene. The data from
the rat cells are supported by our previous work that
showed that a c-Myc binding site is required for G1/
S-phase induction of transcription from the hamster
cad promoter [17]. Also, a dominant negative c-Myc,
that heterodimerizes with Max but doesn't bind
DNA can abolish the growth regulation of the
hamster cad promoter, supporting the proposal that
c-Myc/Max heterodimers are responsible for the
G1/S phase±speci®c increase in the transcriptional
activity of the cad gene [17].
Based on the studies of the rodent cad promoters,
it was possible that deregulation of human CAD
may contribute to the ability of c-Myc to cause
cancer. However, thus far, only rodent cad promoters have been characterized. To further investigate
a possible role for CAD in human cancers, we cloned
the human cad promoter and found it to be highly
homologous to the hamster sequences. Results of
protein binding experiments and transcriptional
assays supported the hypothesis that the human cad
gene is a c-Myc target gene. In contrast, our results
also indicated that increased levels of CAD may not
contribute to c-Myc±mediated neoplasia in Burkitt's
lymphomas.
MATERIALS AND METHODS
Southern Blot Analysis
Cosmid DNA (gift of George Stark) was digested to
completion by BglII, EcoRI, or HindIII and electrophoresed on an agarose gel. DNA fragments from
this gel were transferred to a Zeta-probe ®lter in
0.4 M NaOH buffer. After transfer, the ®lter was
rinsed for 10 min in 2 sodium chloride sodium
citrate (SSC) at room temperature and then incubated at 42 C in a prehybridization solution (50%
formamide, 0.12 M Na2HPO4, 0.25 M NaCl, 7%
sodium dodecyl sulfate (SDS), 1 mM EDTA) for 15±
30 min at 42 C before the addition of a radioactive
probe containing hamster cad promoter sequences
(spanning from nt ÿ333 to 222). Incubation was
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continued for 4 h to overnight at 42 C on a
mechanical rocker. The ®lter was then rinsed
for 10 min each at room temperature in 2  SSC/
0.1% SDS, 0.5  SSC/0.1% SDS, 0.1  SSC/0.1% SDS,
and 0.1  SSC/0.1% SDS at 65 C, before exposure to
®lm.
Plasmids
The cosmid cHU CAD69, containing 31 kb of
human cad genomic DNA, was previously isolated
by screening a human leukocyte DNA library with
the hamster cad cDNA, pUC CAD 142. hCAD2.0, a
derivative of cHU CAD69, contains a 2.0-kb BglII
fragment that corresponds to the human cad
promoter. Human cad promoter constructs
hCAD25, hCAD85, and hCAD115, containing
0, 1, and 2 E boxes, respectively, were created by
using hCAD2.0 as template for polymerase chain
reaction (PCR) with primers speci®c for human
cad, as underlined in Figure 1B, plus ¯anking PspAI
and XhoI sites (primer pairs A and B, A and C, and A
and D, respectively). The PCR products were
digested by PspAI and XhoI, separated from primers
and template by electrophoresis on a 1% Seaplaque
agarose gel, and ligated into PspAI- and XhoI-cut
PGL2Basic vector (Promega). Promoter constructs
hCAD1E and hCAD2E, which contain the 5 0 or 3 0 E
box plus ¯anking sequences cloned after the minimal promoter, were made by inserting oligonucleotides with XhoI and HindIII ends (5 0 E box±5 0
CTCGAG CGTTAG CCACGT GGACCG ACTAAG
CTT 3 0 , 3 0 E box±5 0 CTCGAG CCGTCC TCACGT
GGTTCC AGTAAG CTT 3 0 ) into similar sites in the
CAD minimal construct, hCAD25, at the 25
position. To create a plasmid to be used in RNase
protection assays, hCAD+115 was digested with
PspAI and XhoI. The resulting fragment was then
isolated by using a 1% Seaplaque agarose gel and
ligated into PspAI- and SalI-cut PBSM13 vector,
creating PBSCAD115. This plasmid was subsequently digested by EcoRI prior to transcription by
T3 RNAP (RNA polymerase). Another plasmid containing internal human cad sequences was constructed in several steps. First, primers were chosen
from sequence of the 3 0 end of the human cad gene
(as selected from the sequence in GenBank
M38561). These primers were then used with reverse
transcriptase±PCR, using HeLa RNA as a template.
After the production of double-stranded DNA, the
resulting fragment was digested with BamHI and
then cloned into the BamHI site in PBSM13's
multiple cloning site. This plasmid, PBSCAD3', was
subsequently digested by EcoRI prior to transcription by T3 RNAP, resulting in a 170-base probe and a
110-base protected area. The protected sequences
correspond to bases 6512±6622, which is in the
ATCase-encoding portion of the human cad gene
of the sequence in GenBank accession number
D78586.
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Figure 1. Cloning and sequencing of the human cad promoter.
(A) Schematic of the 2.0-kb region containing the 5 0 end of the
human cad gene. Overlapping sequence was obtained for each
junction from adjacent clones. The 2.0-kb of sequence has GenBank
accession number AF015947. The box represents human cad
sequence; location of the primers (arrows) and the extent of
sequences obtained using these primers (lines extending from
arrows) are indicated (bottom of page). The major transcription
initiation site of cad mRNA is indicated by +1 (as determined by
homology to the hamster major transcription initiation site and from
our assaysÐsee Figure 2). Also shown are selected restriction sites,
some of which were used in subsequent cloning, an enlarged

depiction of the cad promoter region (top of page), and the regions
corresponding to exon 1, intron 1, and a small portion of exon 2.
Below the box, and above the arrows, are shown the CpG and GpC
frequencies, with the horizontal line representing human cad
sequences and each vertical line representing an individual CpG or
GpC dinucleotide. (B) Partial sequence of the human cad DNA
fragment, with sequences numbered relative to 1, the major
transcription initiation site. Indicated are the consensus Sp1 binding
sites, the consensus E boxes located within the region required for
growth regulation, and the translation start. Also shown are the
primers (A ± D) used in later cloning steps.

Cell Culture and Transfections

was determined by ¯ow-cytometric analysis of
propidium iodide±stained cells [18]. For cotransfection assays, 1 mg of myc expression construct or
empty vector, 1 mg of CAD reporter construct, and
15 mg of sonicated salmon sperm DNA were transfected into 1  105 HeLa cells. The cells were then

NIH/3T3 cell cultures were maintained and
transfected, as described previously, using 1  105
cells per sample [13]. Correlation of number of
hours after serum stimulation to growth-cycle phase
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placed in maintenance medium (5% serum) for 36±
48 h prior to harvest. Each transfection was repeated
at least twice with duplicate samples and multiple
DNA preparations.
Sequencing
For automated sequencing, PCR was performed
with 300±500 ng of template, 3 pmol of primer, and
8 mL of the Perkin-Elmer DNA Sequencing Kit-Dye
Terminator Cycle Sequencing Ready Reaction (consisting of buffer, AmpliTaq polymerase, and ¯uorescently labeled nucleotides, catalog number
402119), and the results were interpreted with the
ABI Prism Sequencing System. The 2.0-kb BglII
human cad fragment was initially sequenced using
pBSM13 vector primers; the resulting sequence was
used to design additional primers. The hCAD25,
hCAD85, and hCAD115 promoter constructs
were sequenced on both strands using pGL2Basic
vector primers by both the automated PCR and 35S
dideoxy sequencing methods [19]. The complete
2-kb sequence has GenBank accession number
AF015947.
In Vitro Translation and Electromobility Gel Shift Assays
In vitro±translated proteins were made as
described previously [13]. The sequence for the 5 0
and 3 0 E box primers used for gel shift assays are
listed in the Plasmid section, as 5 0 E box and 3 0 E
box. An oligonucleotide with a mutated E box, mtE,
with sequence 5 0 AGCGAG CCTGCA GGACCA
ACT3 0 , was used as competitor in some reactions.
Electromobility gel shift assays were performed as
previously described [17]. The probes were either
end-labeled with [g-32P]ATP by T4 polynucleotide
kinase or labeled after digestion by XhoI and HindIII
by ®lling in with [a-32P] dCTP by Klenow polymerase. The gel and running buffer were 6.25 mM
Tris±morpholinepropanesulfonic acid pH 7.0 and
0.125 mM EDTA. Antibodies were purchased from
Santa Cruz Biotechnology (anti-Max sc-765X, antic-Myc sc-764X, and anti-USF sc-229X).
RNase Protection Assay
PBSCAD115 and PBSCAD3 0 linearized with EcoRI
were transcribed using T3 RNAP and [a-32P]-GTP to
make riboprobes containing human cad from nt
ÿ90 to 115 and 110 bases of 3 0 sequence,
respectively (please see Plasmid section for further
description). For each sample, 1 ng of this riboprobe, with or without 40±80 mg of the appropriate
RNA, was precipitated and resuspended in 10 mL of
an 80% formamide, 40 mM PIPES, 0.4 M NaCl, and
1 mM EDTA solution. These samples were denatured
by a 10-min incubation at 85 C and then incubated
at 55 C for 3 h. The samples were next digested for
30 min at 30 C after addition of 300 mL of a 10 mM
Tris-HCl, pH 7.5, 5 mM EDTA, 0.3 M NaCl solution
containing 15 mg of RNase A and 2 U of RNase T1.

After addition of 10 mL of 20% SDS and 2.5 mL of
20 mg/mL proteinase K, the samples were incubated
for 15 min at 37 C. The samples were then extracted
with phenol and precipitated with 150 mL of 7.5 M
NH4Ac and 900 mL of ethanol, prior to resuspension
in 20 mL of a 90% formamide, 20 mM EDTA, 0.05%
bromophenol blue, and 0.05% xylene cyanol solution. The samples were then boiled for 2 min and
resolved on an 8% acrylamide, 1X TBE (Tris±boric
acid±EDTA), and 7 M urea gel for 2 h in a 1X TBE
running buffer. The gel was then dried and bands
visualized by autoradiography.
RESULTS
Cloning and Sequencing of the Human cad Promoter
To clone the human cad promoter, we obtained a
cosmid containing human genomic DNA that had
been isolated by hybridization to the hamster cad
cDNA. To determine whether the cosmid's 31-kb
insert contained the human cad promoter, we
digested this cosmid with EcoRI, BglII, or HindIII
and performed Southern blot analysis on the
digests, using as probe a fragment spanning from
nt ÿ333 to 222 of the hamster cad promoter. We
detected strong hybridization to bands in each
digest (data not shown), indicating that the human
cad promoter was contained in the cosmid.
Sequence analysis revealed that a 2.0-kb BglII
fragment contained a region that was 75% identical
to the hamster cad promoter (Figure 1A and B).
As a ®rst step in characterizing the human cad
promoter, the 2.0-kb BglII fragment was evaluated
using the Neural Network Promoter Prediction
program. This program, which relies heavily on
the presence of a TATA box at nt ÿ30, could not
identify a promoter region. However, we noted that
the human cad genomic DNA had an extremely
high GC content. Promoter regions of many
housekeeping genes have been found to be GC-rich
and to contain a high CpG frequency [20]. In the
genome, the cytosine of CpG dinucleotides is often
methylated at the 5 0 position. Subsequent deamination of the m5C results in a C to T transition and
causes a genome-wide CpG depletion, such that
there are only approximately 20% of the CpGs that
would be predicted from the C and G content
[21,22]. However, the CpGs located in promoter
regions are often protected from methylation. These
CpG-rich regions have been called CpG islands
(de®ned as a region of genomic DNA having greater
than 50% GC content, an observed/expected CpG
frequency of greater than 60%, and being greater
than 200 bp in length) [23]. Therefore, we analyzed
human cad sequences for the presence of a CpG
island. The locations of the CpG dinucleotides
along the 2-kb fragment are indicated in Figure 1A.
For comparison, the GpC frequency is also shown to
demonstrate, by contrast, the degree of CpG deple-
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Table 1. Size of the GC-Rich Region, the % GC, and
the Ratio of Observed to Expected CpG Frequency in cad
Sequences Spanning the Transcription Initiation Site from
Different Species*
Species

Size (bp)

%GC

Obs/exp CpG

Human
Hamster
Mouse
Rat

691
457
853
829

68
70
58
60

0.88
0.93
0.81
0.83

*CpG island criteria are % GC greater than 50, an observed/
expected ratio of CpG greater than 0.6, and larger than 200 bp
[21]. The observed/expected CpG ratio was calculated as follows:
[ (Number of CpGs)  (Size in Nucleotides) ] / [ (Number of
Cs)  (Number of Gs) ].

tion that begins to appear in sequences farther away
from the transcription start site. We found that the
human, hamster, mouse, and rat cad genes all
contained CpG islands (Table 1) that span the
transcription initiation site; we suggest that identi®cation of a CpG island is a more accurate predictor
of a housekeeping gene promoter than current
computer models.
A comparison of the human and hamster cad
promoters is shown in Figure 2A. There was a strong
conservation of the sequence and relative position
of the two consensus Sp1 sites and of the consensus
E box required for growth regulation of the hamster
cad promoter. However, the human cad promoter
contains a second E box 30 bp downstream of the
®rst. Although the promoter region was in general
highly conserved between human and hamster cad
genes, the sequences immediately surrounding the
transcription initiation site varied considerably.
Instead of the 93% match to a consensus initiator
that is found in the hamster cad sequence, at the
homologous position in the human sequence there
was only a 62% match to the consensus initiator
(Table 2). However, three other possible initiator
sites, at the ÿ45, ÿ20, and 45 positions relative to
the site homologous to the major start site in the
hamster cad promoter, were 71%, 95%, and 86%
matches to a consensus initiator, respectively.
Besides matching to consensus initiator, another
factor that in¯uences start site selection was distance from Sp1 sites. It has been proposed that RNA
polymerase II scans sequences 50±100 bp downstream of a Sp1 site and, if it ®nds a good match to a
consensus initiator, will start transcription at that
point. In fact, an analysis of promoter elements
indicated that the frequency of Sp1 site position
peaks at ÿ50 relative to the transcription start site in
vertebrate gene promoters [24]. Studies of the
hamster cad promoter have con®rmed the importance of both Sp1 sites and initiator elements [25].
In the human cad promoter, the best matches to a
consensus initiator were not the optimal distance
downstream from an Sp1 site. Thus, all four initiator

sequences were possible transcription initiation
sites. To determine which of these sites, if any,
serves as the major start site for human cad, we
mapped human cad 0 s transcription initiation site
using RNase protection assays.
We ®rst utilized a riboprobe complementary to
110 bases near the 3 0 end of the human cad coding
sequences, PBSCAD3 0 . This probe had previously
been used to detect cad mRNA and served as a
control for our reagents and technique. As shown in
Figure 2B, lane 2, a protected band was clearly
detected. To map the start sites, we utilized a
riboprobe complementary to human cad sequences
spanning from ÿ93 to 115. Our experiments
revealed transcripts whose lengthsÐapproximately
125 and 145 nucleotides (Figure 2B, lanes 5 and 6,
indicated by B and C)Ðcorresponded to transcription initiating from both the 1 and ÿ20 sites.
These sites correspond to the major and minor start
sites of the hamster cad mRNA. Additionally, we
observed a protected band of 210 nt, corresponding
to the length of the entire region of the probe that
contains human cad sequences (Figure 2B, lanes 5
and 6, indicated by A). This band represents
transcription initiating either at or upstream of
nt ÿ93. Phosphorimage analysis and normalization
to the number of guanines in the protected probe
indicated that the total contribution of these
transcripts was less than 25% of the amount
attributed to the two downstream start sites.
Although the sequences upstream of nt ÿ93 did
not contain any consensus Sp1 sites, a GT box
existed at ÿ174; Sp1, Sp2, and Sp3 have been shown
to bind to similar GT boxes [26,27]. There were
several candidate initiator sequences located 50±
100 bp downstream of this GT box, including a 76%
match at ÿ137, an 87% match at ÿ118, and an 85%
match at ÿ96 [24]. The GT box may position
transcription to initiate at one or several of these
sites, producing transcripts that would result in the
protected band of 210 nt. As a second method for
determining the transcription initiation site, we also
performed in vitro transcription assays by using
HeLa nuclear extract. These in vitro experiments
identi®ed the same start sites as did the RNAse
protection assays of cellular RNA (data not shown).
We believe that the presence of multiple start sites
for the human cad promoter is due to the fact that
none of the sites are both highly homologous to a
consensus initiator and positioned optimally downstream of the Sp1 sites. We have designated the 3 0
most site to be +1 to agree with the numbering
system used in the hamster cad promoter.
Characterization of the G1/S Phase±Speci®c Elements
in the Human CAD Promoter
Our lab has previously shown that the transcription rate of the hamster cad promoter is linked to the
proliferative state of the cell [17]. In the ®rst cell
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Figure 2. Characterization of the human cad promoter. (A)
Sequence comparison of human and hamster DNA. Shown is the
region of the hamster cad promoter known to be suf®cient for
growth-regulated transcription. The overall identity of this region
between the human and hamster DNA was 75%. The Sp1 sites and E
boxes are boxed. The major transcription initiation site for hamster
cad is indicated by the arrow. The dots indicate gaps in the
alignment; sequences separated by a series of dots are contiguous.
(B) RNase protection assay of human cad. Riboprobes containing
sequences spanning from ÿ93 to 115 of 5 0 human cad sequence
or 110 bases of 3 0 human cad sequence were hybridized to 200-2 or

HeLa cytoplasmic RNA, respectively, for 3 h prior to digestion by
RNAses A and T1. The resulting products were separated on a 8%
acrylamide/ 7 M urea gel. Arrows labeled A, B, and C indicate bands
protected by the 5 0 probe, the arrow labeled * indicates the major
band protected by the 3 0 probe. Below the gel are indicated the
sequences that the 5 0 riboprobe spans as well as the transcripts
corresponding to bands A ± C. Lanes 1 ± 3: the 3 0 probe was
hybridized to tRNA (lane 1), 40 mg of HeLa RNA (lane 2), or run as
intact probe without any digestion (lane 3). Lane 4: size marker.
Lanes 5 and 6: the 5 0 probe was hybridized to 40 mg of 200-2 RNA.

cycle following serum stimulation, also referred to
as the growth cycle, a ®fteenfold increase in
transcription from the hamster cad promoter is
mediated through c-Myc binding to an E box at 65
[17]. An extensive time course analysis has shown
that although transcription begins in mid G1 phase,

maximal activation of hamster cad transcription
occurs near the G1/S phase boundary [17]. The E box
that is required for regulation of the hamster cad
promoter was conserved in the human cad promoter, suggesting that the human cad promoter may
also be growth regulated. To investigate this possi-
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Table 2. Some Possible Initiators Found in the Human cad
Promoter, Their Match to the Consensus Initiator Sequence, and Their Distance From the Two Sp1 Sites*

Potential initiator
Hamster 1 TCAGTACG
Human ÿ45 TCACGCCG
ÿ20 GCAGTCTC
1 CCAAGCGC
45 CCAGCGCC

% Match to Distance (bp)
consensus from the two
initiator
Sp1 sites
93
71
95
62
86

49, 70
7, 28
32, 53
51, 72
95, 116

*% Match to consensus was calculated according to the formula
in Bucher [24]. All numbering is based on 1 being the site
homologous to the hamster Cad transcription start site.

bility, we cloned sequences from the human cad
promoter spanning from ÿ90 to 115 upstream of
the luciferase cDNA (Figure 3A). This construct was
transiently transfected into NIH-3T3 cells, and
promoter activity was measured in quiescent
serum-starved cells as well as in cells stimulated by
serum for various lengths of time. These timepoints
correlate to different phases of the growth cycle, as
indicated by ¯ow-cytometric analysis of propidium
iodide±stained cells [18]. As shown in a time course
from a typical experiment (Figure 3B), transcription
from the human cad promoter was increased after
serum stimulation, showing a peak of activity in
early S-phase.
The human cad promoter contains two E boxes,
located 65 and 94 bp downstream of the transcription start site. Several other E box±containing
promoters have two or more E boxes, such as
ornithine decarboxylase (Odc) [28,29], eIF-4E [30],
cdc 25A [31], and prothymosin a [12]. In prothymosin a, a second, nonconsensus E box determines
speci®city for activation of a nearby consensus
E box, allowing c-Myc to transactivate the promoter, but preventing TFE3 from doing so [12]. The E
boxes in the murine Odc gene appear to cooperate,
providing an additive effect in transactivation
assays [28]. We wanted to examine the roles of the
two E boxes in growth regulation of transcription of
the human cad promoter. To do this, we compared
growth-regulated transcription activity from luciferase reporter constructs which contained two Sp1
sites, plus either no, one, or two E boxes (Figure 3A).
The constructs containing one or both E boxes
showed signi®cant G1/S-phase inductions, while
transcription from the construct lacking an E box
increased very little at the G1/S-phase boundary
(Figure 3B). Averaging peak G1/S-phase inductions
from 12 experiments, transcription at the G1/Sphase boundary increased 10±12-fold from constructs containing at least one E box and only threefold from the construct lacking an E box (Figure 3C).
The deletion experiments suggested that the
5 0 , but not the 3 0 , E box was required for

growth regulation of cad transcription. However, it
remained possible that the two E boxes had
redundant functions (i.e., the 3 0 E box may be able
to function in the absence of the 5 0 E box). To test
this hypothesis, we placed a short oligonucleotide,
containing only 20 bp of human cad sequence
surrounding either the 5 0 or 3 0 E box immediately
downstream of the minimal promoter (Figure 4A).
In a typical serum-starvation and -stimulation
assay (Figure 4B), expression from the construct
containing the 5 0 E box was induced ten-fold at the
G1/S-phase boundary, while expression from the
construct containing the 3 0 E box was induced
fourfold, a level comparable to that of the minimal
promoter. Averaging peak G1/S-phase inductions
from six experiments, we found that expression
increased over sevenfold from the construct containing the 5 0 E box, compared to threefold to
fourfold from the other constructs (Figure 4C). From
this, we conclude that the 5 0 E box, but not the 3 0 E
box, is suf®cient to confer growth regulation of
transcription to the minimal cad promoter.
Although these two E boxes are very similar,
CCACGTGG versus TCACGTGG, they have different functions in the transcriptional assay. Investigations to link function and speci®c protein binding
are discussed below.
Protein Binding to the E Boxes
Although both of the E boxes in the cad promoter
contain consensus CACGTG elements, they clearly
function differently with respect to the ability to
confer growth regulation. We wanted to determine
what is responsible for this differential function. A
previous study found that distance of the E box from
the start site can convey some speci®city, as USF
could not transcriptionally activate from E boxes
located more than 400 bp away from the start site
[12]. However, since we placed both human cad E
boxes at 25, differences in distance cannot explain
our results.
Flanking sequences have also been shown to
in¯uence protein binding to E boxes [32]. A T in
the ÿ4 position (i.e., TCACGTG) or greater than two
AT pairs in the three ¯anking nucleotides (i.e.,
XXXCACGTGXXX, where three or more of the
X  A or T), will predispose a given E box to be
bound by USF but not by c-Myc/Max [30]. The
natural sequences surrounding the hamster cad E
box allow binding by both c-Myc and USF [13]. The
5 0 E box in the human cad promoter contains the
same ¯anking sequences as found in the hamster
cad promoter, suggesting that this element may
bind both c-Myc/Max and USF, whereas the
sequences ¯anking the 3' E box are AT rich,
suggesting that this may bind only USF.
To explore possible differential protein binding by
the two human cad E boxes, we performed electromobility gel shift assays, incubating either HeLa
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Figure 3. The human cad promoter display growth-regulated
transcriptional activity. (A) Schematic representation of cad reporter
constructs. Human cad promoter constructs were fused to the
luciferase cDNA, as indicated. The major transcription start site is
indicated by the arrow. Locations of the Sp1 binding sites and the E
box(es) are approximated by open symbols. (B) Graph of induction of
cad reporter activity from a representative experiment. Cells were
transiently transfected with the indicated reporter constructs and
serum starved for 48 h and then serum stimulated. Promoter

induction is reported as the ratio of luciferase activity from a given
promoter construct measured in cells harvested at timepoints
following serum stimulation relative to activity from the same
promoter construct in serum starved cells. (C) Graphical representation of the average induction of cad reporter activity through the
growth cycle of NIH-3T3 cells. Results are representative of 12
experiments, using four different DNA preparations; error bars
i n d i cate s tan d ard erro r.

nuclear extract, as a source of USF (Figure 5), or in
vitro±translated c-Myc/Max (Figure 6), with radioactively labeled oligonucleotides containing either
one or the other E box, plus their respective ¯anking
sequences. In vitro±translated c-Myc/Max was used

since functional c-Myc is not easily extracted by
nuclear extract preparation. We found that protein
from HeLa nuclear extract (Figure 5, lanes 2 and 6)
bound to both E boxes. Binding was speci®c, since
the addition of a 100-fold excess of unlabeled wild-
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Figure 4. The 5 0 but not the 3 0 E box can confer growth regulation (A). Schematic representation of synthetic cad reporter
constructs. Human cad promoter constructs were fused to the
luciferase cDNA, as indicated. The major transcription start site is
depicted by the arrow. Locations of the Sp1 binding sites and the E
box(es) are approximated by open symbols (B). Graph of induction of
cad synthetic reporter activity from a representative experiment.
Promoter induction is reported as the ratio of luciferase activity from

a given promoter construct measured in cells harvested at timepoints
following serum stimulation relative to activity from the same
promoter construct in serum starved cells (C). Graphical representation of the average induction of cad reporter activity through the
growth cycle of NIH 3T3 cells. Results are representative of six
experiments, using four different DNA preparations; error bars
indicate standard error.

type oligonucleotide reduced binding (lanes 3 and
7), while addition of a 100-fold excess of unlabeled
mutant oligonucleotide had no such effect (data not
shown). Incubation with antibody speci®c to USF
disrupted the DNA-protein complex and resulted in

a partial supershift (lanes 4 and 8). These results
indicated that USF binds to both E boxes.
In vitro±translated c-Myc/Max formed three complexes with the 5 0 E box (Figure 6, lane 2), and two
with the 3 0 E box (lane 9), in our gel shift assays.
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Figure 5. Protein binding to E box sequences from the human cad
promoter. Gel mobility shift assays were performed using fragments
that contained either the 5 0 E box (lanes 1 ± 4) or the 3 0 E box (lanes
5 ± 8), their respective ¯anking sequences, and XhoI and HindIII
restriction enzyme sites. Please see Materials and Methods for full

oligonucleotide sequences. Lanes 1 and 5: probe alone; lanes 2 and
6: with 10 mg of HeLa nuclear extract, lanes 3 and 7: with 10 mg of
HeLa nuclear extract and 100-fold excess of unlabeled wild-type
oligonucleotide, lanes 4 and 8: with 10 mg of HeLa nuclear extract
and 2 mg of anti-USF antibody.

Binding was speci®c, since the addition of a 300-fold
excess of unlabeled wild type oligonucleotide disrupted complex formation (lanes 3 and 10), while
addition of a 300-fold excess of unlabeled mutated
oligonucleotide had no such effect (lanes 4 and 11).
Incubation with antibody speci®c to c-Myc disrupted the intermediate complex seen with the 5 0 E
box but did not alter any complexes seen with the 3 0
E box (lanes 5 and 12), indicating that c-Myc was
present in the intermediate complex only. Incubation with antibody speci®c to Max disrupted two of
the complexes (lanes 6 and 13), indicating that both
complexes contained Max. The largest complex,
seen with both E boxes, has not been identi®ed, as it
was not disrupted by antibodies to c-Myc, Max, or
USF (lanes 5, 6, and 7 and 12, 13, and 14). However,

this binding was speci®c to E box sequences, as it
was competed by excess wild-type, but not mutated,
oligonucleotide. The complex is likely to be due to
binding of a protein present in the rabbit reticulocyte lysate. Our results indicateed that Max/Max
homodimers bound to both E boxes, but binding to
the 5 0 E box was favored. Importantly, c-Myc/Max
bound to the 5 0 E box, but not the 3 0 E box,
demonstrating a link between c-Myc binding and
transcriptional activity of the cad promoter.
Based on our ®ndings that binding of c-Myc/Max
to human cad E boxes correlated with those E boxes'
ability to confer growth regulation, we next postulated that c-Myc would be able to induce expression
from a human cad promoter construct containing
the 5 0 , but not the 3 0 , E box. Therefore, we

Figure 6. Protein binding to E box sequences from the human cad
promoter. Gel mobility shift assays were performed using fragments
that contained either the 5 0 E box (lanes 1 ± 7) or the 3 0 E box (lanes
8 ± 14), their respective ¯anking sequences, and XhoI and HindIII
restriction enzyme sites. Please see Materials and Methods for full
oligonucleotide sequences. Lanes 1 and 8: probe alone, lanes 2 and

9: with c-Myc/Max; lanes 3 and 10: c-Myc/Max and 300-fold excess
of unlabeled wild-type oligonucleotide, lanes 4 and 11: c-Myc/Max
and a 300-fold excess unlabeled mutant oligonucleotide, lanes 5 and
12: c-Myc/Max and 2 mg of antibody speci®c to c-Myc; lanes 6 and
13: c-Myc/Max and 2 mg of antibody speci®c to Max, lanes 7 and 14:
c-Myc/Max and 2 mg of antibody speci®c to USF.
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Figure 7. The human cad promoter responded modestly to
transfected c-Myc. A graphical representation of the average
induction of cad reporter activity by a c-Myc expression vector after
transfection into HeLa cells, as compared to activity seen when the
cad reporter plasmid was cotransfected with empty vector, is shown.
The induction of the minimal promoter (hCAD25), which lacks an E
box, was set equal to one. Results are representative of eight
experiments, using multiple different DNA preparations; error bars
indicate standard error. Shown at the top is a schematic representation of synthetic cad reporter constructs. Human cad promoter
constructs were fused to the luciferase cDNA, as indicated. The
transcription start site is depicted by the arrow. Locations of the Sp1
binding sites and the E boxes are approximated by open symbols.

performed a cotransfection experiment in which a
c-Myc expression plasmid was introduced into HeLa
cells in combination with a cad promoter construct
lacking an E box (hCAD25), containing the 5 0
E box (hCAD1E), or containing the 3 0 E box
(hCAD2E). Analysis of luciferase activity indicated
that while the 5 0 E box was able to confer induction
by c-Myc, the 3 0 E box was not (Figure 7). Although
these results are modest, they are comparable to
those obtained using other c-myc target genes [33].
In summary, we showed that the 5 0 E box is a c-Myc
binding site (Figure 6), can confer growth regulation
(Figure 4), and c-Myc responsiveness (Figure 7).
CAD Expression in Burkitt's Lymphoma Cell Lines
To further explore c-Myc regulation of the cad
promoter, we measured expression of cad mRNA in
Burkitt's lymphoma cell lines derived from tumors
having deregulated c-Myc. Using western blot
analysis, we con®rmed previously published reports
that the Burkitt's lymphoma lines we chose, Daudi,
DG75, and Raji, have elevated c-Myc levels (data not
shown). As another control, we also assayed glyceraldehyde-3 phosphate dehydrogenase RNA from
these cell lines and found the RNA to be of
equivalent quality and quantity (data not shown).
In RNAse protection assays, we could not detect any

Figure 8. CAD mRNA levels were not elevated in Burkitt's
lymphoma lines with increased c-myc. A riboprobe containing 110
bases of 3 0 human cad sequence was hybridized to cytoplasmic RNA
from Burkitt's lymphoma cell lines containing increased c-myc
(Daudi, DG75, and Raji) as well as from HeLa cells and LCL 721, an
Epstein Barr virus±positive human lymphoblastoid cell line without
translocated or otherwise deregulated c-myc, prior to digestion by
RNAses A and T1. The resulting products were separated on an 8%
acrylamide/ 7 M urea gel. The arrow to the right of the gel indicates
the cad products, which run as a doublet of identical sizes as 121and 127-base markers. Lane 1: undigested probe; lane 2: sizemarker; lane 3: 40 mg of HeLa RNA; lane 4: 80 mg of LCL 721 RNA;
lane 5: 80 mg of DG75 RNA; lane 6: 80 mg of Raji RNA; lane 7: 80 mg
of Daudi RNA; lane 8: tRNA alone.

signi®cant difference in cad mRNA levels between
the various Burkitt's lymphoma lines and LCL721,
our negative control, an Epstein Barr virus±positive
human lymphoblastoid cell line without translocated or otherwise deregulated c-Myc (Figure 8).
DISCUSSION
Deregulation of Myc proteins is strongly correlated with many human tumors; however the
mechanism by which these proteins cause neoplasia
is still unknown. Although expression of several
genes has been shown to be positively or negatively
regulated by c-Myc protein, identi®cation of c-Myc
effector genes relevant to neoplasia has thus far
progressed slowly. A true c-Myc effector gene should
meet three criteria. First, the protein encoded by a
c-Myc target gene should perform a function that
promotes proliferation, if transactivated by c-Myc,
or blocks proliferation, if repressed by c-Myc.
Second, a c-Myc target gene should contain one or
more E boxes to which c-Myc/Max binds. Third,
expression of a c-Myc target gene should closely
correlate with the expression of c-Myc proteins, if
activated by c-Myc, or be inversely correlated, if
repressed by c-Myc.
The CAD protein performs the ®rst three ratelimiting steps in pyrimidine biosynthesis and thus
clearly promotes proliferation. We have shown that
the human (this manuscript), mouse [34], and
hamster [17] promoters all show E box±dependent
growth regulation and that c-Myc/Max heterodimers bind to the E boxes. Finally, cad expression
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levels correlate with the abundance of c-Myc
protein in two systems: (i) In the growth cycle, cMyc protein levels increase as the cell progresses
from quiescent to S-phase, in a pattern similar to cad
mRNA levels. (ii) In c-Myc knockout cells, loss of
c-Myc protein abrogates the increase in CAD mRNA
normally seen in S phase [16]. However, our results
using Burkitt's lymphoma cell lines, suggest that cad
cannot be further activated by increasing levels of
c-Myc protein over the amount normally found in
cells. We suggest that levels of c-Myc required for
maximal activity of the cad promoter are already
present in the cell. Preliminary data in support of
this hypothesis come from chromatin immunoprecipitation experiments. We have shown that
c-Myc binds to the human cad promoter in vivo
[34]. However, a comparison of protein binding to
cad in B cells having low versus high amounts of
c-Myc indicates that increasing the amount of
c-Myc over normal levels does not result in more
c-Myc bound to cad in vivo (unpublished data). The
complete abrogation of cad growth regulation seen
in c-Myc knockout cells, however, does indicate an
absolute requirement for c-Myc under normal
physiological conditions.
In summary, we propose that although the
human cad gene is regulated by c-Myc in normal
cells, increased levels of CAD protein are not critical
for the ability of c-Myc to induce neoplasia. However, the cad gene was the only gene whose normal
growth regulation is abrogated in c-Myc knockout
cells. We suggest that the genes whose deregulation
is correlated with c-Myc±mediated neoplasia may
constitute a different set of target genes than those
controlled by c-Myc under normal physiological
conditions. Our current studies are focused on the
identi®cation of genes speci®cally deregulated by cMyc in tumor cells.
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