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Myc-Max heterodimers activate a DEAD box gene
and interact with multiple E box-related sites in vivo
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The c-Myc protein is involved in cell proliferation,
differentiation and apoptosis though heterodimeriz-
ation with Max to form a transcriptionally active
sequence-specific DNA binding complex. By means of
sequential immunoprecipitation of chromatin using
anti-Max and anti-Myc antibodies, we have identified
a Myc-regulated gene and genomic sites occupied by
Myc-Max in vivo. Four of 27 sites recovered by this
procedure corresponded to the highest affinity 'canon-
ical' CACGTG sequence. However, the most common
in vivo binding sites belonged to the group of 'non-
canonical' E box-related binding sites previously identi-
fied by in vitro selection. Several of the genomic
fragments isolated contained transcribed sequences,
including one, MrDb, encoding an evolutionarily con-
served RNA helicase of the DEAD box family. The
corresponding mRNA was induced following activation
of a Myc-estrogen receptor fusion protein (Myc-
ER) in the presence of a protein synthesis inhibitor,
consistent with this helicase gene being a direct target
of Myc-Max. In addition, as for c-Myc, the expression
of MrDb is induced upon proliferative stimulation of
primary human fibroblasts as well as B cells and down-
regulated during terminal differentiation of HL60
leukemia cells. Our results indicate that Myc-Max
heterodimers interact in vivo with a specific set of E
box-related DNA sequences and that Myc is likely
to activate multiple target genes including a highly
conserved DEAD box protein. Therefore, Myc may
exert its effects on cell behavior through proteins that
affect RNA structure and metabolism.
Keywords: chromatin immunoprecipitation/Myc-target
genes/RNA helicase

Introduction
The Myc oncogene encodes a basic helix-loop-helix
leucine zipper (bHLH-LZ) transcription factor whose
ability to bind to DNA with high affinity and to activate
transcription is dependent upon dimerization with the
bHLH-LZ protein Max (Blackwood and Eisenman, 1991;
Prendergast et al., 1991; Amati et al., 1992; Kretzner
et al., 1992). The biological activities of Myc depend on

its ability to heterodimerize with Max, bind DNA and
stimulate transcription (for review, see Amati and Land,
1994). Mutant Myc proteins deleted in the basic region,
the LZ or the transactivation domain fail to transform or
induce apoptosis (Stone et al., 1987; Kato et al., 1990;
Evan et al., 1992; Tikhonenko et al., 1993). The require-
ment of Max for Myc function in transformation, transcrip-
tion and apoptosis has been demonstrated by employing
chimeric Myc and Max proteins that are unable to form
heterodimers with their endogenous partners but bind
efficiently to each other. The altered Myc proteins can
homodimerize but are biologically inactive unless the
appropriately altered Max is also present (Amati et al.,
1993a,b). Thus there is compelling evidence that Myc-
Max complexes are crucial for Myc function.
The transcriptional activity of Myc-Max heterodimers

is mediated by a high affinity recognition site, an E box
element (CACGTG), as determined by sequential selection
and amplification of binding sites (SAAB) (Blackwell
et al., 1990, 1993; Prendergast and Ziff, 1991). In addition,
a set of variant E boxes containing fixed internal CG or
TG dinucleotides has been found to bind Myc-Max
heterodimers in vitro with lower apparent affinity than the
CACGTG element (Blackwell et al., 1993). These E box-
related sequences, denoted as 'non-canonical' Myc-Max
binding sites, include the following hexamers and one
heptamer: CATGTG, CATGCG, CACGCG, CACGAG,
CAACGTG.

In addition to possessing an activation domain, a region
in the N-terminus of Myc, referred to as Myc box II
(amino acids 122-140), has been linked to the ability of
Myc to repress transcription of certain genes, a function
that also appears to be necessary for cell transformation
(Li et al., 1994; Philipp et al., 1994). This function may
be independent of binding to Max and E boxes.
The realization that Myc-Max complexes function as

transcription factors has prompted the search for 'target'
genes directly regulated by the heterodimers. Identification
of such genes is crucial for understanding the mechanism
of Myc function. One strategy used a conditional Myc
protein obtained by fusion of Myc to the ligand binding
domain of the estrogen receptor (Myc-ER, Eilers et al.,
1989). In quiescent cells containing low levels of endo-
genous Myc, the Myc-ER protein can be activated by the
addition of estrogens. This is sufficient to stimulate entry
of the cells into the G1-S phase of the cell cycle. cDNA
subtraction cloning applied in conjuction with the Myc-
ER system resulted in identification of the first putative
Myc target gene, oc-prothymosin (Eilers et al., 1991). This
gene has also been shown to possess a CACGTG site in
its first intron which can mediate transcriptional activation
by Myc, further supporting the notion that Myc directly
regulates the rat ox-prothymosin gene (Gaubatz et al.,
1994).
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Another putative Myc target, isolated using subtractive
hybridization, is ECA39 which had been identified pre-
viously as a gene amplified in a teratocarcinoma cell line
(Niwa et al., 1990; Benvenisty et al., 1992). Transcriptional
induction of ECA39 by Myc is mediated by a CACGTG
site located in the 5'-untranslated region of the gene. The
function of cx-prothymosin and ECA39 proteins and their
role in mediating Myc's effect on cell proliferation remain
unknown. A major limitation of the cDNA subtraction
approach is the fact that changes in gene expression
consequent to Myc induction are often subtle and may
not be detected. In addition, a large number of the genes
identified by subtractive hybridization may not necessarily
represent direct targets of Myc, but could be activated as
a consequence of cell cycle entry.

Other Myc-Max target genes have been proposed based
on their expression patterus and roles in cell proliferation.
These include the omithine decarboxylase gene (ODC)
(Bello-Femandez et al., 1993). Recent experiments using
the Myc-ER system have supported the hypothesis that
the ODC gene is induced directly by Myc through two
CACGTG sites present in the first intron of the mouse
gene (Bello-Femandez et al., 1993; Wagner et al., 1993;
Tobias et al., 1995). In addition, the ODC gene has been
shown to induce transformation when overexpressed in
cultured cells and to mediate Myc-induced apoptosis
(Auvinen et al., 1992; Packam and Cleveland, 1994).

Identification of Myc targets has occurred by searching
for potential Myc-Max binding sites in gene regulatory
regions. Putative Myc target genes identified in this manner
include p53 (Reisman et al., 1993) and the eukaryotic
initiation factor 20x (elF-2ax) (Rosenwald et al., 1993b).
However, the presence of a Myc-Max recognition element
and its ability to mediate Myc transactivation when fused
to a reporter gene is not sufficient to establish its identity
as an in vivo Myc target gene. In vivo regulation of Myc
target genes could be influenced by diverse factors such as
chromatin structure and/or competition by more abundant
transcription factors with similar DNA recognition speci-
ficity, such as USF, TFE3 and TFEB (Beckman et al.,
1990; Carr and Sharp, 1990; Gregor et al., 1990). Most
of the Myc-Max binding sites can also be recognized
in vitro by USF and TFE3 and only a few, such as
CATGCG and CAACGTG, appear to be recognized solely
by Myc-Max (Blackwell et al., 1993).

Here we describe the isolation of in vivo Myc-Max
target genes by immunoprecipitation of chromatin with
specific antibodies. Previous reports have adopted this
approach to identify Ultrabithorax target genes in Droso-
phila and thyroid hormone-responsive genes in mam-
malian cells (Gould et al., 1990; Bigler and Eisenman,
1994, 1995). Our results have led to the identification of
a Myc-regulated DEAD box protein and revealed the
sequence of several in vivo binding sites.

Results
lmmunoprecipitation of Myc-Max chromatin
complexes
The isolation of protein-DNA complexes from cells by
means of antibodies directed against specific DNA binding
proteins is dependent on the stability of the complexes
under the conditions employed for extraction and immuno-

precipitation. For this study, an important consideration is
whether the Myc-Max complexes could be solubilized
from nuclei under conditions that maintained protein-
DNA interaction. Only a small fraction of c-Myc protein is
released from nuclei following hypotonic lysis. However,
preliminary experiments indicated that quantitative release
of Myc protein could be achieved by exposure of isolated
intact nuclei to DNase I or micrococcal nuclease (see
Materials and methods). If DNase digestion of nuclei at
4°C is allowed to proceed to complete solubilization of
the nuclear chromatin, the majority of the Myc protein
could then be released from nuclei under hypotonic
conditions. An earlier study had also demonstrated the
release of a fraction of v-Myc from nuclei following
DNase treatment (Eisenman et al., 1985). Since RNase
digestion failed to render the majority of Myc protein
soluble (Eisenman et al., 1985; and data not shown), the
DNase digestion results suggest that Myc and Max are
bound to DNA or to structures stabilized by DNA under
the cell lysis conditions employed. These observations
suggested that Myc-Max heterocomplexes in association
with DNA could be isolated from cells.

In order to enrich for Myc-Max-bound chromatin we
employed two immunoprecipitation steps: first with anti-
Max and then with anti-Myc antibodies. We had shown
previously that both antibodies are highly specific (Hann
et al., 1988; Blackwood et al., 1992). In addition, 'com-
petitive' elution with the peptide immunogen was used to
release Myc-Max complexes and their bound DNA from
the antibodies. An outline of the procedure is shown in
Figure 1.
As a source of nuclei, we employed the cell line CB33/

SVMyc-CMVMax, derived from Epstein-Barr virus-
immortalized human cord blood lymphocytes, and trans-
formed by introduction of Myc and Max genes (Gu et al.,
1993). These cells are tumorigenic and are thought to
recapitulate the transformation process in Burkitt's
lymphoma (Lombardi et al., 1987). After hypotonic lysis
of the cells, nuclei were isolated and exposed to DNase I
(Experiment 1) or micrococcal nuclease (Experiment 2).
The digestion conditions were established in order to
achieve a chromatin fragmentation in the range of 0.5-
3 kb. The soluble chromatin was released from nuclei by
hypotonic lysis and immunoprecipitated with anti-peptide
Max antiserum. After washing, the immunoprecipitate was
subjected to restriction digestion with Sau3AI to facilitate
the subsequent cloning step. Myc-Max complexes and
their bound chromatin were eluted from the immune
complex using the synthetic peptides initially used to
prepare the antibodies. This minimized contamination by
non-specifically bound DNA which would be released
under more stringent elution conditions. The eluate was
then immunoprecipitated with anti-Myc antibodies and
Myc-Max chromatin complexes were eluted from the
antibody using Myc-specific peptides. DNA was then
extracted and cloned into a plasmid vector. Parallel analysis
of the proteins labeled by [35S]methionine and immuno-
precipitated with anti-Myc antibodies indicated that the
peptide elution procedure efficiently released Myc from
the immune complexes (Figure 2, lane 2), while the
majority of background proteins remained on the protein
A beads and were released with SDS (Figure 2, lane 3).
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Fig. 2. Elution of Myc protein from chromatin immunoprecipitated
with anti-Myc antibodies. Cells were metabolically labeled with
[35S]methionine and processed as outlined in Figure 1 except that the
soluble chromatin was subjected to a single cycle of immuno-
precipitation with anti-Myc antibody (#1537). Myc was eluted with
2 tg of antibody-specific peptide (lane 2) or with SDS (lane 4). In
lane 1, no peptide was added during the elution step and, in lane 3,
the peptide was added to the antibody prior to the addition of the
lysate.

Myc-Max: + + + . + +

Fig. 1. Scheme of the chromatin immunoprecipitation procedure using
anti-Max followed by anti-Myc antibodies. Details of the method are

presented in Materials and methods.

Similar results were obtained with anti-Max immuno-
precipitates from chromatin (data not shown).
The clones obtained either after a single cycle of

immunoprecipitation with anti-Max antibodies, or after a

second cycle with anti-Myc antibodies, were divided into
pools of three or five clones and tested for the presence
of Myc-Max binding sites in gel shift assays using
bacterially expressed C92-Myc (Blackwood et al., 1992)
and baculovirus-produced Max (Ayer et al., 1993). Among
randomly chosen clones obtained after a single immuno-
precipitation with anti-Max antibodies, only one out of 39
tested displayed binding to Myc-Max in electrophoretic
mobility shift assays (EMSAs). This frequency was similar
to the frequency of random DNA fragments obtained with
control antiserum (0 out of 36; a fraction is shown in
Figure 3A and B). However, a more substantial enrichment
(13.3% in Experiment 1 and 13% in Experiment 2) of
Myc-Max binding clones over the background (1.6% in
Experiment 1 and 2.8% in Experiment 2) was achieved
with a second cycle of immunoprecipitation using anti-
Myc antibodies. Gel shift assays of a fraction of anti-
Max- and anti-Myc-immunoprecipitated clones and the
control immunoglobulin from Experiment 1 are shown in

Figure 3C and D. The results are summarized in Table I.
The frequency of Myc-Max binding clones in the
specifically immunoprecipitated DNA was calculated to
be once per 2.2 kb (Experiment 1) and once every 1.1 kb
(Experiment 2). This is in contrast with one binding clone
every 12 kb in the non-specifically immunoprecipitated
DNA (Table I). Therefore, we achieved an enrichment
for Myc-Max binding clones ~5- to 10-fold over non-
specifically immunoprecipitated DNA; this is a minimal
estimate of the enrichment of specific Myc-Max binding
hexamers since eight of the 20 clones sequenced contained
more then one hexamer (see below).

In vivo Myc-Max target sites
Fourteen binding clones from Experiment 2 (referred to
as MJ, ranging from '-150 to 850 bp) and nine from
Experiment 1 (referred to as MM) were sequenced. MM 1
(0.7 kb) and MM12 (0.4 kb) are subclones of original
large clones (4.7 and 2.4 kb respectively) shown to possess
Myc-Max binding sites by EMSA. Two clones from
Experiment 2, MJ 160 and MJ 172, were found to be
identical (only MJ172 is shown in Figure 4A). The
sequences displayed in Figure 4A show that all but two
contained one or more previously defined consensus Myc-
Max binding sites (the complete sequences are available
at EMBL, see accession numbers in Figure 4A legend).
Two clones contained exclusively repetitive elements of
the Alu family and probably represent non-specifically
immunoisolated DNA that contains binding sites (data not
shown). Interestingly, the majority of sites corresponded
to the 'non-canonical' Myc-Max binding sites, in contrast
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Fig. 3. EMSA of labeled DNA inserts from a pool of clones obtained after the first cycle of immunoprecipitation with anti-Max antibody (A) or

rabbit immunoglobulins (B) and after the second cycle with anti-Myc antiserum (C) or rabbit immunoglobulins (D). The white arrow indicates the
fragments with altered mobility after addition of Myc and Max proteins (see Materials and methods). In this experiment. 5 ng of baculovirus Max
and 15 ng of bacterial C92-Myc were added to the + lanes; an excess of BSA was present in both and + lanes.

Table I. Enrichment of Myc-Max bindina sites in the immunoisolated DNA

Total No. of No. of clones No. of binding Frequency of Average clone Average size of
clones tested clones Myc-Max sites size Myc-Max binding clones

Exp. l

Anti-Max 5760 248 33 1/2.2 kb -0.3 kb -3 kb

Anti-Myc

Rabbit Ig 4640 242 4 1/12 kb -0.2 kb ND

Rabbit Ig

Exp. 2

Anti-Max 216 000 162 21 1/1.1 kb -0.15 kb -0.3 kb

Anti-Myc

Rabbit Ig 20 800 138 4 1/12 kb -0.35 kb ND

Rabbit Ig

Summary of the data obtained from recombinant clones derived by cloning one half of the imunoprecipitated DNA from Experiment 1 (Dnase I) and
one quarter from Experiment 2 (micrococcal nuclease).The total number of clones refers to the number of recombinant clones as judged by
interruption of the f-galactosidase gene that resulted in white bacterial colonies. The number of binding clones was determined by EMSA as
described in Figure 3. The frequency of Myc-Max binding sites was calculated by dividing the number of binding clones by the added length of all
the clones tested.

with the predominant in vitro selected canonical CACGTG
sequence. About half of the clones contained sites, such
as CATGCG and CAACGTG, that are not bound in Oitro
by USF and TFE3 (Blackwell et al., 1993), indicating that
some of these clones may contain highly specific Myc-
Max recognition elements. Furthermore, a preference
for flanking dinucleotides was observed (Figure 4B).
Seventeen out of 27 sites had either a GC or CG on one

side of the central hexamer and seven had a CT (Figure

4B). These preferences match the flanking dinucleotides
observed in proposed Myc target genes (see Discussion).
Several of these sequences, MJl9, MJ223, MJ143 and

MJ255, when placed upstream of a minimal TK promoter,
were able to mediate Myc transcriptional activation of a

reporter CAT gene (Figure 5 and data not shown; Kretzner
et al., 1992). Depending on the ratio between expression
vector and reporter, clone MJ19 activated 4- to 13-fold in
the orientation that placed the CATGCG site closer to the
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A

MJ19a GTGCGGCGCATGCGTCCAGGCC
MM195 TTCGCCCGCATGCGCGATGCGA
MJ223a GATCATGCGCGCCTGCC
MJ170a GTATCGGCCATGC¢GTGCATGT
MM208 TAGGCATCCATGCGCGGCTTGA
M.66a ATCCACGCCATGCGTGATGGAT
core- CATGCG--------

MM109 GTTTTATGCACGCGGCTAACGT
MJl9b GTTAGAATCACGCGGCCGCCGA
MJ157a TCCTTGGGCACGCGGCGACCAT
MJ223c TTCGGTGTCACGCGCGCTGACC
MJ172a ACGCACGCCACGCGGGGTCACC
MJ172b GGGGTCACCACGCGCTGGGTGG
MJ66b ATGACGGCCACGCGCCACGTAA
MM174a CATGCCGCCACGC(GGCTGAAC
core --------CACGCG--------

MM1la TCAATAATCACGTGTTTAGTTT
MM12 GCTTGAATCACGTGTCTGGCTG
MJ143 AGACTCACCACGTGCATACCTA
MJ159 TGACCCGCCACGTGCTGTCCGT
core --------CACGTG--------

MJ255 GGCTCGCCCATGTGACCCTGAC
MJ223b TCCTGGTCCATGTGCTCTGGCA
MJ238 TAAGAGCACATGTGAGGAATAA
MM174b GTGTCGGCCATGTGGGAGCTCC
core --------CATGTG---

MJ169 ATGGTCAACAACGTGTTCAACA
MJ170b TCATCGAGCAACGTGGCCAGGA
MM11lb AGAGGTGACAACGTGCTGGCAG
core --------CAACGTG---

MM62 ATCCCGGTCACGAGGCTGCACT
MJ157b GGCCAGGGCACGAGCTTGGCCT
core --------CACGAG--------

MJ155 no perfect matches to known
binding sites
MM67

6/20 B

MJ66a
MJ66b
MJ170a
MJ17Ob
MM109
MJ1 9b
MJ157a
MJ172a
MM174a
MM174b
MJ159
MM62

8/20

4/20
a-prothymosin(rc)GC CACGTG CT
ECA39 GC CACGTG TC
ODC1 GC CACGTG TC

" 2(rc) GC CACGTG TC

MJ19a CG CATGCG TC
MM195 CG CATGCG CG
MJ223a AT CATGCG CG
MJ223c GT CACGCG CG
MM208 TC CATGCG CG

4/20

3/20

2/20

in vitro Myc-Max

eIF-2a a

eIF-2a b

MJ157b
MJ172b
MJ223b

4109
MJ159
MJ170b
MM1 lb

Fig. 4. (A) Partial DNA sequence of the Myc-Max binding clones obtained from experiment 1 (MM) and from experiment 2 (MJ) (see Table I)
showing in bold the presumed core Myc-Max binding sites according to the described consensus (Blackwell et al., 1993). Clones MJ19 and MJ195
contain two overlapping sites as indicated by the bracket extended to the flanking CG nucleotides. The size and EMBL accession number for each
clone are as follows: MJ19, 127 bp, X99168; MM 195, 162 bp, X99150; MJ223, 187 bp, X99151; MJl70, 136 bp, X99152; MM208, 148 bp,
X99153; MJ66, 283 bp, X99154; MM109, 197 bp, X99155; MJ157, 542 bp, X99156; MJ172, 871 bp, X99157; MM174, 268 bp, X99158; MMll,
680 bp, X99159; MM12, 396 bp, X99160; MJ143, 219 bp, X99161; MJ159, 159 bp, X99162; MJ255, 377 bp, X99163; MJ238, 297 bp, X99164;
MJ169, 158 bp, (pending); MM62, 366 bp, X99165; MJ155, 464 bp, X99166; MM 67, 168 bp, X99167. (B) Alignment of the binding sites with
preferred flanking nucleotides shown in bold. The sequence from the rat oc-prothymosin first intron binding site (Gaubatz et al., 1994), mouse
ECA39 5'-non-coding region (Benvenisty et al., 1993), mouse ODC site MB1 and MB2 in the first intron (Bello-Fernandez et al., 1993) and human
IF-2oa sites located upstream of the promoter (Humbelin et al., 1989) are shown for comparison.

promoter (F) and only 3- to 6-fold in the opposite
orientation (R) (Figure 5). Clone MJ143, containing a

single CACGTG site, activated 3- to 16-fold when placed
in the direction of transcription of its open reading frame
(F), but failed to activate in the opposite orientation
(R) (Figure 5). In the same assay, the positive control
M4MinCAT reporter carrying a 4-fold repeat of the
CACGTG site activated 4- to 9-fold (Figure 5). MJ172
did not activate transcription (possibly due to the large
size of this clone, 871 bp, relative to the others, see legend
of Figure 4A) and MJ 169 and MJ162 were not tested
(data not shown). These results indicate that several of
the sequences isolated potentially mediate gene activation
by Myc.

An RNA helicase of the DEAD box family as a

potential Myc target gene
Thirty clones obtained from Experiment 1 that contained
relatively large inserts (ranging from 2 to 12 kb) were

tested as probes in Northern blots. Two short clones from
Experiment 2, MJ143 (219 bp) and MJ255 (377 bp), were

also used as probes because their DNA sequences revealed
open reading frames with significant similarities to RNA-
and DNA-dependent ATPases respectively (see below).
However, only clones MM I I from Experiment 1 and

MJ143 from Experiment 2 hybridized to specific mRNAs
from the original CB33/SVMyc-CMVMax cells used in
the immunoprecipitation experiments.

In order to characterize further clone MJ143, a full-
length cDNA was obtained from a Burkitt's lymphoma
library (referred to as MrDb for Myc-regulated DEAD box
protein, see below). Sequencing of overlapping cDNAs
hybridizing to the genomic clone MJ143 revealed that
MrDb contained an open reading frame of -1800 nucleo-
tides encoding a protein with a maximal size of 615 amino
acids (Figure 6, the full cDNA sequence including the 3'-
untranslated region to be submitted to GenBank). The
total length of overlapping cDNAs is 3130 bp, which
corresponds to the size of the principal mRNA detected
in human cells. Although the second and third methionines
are in a good context for translation initiation (Kozak,
1986), there are no in-frame stop codons upstream of
potential initiator methionines. It is possible, therefore,
that the protein coding sequence is incomplete. The
MrDb-encoded protein sequence contains motifs that are

hallmarks of a family of RNA helicases possessing a

DEAD box sequence (DEAD standing for Asp-Glu-Ala-
Asp in the single letter amino acid code) (Figure 7, Linder
et al., 1989; Wassarman and Steitz, 1991; Schmid and
Linder, 1992). This family ofRNA helicases shares several
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Fig. 5. Transcriptional responses in NIH3T3 cells of clones MJ19 and MJ143 placed upstream of the reporter construct MinCAT in the two possible
orientations referred to as (F) and (R). The reporter construct is indicated under each panel; MinCAT and M4MinCAT were used as negative and
positive controls respectively. Lanes 1 and 2 of all panels were transfected with 5 and 7.5 jg of control empty expression vector pSP. Lanes 3 and 4
were transfected with 5 and 7.5 gg of pSPMyc. The ratio of expression vector to reporter was 1:1 for lanes 1 and 3 and 3:1 for lanes 2 and 4.
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AGCIATGGATcIcrIClAT-IATSIMACCACTATGAGr'GCAACTAC
K L M V F F S S C M S V K Y H Y E L L N Y

ATTGAIGCCCGCTGIGCCAI¶CATGGAAAGCAAAAGCAAAATAAGCGTACAACCACATT
I D L P V L A I H G K Q K Q N K R T T T F

CT1-CCAGTTCTGCAATGCAGATTICGGGAACACTATTGTACGGATGTCGCAGCGAGAGGAC
F Q F C N A D S G T L L C T D V A A R G

TAGACATTCCTGAAGTCGACTGGA¶ I 'CAGTATGACCCI\CGGATGACCCTAAGGAATAT
L D I P E V D W I V Q Y D P P D D P K E Y

ACATCGTGTGGTAGAACAGCCAGAGGCCTAAATGGAGAGCGCATGCCTGCTCATT=
I H R V G R T A R G L N G R G H A L L I L

1427 GCGCCCAGAAGAA?GGGTrTCGGTTACTAAAACAATCCAAGGTICCATTAAGTGAAT
R P E E L G F L R Y L K Q S K V P L S E

1489

1551

1613

1675

F D F S W S K I S D I Q S Q L E K L I E K

AATrACTrTCTTATAAGTCAGCCCAGCAAATATAAGTCATACATACGAGCCTATGATlC
N Y F L H K S A Q E A Y K S Y I R A Y D S

H S L K Q I F N V N N L N L P Q V A L S

TrGGTTTCAAGCGCCTCCCTCGTITGATCTGAACGTAACAGTAAT =AGGCAAGCAGAAO
F G F K V P P F V D L N V N S N E G K Q K

1737 AAGCGAGCAGGIGGTCGATITCGCTACCAGAAAACCAAGAAAGTCAGAAATCCAAAAT
K R G G G G G F G Y Q K T K K V E K S K I

1799

1861

F K H I S K K S S D S R Q F S H

1923 I rIIIIGTAGACTTAGAATITGGACITACCTAACAAGAGTATAAATrGACTTCGGITGCAAGC

1117

1179

1241

1303

1365

Fig. 6. Partial DNA and derived protein sequence encoded by the MrDb cDNA (EMBL accession No. X98743). Potential initiator methionines are
circled. The polylysine stretch is underlined with a broken line. The segment corresponding to the genomic clone initially isolated, MJ143, is
underlined. The Myc-Max binding site is boxed.

highly conserved domains which include a special version
of the ATPase A and B motifs present in ATP binding
proteins, the B motif corresponding to the DEAD box
(see Figure 7). The conserved amino acids that characterize
this class of proteins have been boxed according to Pause
et al. (1993), including the RNA binding domain (Figure
7). The polylysine stretch at the N-terminus (underlined
in Figure 6) may represent a nuclear localization signal
(Dingwall and Laskey, 1991). MrDb was found to be most
highly related (77% similarity) to a predicted yeast RNA
helicase whose sequence was obtained from yeast chromo-
some 3 (GenBank accession No. S47451, communicated
by R.Barrell; Figure 9).

The sequence corresponding to the genomic clone
MJ143 is underlined on the cDNA sequence (Figure 7).
Comparison of the genomic and cDNA sequences indi-
cated multiple nucleotide differences, including two dele-
tions of 3 and 2 bp respectively that shifted the open

reading frame corresponding to position +566 of MrDb
and introduced a stop codon at +617. Sequencing of
several cDNAs spanning this region revealed that they
were all identical to MrDb. Only the MJ143 genomic
sequence contained mutations, suggesting that the clone
was probably derived from an MrDb pseudogene. Southern
blot analysis with the MrDb probe also indicated the
possible presence of two distinct genes (data not shown).
Since both MJ143 and MrDb carry the Myc binding site,
the probability of isolating either gene would be expected
to be the same, assuming that Myc-Max occupies both
sites (see Discussion). The potential regulation of MrDb
mRNA by Myc was examined in a variety of systems as
described below.

MrDb mRNA is Myc regulated
Rat-i cells stably expressing a Myc-ER fusion protein
have been shown to activate Myc functions in cell cycle
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Fig. 7. Comparison of the human MrDb-encoded RNA helicase and its closest homolog, a yeast putative helicase (GenBank accession No. S4745 1,
communicated by R.Barrell). The percent identity between these two proteins is 60% (highlighted in gray) and overall similarity is 77% as

calculated by the Bestfit program (Genetics Computer Group, Madison, WI). The boxes pinpoint schematically the motifs conserved among all the
members of the DEAD box proteins as previously reported by Pause et al. (1993).

entry and apoptosis upon addition of estrogen (Eilers
et al., 1989). We therefore probed Northern blots from
Myc-ER cells at different times following estrogen expo-
sure. The results are shown in Figure 8A. In serum-starved
fibroblasts MrDb mRNA is induced 1 h after estrogen
addition and increases -2.5-fold after 3 h of induction.
The levels remain high at 14 h after the addition of
estrogen. A 2.5-fold increase is also detectable when cells
are exposed to cycloheximide (CHX) prior to estrogen
addition. Because CHX increased the basal levels of MrDb
mRNA, we repeated the experiment by treating the cells
for 3.5 h with either CHX alone or CHX plus estrogen
(estrogen was added 30 min after CHX addition). The
results shown in Figure 8B indicate that addition of
estrogen increases MrDb levels above that induced by
CHX alone. This suggests that Myc induction of MrDb
is direct in that it does not require intermediate protein
synthesis. As a control, we used a mutant Myc-ER chimera
containing a deletion in the Myc transactivation domain
(amino acids 106-143, AMyc-ER) (Penn et al., 1990).
Figure 8C shows that MrDb is not induced in the AMyc-
ER cells after exposure to estrogen. In order to confirm
that the increase of MrDb mRNA was due to Myc and
not dependent upon the estrogen receptor transactivation
domain, we performed Northern analysis on mRNA
isolated from the cell line Myc-G525R-ER-Ratl
(Littlewood et al., 1995; Solomon et al., 1995). This cell
line expresses a mutated Myc-ER protein that will respond
to the estrogen analog 4-hydroxytamoxifen (40HT) but
is defective in the ER transactivation function. As shown
in Figure 8D, MrDb mRNA and ODC are both induced

by 40HT, confirming previous results for ODC (Wagner
et al., 1993), and indicating that their regulation is depend-
ent on Myc and not on the ER portion of the chimeric
protein.
The expression of MrDb mRNA was examined in other

cell types where c-myc levels have been shown previously
to be modulated during the transition from quiescence to
proliferation. Serum stimulation of density-arrested W138
primary human fibroblasts resulted in an -3-fold increase
in the expression of MrDb (Figure 9A). The increase was
detectable at 3 h after serum addition and peaked at 5 h.
In contrast, c-myc RNA levels peaked at 3 h. A few hours
delay of MrDb mRNA relative to c-myc mRNA was a
constant feature, consistent with its induction being a
consequence of Myc expression. Interestingly, the expres-
sion pattern of the ODC gene is different. It increases
rapidly after serum induction but peaks several hours later
than MrDb and myc (Figure 9B, and Cosenza et al., 1988).
max was used as control for RNA loading variation since
its levels have been shown to remain relatively constant
during the cell cycle (Berberich et al., 1992; Blackwood
et al., 1992).
We also measured MrDb RNA levels upon mitogenic

stimulation of human primary B and T cells. Human B
cells were isolated from human tonsils and stimulated
with anti-,u antiserum as described (Clark et al., 1989).
Analysis of the total RNA indicated a 3.5-fold increase
of MrDb RNA relative to max RNA within 3-5 h following
stimulation (Figure 9C). Similarly, mitogenic stimulation
of primary resting human T cells following PHA and
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Fig. 8. Induction of MrDb mRNA in Rat 1 cells expressing the
Myc-ER gene (A and B) or the Myc deletion mutant (amino acids
106-143) fused to the ER (C). Quiescent cells were treated with 173-
estradiol (250 nM) and poly(A)+ RNA was extracted at the indicated
time points. Cycloheximide was added when indicated at 10 pg/ml
30 min before the additon of 17f-estradiol. In Rat-l cells, the major
mRNA detected with MrDb is 2.7 kb while it is 3 kb in human cells.
The same blots were probed sequentially with MrDb and human
tubulin. The plotted data were obtained after normalization to the
tubulin signal. (D) Rat-l cells expressing G525R mutant estrogen
receptor-Myc fusion protein were treated with 250 nM
hydroxytamoxifen for 7.5 h. The Northern blot of poly(A)+ RNA was

probed sequentially with rat MrDb, ODC and GAPDH. The plotted
data were normalized for GAPDH.

PMA stimulation showed induction of MrDb within the
first few hours (data not shown).
Myc mRNA and protein levels are known to be down-

regulated during differentiation of numerous cell types,
and in some cases the decrease in Myc has been shown
to be required for differentiation (Meichle et al., 1992).

We therefore analyzed the HL60 leukemia line during
granulocyte differentiation following exposure to retinoic
acid (Collins et al., 1978; Westin et al., 1982). Down-
regulation of MrDb consistently followed the down-
regulation of c-myc mRNA (Figure 10). Quantitation
was relative to max, whose mRNA levels were shown
previously to be constant upon retinoic acid treatment of
HL60 cells (Luscher et al., 1994). Differentiation of the
HL60 cells was verified by probing the same blot with a
cDNA encoding CD18, a gene up-regulated during retinoic
acid differentiation (Figure 10, and Hickstein et al., 1988).

These experiments demonstrate that the expression
patterns of MrDb correlate with c-myc expression, while
its induction in the Myc-ER system indicates that it is a
direct in vivo target of Myc and Max.

Discussion
Immunoisolation of Myc-Max genomic sites
To identify 'target genes' directly modulated by Myc-
Max binding, we immunoprecipitated chromatin with
Myc- and Max-specific antibodies. DNA fragments
recovered by this procedure were cloned and assayed for
their ability to bind Myc-Max heterodimers in vitro. DNA
sequence analysis of 20 binding clones revealed that the
majority contained specific variants of the CACGTG
E box, previously defined as 'non-canonical' Myc-Max
binding sites (Blackwell et al., 1993). A number of the
non-canonical sites had been shown to bind specifically
Myc-Max and not USF or TFE3, two of the bHLH-ZIP
proteins which recognize E box sequences (Blackwell
et al., 1993). These results suggest that the highest affinity
in vitro binding site identified for Myc-Max heterodimers
(CACGTG) does not represent the predominant in vivo
binding site. Focusing on CACGTG as the primary Myc
recognition element may therefore lead to the identification
of genes which might well be targets of USF or the TFE
family instead of Myc.

Interestingly, the binding sites identified revealed an
apparent preference for specific flanking dinucleotides (see
Figure 4B). Preference for specific flanking nucleotides had
been reported in in vitro binding assays (Halazonetis and
Kandil, 1991; Papoulas et al., 1992; Blackwell et al.,
1993; Solomon et al. 1993). However, these preferences
were observed in the context of CACGTG as a core
binding site while the preferences shown in Figure 4B
may be related to the fact that they flank the 'non-
canonical' sites present in most of the in vivo recovered
fragments. Nonetheless, in agreement with Blackwell et al.
(1993), we have never isolated the palindromic sequence
GACCACGTGGTC, previously reported to be an optimal
Myc-Max binding site (Halazonetis and Kandil, 1991).
We observed an asymmetry in the conservation of flanking
dinucleotides which closely matches binding sites found
in the proposed Myc target genes cx-prothymosin, ECA
39, ODC and elF 2x (Figure 4B) (Humbelin et al., 1989;
Eilers et al., 1991; Bello-Femandez et al., 1993). The
crystal structure of Max homodimers bound to CACGTG
did not demonstrate contacts with bases outside the
hexamer (Ferre-D'Amare et al., 1993). It is possible,
therefore, that the asymmetrical conservation of flanking
nucleotides reflects the ability of the Myc subunit to contact
bases adjacent to the core hexamer. Indeed, different
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Fig. 9. MrDb mRNA levels correlate with Myc expression pattem. (A and B) Northem blot analysis of total RNA extracted from density-arrested
W138 primary human fibroblasts stimulated by the addition of fresh medium with 10% FCS. Blots were probed sequentially with human c-myc,
MrDb, mouse ODC and human ma.x. (C) Northem analysis of total RNA extracted from primary B cells isolated from human tonsils and stimulated
with anti-l antiserum. All the data plotted were obtained after normalization for max RNA.

preferences for flanking nucleotides was shown in vitro
for Myc-Max versus Max-Max dimers (Solomon et al.,
1993). A requirement for specific flanking nucleotides
by Myc-Max heterodimers might, in part, explain the
discrepancy between our experimental finding of one

binding site every 12 kb on the non-specific immuno-
precipitated DNA in contrast with the predicted frequency
of any of the five possible hexamers and one heptamer,
that is 5X(1/46 bp) + lX(1/47 bp) = 1/780 bp. This
theoretical prediction has been confirmed by a computer
search carried out on part of the available human genomic
sequence covering 8 X 106 bp. Therefore, Myc and Max
do not bind to every single hexamer present in the genome.
In addition to flanking nucleotides, Myc-Max may require
close proximity of two hexamers, as detected in many of
the clones sequenced (Figure 4A), or other as yet unknown
sequences. It is likely that in vivo the Myc-Max available
sites will be even more restricted due to DNA methylation,
chromatin structure or other proteins bound to the complex
that could determine specific flanking sequences. All these
mechanisms may contribute to the ability of Myc-Max to
regulate only a specific set of genes. Recently, the presence
of a binding site for the transcription factor AP2 has been
observed to overlap with the CACGTG hexamer in the
u-prothymosin and the ODC genes (Gaubatz et al., 1995).
The preferred GC dinucleotides that we found are part of
the AP2 site present in the o-prothymosin and ODC genes

but they are not followed by a complete AP2 site in any

of the clones sequenced. However, the majority of the
hexamers are embedded within GC-rich sequences which
could contain, at variable distances from the hexamers,
potential binding sites for other transcription factors.

Recently, a functional role for flanking dinucleotides was
demonstrated for another bHLH protein, MyoD (Weintraub
et al., 1994). It appears that the 2 bp flanking the gE5 E
box present in the Ig enhancer prevent activation mediated
by MyoD but not E12, thereby providing a rationale for
the specificity of MyoD in the activation of only muscle-
specific genes. In addition, specificity in the activation of
different target genes by the yeast bHLH proteins PHO4
versus CPF-1 lies in the nucleotides flanking the shared
core element (Fisher and Goding, 1992). Further experi-
ments will be required to clarify the importance of the
flanking dinucleotides for the ability of Myc-Max to
specifically bind and/or mediate transactivation.
Our experiments indicate that the original genomic

fragments corresponding to MrDb (MJ143) and the
majority of the other binding sites tested can confer Myc-
dependent transactivation when cloned upstream of a

heterologous reporter gene (Figure 5, and data not shown).
The CACGTG binding site for MrDb is located down-
stream from the promoter, within the coding region.
Similarly, other Myc-responsive genes such as ODC,
ECA39 and cx-prothymosin harbor binding sites either in
5'-untranslated regions or intron sequences (Eilers et al.,
1991; Benvenisty et al., 1992; Bello-Femandez et al.,
1993). It is interesting to note that in vivo cross-linking
of homeodomain proteins to their target genes revealed
binding not only at the promoter but also throughout the
transcribed sequence, possibly due to the presence of low
affinity sites throughout the genes (Walter et al., 1994).
It will be interesting to determine whether additional
Myc binding sites are located in the promoter or intron
sequences of the MrDb gene.
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Fig. 10. The down-regulation of MrDb mRNA parallels mvc RNA
disappearence in the leukemia line HL60. (A) Total RNA was
extracted at the indicated time points after exposure to 3 ,uM retinoic
acid. The same blot was hybridized sequentially to human c-mvc,
MrDb, human max and human CD 18. (B) The data in the graph were
normalized for max RNA. Squares correspond to MrDb/Max; circles
to Myc/Max and triangles to CD18/Max.

Identification of a Myc-regulated cDNA
Screening of Northern blots revealed that only a small
fraction of our immunoisolated clones hybridized to
mRNAs. This is to be expected in view of the fact that
regulatory elements are usually located in non-transcribed
sequences. Moreover, the presence of repetitive elements
within the large genomic clones used to screen Northern
blots could have obscured detection of low abundance
mRNAs. Two clones hybridized to mRNAs: MJ143, whose
binding site was within the protein coding sequence that
we named MrDb, and clone MMI1, which harbored a
binding site -300 bp downstream from a 1 kb stretch of
transcribed sequence (data not shown). Sequence com-
parison of our isolated genomic DNAs with corresponding
cDNAs indicated that both genomic clones MJ143 and
MM 11 were derived from pseudogenes. A potential
explanation for this is the increased susceptibility of
transcriptionally active chromatin to digestion by nucle-
ases. Since pseudogenes are often silent, larger fragments
would be generated from the pseudogenes relative to the
transcribed gene. Due to the restriction digestion prior to

cloning (see Figure 1), it is possible that fragments

<250 bp would not be cut twice and therefore would not
be cloned. This could account for our biased isolation of
the non-transcribed genes in cases where the binding site
is within or near the transcribed sequence.
We focused on MrDb and examined its expression

pattern because the Myc-Max binding site, shown to
mediate transcriptional activation by Myc (Figure 5), was
conserved in the transcribed gene. Our results show that
MrDb is inducible in the Myc-ER system (Eilers et al.,
1989). Inducibility is independent of protein synthesis and
thus consistent with the possibility that transcriptional
activation is mediated by the pre-exisiting Myc fusion
protein (Figure 8). Moreover, MrDb mRNA is induced
within 3-5 h following mitogenic stimulation of primary
human fibroblasts and B cells (Figure 9). The timing of
MrDb induction parallels the increase in c-nlyc RNA
levels. However, we do detect low levels of MrDb
mRNA in quiescent cells. It is possible that constitutive
transcription factors maintain MrDb basal expression while
the function of Myc-Max would be to boost its expression
upon cell cycle entry.
MrDb mRNA decreases during differentiation of HL60

(Figure 10) and primary keratinocytes (Hurlin et al., 1994),
consistent with the disappearence of c-mvc RNA. The
down-regulation of MrDb during differentiation suggests
that MrDb could be a target for repression by Mad
proteins, a family of bHLH-LZ proteins that associate
with Max, are induced upon differentiation in various cell
types and act as transcriptional repressors (Ayer and
Eisenman, 1993; Ayer et al., 1993; Hurlin et al., 1994,
1995; Larsson et al., 1994)

A DEAD box protein as a Myc target
The protein encoded by MrDb shows a striking similarity
to a yeast RNA helicase of the DEAD box family. This
class of highly conserved proteins has the ability to bind
and unwind single-stranded RNA in an ATP-dependent
fashion (for reviews, see Linder et al., 1989; Wassarman
and Steitz, 1991; Schmid and Linder, 1992). Members of
the DEAD box family, such as the eukaryotic initiation
factors 4AI and II, are involved in modulating translation
efficiency of specific mRNAs (Nielsen and Trachsel, 1988)
and RNA stability in bacteria (lost and Dreyfus, 1994).
Others are involved in RNA splicing (Wassarman and
Steitz, 1991). In humans, a few RNA helicases of the
DEAD box family have been cloned. One is p68, a nuclear
helicase expressed exclusively in proliferating cells that
shares an epitope with the SV40 T antigen (Ford et al.,
1988). It is possible that MrDb encodes a nuclear RNA
helicase since there is a potential nuclear localization
signal (KKKKKKKRK) in the N-terminus of the protein.
Therefore, MrDb protein could play a role in the stability
or transport of specific RNAs involved in cell growth.
Post-transcriptional regulation of serum-induced genes
by overexpression of Myc has indeed been described
previously (Prendergast and Cole, 1989). Also down-
regulation of the integrin LFA-1 by Myc seems to involve
both a transcriptional as well as a post-transcriptional
mechanism (Inghirami et al., 1990). Interestingly, over-

expression of eIF-4E, a subunit of the mRNA cap binding
complex that has an RNA helicase-associated function,
results in cell transformation and is accompanied by
increased translation efficiency of RNAs such as cyclin
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DI (Lazaris-Karatzas et al., 1990; Rosenwald et al.,
1993a). A role for RNA helicases in tumorigenesis has
been suggested by the finding of a translocation in a B cell
lymphoma involving the RCK1 gene encoding a DEAD
box protein (Akao et al., 1992; Lu and Yunis, 1992).
Also another family member, DDX 1, is co-amplified
and overexpressed with the N-mvc gene in a subset of
retinoblastoma and neuroblastoma lines as well as in
primary neuroblastomas (Godbout and Squire, 1993;
Manohar et al., 1995; Squire et al., 1995).

The correlation of MrDb gene expression levels with
c-myc mRNA together with the presence of a Myc-Max
binding site capable of mediating Myc transcriptional
activation are consistent with MrDb being an in vivo Myc
target gene. The role of MrDb as a mediator of Myc
biological functions remains to be established and we are
currently pursuing such experiments. It is likely that the
ability of Myc to trigger cell proliferation will be mediated
by multiple genes, and the genomic sequences we have
isolated may provide a means of identifying a complete
set of Myc-Max target genes.

Materials and methods
Preparation of chromatin and immunoprecipitations
For each imunopurification experiment, 2 1 of exponentially growing
CB33/SVMyc-CMVMax cells (Lombardi et al., 1987) (.-109) were
washed once in phosphate-buffered saline (PBS) supplemented with
0.5 g of MgCI2 per 500 ml, swollen for 10 min in 10 ml of hypotonic
buffer [10 mM Tris-HCI pH 7.4, 10 mM KCI, 1 mM dithiothreitol
(DTT)] and lysed with 30 strokes of a Dounce homogenizer (A pestle).
All manipulations, including lysis, antibody incubations and enzyme
digestions were performed at 4°C and in the presence of protease
inhibitors. Nuclei were recovered by centrifugation at 2000 g for 10 min
and washed once by resuspending in nuclear buffer A (15 mM Tris
pH 7.4, 60 mM KCl, 15 mM NaCI, 0.15 mM spermine, 0.5 mM
spermidine, 0.3 M sucrose, 1 mM DTT). Nuclei in 10 ml of buffer A
were then exposed either to 20 U/ml of DNase I (Worthington Biochem.)
in the presence of 1 mM CaCI9 for 15 min at 4°C (Experiment 1) or to
400 U/ml of micrococcal nuclease (Worthington Biochem.) in buffer A
with 10% glycerol (Experiment 2). Buffers and digestion conditions
were adapted from previously published procedures aimed at preserving
chromatin structure (Hewish and Burgoyne, 1973; Bellard et al., 1989;
Wu, 1989; Gould et al., 1990). The digestions were stopped with 2.5 mM
EGTA and 10 mM EDTA. The soluble chromatin fraction was obtained
by lysis and homogenization of the nuclear pellet in 6 ml of hypotonic
TEP buffer (12 mM Tris-base neutralized with 3 mM EDTA-free acid).
and by recovering the supernatant after spinning at 2000 g for 5 min.
This fraction was immediately adjusted to 100 mM KCI, 10 mM Tris-
HCI pH 7.4, and bovin serum albumin (BSA, molecular biology grade,
Sigma) to 0.5 mg/ml. The soluble chromatin was pre-cleared with 0.2 ml
of protein A-Sepharose beads (blocked with BSA) for 20 min followed
by clarification at 16 000 g for 10 min in a Sorvall swinging bucket
rotor. The supernatant was either incubated with protein A-Sepharose
containing 20-40 ,ug of affinity-purified rabbit anti-Max antiserum
(#7902, Blackwood et al., 1992) or with rabbit immunoglobulins as
control. After I h incubation, the immunoprecipitates were washed on
a column with 5 ml of buffer A supplemented with 2.5 mM EGTA and
5 mM EDTA. The column was then equilibrated with Sau3AI digestion
buffer and bound DNA was digested with 160 U of enzyme (New
England Biolabs) for 1 h at 4°C. The column was washed with 5 ml of
buffer A supplemented with 150 mM KCI followed by 5 ml of buffer
A. Myc-Max-DNA complexes were eluted from the antibody column
by exposure for 15 min to 1 ml of buffer A containing 100 tg of
antibody-specific Max peptide. A fraction of the eluate was saved
for analysis, the rest was adjusted to 0.5 mg/ml BSA and further
immunoprecipitated with anti-Myc antiserum (#1537, Blackwood et al.,
1992) as described above. The second eluate obtained with an antibody-
specific Myc peptide was adjusted to 0.5% SDS, 100 Ig of proteinase
K and digested at 37°C overnight. After two phenol-chloroform extrac-
tions, the DNA was precipitated and ligated into the plasmid vector,

PVZ1 (Henikoff and Eghtedarzadeh, 1987) at the BamHI site. A fraction
of the ligation was transformed into highly competent Escherichia coli
(Epicurian E.Coli XL- 1 Blue, Stratagene) or DH5tz MCR (Gibco, BRL).
For protein analysis, -5 x 108 CB33 cells/SVMyc-CMVMax were labeled
with [35S]methionine as described (Blackwood et al., 1992). Cell lysis
and immunoprecipitations were as described for the recovery of DNA
except that, after a first cycle of immunoprecipitation with anti-Myc, the
eluate was concentrated (Wessel and Flugge, 1984) and analyzed by
SDS-PAGE.

Screening of recombinant clones by electrophoretic mobility
shift assay
Pools of three to five colonies were used to prepare miniprep DNA. One
quarter was digested with EcoRI and HindIll and labeled with Klenow.
An aliquot was used for each gel shift reaction in 10 Id of HMO. 1
buffer containing 150 mM KCI (25 mM HEPES pH 7.5, 150 mM KCI,
10 mM MgCl2, 0.1% NP-40, 0.5 mg/ml BSA, 10% glycerol, 1 mM
DTT) and incubated at room temperature for 30 min in the presence or
absence of 5-10 ng of baculovirus Max (Ayer et al., 1993) and 25
ng of GST-C92Myc (Blackwood and Eisenman. 1991). Heterodimers
between Myc and Max were formed by incubating the undiluted proteins
at room temperature for 10 min. Myc-Max-DNA complexes were
resolved by 4% acrylamide gels run with 25 mM HEPES pH 7.5 in the
gel and in the running buffer. Electrophoresis was for 2.5-3 h at 150 V
at 4°C. Shifts of fragments >700 bp were hard to distinguish from non-
specific retardation and were disregarded.

Sequencing and cDNA cloning
The DNA sequence of individual clones was obtained using an Applied
Biosystems automated apparatus with the M13 forward and reverse
primers.
cDNAs corresponding to the genomic clone MJ 143, referred as MrDb,

were obtained by screening a cDNA library from a Burkitt lymphoma
cell line, Manca (gift from Lynn Graf, Fred Hutchinson Cancer Research
Center, Seattle), prepared according to Nottenburg et al. (1990). The
probe spanned the entire MJ143 clone and was labeled by PCR using
internal primers. Hybridizations were carried out in 0.5 M sodium
phosphate buffer pH 6.8, 1 mM EDTA, 7% SDS and 100 Rtg/ml denatured
salmon sperm DNA at 65°C. Hybond N filters (Amersham) were washed
according to the manufacturer, including the high stringency wash at
65°C in 0.1 X SSPE. The majority of the open reading frame of MrDb
cDNA was derived from two overlapping clones. The 5' end of the
coding region was obtained by amplifying an aliquot of the phage stock
with a nested primer and a primer in the phage vector. The 5' end-
amplified DNA was cloned into the PCRII vector (Stratagene) and
screened by hybridization. The clones containing the longest inserts
were used to probe the cDNA library again. We obtained several different
clones, and the largest clone extended the 5'-coding region of -300 bp.
The entire reconstructed cDNA is 3130 bp and matches the size of the
major mRNA detected in Northern blot in human cells. The full-length
cDNA was sequenced on both strands using progressive exonuclease III
deletions as described (Henikoff, 1984).
A rat cDNA clone corresponding to MrDb was obtained by screening

a GH4 cell cDNA library with the MrDb coding region; its identity was
verified by partial sequence analysis (Bigler and Eisenman, 1995).

CAT assays
The genomic clones MJ19, MJ143, MJ223, MJ170 and MJ172 were
amplified by PCR using M13 forward and reverse primers present in
the cloning vector PVZ1, cut with Sau3AI and subcloned at the BamnHI
site of the CAT reporter plasmid MinCAT (Kretzner et al., 1992). MJ255
was subcloned directly using BamnHI from PVZ1 into MinCAT. Myc
expression was under the control of an SV40 promoter (pSP). NIH3T3
cells were transfected with a total of 10 tg of DNA as indicated in the
figure legends. Cell extracts were normalized for transfection efficiency
by the inclusion of a f-galactosidase expression plasmid (pCH1 1,
Pharmacia) and subsequent f-galactosidase assays.

Northern analysis and probes
Preparation of total RNA, poly(A)+ RNA and Northern blot were
performed by standard techniques (Ausubel, 1994). Hybridization con-
ditions were as described for the library screening, with the exception of
the Rat I -Myc-ER-derived RNA which was analyzed at lower stringency.
Hybridizations were at 58°C and washes at 50°C.

Control probes for RNA loading variations were human ca-tubulin
(Cowan et al., 1983) and human GAPDH (Tokunaga et al., 1987). The
c-ninvc probe was a 0.8 kb ClaI-EcoRI fragment from a human clone
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(Hann et ail., 1988); 'ma.x was 0.55 kb of human cDNA (Blackwood and
Eisenman. 1991): ODC was 1.6 kb of a mouse cDNA corresponding to
a SalI-PvufII fragment (Kahana and Nathans, 1984): CD18 was a 1.8 kb
EcoRI fragment from a human cDNA containing exons 7-16 (Hickstein
et al.. 1988)

Cell culture
CB33 cells expressing exogenous Myc and Max from episomal vectors
(SVMyc and CMVMax, Gu et al.. 1993) were maintaned in Iscove's
medium with 10% fetal calf serum (FCS, Gibco), 700 tg/ml of neomycin
(Sigma) and 300 tg/ml of hygromycin (Calbiochem). Rat- I cells
expressing the Myc-ER chimera were cultured in phenol red-free
Dulbecco's modified medium in the presence of 10% charcoal-treated
FCS (Hyclone). For synchronization experiments, confluent cells were
starved for 24 h in 0.1% serum. 17f-Estradiol (Sigma) was added to a
final concentration of 250 nM. When indicated, CHX was added at
10 tg/ml. Rat-l cells expressing the G525R mutant estrogen receptor
fused to Myc (provided by M.Eilers) were cultured in regular Dulbecco's
modified medium containing 10% FCS. Cells were synchronized by
density arrest and serum starvation at 0.1 % for 48 h. Stimulation was
with 250 nM 40HT (gift from M.Eilers). Primary B cells were obtained
from human tonsils, and proliferative stimulation was carried out by
addition of anti-pl antibody at 5 ztg/ml (Clark et al.. 1989). W138 cells
were purchased from the American Tissue Type Collection and cultured
in Dulbecco's modified medium supplemented with 10% FCS. For
induction of quiescence, cells were seeded at 2X 104/cm2 and medium
was not changed for 11 days as described (Cosenza et al.. 1988). Fresh
medium was added, and cell cycle progression was monitored by
propidium iodide staining of fixed cells. RNA was collected at the
indicated time points. HL60 cells (kindly provided by S.Collins, Collins
et al.. 1978) were cultured in RPMI medium in the presence of 5%
FCS. For differentiation experiments, exponentially growing cells were
exposed to 3 pM retinoic acid. Expression of the CD18 cell surface
marker (Hickstein et al.. 1988) and down-regulation of Myc were used
as differentiation parameters (Westin et al.. 1982).
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