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Max is a basic helix-loop-helix/leucine zipper protein that forms heterodimers with the Myc family of
proteins to promote cell growth and with the Mad/Mxil family of proteins to inhibit cell growth. The role of
Max as the obligate binding partner for these two protein families necessitates the observed constitutive
expression and relatively long half-life of the max mRNA under a variety of growth conditions. In this study,
we have used the chicken max gene to map DNA elements maintaining max gene expression in vertebrate cells.
We have identified a minimal regulatory region (MRR) that resides within 115 bp of the max translation
initiation site and that possesses an overall structure typical of TATA-less promoters. Within the MRR are two
consensus binding sites for Spl, a ubiquitously expressed transcription factor that plays a role in the
expression of many constitutive genes. Interestingly, we show that direct binding by Sp1 to these sites is not
required for MRR-mediated transcription. Instead, the integrity of a 20-bp DNA element in the MRR is
required for transcriptional activity, as is the interaction of this DNA element with a 90-kDa cellular protein.
Our data suggest that it is the persistence of this 90-kDa protein in vertebrate cells which drives max gene
expression, insulates the max promoter from the dramatic changes in transcription that accompany cell growth
and development, and ensures that adequate levels of Max will be available to facilitate the function of the Myc,

Mad, and Mxil families of proteins.

Max is a nuclear phosphoprotein of the basic helix-loop-
helix/leucine zipper (bHLH/LZ) class of transcription factors
(13, 42, 55, 62). The Max protein associates with the Myc
family of oncoproteins in vitro and in vivo (1-3, 12, 13, 42, 51,
54, 62, 63) and forms heterodimers which bind to a core con-
sensus DNA sequence, CACGTG, referred to as the Myc E
box (3, 12, 13, 42, 63). Myc-Max heterodimer formation has
been shown to be essential for all of the known biological
functions of Myc, including the induction of cell growth (1), the
triggering of apoptosis under specific growth conditions (1),
cellular transformation (2, 54, 62), and the regulation of target
gene transcription (3, 27, 59). Several groups have observed a
dual effect of Max on Myc function, with an increase in Myc-
mediated cellular transformation noted when Max levels are
elevated modestly and a decrease in transformation when Max
levels are extremely high (2, 57, 61). Since Max does not
possess a transcription activation domain (42, 55) and forms
homodimers that bind to the same target DNA sites as Myc-
Max heterodimers (10-12, 42, 51, 62), it has been proposed
that a small increase in Max provides the protein necessary to
maximize Myc-Max activity, while high Max levels promote the
formation of inactive Max-Max homodimers (4, 32, 57, 63).
With the recent discovery of the Mad (7, 36) and Mxil (77)
proteins—additional bHLH/LZ proteins that lack transcrip-
tion activation domains and preferentially dimerize with Max
(not Myc) to bind to Myc E-box DNA (6, 77)—understanding
the regulation of Myc function at the molecular level has be-
come even more complex. For the Mad proteins and, to a
lesser extent, for Mxil, maximal protein expression is observed
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following the terminal differentiation of certain cell types (6,
20, 36, 46, 77), while Myc expression is associated with prolif-
erating, undifferentiated cells (15, 25, 56). On the other hand,
Max levels remain relatively constant under all growth condi-
tions (11, 12, 44, 46, 66), further supporting the notion that
cells must maintain appropriate levels of Max in order to
ensure that the proliferation-specific and differentiation-spe-
cific bHLH/LZ factors (for which Max is the sole dimerization
partner characterized to date) function efficiently. The impor-
tance of max gene expression to the coordinated development
of an intact organism has been demonstrated by the recent
observation that max null animals die earlier in embryogenesis
than c-myc or N-myc null animals (19, 48, 69). For these rea-
sons, we have focused our efforts on investigating the mecha-
nism of transcriptional regulation of the max gene in an effort
to understand how Max levels are maintained during cellular
growth and differentiation.

The max gene is conserved in evolution, and max cDNAs
have been cloned and characterized from a number of organ-
isms (13, 26, 37, 44, 62, 66). However, outside of partial se-
quence information on the genomic organization of the human
max gene (13, 53, 71), the complete structure of a max genomic
DNA has been described only for chicken (68). In this study,
we have examined the 5’ flanking region of the chicken max
gene and have identified a minimal regulatory region (MRR)
that resides 115 bp immediately upstream of the methionine
initiator codon and is absolutely essential for maintaining tran-
scriptional activity in chicken, human, and mouse cells. The
MRR contains several transcription initiation sites, two Spl
consensus binding sites, and no consensus TATA or CAAT
elements, all of which are considered typical structural features
of the promoters of cellular housekeeping genes (8, 22). Al-
though Sp1 has been implicated as an important factor in the
transcriptional regulation of many TATA-less promoters (16,
28, 39, 52), our data indicate that direct binding by Sp1 to the
Sp1 consensus DNA sites located in the chicken max MRR is
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not necessary for MRR-directed reporter gene expression. In-
stead, we have identified a core sequence from positions —91
to —110 in the MRR which binds several cellular proteins,
including a 90-kDa protein whose association with the core
sequence is correlated with MRR transcriptional activity. The
identification of this 90-kDa protein as a cellular factor that is
responsible, in large part, for maintaining max gene expression
in cells suggests that the activity of this protein will have an
indirect impact on the function of bHLH/LZ factors, such as
Myc and Mad, and thus play an important role in regulating
the proliferation and differentiation of cells.

MATERIALS AND METHODS

Plasmids. pMaxCAT was constructed in two steps by first inserting an Xbal/
Smal fragment containing 2,089 bp of chicken max 5’ flanking DNA plus first
exon and intron DNA (68) into the Xbal/Smal sites in EIBTATACAT (50) and
replacing the E1B TATA box with chicken max promoter sequence and then by
cleaving this DNA with Smal/Nael and religating to create a chloramphenicol
acetyltransferase (CAT) reporter controlled by DNA spanning positions —6 to
—2089 of chicken max, where position +1 is the first A of the ATG initiator
codon. The 5" and 3’ deletions of pMaxCAT were made by using an Erase-a-
Base Kit (Promega). 5’ deletions into the chicken max promoter were made from
the Xbal site and protected by using the 5’ PstI site in the CAT vector polylinker.
3’ deletions into the promoter were made from the Xmal site and protected by
using a 3’ Sacl site in the polylinker. 5'[—77] was made by restricting 5'[—234]
with X%ol and Eagl, blunt ending the linear molecule with Klenow DNA poly-
merase and deoxynucleoside triphosphates, and religating. 3'[—47] was made
similarly using internal EcoRI and BssHII cleavage sites. The structures of all
pMaxCAT derivatives used in this study were verified by DNA sequencing
(TAQuence; U.S. Biochemical). pBScm12 5[ —234] was constructed by inserting
a HindIIl (blunt-ended)/Narl fragment excised from 5'[—234] into an Xbal
(blunt-ended)/NarI-digested pBScm12BgIII vector. This generated a chicken
max genomic clone with a 5’ deletion up to 234 bp relative to the methionine
initiator codon. pBScm 5'[—234] (which was used for site-directed mutagenesis)
was prepared by using a HindIII/EcoRI fragment excised from 5'[—234] and
inserted into the HindIIl/EcoRI site of pBluescript II KS+. pADH-RI contains
the Drosophila alcohol dehydrogenase promoter and actin 5C poly(A) addition
site inserted into an EcoRI/Bg/II-modified version of pUC118 (17). pADH-Sp1
contains the full-length Sp1 cDNA (40) ligated to EcoRI-linearized pADH-RI.
The pSV,CAT reporter contains the CAT coding sequence under transcriptional
control of the simian virus 40 promoter/enhancer (30).

Cell culture. Primary chicken embryo fibroblasts (CEFs) were obtained from
11-day-old chicken embryos removed from eggs, minced, and trypsinized for 20
min at 37°C as described previously (24). HeLa cells, CEFs, and C3H10T1/2
mouse fibroblasts were maintained in basal modified Eagle medium (GIBCO,
Grand Island, N.Y.) supplemented with 10% fetal bovine serum (FBS), 100 U of
penicillin per ml, 100 pg of streptomycin per ml, and, for CEFs only, 1% chicken
embryo extract (GIBCO). Drosophila Schneider 2 (S2) cells were maintained at
ambient room temperature in 1X Schneider’s medium (Sigma) supplemented
with 12.5% heat-inactivated FBS, 100 U of penicillin per ml, and 100 pg of
streptomycin per ml.

Stable transfections. Stable transfection of C3H10T1/2 cells was performed by
the calcium phosphate-DNA precipitation method described previously (18).
Briefly, 24 h prior to transfection, cells were seeded at 5 X 105/100-mm-diameter
plate in complete medium. Precipitates containing 30 g of carrier DNA, 50 ng
of pKOneo (70), and 150 ng of each test construct were added to each plate.
Cultures were split 1:6 24 h following transfection and maintained in complete
medium containing Geneticin (G418; 400 wg/ml [active concentration]; GIBCO)
to select for neomycin-resistant cells. After 14 days, G418-resistant colonies were
counted, and approximately 500 colonies from each experimental group were
pooled and grown to semiconfluency in complete medium plus G418.

Transient transfections and CAT assays. Transient transfections were per-
formed by the calcium phosphate-DNA precipitation method described previ-
ously (55). For HeLa cells, CEFs, and C3H10T1/2 cells, precipitates containing
5 pg of CAT reporter plasmid and 5 pg of the RSViacZ expression vector (38)
were added to cells seeded 24 h prior to transfection at 5 X 10°/100-mm-
diameter plate. Five hours following the addition of precipitates, the cells were
shocked osmotically with 20% glycerol (in serum-free basal modified Eagle
medium) for 2 min, refed complete medium, and maintained in complete me-
dium for an additional 40 to 45 h. Drosophila S2 cells were seeded at 5 X
10%/60-mm-diameter plate 24 h prior to transfection. Precipitates containing 7.5
wg of CAT reporter plasmid and 2.5 pg of pADH-RI vector DNA or pADH-Sp1
DNA were added to each plate. Cells were fed complete medium 15 to 18 h
following the addition of precipitates and maintained in complete medium for an
additional 40 to 45 h. Transfected HeLa cells, CEFs, and C3H10T1/2 cells were
harvested by scraping into 1 ml of cold CMF saline (130 mM NaCl, 1.5 mM
KH,PO,, 8.0 mM Na,HPO,, 2.7 mM KCI [pH 7.4]). The cells were pelleted,
washed, and resuspended in 230 pl of 0.25 M Tris-5 mM EDTA (pH 8.0) at 4°C,
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and the cell membranes were disrupted by sonication for 20 s. The B-galactosi-
dase activity measured in each cell extract was used to normalize the amount of
extract used to assay CAT activity as described previously (76). S2 cell extracts
were prepared as outlined above except that each extract was normalized by
using protein content (Protein Assay; Bio-Rad) prior to the CAT assay. Percent
conversion of '*C-chloramphenicol (ICN) to the acetylated form by CAT was
determined by scintillation counting. All assays were maintained within the linear
range of CAT activity, and the activities reported represent the average of at
least three independent determinations.

RPA. The template for pMaxCAT riboprobe synthesis was prepared by cleav-
ing 5'[—234] with Pvull, isolating a 419-bp fragment containing 150 bp of CAT,
234 bp of 5’ flanking max sequence, and 35 bp of polylinker, and ligating this
fragment into the Smal site of pBluescriptll KS+ to create RP(CAT
5'[—234]Pvull). The template for generating a riboprobe for the endogenous
chicken max transcript was prepared by subcloning a 400-bp fragment containing
the chicken max first exon, first intron, and 200 bp of 5" max flanking sequence
into the HindIIl/Sacl site of the pBluescript II KS+ to create pMaxBS 5'.40.
[«->?P]UTP (Amersham) was used with the MAXIscript in vitro Translation Kit
(Ambion) to generate riboprobes from EcoRV-linearized RP(CAT
5'[—234]Pvull) and HindIII-linearized pMaxBS 5'.40. Full-length, radiolabeled
RNA was purified by electrophoresis through a 5% polyacrylamide gel followed
by elution overnight at 37°C in 0.5 M ammonium acetate-1 mM EDTA-0.2%
sodium dodecyl sulfate (SDS). The labeling efficiency was determined by scin-
tillation counting, and approximately 10° cpm of each labeled riboprobe was used
per reaction. The RNase protection assay (RPA) was performed with an RPA II
kit (Amersham). Briefly, the labeled riboprobes were annealed to total RNA
isolated from C3H10T1/2 cells stably transfected with pMaxCAT or from un-
transfected CEFs. Single-stranded RNA unprotected following annealing was
digested with a mixture of RNase A (2.5 U/ml) plus RNase T, (100 U/ml), and
the resistant double-stranded RNA fragments was sized on a 6 or 10% denatur-
ing polyacrylamide gel. Two control reactions were performed in which each
riboprobe was annealed to total RNA isolated from yeast and incubated with the
RNase mixture or with the reaction buffer alone. A dideoxy DNA sequencing
reaction of pMaxCAT was used as a standard to determine the size of the
protected fragments and hence the transcription start points for pMaxCAT, and
a DNA sequencing reaction of pBluescript II KS+ was used as a size marker to
map the transcription start points of the endogenous chicken max gene.

Site-directed mutagenesis. Single-stranded pBScm5’[—234] template DNA
was prepared from bacterial cultures as described by the supplier (Oligonucle-
otide-directed in vitro Mutagenesis System; Amersham). Synthetic oligonucleo-
tides (obtained from the Purdue University Center for Computational Biochem-
istry) were designed such that one unique restriction site (BamHI or Nhel) was
introduced into the MRR sequence at the Sp1? site (CCGCCC—GATCCC) or
the Sp1® site (GGGCGG—GGCTA), respectively. Inadvertently, a G—C mu-
tation was introduced at position —96 in Sp1? and a single G was deleted in Sp1°.
The mutated oligonucleotides were phosphorylated with T4 polynucleotide ki-
nase and ATP and annealed to the pBScm5'[—234] template DNA. Reagents
supplied by the Oligonucleotide-directed in vitro Mutagenesis System (Amer-
sham) were used to incorporate these sequence changes into double-stranded
pBScm5’[—234] DNA, and the presence of the mutations was verified by restric-
tion mapping and DNA sequencing (TAQuence; U.S. Biochemical). 5'[—115]*
and 5'[—115]° were generated by cleaving pBScm5'[—234]* and pBScm5’
[—234]° with HindIII and Xmal, ligating the mutant 5'[—234] fragments into
HindIll/Xmal-cleaved EIBTATACAT, removing excess polylinker sequence
with a Sacl digest, and then cleaving with HindIII and Sacll to truncate the 5’
region at position —115. pMaxCAT® and pMaxCAT® were made by replacing the
Sacll/Xmal fragment in pMaxCAT with mutant Sacll/Xmal fragments isolated
from pBScm5'[—234] derivatives and then restricting with Sacl to remove excess
polylinker DNA. The constructs containing the Sp1¥’® mutation were made by
isolating a 155-bp HindIIl/Eagl fragment containing Sp1* from 5'[—234]* and
ligating it to HindIIl/Eagl-cleaved 5'[—234]°. This construct, designated
5'[—234]®, was restricted with HindIII/Sacll to create 5'[—115]*. pMaxCAT*"®
was made by replacing the Sacll/Xmal fragment in pMaxCAT with a SacIl/Xmal
fragment isolated from 5'[—234]*®. 5'[—115]ml, -II, and -III were made by using
complementary synthetic oligonucleotides possessing three consecutive, 10-bp
mutations (boldface) in the region between —77 and —115:

ml 5'-agctGGACTATGACTTGTGAATGCCCCGCGCTCAGGCAGGC
CCTGAACTGAACAGTTACGGGGCGCGAGTCCGTCCGECGG
mlI 5'-agctGGACTCGCCGCCCBACGATGGAIGCTCAGGCAGGC
CCTGAGCGGCGGGGGCTACCTBCGAGTCCGTCCGLCEGG
mllI 5'-agctGGACTCGCCGCCCCACAATGCCER&GGCTCATGC
CCTGAGCGGCGGGGTGTTACGIGCGAGTBCGCCGE

The oligonucleotides were gel purified, annealed as described previously (64) to
generate the double-stranded fragments diagrammed above, and subcloned into
HindIIl/Eagl-cleaved 5'[—115] to replace the wild-type MRR sequence between
positions —77 to —115.

Northern blot hybridization. A hybridization probe specific for chicken max
mRNA was obtained by restricting pBScm12BglII (68) with X0l and Bg/IT and
isolating a 400-bp fragment corresponding to the 3’ untranslated region of the
chicken max gene transcript. The human max probe was a 560-bp HindIII/EcoRI
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digest from pBSmaxII (18), while the probe for c-myc contains 580 bp of coding
sequence isolated following a Bg/II/Sall digest of pBSmyc, which has the v-myc
coding region inserted into pBluescript KB+. Total RNA was isolated as de-
scribed previously (18) from proliferating cells, from quiescent cells, or from
quiescent cultures stimulated for 1, 2, or 6 h with 10% FBS and 10 ug of
cycloheximide (Sigma) per ml. Twenty micrograms of RNA from each sample
was electrophoresed through 1% agarose-formaldehyde gels, transferred to ny-
lon membranes (Nytran; Schleicher & Schuell), and prehybridized, hybridized,
washed, and exposed to X-ray film as described previously (18). The probes were
radiolabeled with [a-*?P]dCTP (6,000 Ci/mmol; Amersham) by using an Oligo-
labeling kit (Pharmacia), and unincorporated nucleotides were removed from
the probes by using G-50 spun columns (64).

Nuclear extract isolation. Nuclear extracts were isolated from C3H10T1/2
cells, CEFs, and S2 cells as described previously (47). Briefly, cells were grown to
semiconfluency, rinsed with CMF saline at 4°C, and scraped into lysis buffer (2
ml/plate), at which time the number of nuclei/milliliter was determined prior to
centrifugation and resuspension in nuclear extraction buffer at a concentration of
2.5 X 107 nuclei/ml. The protein concentration of each extract was determined by
using the Bio-Rad Protein Assay. HeLa nuclear extracts were purchased from
Sigma.

EMSA. Probes and competitors representing the —77 to —115 region of the
MRR were prepared by cleaving 5'[—115] with XhoI and Eagl. The —56 to —115
and the —6 to —77 competitors were prepared by restricting 5'[ —115] with Xhol
plus BssHII and Eagl plus EcoRI, respectively. The 87-bp nonspecific DNA
competitor was isolated from the pSP72 vector by using an Ndel/Xhol digest.
Probes were end labeled with Klenow DNA polymerase and [a->?P]dCTP or a
combination of [¢->?P]dCTP and [a->*P]dATP (6,000 Ci/mmol; Amersham). The
Sp1 consensus oligonucleotide (Promega) was end labeled with T4 polynucle-
otide kinase and [y-**P]ATP (6,000 Ci/mmol; Du Pont). All probes were purified
as described previously (64), and approximately 2 X 10° cpm of each probe was
incubated with nuclear extracts at 4°C for 30 min or with purified Sp1 protein
(Promega) at room temperature for 20 min. Competitors were added 5 min
before the addition of radiolabeled probe DNA. The binding buffer for the
nuclear extracts consisted of 25 mM HEPES (pH 7.9), 50 mM KCl, 0.5 mM
EDTA, 5 mM dithiothreitol, 15 mM MgCl,, 10% glycerol, and 2 pg of poly(dI-
dC), and the electrophoretic mobility shift assay (EMSA) profiles were resolved
by electrophoresis through 5% nondenaturing polyacrylamide gels in medium-
high-ionic-strength buffer (12.5 mM Tris [pH 8.5], 98 mM glycine, 0.5 mM
EDTA). The binding buffer and electrophoresis parameters used for the Spl
binding reactions were recommended by Promega. Electrophoresis was con-
ducted for 3 h at 100 V, after which time the gels were vacuum dried and exposed
to X-ray film overnight with an intensifying screen at —80°C.

DNase I footprint analysis. pBScm12 5'[—234] was cleaved with ApaLl or
EcoRI in the presence of calf intestinal alkaline phosphatase (Boehringer Mann-
heim) to create the coding and noncoding strand probes, respectively. Following
inactivation of the enzymes and ethanol precipitation of the DNA, the comple-
mentary restriction enzyme digestions (EcoRI for noncoding and Apall for
coding) were performed in the absence of calf intestinal alkaline phosphatase.
The probe DNA was isolated following electrophoresis through a 5% nondena-
turing polyacrylamide gel and elution in 0.5 mM ammonium acetate-10 mM
magnesium acetate overnight at 37°C. The probes were end labeled with T4
polynucleotide kinase and [y-**P]JATP (6,000 Ci/mmol; Du Pont). Binding reac-
tions were carried out as described for the EMSA with 2 X 10* cpm (~1 ng) of
each probe, 19 pug of HeLa nuclear extracts (Promega), and a 100-fold molar
excess of competitor DNA where indicated. The final volume of each reaction
was increased to 60 wl and the MgCl, concentration was adjusted to 7 mM before
treatment with 0.075 wg (DNA only) or 2 pg (protein plus DNA) of DNase I
(Worthington Biochemical) per ml at room temperature for 1 min. Reactions
were stopped by adding 60 wl of buffer containing 1% SDS, 50 mM EDTA, 0.2
pg of tRNA per pl, and 200 mM NaCl. Then 4 X 10° cpm of each reaction
mixture was electrophoresed through an 8% denaturing polyacrylamide gel. A
Maxam-Gilbert G/A sequencing reaction for each probe was prepared by using
the DuPont/NEN Maxam-Gilbert DNA sequencing system and electrophoresed
in parallel to map the location of the footprinted region on both DNA strands.

Photoaffinity cross-linking. EMSA gels were irradiated with 312-nm UV light
and cross-linked protein-DNA complexes isolated as outlined in reference 31,
except that Millipore Ultrafree-15 centrifugal filters were used to concentrate the
complexes following elution from the gels. The purified complexes then were
resolved by SDS-polyacrylamide gel electrophoresis (PAGE) (10% gel); follow-
ing staining of the gels with Coomassie brilliant blue to visualize the protein
markers (High MW and Low MW; Bio-Rad), the gels were dried and exposed to
X-ray film. EMSA using the AP-1 oligonucleotide (Promega) and bacterially
synthesized glutathione S-transferase (GST)—c-Jun and GST-B-ATF fusion pro-
teins were performed as described above except that the binding reaction mix-
ture was electrophoresed through a 5% nondenaturing polyacrylamide gel, using
medium-high-ionic-strength buffer. A function of the formy = b, exp[b,X] + bs
X? was derived from the migration of the protein markers, using a nonlinear least
squares curve fit method to estimate the size of the protein-DNA complexes. The
molecular weight of the protein in the complex was estimated by subtracting the
molecular mass of the DNA component, which was 39 kDa for the —77 to —115
probe and 15 kDa for the AP-1 oligonucleotide probe.
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RESULTS

Chicken max expression is unaltered by cell proliferation
events. The human and rodent max genes are expressed con-
stitutively in a wide range of tissues and cell lines, and mam-
malian max mRNA levels remain unchanged as cells are stim-
ulated to proliferate or induced to differentiate (10, 12, 46, 72).
This pattern of max gene expression is in contrast to the ex-
pression pattern of the c-myc gene, which is low in quiescent
cells, rapidly induced following the treatment of cells with
mitogens, and down-regulated when cells are triggered to ter-
minally differentiate (15, 43). Although it is recognized that
differences in transcriptional regulation underlie the contrast-
ing pattern of max and c-myc mRNA accumulation in mam-
malian cells, the greater stability of the max mRNA compared
to the c-myc mRNA (72) also plays a significant role.

To establish if the avian max and c-myc genes are expressed
similarly to their mammalian counterparts, Northern blot anal-
ysis was performed on total RNA isolated from various chicken
tissues. Not surprisingly, both max and c-myc mRNAs were
expressed ubiquitously, and the relative level of each mRNA in
individual tissues did not indicate that these genes were co-
regulated at the transcriptional level (data not shown). North-
ern blot analysis also was used to establish the levels of max
and c-myc mRNAs in proliferating CEFs, quiescent CEFs, and
CEFs stimulated with 10% FBS for 1, 2, 4, and 6 h. While max
mRNA levels remained uniform under all growth conditions,
the basal level of c-myc mRNA in quiescent cultures was in-
creased approximately 10-fold following serum stimulation
(data not shown). To investigate if avian max mRNA accumu-
lates in cells under conditions where mRNA turnover is inhib-
ited, quiescent CEFs were stimulated with 10% serum in the
presence of the protein synthesis inhibitor cycloheximide at 10
pg/ml. Total RNA was isolated from the cultures after 1, 2, and
6 h of treatment and analyzed by Northern blot hybridization
for c-myc and max mRNA (Fig. 1). Throughout the assay
period, the levels of max mRNA remained constant while
c-myc mRNA levels increased dramatically, underscoring the
difference in the stability of the chicken max and c-myc
mRNAs and the critical role that mRNA turnover plays in
ultimately determining the intracellular levels of these two
proteins.

Transfected C3H10T1/2 mouse fibroblasts express the
chicken max gene. Current evidence supports the hypothesis
that the function of the Myc, Mad, and Mxil proteins depends
on cells maintaining adequate levels of Max (reviewed in ref-
erence 34). Therefore, to investigate how a consistent level of
max gene expression is maintained in cells, C3H10T1/2 mouse
fibroblasts were stably transfected with a 12-kb Bgl/II chicken
genomic DNA fragment (pBScml12BglII) containing the
chicken max gene (68) and a derivative of this genomic clone
(pBScm12BglII 5'[—234]) which is truncated 234 bp 5’ to the
translation initiation site (designated +1). Total RNA isolated
from CEFs, control C3H10T1/2 cells, and the transfected cul-
tures was analyzed by Northern blot hybridization using a
32P.labeled max probe designed to detect both the >2.0-kb
mouse max mRNA (62) and the 1.5-kb chicken max message
(68) (Fig. 2). The results show that both chicken max genomic
clones are transcribed in C3H10T1/2 cells, indicating that the
proteins necessary for directing chicken max gene expression
are present in this mouse cell line and that these proteins
mediate max gene transcription by interacting with sequences
found within the pBScm12BglII 5'[—234] genomic clone.

The MRR maps to a 110-bp fragment within the 5’ flanking
region of the chicken max gene. Sequence analysis of
pBScm12BglII (68) revealed that the 5’ flanking region of
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FIG. 1. Expression of chicken c-myc and max mRNAs in serum-stimulated,
cycloheximide-treated CEFs. Total RNA was isolated from proliferating (P)
CEFs, CEFs rendered quiescent (Q) by growth in 1% supplemented medium for
48 h, and CEFs stimulated with 10% FBS and 10 p.g of cycloheximide per ml for
the times indicated. Twenty micrograms of each RNA was analyzed by Northern
blot hybridization as described in Materials and Methods for the expression of
c-myc (upper panel). The c-myc probe was removed from the filter by boiling in
0.1% SDS, and the filter was rehybridized to detect expression of max (middle
panel). Migration of the 18S and 28S rRNAs was determined by ethidium
bromide staining of the gel prior to transfer (lower panel) and is marked to the
left of each blot.

chicken max displays similarity to the promoter regions of
cellular housekeeping genes in that it possesses a high GC
content, lacks TATA and CAAT consensus sequences, and
contains multiple Sp1 transcription factor binding sites (8, 22,
23). To identify the cis-acting DNA sequences that direct ex-
pression of the chicken max gene, we constructed a CAT re-
porter gene (pMaxCAT) containing the region from —6 bp to
—2088 bp relative to the max initiator methionine codon (des-
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FIG. 2. Expression of chicken max genomic clones in C3H10T1/2 fibroblasts.
Total RNA was isolated from control C3H10T1/2 cells (10T1/2), control CEFs
(CEF), or C3H10T1/2 cells stably transfected with pBScm12BglII or pBScm12
5'[—234]. Twenty micrograms of each RNA was analyzed by Northern blot
hybridization as described in Materials and Methods, using a mixture of human
and chicken max probes and a final wash in 0.1X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-2 mM EDTA-0.2% SDS at 65°C (upper panel).
The smaller size of the chicken max mRNA (68) allows for simultaneous detec-
tion of mouse (m-7max) and chicken max (c-max) transcripts. Migration of the
18S and 28S rRNAs was determined by ethidium bromide staining of the gel
prior to transfer (lower panel) and is marked to the left of the blot.
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ignated +1). pMaxCAT was subjected to exonuclease III and
S1 nuclease treatments as described in Materials and Methods
to generate a series of 5’ and 3’ deletions of the full-length
promoter region (Fig. 3). Five micrograms of each gene con-
struct was used to transfect C3H10T1/2 cells, and after 48 h,
cell extracts were prepared, normalized to the 3-galactosidase
activity of a cotransfected RSVlacZ gene, and assayed for CAT
gene expression as described previously (76). The CAT activity
generated from each construct is presented in Fig. 3 as fold
increase over the activity measured in a control group trans-
fected with EIBTATACAT, a reporter gene controlled by a
minimal promoter which exhibits a basal level of CAT expres-
sion in C3H10T1/2 cells (50, 55). The 27-fold increase in CAT
activity produced by pMaxCAT demonstrates that DNA ele-
ments within the 5’ flanking region control transcription of the
max gene. The results of the 5" deletion series show that re-
moval of sequences 5’ to position —115 in the max promoter
(5'[—115]) does not significantly alter CAT expression com-
pared to the full-length promoter region (27.7-fold versus 27.6-
fold). However, deletion of an additional 38 bp (5'[—77]) re-
duces promoter activity essentially to basal levels (2.2-fold over
the level for EIBTATACAT). pMaxCAT, 5'[—115], and
5'[—77] were tested for the ability to direct CAT gene expres-
sion in CEFs and in human HeLa cells, and an activity profile
similar to that observed for C3H10T1/2 cells was obtained
(data not shown). These deletion studies define the MRR for
the chicken max gene as the DNA sequence from —6 to —115
relative to the methionine initiator codon. The basal level of
CAT expression directed by the 5'[—77] and 3'[—96] deletions
suggests that within the MRR, sequences mapping between
—77 to —115 are particularly critical for maintaining normal
levels of transcription. The observation that 3'[—52] displays
40% of the CAT activity of pMaxCAT suggests that sequences
3’ to —77 play an accessory role, if any, in the transcriptional
regulation of the chicken max gene.

The endogenous chicken max gene and the pMaxCAT re-
porter construct initiate transcription at multiple start points.
Having identified the MRR of the chicken max gene, we next
sought to define the transcription start points of the gene by
using RNase protection of mRNA transcribed from pMaxCAT
in C3H10T1/2 cells and from the endogenous chicken max
gene in CEFs. For pMaxCAT, a *?P-labeled antisense ribo-
probe spanning 147 bp of the CAT gene and 234 bp of up-
stream max sequence was annealed to total RNA isolated from
C3H10T1/2 cells stably cotransfected with a neomycin resis-
tance gene and pMaxCAT. Following treatment with RNase A
and RNase T, the fragments protected from RNase digestion
were separated electrophoretically on a denaturing polyacryl-
amide gel. Three major transcription start points at —54, —60,
and —76 bp were identified by comparison to the nucleotide
sequence of pMaxCAT initiated at the base pair representing
the 3’ end of the synthesized riboprobe (Fig. 4A). For mapping
the transcription start points of the endogenous chicken max
gene, a similar approach using a **P-labeled riboprobe gener-
ated from pBScm12BglIII and total RNA isolated from CEFs
was used (data not shown). As indicated in the MRR sequence
(Fig. 4B), the three start points identified for pMaxCAT and
the four identified for the chicken max gene map to the same
region of the MRR. Interestingly, there may be a cell-specific
preference for start points, since the major initiation at —76 bp
of pMaxCAT in C3H10T1/2 cells is not used in CEFs, and the
start point at —47 bp in CEFs is not observed in C3H10T1/2.
Alternatively, since the start points for pMaxCAT transcription
were not mapped in CEFs, this discrepancy also could reflect a
shift in initiation due to the fusion of the max promoter to the
CAT gene sequence. Regardless of the source of this minor
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FIG. 3. Identification of the MRR of the chicken max gene. Nested deletions in pMaxCAT were performed as outlined in Materials and Methods. C3H10T1/2 cells
were transiently transfected with each construct, and CAT activity in cell extracts was measured 45 to 50 h after transfection. Relative CAT activity is expressed as fold
increase over that of EIBTATACAT, which is set to 1.0. Each value represents the average of at least three independent determinations, with the standard error of

each mean presented in parentheses.

variation, we take the overall correspondence in start point
selection to indicate that the transcription initiation of pMax-
CAT in C3H10T1/2 cells mimics the behavior of the endoge-
nous max gene in CEFs. The presence of multiple start points
within the 5’ flanking sequence of the chicken max gene was
expected and reflects a pattern of transcription initiation that is
common to many constitutive, TATA-less promoters (14, 28,
33, 52).

Analysis of the proteins that bind to the MRR. To define the
sites of protein interaction along the MRR, we used EMSA
and DNase I footprinting. For the EMSA, a *?P-labeled DNA
probe containing the entire MRR (—6 to —115) was incubated
with nuclear extracts prepared from C3H10T1/2 cells. Follow-
ing resolution of the protein-DNA complexes on a native poly-
acrylamide gel, multiple complexes were detected and are des-
ignated 1 (a doublet), 2, 3, and 4 (Fig. 5). The MRR probe also
was used for EMSA with nuclear extracts prepared from HeLa
cells and from CEFs, and the same pattern of shifted bands
was detected (data not shown). All four complexes are specific
to the MRR, since their intensities are not reduced in binding
reactions containing a 100-fold molar excess of an unlabeled,
nonspecific competitor DNA (Fig. 5, lane 7) but are reduced
when a 100-fold molar excess of unlabeled MRR DNA is
added to the reaction (Fig. 5, lane 3). Interestingly, competi-
tion with the —77 to —115 subregion of the MRR competes
complexes 2 and 4, while competition with the —6 to —77
subfragment reduces the appearance of bands 1 and 3, sug-
gesting that there are at least two classes of protein-DNA
complexes that interact with distinct regions of the MRR.
Given that the region of the MRR implicated in the control of
max gene expression maps to —77 to —115 (Fig. 3), these
EMSA data strongly suggest that complexes 2 and 4 likely
contain the proteins most critical for maintaining max gene
transcription.

To map more precisely the regions of protein-DNA inter-
action within the MRR, DNase I footprinting was used. A
DNA probe containing the MRR plus an additional 58 bp of
polylinker DNA 5’ to the MRR was end labeled on either the
coding or the noncoding strand, incubated with HeLa cell
nuclear extract, and treated with DNase I as described in
Materials and Methods. Following resolution of the DNase I
digestion products on denaturing polyacrylamide gels, the re-
gions of protein-DNA interaction across the MRR were de-

termined by comparing the intensity of the banding pattern in
the protected sample to that of the banding pattern from a
sample treated with DNase I alone. The correspondence of
protected regions to bases within the MRR was determined by
using a Maxam-Gilbert G/A sequencing reaction of each end-
labeled probe (Fig. 6). For both sets of reactions (coding
strand and noncoding strand), a core region of the MRR from
—84 to —109 was protected. With a 100-fold molar excess of
the —56 to —115 subfragment of the MRR as an unlabeled
competitor for the coding strand, the DNase I sensitivity of this
region was restored (Fig. 6A, lane 4). Curiously, protection of
additional regions of the MRR (in particular, reproducible
footprints resulting from proteins binding downstream of po-
sition —77 in the MRR) was not detected in these assays. This
may reflect the reduced stability of the protein-DNA com-
plexes mapping to this region of the MRR. However, the single
region footprinted in these experiments (—84 to —109) is con-
tained within the region of the MRR that competes complexes
2 and 4 in EMSA (Fig. 5) and is the region of the MRR that
is essential for full transcriptional activity of the chicken max
promoter (Fig. 3).

max promoter activity does not rely exclusively on the bind-
ing or on the transcriptional activity of Spl. The ubiquitously
expressed transcription factor Spl binds GC-rich DNA ele-
ments and has been found to play a major role in the positive
regulation of many TATA-less promoters (16, 28, 39, 52). The
MRR contains two Spl consensus binding sites designated
Sp1® and Sp1® (Fig. 4B). The Sp1? site resides in the region of
the MRR protected from DNase I digestion by protein binding
(Fig. 6), and the Sp1® site maps near the conserved cluster of
transcription start points determined both for pMaxCAT and
for the endogenous chicken max gene (Fig. 4B). Thus, the
binding of Spl to one, or perhaps to both, of these sites could
be responsible for the maintenance of chicken max gene ex-
pression in cells.

The role of the Sp1 consensus binding sites in regulating the
transcription of the chicken max gene was tested by using
oligonucleotide site-directed mutagenesis of pBScm5'[—234]
to alter the Sp1® site, the Sp1® site, or both sites (Sp1*") (see
Materials and Methods for details). Mutations were confirmed
by DNA sequencing, and subcloning strategies were used to
generate both pMaxCAT and 5'[—115] derivatives modified
with each alteration. Control and mutant constructs were
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FIG. 4. (A) Transcriptional start points of pMaxCAT mapped by RPA as
described in Materials and Methods. Ten and 30 pg of total RNA from
C3HI10T1/2 cells stably transfected with pMaxCAT were annealed to a 3?P-
labeled riboprobe covering 5' CAT sequences and 147 bp of the chicken max
promoter region. Dideoxy nucleotide sequencing (n.t. seq.) reactions (lanes G,
A, T, and C) of the same region of pMaxCAT covered by the riboprobe (base
pair positions indicated to the right of the sequence) were used to identify the 5’
base of each protected fragment (filled circles). As a control, the riboprobe was
annealed to 10 pg of yeast RNA and treated with RNase (yeast RNA) or with
RNase buffer only (probe). (B) Nucleotide sequence of the 5" flanking region of
chicken max showing the MRR in boldface type. The 5'[—115] and 5'[—-77]
deletion sites are indicated by vertical arrows. The sequences of the two consen-
sus binding sites for Sp1 (Sp1* and Sp1°) are underlined. Open circles under the
sequence indicate the transcriptional start points mapped for the endogenous
chicken max gene in CEFs (data not shown), and filled circles above the se-
quence indicate the transcriptional start points mapped in panel A for pMax-
CAT. The location of the initiator methionine codon for the chicken max gene
is indicated (+1), as is the Nael restriction site (—6) used to link the max
promoter region to the CAT gene.

tested for promoter activity by transient transfection of
C3H10T1/2 cells, and the resultant CAT activities were ex-
pressed as fold increases over the basal activity of EIBTATA
CAT. As shown in Fig. 7, mutation of the Spl consensus
binding sites does not decrease reporter gene activity. This
experiment was repeated with human HelLa cells and CEFs as
recipients, and the same profile of activities was observed (data
not shown). We conclude that ablation of both Sp1 consensus
binding sites in the MRR does not adversely affect the ability
of this DNA element to direct gene transcription.
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FIG. 5. Profile of protein-DNA complexes formed on the chicken max MRR.
EMSAs were performed as described in Materials and Methods with a 32P-
labeled MRR probe (lane 1) and nuclear extract prepared from C3H10T1/2 cells
(lanes 2 to 7). Protein-DNA complexes on the MRR (lane 2) were analyzed by
competition with a 100-fold molar excess of unlabeled MRR (lane 3), —77 to
—115 DNA (lane 4), —56 to —115 DNA (lane 5), —6 to —77 DNA (lane 6), and
a nonspecific DNA fragment (ns; lane 7). The major protein complexes binding
to the MRR are numbered 1 (a doublet) through 4 and are indicated to the right
of the autoradiogram. The migration of the free, unbound MRR probe DNA is
indicated as F.

The observation that the consensus Sp1 sites are not essen-
tial for the transcriptional activity of the MRR suggests that
the observed protein complexes that bind to the MRR may not
contain Spl. To examine this, EMSAs were performed with
C3H10T1/2 cell nuclear extract and **P-labeled DNA probes
representing the wild-type MRR and the MRR containing the
Sp1 site mutations (MRR?, MRR", and MRR*") (see Mate-
rials and Methods for details). To ensure that Spl binding
activity was present in our nuclear extracts and that the Spl
protein was able to bind to DNA under our experimental
conditions, we included a control in which a **P-labeled Spl
consensus oligonucleotide was incubated with C3H10T1/2 nu-
clear extract. Following electrophoresis through a native poly-
acrylamide gel, similar binding profiles were obtained with all
MRR probes, with the exception that complex 1 in the MRR"
and MRR*® probe lanes appears to consist of only a single
band, whereas MRR and MRR® probes produce a complex 1
doublet (Fig. 8A, lanes 2, 4, 6, and 8). Supershift assays using
an Spl-specific antibody and competition EMSA in which pro-
tein binding to the MRR was challenged with an excess of Sp1l
DNA confirmed that the upper band of the MRR complex 1
behaves in a manner consistent with it containing Sp1 (data not
shown). To further examine the possibility that additional com-
plexes appearing in the MRR profile contain an Spl complex
that is able to bind to mutated DNA sites, or that binds coop-
eratively to those mutated sites with another protein, compe-
tition assays were again used (Fig. 8B). In one set of reactions,
the MRR*" probe was reacted with nuclear extracts in the
presence of excess unlabeled MRR*® or Sp1 DNA,; in a second
set of reactions, the labeled Spl oligonucleotide was reacted
with nuclear extracts in the presence of excess unlabeled Spl
or MRR*" DNA. For both probes, competition with the ho-
mologous DNA was effective at a 50-fold molar excess,
whereas competition with heterologous DNA was ineffective,
even at a 100-fold molar excess. This provides additional evi-
dence that the Spl present in the C3H10T1/2 nuclear extract
does not contribute significantly to the protein complexes
which form on the MRR. As a final demonstration that direct
binding by Spl is not correlated with MRR transcriptional
activity, EMSAs were performed with purified Spl protein
under conditions which are optimal for Spl binding activity
(see Materials and Methods for details) (Fig. 8C). As expected,
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FIG. 6. DNase I footprinting of proteins binding to the chicken max MRR.
A DNA probe containing the MRR and an additional 58 bp of DNA 5’ to the
MRR region was 3P labeled on the either the coding or noncoding strand and
digested with DNase I following incubation with HeLa cell nuclear extracts as
described in Materials and Methods. A Maxam-Gilbert G/A sequencing reaction
of the probe DNA (lanes 1) was electrophoresed in parallel to locate the bases
protected from DNase I digestion. (A) Footprint of the coding strand (lane 3)
showing protection of bases —84 to —109 (bracket). A reaction in which a
100-fold molar excess of unlabeled —56 to —115 DNA was added as a competitor
(lane 4) in a parallel binding reaction to lane 3 shows that the protection can be
reversed. (B) Footprint of the noncoding strand showing protection (lane 3) of
bases —113 to —82 (bracket). Below the footprinting gels is the DNA sequence
of the —56 to —115 region showing the region of protein binding on each strand
(brackets) and the —56 to —115 competitor DNA (underlined).

based on the presence of consensus Spl binding sites in the
probes, the MRR, MRR?, and MRR"” DNA generate diffuse
binding profiles containing a minor, high-molecular-weight
component that comigrates similarly to the complex resulting
from the binding of Sp1 to the Sp1 oligonucleotide (lanes 2, 4,
6, and 10), while the double mutant, MRR®, does not (lane
8). Since reporter genes containing the Sp1*® mutation are
active transcriptionally (Fig. 7), we conclude that direct bind-
ing by Spl (or other members of the Spl family that share its
recognition sequence) is not necessary for the activity of the
chicken max promoter.

To confirm the data generated from EMSA by a different
experimental approach, we next tested the activity of the
pMaxCAT and 5'[—115] reporter genes in Drosophila S2 cells
(65). These cells were selected based on the documented lack
of Sp1 protein or Spl activity in this cell line (17) and on the
observation that promoters regulated by Spl (e.g., the simian
virus 40 promoter/enhancer) are activated transcriptionally in
these cells following coexpression of Spl (17). S2 cells were
cotransfected with 7.5 pg of pSV,CAT, pMaxCAT, or
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FIG. 7. The Sp1 consensus binding sites are not essential for MRR transcrip-
tional activity. The Sp1 consensus sites within the MRR (Fig. 4B) were altered by
site-directed mutagenesis as described in Materials and Methods, and the mu-
tated MRRs were examined for activity following replacement into pMaxCAT
(pMaxCAT?, pMaxCAT®, and pMaxCAT*®) or the 5'[—115] reporter gene
(5'[—115]%, 5'[—115]°, and 5'[—115]*®). C3H10T1/2 cells were transiently trans-
fected with each construct, and cell extracts were assayed for CAT activity.
Relative CAT activity is expressed as fold increase over that of EIBTATACAT,
which is set at 1.0. Each value represents the average of at least three indepen-
dent determinations, and the error bars indicate the standard error of each
mean.

5'[—115] and 2.5 pg of a Drosophila expression vector contain-
ing the Spl cDNA. While the low, basal activity of pSV,CAT
was enhanced 7-fold following cotransfection of the Spl ex-
pression vector, the pMaxCAT and 5'[115] reporters were not
and, in fact, produced lower levels of CAT activity than either
pSV,CAT or EIBTATACAT alone (Fig. 9 and data not
shown). This result provides in vivo evidence that Spl alone
cannot activate the chicken max promoter and suggests that if
Spl plays a role in max gene transcription, it must do so by
interacting indirectly with MRR binding proteins that also are
absent in the S2 cell line. In support of this inference, EMSA
with the full-length MRR probe and nuclear extract prepared
from Drosophila cells reveal a binding profile dramatically dif-
ferent from that observed with mammalian or avian nuclear
extracts (data not shown).

Transcription from the MRR is dependent on protein bind-
ing to positions —91 to —110. On the basis of transcription
assays, EMSA, and DNase I footprinting, it is apparent that
the DNA sequence between —77 and —115 binds proteins that
are essential for the full activity of the max MRR. Based on our
studies with the Sp1 sites that reside within (or very close to)
that region, mutations that prevent the binding of Sp1 do not
decrease the ability of the MRR to activate transcription.
Therefore, to obtain additional information on the cis-acting
DNA elements that are critical for the full activity of the MRR,
we synthesized three double-stranded oligonucleotides con-
taining mutations that affect contiguous, 10-bp segments of the
DNA sequence between positions —77 and —115 (see Mate-
rials and Methods for details and sequences). These oligonu-
cleotides, designated ml, mII, and mIII (with mutations span-
ning positions —110 to —101, —100 to —91, and —90 to —8]1,
respectively), were used to replace the —77 to —115 region in
the 5'[—115] reporter construct, and each gene construct was
tested for transcriptional activity in C3H10T1/2 cells. As shown
in Fig. 10A, 5'[—115]mI and 5'[—115]mII generate CAT ac-
tivities that are not significantly different from the basal activity
of EIBTATACAT, indicating that both of these 10-bp muta-
tions completely abolish the function of the MRR in this assay.
On the other hand, 5'[—115]mlII displays a level of CAT
activity that is 10-fold above that of EIBTATACAT and ap-
proximately 40% of the activity of the wild-type MRR. These
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FIG. 8. Mutation of the Sp1 consensus sites does not alter the profile of the
major protein-DNA complexes formed on the MRR. EMSAs were used to
compare the profiles of protein binding to the wild-type MRR (—6 to —115) and
to MRR probes containing the Sp1%, Sp1°, or Sp1*® mutation. (A) The indicated
radiolabeled probe DNA was incubated with C3H10T1/2 nuclear extract, and
complexes were resolved by EMSA as described in Materials and Methods. A
radiolabeled Sp1 oligonucleotide was used to verify that the C3H10T1/2 nuclear
extract contains Spl protein. Lanes 1, 3, 5, 7, and 9 are probe alone; lanes 2, 4,
6, 8 and 10 are probe bound to extract. The numbers on the left indicate the
migration of specific protein-MRR DNA complexes and are directly comparable
to the complexes shown in Fig. 5. The asterisks on the right indicate the migra-
tion of protein-Spl DNA complexes. F marks the migration of the free probes.
(B) Complexes formed by reacting C3H10T1/2 nuclear extract with the MRR*"
probe (lanes 1 and 2) were used in competitive EMSA with the indicated fold
molar excess of homologous, unlabeled DNA (lanes 3 and 4) or Sp1 oligonucle-
otide (lane 5). The reverse experiment in which complexes bound to the Spl
oligonucleotide (lanes 6 and 7) were challenged with the indicated fold molar
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observations agree with the results from DNase I footprints
and strongly implicate the core sequence from —91 to —110 as
being most critical to maintaining MRR function.

To investigate the protein binding profiles of these variants
compared to the wild-type —77 to —115 region, EMSA were
performed (Fig. 10B). A labeled probe, representing the wild-
type —77 to —115 sequence, was allowed to bind C3H10T1/2
nuclear extract in the presence of unlabeled homologous com-
petitor DNA (=77 to —115) or in the presence of mI, mll, or
mlIl DNA. A reaction in which a 100-bp fragment of pSP72
vector DNA was added as a nonspecific competitor served as a
negative control (Fig. 10B, lane 10). A comparison of the
EMSA profile of the —77 to —115 subregion of the MRR (Fig.
10B, lane 2) to that of the full-length MRR (Fig. 5, lane 2)
shows the presence of the expected complexes 2 and 4 as well
as a minor, higher-molecular-weight complex that we have
designated 1’ since it is unique to the —77 to —115 probe and
does not correspond to the doublet previously noted in Fig. 5
as complex 1. The ml oligonucleotide was not effective at
competing any of the bands (lanes 4 and 5), and the mII
oligonucleotide competed only complex 4 (lanes 6 and 7).
However, the mlII probe, which, in the context of the MRR,
maintains 40% of wild-type transcriptional activity, effectively
competed complex 4 at a 100-fold excess and the majority of
complex 2 at a 500-fold excess (lanes 8 and 9). This result
suggests that the transcriptional activity of 5'[ —115]mIII is due
to its ability to bind complex 2, since mll apparently binds
complex 4 yet does not display transcriptional activity. As for
the novel complex 1', this too was competed by mllIl, but the
significance of this observation is not clear, based on the fact
that this complex is observed only in EMSA with the —77 to
—115 probe. We conclude from these studies that the region
designated most critical to MRR function (—91 to —110) in-
teracts with a protein complex defined by EMSA as complex 2.

The protein binding to the —91 to —110 region of the max
MRR is expressed in multiple cell lines and has an approxi-
mate molecular mass of 90 kDa. Efficient transcription of the
pMaxCAT reporter gene in mouse, human, and chicken cells
(Fig. 3 and data not shown), coupled with the absence of MRR
transcriptional activity in insect cells (Fig. 9), suggests that the
protein(s) that binds to the MRR (more specifically, complex
2 binding activity) is expressed ubiquitously in vertebrates. To
examine this prediction, EMSAs were performed with nuclear
extracts from C3H10T1/2 cells, CEFs, HeLa cells, and Dro-
sophila S2 cells and the —77 to — 115 subregion of the wild-type
MRR as the probe. Figure 11A shows that strong complex 2
binding is observed with extracts prepared from cellular
sources where the chicken max promoter is active (lanes 2 to
4), while no binding is observed in nuclear extract from Dro-
sophila cells (lane 5).

To establish the number of proteins and the approximate
molecular weights of the proteins that comprise complex 2
binding activity, we performed photoaffinity cross-linking. The

excess of homologous competitor (lanes 8 and 9) or MRR*® DNA (lane 10) was
performed. Numbers to the left of the autoradiogram indicate the migration of
specific protein-MRR DNA complexes. The asterisks to the right indicate the
migration of protein-Spl DNA complexes. F indicates the migration of free,
labeled probe DNA. (C) The experiment in panel A, repeated with purified Sp1
protein instead of C3H10T1/2 nuclear extract under binding conditions recom-
mended by the supplier. Lanes 1, 3, 5, 7, and 9 are probe only; lanes 2, 4, 6, 8, and
10 are probe plus Sp1. The arrow on the right indicates the migration Sp1 protein
bound to its consensus oligonucleotide. F indicates the migration of the free
probes. While the Sp1 consensus sites in the wild-type MRR and the single-site
mutants bind Sp1, the double mutant does not bind Sp1, despite retaining full
transcriptional activity (Fig. 7).
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FIG. 9. The MRR is not transcriptionally active following ectopic expression
of Sp1 in Drosophila S2 cells. S2 cells were transiently transfected as described in
Materials and Methods with pMaxCAT, 5'[—115], or pSV,CAT and, where
indicated by +, the pADH vector (vector DNA) or pADH-Sp1 (Sp1). CAT
activity was measured in cell extracts prepared from each group as described in
Materials and Methods and is reported relative to the percent conversion of
14C-chloramphenicol to the acetylated form by the pSV,CAT reporter. Each
value represents the average of five independent determinations; the error bars
the indicate the standard error of each mean.

MRR —77 to —115 region was *?P labeled and reacted with
C3H10T1/2 nuclear extract, and the complexes were resolved
by electrophoresis through a 5% native polyacrylamide gel.
Following protein-DNA cross-linking under conditions opti-
mal for generating one cross-linking event per protein-DNA
complex (see Materials and Methods for details), complex 2
was eluted from the gel and concentrated by centrifugation,
and the purified, cross-linked protein-DNA complex was sub-
jected to SDS-PAGE (10% gel). As shown in Fig. 11B, a single
radiolabeled band of approximately 130 kDa was observed.
Subtracting the contribution of the radiolabeled —77 to —115
DNA (39 kDa) from the molecular weight of the complex, we
estimate the size of the complex 2 protein to be approximately
90 kDa. As a positive control for the cross-linking procedure,
a protein-DNA complex consisting of a >*P-labeled AP-1 oli-
gonucleotide and a protein heterodimer of bacterially ex-
pressed GST—c-Jun and GST-B-ATF fusion proteins was an-
alyzed in parallel. As shown in Fig. 11B, lane 2, resolution of
this complex revealed two proteins of 57 and 55 kDa, which,
following subtraction of the molecular weight of the AP-1
oligonucleotide (15 kDa), correspond precisely to the sizes of
the GST-c-Jun (42 kDa) and GST-B-ATF (40 kDa) fusion
proteins (21). We conclude from this experiment that there is
a single, 90-kDa protein species that contacts the MRR
through the —91 to —110 core region associated with promoter
activity, although the limitations of this technique prevent us
from ruling out the possibility that additional proteins interact
with this 90-kDa protein in vivo to mediate full MRR tran-
scriptional activity.

DISCUSSION

The emerging picture of Max as the sole heterodimerization
partner for a growing family of bHLH/LZ factors that are
expressed differentially during cell growth and terminal differ-
entiation suggests that all components of the regulatory system
maintaining intracellular Max levels are critical to the coordi-
nated development of an organism. The max gene is single
copy in human, mouse, and chicken cells (29, 58), and based on
the early embryonic lethality of max null mice (48), the absence
of Max cannot be compensated for by other cellular proteins.
Cells are partially insulated against the deleterious effects of
transient imbalances in the expression of the max gene since
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FIG. 10. Site-directed mutagenesis of the —77 to —115 region of the MRR
identifies a functional element residing between —91 and —103 of the MRR. (A)
5'[—115] reporter genes engineered to contain nonoverlapping 10-bp changes in
the sequence of the —77 to —115 region were tested for the ability to direct
transcription in C3H10T1/2 cells as described in Materials and Methods. Rela-
tive CAT activity is expressed as fold increase over the activity of EIBTATCAT,
which is set at 1.0. Each value represents the average of six independent deter-
minations for 5'[—115] and mII and seven for EIBTATACAT, 5'[—77], mI, and
mlIIl. Error bars indicate the standard error of each mean. (B) A radiolabeled
probe covering —77 to —115 of the MRR (lane 1) was reacted with C3H10T1/2
nuclear extracts (lane 2) and used in competitive EMSA with the indicated fold
molar excess of DNA representing a homologous sequence (—77 to —115) (lane
3) or the —77 to —115 region containing each of the 10-bp mutations: mI (lanes
4 and 5), mII (lanes 6 and 7), and mIII (lanes 8 and 9). Lane 10 shows the binding
profile of the —77 to —115 probe competed with nonspecific DNA (ns). The
numbers to the right indicate the migration of protein-DNA complexes bound to
the —77 to —115 region of the MRR; with the exception of the 1’ complex which
is unique to this probe, the remainder of the complexes are comparable to those
formed on the full-length MRR (Fig. 7). F indicates the migration of the free
probe DNA.

the max mRNA is very stable (72) and theoretically is available
to be translated into protein long after the cessation of max
gene transcription. However, posttranslation mechanisms of
this sort are of short-term benefit, and ultimately it is the
protein(s) that ensures constitutive transcription of the max
gene under various growth conditions that is most critical to
maintaining adequate intracellular levels of Max. Therefore, it
is imperative that the molecular mechanism of max transcrip-
tional control be defined, since it is likely that perturbation in
the function of this regulatory network will mimic the indis-
pensable role of the Max protein in vertebrate development.
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FIG. 11. (A) The protein binding profiles of the MRR —77 to —115 region
were compared by EMSA with nuclear extracts prepared from cells in which the
MRR s active (10T1/2 cells, CEFs, and HeLa cells) and nuclear extracts from
Drosophila S2 cells, where the MRR is transcriptionally silent (Fig. 9). Com-
plexes 1, 2, and 4 are observed in 10T1/2 cells, CEFs, and HeLa cells (lanes 2,
3, and 4, respectively), while no protein binding is detected in S2 nuclear extract
(lane 5). F indicates the migration of the free probe DNA. (B) Photoaffinity
cross-linking was performed as described in Materials and Methods following
binding of the —77 to —115 probe DNA to C3H10T1/2 nuclear extracts and
resolution of the protein-DNA complexes by gel electrophoresis. MRR complex
2 was purified and analyzed by SDS-PAGE using low-molecular-weight (lane 1)
and high-molecular-weight (not shown) markers. A control cross-linking reaction
with a radiolabeled AP-1 DNA and two fusion proteins (GST—c-Jun and GST-
B-ATF) which bind to AP-1 DNA as a heterodimer (21) was analyzed by
SDS-PAGE (lane 2) and shows the resolution of two proteins of the appropriate
molecular weights. Protein standards, the migration of which was established by
Coomassie blue staining of the gel prior to autoradiography, are indicated to the
left of each panel.

The complexity and large size of the human and mouse max
genomic loci (67) have hampered efforts to analyze max gene
regulation in these species. Fortunately, the chicken max gene
is contained on a 6-kb Bg/II fragment (68), and in this study, we
demonstrate that this fragment directs production of chicken
max mRNA in chicken, mouse, and human cells. More impor-
tantly, the 5’ flanking sequence of the max gene contained
within this fragment directs reporter gene expression in these
same cell types, indicating that the cis-frans regulatory system
responsible for max gene transcription is conserved across ver-
tebrate species and is located within this 2-kb genomic se-
quence. Not surprisingly, inspection of the 5" flanking DNA of
the chicken max gene reveals many features common to con-
stitutive, eukaryotic promoters, including the lack of TATA
and CAAT consensus DNA sequences and a high GC content
with potential binding sites for Sp1 (8, 22). The 5’ region also
does not appear to have any initiator elements (reviewed in
references 8 and 74), which may explain the presence of several
transcription initiation sites (Fig. 4) (28, 33). Our studies show
that in contrast to many TATA-less promoters (16, 28, 39, 52),
the MRR of the max promoter does not require direct binding
by Sp1 for activity, despite containing two Sp1 consensus sites
which are capable of binding purified Sp1 protein in vitro (Fig.
8C). Instead, EMSA, DNase I footprinting, and site-directed
mutagenesis implicate a 20-bp region of the MRR between
positions —91 and —110 as being critical to the maintenance of
promoter activity. The center of this element is positioned 25
bp from the 5’-most transcription initiation start point mapped
for the pMaxCAT reporter gene in C3H10T1/2 cells (Fig. 4B)
and thus is located in an appropriate site to bind proteins that
facilitate transcription initiation.

As a first step toward identifying the key cellular proteins
that bind to the —91 to —110 region of the MRR, we used
competitive EMSA. Although we detected minor differences in
protein binding profiles which were probe dependent, a major
protein-DNA complex, designated complex 2, was correlated
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strictly with promoter function. Interestingly, complex 2 is de-
tected in assays using nuclear extracts prepared from cells in
which the max promoter is active but is not observed with
nuclear extracts from insect cells where the max promoter is
silent. While this evidence strongly supports the conclusion
that the formation of complex 2 is necessary for max promoter
activity, it does not address whether complex 2 is sufficient for
promoter activity, and it remains formally possible that addi-
tional cellular factors interact with complex 2 in vivo to facil-
itate max gene expression. To establish the number and rela-
tive sizes of the proteins that comprise complex 2, photoaffinity
cross-linking under conditions optimal for generating one
cross-linking event per molecule were performed (5). Results
with this technique show that complex 2 contains a single DNA
binding protein with a molecular mass of approximately 90
kDa (Fig. 11B). Outside of the one Spl binding site (Spl®)
located between positions —103 and —109, which we show is
not necessary for transcription from the MRR (Fig. 7), a da-
tabase search indicated that the MRR region from —77 to
—115 contains loose consensus binding sites for AP-2 (52 kDa)
(75), LSF (63 kDa) (35), BGP1 (66 kDa) (49), and GCF (97
kDa) (9). GCF may be within the right size range, but to date,
GCF has been shown to function exclusively as a transcrip-
tional inhibitor (41, 45). Therefore, we do not believe that the
protein in complex 2 is any of these previously characterized
transcription factors. To determine if the DNA element impli-
cated in the binding to the 90-kDa protein is present in the
sequences of other eukaryotic genes, we used the MRR se-
quence from —77 to —115 in an Entrez BLAST search. The
human beta-kinesin gene (accession number X69658) and lyl-1
gene (accession number M22638) contain sequences with 88
and 84% similarity to the minus strand of the MRR region
from —88 to —112 and from —81 to —106, respectively. In the
beta-kinesin gene, this element is located 35 bp upstream of
the TATA box in a region containing several binding sites for
Spl. In the lyl-1 gene, the MRR homology element is located
within the first intron 1,126 bp upstream of the methionine
initiation codon.

In attempts to develop an assay that can be exploited to
isolate a cDNA encoding the 90-kDa MRR binding protein,
tandem copies of the wild-type —77 to —115 region have been
ligated upstream of EIBTATACAT, and in preliminary stud-
ies, this construct drives CAT gene expression in C3H10T1/2
cells (60). This wild-type DNA element, in conjunction with
mutated elements (for example, the Sp1® element), will be
used for expression library screening in Escherichia coli, or
alternatively, library screening in a yeast one-hybrid system
(73), to isolate cDNAs encoding the proteins that bind to this
core DNA sequence. One possible outcome of the screen
would be the identification of a novel transcription factor that
binds specifically to the MRR core and that possesses a domain
that functions to activate transcription. However, it also is
possible that the 90-kDa protein is a histone-like protein which
functions through the MRR to increase the accessibility of the
max promoter to factors that do activate transcription directly.
In this regard, during the cloning and sequencing of the
chicken max gene, we encountered many technical difficulties
that we attributed to the presence of extensive secondary struc-
ture in the naked DNA, a feature that could negatively impact
transcription of the locus. Certainly it would be of interest in
future studies to map the DNase I-hypersensitive sites in the
max gene promoter region, as well as to perform in vivo foot-
printing to address this issue experimentally.

In performing the experiments in this study, we were aware
of the inherent contradiction in attempting to characterize
regulatory proteins that mediate constitutive gene expression.
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In fact, using the chicken max gene, we tested a number of cell
growth conditions and explored a variety of model systems of
cellular differentiation to uncover a situation in which max
gene expression was regulated in the traditional sense. Our
lack of success in these efforts, while initially disappointing,
also was intriguing since it implies that max transcription is
unaffected by intracellular signaling pathways that are known
to alter cellular gene expression, either by inducing or repress-
ing genes encoding transcription factors or by posttranslation-
ally modifying existing factors to alter their activities. Future
experiments in which we characterize the 90-kDa protein de-
scribed in our studies and investigate how this protein fits into
a molecular network that has escaped regulation by a host of
intracellular signaling pathways will lead to the identification
of novel cellular proteins whose functions are critical to the
growth and survival of eukaryotic organisms.

ACKNOWLEDGMENTS

We extend thanks to Steve Konieczny for supplying us with the
pADH-R1 and pADH-Sp1 expression vectors, Rick Peters for assis-
tance in interpreting the results of the cross-linking experiments, Ou-
rania Andrisani for advice on preparing nuclear extracts, and Allan
Bieber for supplying the Drosophila S2 cells.

This work was supported by grants awarded to E.J.T. from the
National Cancer Institute and from the American Cancer Society.
M.A.P. was supported by a Special Initiatives Fellowship from Purdue
University and is currently a predoctoral trainee of NIH T32
GMO08298. T-L.K. was a postdoctoral trainee of NIH T32 DK07532.
E.J.T. is a Scholar of the Leukemia Society of America.

REFERENCES

1. Amati, B., T. D. Littlewood, G. I. Evan, and H. Land. 1993. The c-Myc
protein induces cell cycle progression and apoptosis through dimerization
with Max. EMBO J. 12:5083-5087.

2. Amati, B., M. W. Brooks, N. Levy, T. D. Littlewood, G. I. Evan, and H. Land.
1993. Oncogenic activity of the c-Myc protein requires dimerization with
Max. Cell 72:233-245.

3. Amati, B., S. Dalton, M. W. Brooks, T. D. Littlewood, G. I. Evans, and H.
Land. 1992. Transcriptional activation by the human c-Myc oncoprotein in
yeast requires interaction with Max. Nature 359:423-426.

4. Amin, C., A. J. Wagner, and N. Hay. 1993. Sequence-specific transcriptional
activation by Myc and repression by Max. Mol. Cell. Biol. 13:383-390.

5. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1995. Current protocols in molecular biology, vol.
2. John Wiley & Sons, Inc., New York, N.Y.

6. Ayer, D. E., and R. N. Eisenman. 1993. A switch from Myc:Max to Mad:Max
heterocomplexes accompanies monocyte/macrophage differentiation. Genes
Dev. 7:2110-2119.

7. Ayer, D. E., L. Kretzner, and R. N. Eisenman. 1993. Mad: a heterodimeric
partner for max that antagonizes myc transcription activity. Cell 72:211-222.

8. Azizkhan, J. C., D. E. Jensen, A. J. Pierce, and M. Wade. 1993. Transcription
from TATA-less promoters: dihydrofolate reductase as a model. Crit. Rev.
Eukaryotic Gene Expr. 3:229-254.

9. Beguinot, L., H. Yamazaki, I. Pastan, and A. C. Johnson. 1995. Biochemical
characterization of human GCF transcription factor in tumor cells. Cell
Growth Differ. 6:699-706.

10. Berberich, S. J., and M. D. Cole. 1992. Casein kinase II inhibits the DNA-
binding activity of Max homodimers but not Myc/Max heterodimers. Genes
Dev. 6:166-176.

11. Berberich, S., N. Hyde-DeRuyscher, P. Espenshade, and M. Cole. 1991. max
encodes a sequence-specific DNA-binding protein and is not regulated by
serum growth factors. Oncogene 7:775-779.

12. Blackwood, E. M., B. Liischer, and R. N. Eisenman. 1992. Myc and Max
associate in vivo. Genes Dev. 6:71-80.

13. Blackwood, E. M., and R. N. Eisenman. 1991. Max: a helix-loop-helix zipper
protein that forms a sequence-specific DNA-binding complex with Myc.
Science 251:1211-1217.

14. Boam, D. S., I. Davidson, and P. Chambon. 1995. A TATA-less promoter
containing binding sites for ubiquitous transcription factors mediates cell
type-specific regulation of the gene for transcription enhancer factor-1
(TEF-1). J. Biol. Chem. 270:19487-19494.

15. Coppola, J. A., and M. D. Cole. 1986. Constitutive c-myc oncogene expres-
sion blocks mouse erythroleukaemia cell differentiation but not commit-
ment. Nature 320:760-763.

16. Cornwell, M. M., and D. E. Smith. 1993. SP1 activates the MDR1 promoter

cis-trans REGULATION OF max GENE EXPRESSION

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

1047

through one of two distinct G-rich regions that modulates promoter activity.
J. Biol. Chem. 268:19505-19511.

Courey, A. J., and R. Tjian. 1988. Analysis of Spl in vivo reveals multiple
transcriptional domains, including a novel glutamine-rich activation motif.
Cell 55:887-898.

. Davenport, E. A, and E. J. Taparowsky. 1992. Basal levels of Max are

sufficient for the cotransformation of C3H10T1/2 cells by Ras and Myc. Exp.
Cell Res. 202:532-540.

Davis, A. C., M. Wims, G. D. Spotts, S. R. Hann, and A. Bradley. 1993. A null
c-myc mutation causes lethality before 10.5 days of gestation in homozygotes
and reduced fertility in heterozygous female mice. Genes Dev. 7:671-682.
Delgado, M. D., A. Lerga, M. Canelles, M. T. Gémez-Casares, and J. Leon.
1995. Difterential regulation of Max and role of c-Myc during erythroid and
myelomonocytic differentiation of K562 cells. Oncogene 10:1659-1665.
Dorsey, M. J., H-J. Tae, K. G. Sollenberger, N. T. Mascarenhas, L. M.
Johansen, and E. J. Taparowsky. 1995. B-ATF: a novel human bZIP protein
that associates with members of the AP-1 transcription factor family. Onco-
gene 11:2255-2265.

Dynan, W. S. 1986. Promoters for housekeeping genes. Trends Genet. 132:
196-197.

Dynan, W. S., and R. Tjian. 1983. The promoter-specific transcription factor
Sp1 binds to upstream sequences in the SV40 early promoter. Cell 35:79-87.
Farina, S. F., J. L. Huff, and J. T. Parsons. 1992. Mutations within the 5’ half
of the avian retrovirus MC29 v-myc gene alter or abolish transformation of
chicken embryo fibroblasts and macrophages. J. Virol. 66:2698-2708.
Freytag, S. O., C. V. Dang, and W. M. F. Lee. 1990. Definition of the activities
and properties of c-Myc required to inhibit cell differentiation. Cell Growth
Differ. 1:339-343.

Gallagher, R. C. J., J. C. Neil, and R. Fulton. 1995. Cloning and sequence of
the feline max, and max 9 transcripts. DNA Sequence 5:269-271.

Gaubatz, S., A. Meichle, and M. Eilers. 1994. An E-box element localized in
the first intron mediates regulation of the prothymosin a gene by c-myc. Mol.
Cell. Biol. 14:3853-3862.

Geng, Y., and L. F. Johnson. 1993. Lack of an initiator element is responsible
for multiple transcriptional initiation sites of the TATA-less mouse thymi-
dylate synthase promoter. Mol. Cell. Biol. 13:4894-4903.

Gilladoga, A. D., S. Edelhoff, E. M. Blackwood, R. N. Eisenman, and C. M.
Disteche. 1992. Mapping of MAX to human chromosome 14 and mouse
chromosome 12 by in situ hybridization. Oncogene 7:1249-1251.

Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982. Recombinant ge-
nomes which express chloramphenicol acetyltransferase in mammalian cells.
Mol. Cell. Biol. 2:1044-1051.

Grayson, J., R. S. Williams, Y.-T. Yu, and R. Bassel-Duby. 1995. Synergistic
interactions between heterologous upstream activation elements and specific
TATA sequences in a muscle-specific promoter. Mol. Cell. Biol. 15:1870—
1878.

Gu, W., K. Cechova, V. Tassi, and R. Dalla-Favera. 1993. Opposite regula-
tion of gene transcription and cell proliferation by c-Myc and Max. Proc.
Natl. Acad. Sci. USA 90:2935-2939.

Haun, R. S., J. Moss, and M. Vaughn. 1993. Characterization of the human
ADP-ribosylation factor 3 promoter. J. Biol. Chem. 268:8793-8800.
Henriksson, M., and B. Liischer. 1996. Proteins of the Myc network: essen-
tial regulators of cell growth and differentiation. Adv. Cancer Res. 68:109—
181.

Huang, H.-C., R. Sundseth, and U. Hansen. 1990. Transcription factor LSF
binds two variant bipartite site is within the SV40 late promoter. Genes Dev.
4:287-298.

Hurlin, P. J., C. Quéva, P. J. Koskinen, E. Steingrimsson, D. E. Ayer, N. G.
Copeland, N. A. Jenkins, and R. N. Eisenman. 1995. Mad3 and Mad4: novel
Max-interacting transcriptional repressors that suppress c-myc dependent
transformation and are expressed during neural and epidermal differentia-
tion. EMBO J. 14:5646-5659.

Izawa, M. 1993. Molecular cloning and sequencing of rat Max cDNA: cas-
tration-induced expression of the 2 kb transcript in male accessory sex organs
of rats. Biochim. Biophys. Acta 1216:492-494.

Jaynes, J. B., J. S. Chamberlain, J. N. Buskin, J. E. Johnson, and S. D.
Hauschka. 1986. Transcriptional regulation of the muscle creatine kinase
gene and regulated expression in transfected mouse myoblasts. Mol. Cell.
Biol. 6:2855-2864.

Jolliff, K., Y. Li, and L. F. Johnson. 1991. Multiple protein-DNA interactions
in the TATAA-less mouse thymidylate synthase promoter. Nucleic Acids
Res. 19:2267-2274.

Kadonaga, J. T., K. R. Carner, F. R. Masiarz, and R. Tjian. 1987. Isolation
of cDNA encoding transcription factor Sp1 and functional analysis of the
DNA binding domain. Cell 51:1079-1090.

Kageyama, R., and I. Pastan. 1989. Molecular cloning and characterization
of a human DNA binding factor that represses transcription. Cell 59:815-
825.

Kato, G. J., W. M. F. Lee, L. Chen, and C. V. Dang. 1992. Max: functional
domains and interaction with c-Myc. Genes Dev. 6:81-92.

Kelly, K., B. H. Cochran, C. D. Stiles, and P. Leder. 1983. Cell-specific



1048

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.
59.

PETERS ET AL.

regulation of the c-myc gene by lymphocyte mitogens and platelet-derived
growth factor. Cell 35:603-610.

King, M. W., E. M. Blackwood, and R. N. Eisenman. 1993. Expression of two
distinct homologous of Xenopus Max during early development. Cell Growth
Differ. 4:85-92.

Kitadai, Y., H. Yamazaki, W. Yasui, E. Kyo, H. Yokozaki, G. Kajiyama, A. C.
Johnson, I. Pastan, and E. Tahara. 1993. GC factor represses transcription
of several growth factor/receptor genes and causes growth inhibition of
human gastric carcinoma cell lines. Cell Growth Differ. 4:291-296.
Larsson, L.-G., M. Pettersson, F. Oberg, K. Nilsson, and B. Liischer. 1994.
Expression of mad, mxil, max and c-myc during induced differentiation of
hematopoietic cells: opposite regulation of mad and c-myc. Oncogene
9:1247-1252.

Lassar, A. B., R. L. Davis, W. E. Wright, T. Kadesch, C. Murre, A. Voronova,
D. Baltimore, and H. Weintraub. 1991. Functional activity of myogenic HLH
proteins requires hetero-oligomerization with E12/E47-like proteins in vivo.
Cell 66:305-315.

Lee, H.-H., and R. A. DePinho. Personal communication.

Lewis, C. D., S. P. Clark, G. Felsenfeld, and H. Gould. 1988. An erythrocyte-
specific protein that binds to the poly(dG) region of the chicken B-globin
gene promoter. Genes Dev. 2:863-873.

Lillie, J. W., and M. R. Green. 1989. Transcription activation by the adeno-
virus Ela protein. Nature 338:39-44.

Littlewood, T. D., B. Amati, H. Land, and G. L. Evan. 1992. Max and
c-Myc/Max DNA-binding activities in cell extracts. Oncogene 7:1783-1792.
Lu, J., L. Wonkeun, C. Jiang, and E. B. Keller. 1994. Start site selection by
Spl in the TATA-less human Ha-ras promoter. J. Biol. Chem. 18:5391-5402.
Miikeld, T. P., P. J. Koskinen, L. Vistrik, and K. Alitalo. 1992. Alternative
forms of max as enhancers or suppressors of Myc-Ras cotransformation.
Science 256:373-377.

Min, S., N. T. Mascarenhas, and E. J. Taparowsky. 1993. Functional analysis
of the carboxy-terminal transforming region of v-Myc: binding to Max is
necessary, but not sufficient, for cellular transformation. Oncogene 8:2691—
2701.

Min, S., and E. J. Taparowsky. 1992. v-Myc, but not Max, possesses domains
that function in both transcription activation and cellular transformation.
Oncogene 7:1531-1540.

Miner, J. H., and B. J. Wold. 1991. c-myc inhibition of MyoD and myogenin-
initiated myogenic differentiation. Mol. Cell. Biol. 11:2842-2851.
Mukherjee, B., S. D. Morgenbesser, and R. A. DePinho. 1992. Myc family
oncoproteins function through a common pathway to transform normal cells
in culture: cross-interference by Max and frans-acting dominant mutants.
Genes Deyv. 6:1480-1492.

Nanda, I., and M. Schmid. Personal communication.

Peiia, A., C. D. Reddy, S. Wu, N. J. Hickok, E. P. Reddy, G. Yumet, D. R.
Soprano, and K. J. Soprano. 1993. Regulation of human ornithine decar-
boxylase expression by the c-myc.max protein complex. J. Biol. Chem. 268:
27277-27285.

60.
61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

MoL. CELL. BIOL.

Peters, M. A., and E. J. Taparowsky. Unpublished data.

Prendergast, G. C., R. Hopewell, B. J. Gorham, and E. B. Ziff. 1992. Biphasic
effect of Max on Myc cotransformation activity and dependence on amino-
and carboxy-terminal Max functions. Genes Dev. 6:2429-2439.
Prendergast, G. C., D. Lawe, and E. B. Ziff. 1991. Association of Myn, the
murine homolog of max, with c-myc stimulates methylation-sensitive DNA
binding and Ras cotransformation. Cell 65:395-407.

Reddy, C. D., P. Dasgupta, P. Saikumar, P., H. Dudek, F. J. Rauscher, III,
and E. P. Reddy. 1992. Mutational analysis of Max: role of basic, helix-loop-
helix/leucine zipper domains in DNA binding, dimerization and regulation of
Myc-mediated transcriptional activation. Oncogene 7:2085-2092.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Schneider, I. 1972. Cell lines derived from late embryonic stages of Drosoph-
ila melanogaster. J. Embryol. Exp. Morphol. 2:353-365.

Schreiber-Agus, N., J. Horner, R. Torres, F.-C. Chiu, and R. A. DePinho.
1993. Zebra fish myc family and max genes: differential expression and
oncogenic activity throughout vertebrate evolution. Mol. Cell. Biol. 13:2765—
2775.

Sollenberger, K. G., and E. J. Taparowsky. Unpublished data.
Sollenberger, K. G., T-L. Kao, and E. J. Taparowsky. 1994. Structural anal-
ysis of the chicken max gene. Oncogene 9:661-664.

Stanton, B. R., A. S. Perkins, L. Tessarollo, D. A. Sassoon, and L. F. Parada.
1992. Loss of N-myc function results in embryonic lethality and failure of the
epithelial component of the embryo to develop. Genes Dev. 6:2235-2247.
Taparowsky, E. J., M. L. Heaney, and J. T. Parsons. 1987. Oncogene-
mediated multistep transformation of C3H10T1/2 cells. Cancer Res. 47:
4125-4129.

Vistrik, L., P. J. Koskinen, R. Alitalo, and T. P. Mikeld. 1993. Alternative
mRNA forms and open reading frames of the max gene. Oncogene 8:503—
507.

Wagner, A. J., M. M. LeBeau, M. O. Diaz, and N. Hay. 1992. Expression,
regulation, and chromosomal localization of the max gene. Proc. Natl. Acad.
Sci. USA 89:3111-3115.

Wang, M. M,, and R. R. Reed. 1993. Molecular cloning of the olfactory
neuronal transcription factor Olf-1 by genetic selection in yeast. Nature
364:121-126.

Weis, L., and D. Reinberg. 1992. Transcription by RNA polymerase II:
initiator-directed formation of transcription-competent complexes. FASEB
J. 6:3300-3309.

Williams, T., A. Admon, B. Liischer, and R. Tijan. 1988. Cloning and ex-
pression of AP-2, a cell-type-specific transcription factor that activates in-
ducible enhancer elements. Genes Dev. 2:1557-1569.

Yutzey, K. E., R. L. Kline, and S. F. Konieczny. 1989. An internal regulatory
element controls troponin I gene expression. Mol. Cell. Biol. 9:1397-1405.
Zervos, A. S., J. Gyuris, and R. Brent. 1993. Mxil, a protein that specifically
interacts with Max to bind Myc-Max recognition sites. Cell 72:223-232.



