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The basic helix-loop-helix (bHLH) transcription factors are a large group of proteins suggested to control
key events in the development of B lymphocytes as well as of other cellular lineages. To examine how bHLH
proteins activate a B-lineage-specific promoter, I investigated the ability of E47, E12, Heb, E2-2, and MyoD to
activate the A5 surrogate light chain promoter. Comparison of the functional capacity of the E24-encoded E47
and E12 proteins indicated that even though both were able to activate the A5 promoter and act in synergy with
early B-cell factor (EBF), E47 displayed a higher functional activity than E12. An ability to act in synergy with
EBF was also observed for Heb, E2-2, and MyoD, suggesting that these factors were functionally redundant in
this regard. Mapping of functional domains in EBF and E47 revealed that the dimerization and DNA binding
domains mediated the synergistic activity. Electrophoretic mobility shift assay analysis using the 5’ part of the
A5 promoter revealed formation of template-dependent heteromeric complexes between EBF and E47, sug-
gesting that the synergistic mechanism involves cooperative binding to DNA. These findings propose a unique
molecular function for E47 and provide overlapping expression with EBF as a molecular mechanism to direct
B-cell-specific target gene activation by bHLH proteins.

The B-lymphoid differentiation pathway is a complex pro-
cess critically dependent on the correct initiation of transcrip-
tion from stage- and lineage-specific genes (18, 30, 49). The
regulation of gene expression is governed by a number of
transcription factors, of which some have been shown to be
essential for normal B-cell development in mice (12, 59).
Among these essential factors are the paired domain factor
B-cell-specific activator protein (BSAP) (45, 65), the Zn finger
protein IKAROS (67), the Ets protein Pu.1 (36, 55, 56), the
helix-loop-helix protein early B-cell factor (EBF) (31) and the
basic helix-loop-helix (b HLH) E2A proteins (3, 73). BSAP (1),
Pu.l (25), IKAROS (13), and EBF (15) display tissue-re-
stricted expression patterns, revealing that they are directly
involved in the regulation of B-cell-specific genes. In contrast,
the E24-encoded bHLH proteins E47 and E12 (19, 39) are
broadly expressed (50), making it difficult to understand how
they regulate B-lineage-specific genes. The bHLH proteins
belong to an evolutionarily conserved family of transcription
factors (5, 38). They participate in such diverse events as sex
determination (47) and the formation of the peripheral ner-
vous system in Drosophila (23), as well as in the development
of B lymphocytes (5) and muscle in mice (70). They share the
common feature of having an HLH dimerization domain ad-
jacent to a basic domain (66). These form a structure with the
ability to bind a DNA core site, the E-box (CANNTG) (10),
after either homo- or heterodimerization with other bHLH
proteins (41, 42). In myogenesis, activation of muscle-specific
genes is achieved mainly by heterodimerization between ubig-
uitously expressed bHLH proteins like E12 or E47 and myo-
cyte-specific bHLH proteins such as MyoD, myogenin, and
herculin (29, 40). No lineage-specific bHLH protein has been
found in B cells. Instead, cells of the B lineage contain high
levels of a number of broadly expressed bHLH proteins (E47,
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E12, E2-2, and Heb) (2) and a B-cell-specific homodimer of
E47 (B-cell factor 1 [BCF1]) (57, 60).

Site selection experiments have suggested that both MyoD
and E47 homodimers bind to a similar DNA sequence, making
it difficult to understand how these factors discriminate be-
tween muscle and B-lineage-restricted target genes (7, 62).
One explanation has come from experiments comparing the
ability of MyoD and E47 to activate the immunoglobulin
heavy-chain (IgH) intron enhancer in nonlymphoid cells (52,
69). These experiments suggested that E47-specific activation
was dependent on regions surrounding the core DNA binding
site, since these prevented functional interaction of MyoD with
the enhancer (69). This provides a model where tissue speci-
ficity is regulated in cis by the composition of the E-box and the
surrounding sequences (9, 22, 69). E47 and E12 have been
suggested to be involved in the regulation of a large number of
B-cell-restricted genes (8, 24, 53, 58). However, the majority of
these genes are expressed also in pre-T cells, limiting their use
as model systems to study B-cell-restricted activation by E2A
proteins. One exemption is the promoter of the pre-B-cell-
specific A5 gene (26, 27), where E47 acts in synergy with EBF
to stimulate transcription (58). This control element mediates
stage- and lineage-specific expression of reporter genes both in
transient transfections (32, 33) and in transgenic mice (34).
This makes the A5 promoter a useful model system to investi-
gate B-cell-specific gene activation by bHLH proteins. The
promoter contains four E-boxes and at least three EBF binding
sites (58). EBF is a transcription factor expressed in B cells,
adipocytes, stromal cells, and the central nervous system (15,
68). It binds DNA as a homodimer with a large DNA binding
domain including a Zn coordination motif (16). The dimeriza-
tion is dependent on two a-helixes with homology to helix 2 in
the bHLH transcription factor family (15, 16, 64). EBF has
been suggested to be essential for the development of B cells
since homologous disruption of the coding gene results in a
differentiation block at the pro-B-cell stage (31). The impor-
tance of E47-EBF cooperation in the promotion of the B
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lineage is also shown from experiments in mice transheterozy-
gous for mutations both in the E2A and EBF genes. These
animals display an enhanced B-cell developmental block at the
pre-B-cell stage compared to the single heterozygote mutant
mice (46).

To examine how bHLH proteins interact with the promoter
of a pre-B-cell-specific gene, I here investigate the ability of a
set of bHLH proteins to activate the A5 promoter alone or in
combination with EBF. These experiments suggest that even
though the studied class I bHLH proteins, E47, E12, Heb, and
E2-2, differ in their quantitative ability to activate the pro-
moter, they all act in synergy with EBF to stimulate transcrip-
tion. This ability was also shared with MyoD, proposing that
the mechanisms regulating tissue specificity of the A5 promoter
differ from those of the IgH intron enhancer. The synergy
depended on functional DNA binding and dimerization do-
mains, while the transactivation domains of EBF or E47 could
be substituted for by that of the herpes simplex virus VP16
protein. EBF and E47 also appeared to bind DNA in a coop-
erative fashion, resulting in heteromeric complexes. These
data suggest that tissue-specific activation of the A5 promoter
is achieved by overlapping expression of bHLH proteins and
EBF, proposing a novel mechanism for the ability of ubiqui-
tously expressed proteins to activate B-cell-specific target
genes.

MATERIALS AND METHODS

Tissue culture conditions. HeLa cells were grown in RPMI medium supple-
mented with 7.5% fetal calf serum, 10 mM HEPES, 2 mM pyruvate, and 50 ug
of gentamicin per ml (complete RPMI media) (all purchased from Life Tech-
nologies AB, Tiby, Sweden) at 37°C and 5% CO,.

Plasmids and constructs. The expression plasmids were based on the eukary-
otic expression vector cDNA3 (Invitrogen, BV, NV Leek, The Netherlands)
which places the inserted cDNA under the control of a cytomegalovirus pro-
moter. To obtain myc-epitope-tagged proteins, I cloned six copies of the myc
epitope (51, 61), recognized by the 9E10 mouse monoclonal antibody, Clal to
blunt, EcoRI into BamHI to blunt, and EcoRI of cDNA3 to form the MD3
vector. cDNAs encoding Syrian hamster E47 or E12 (14) were cloned either into
the cDNA3 vector or in frame with the myc tag BamHI site of MD3. The E47
forced homodimer (E47FD) construct was generated by joining two copies of a
Syrian hamster E47 cDNA with a glycine linker as previously described (58). The
E47-E12 forced dimer was constructed by subcloning of the carboxy-terminal
E47 and the glycine linker (Xhol-Xbal) from the E47-E47 dimer into pGem3Z.
This plasmid was digested with Apal and Xbal and was ligated to an Apal-Xbal
fragment from Syrian hamster E12 (14). The resulting E12 cDNA was released
by digestion with Ndel and Xbal and was ligated into the E47FD plasmid
digested with Xbal and partial Ndel to create an E47-E12 forced dimer. The Heb
expression plasmid encoded a myc-tagged human Heb protein (21). E2-2 (20)
and MyoD (28) expression plasmids were constructed by insertion of full-length
mouse cDNAs as EcoRI fragments into the EcoRI site of the cDNA3 expression
vector. Al to A3 deletions of E47 were introduced by 18 cycles of high-fidelity
PCR (Boehringer) from the cDNA3 E47 construct by using the following sense
primers: 47A1, 5" TGCAGGATCCGCCGCCATGCGGCGGAGAGCTGCAG
ACAG; 47A2, 5" TGCAGGATCCGCCGCCATGTTAGGTGACGGCTCGT
CC; and 47A3, 5" TGCAGGATCCGCCGCCATGGGCACCCGAGGGACTA
CATGGC. The primers introduced a BamHI site used to clone the truncations
in frame with the myc tag of MD3. A standard SP6 primer directed against the
c¢DNA3 was used as antisense primer, allowing for digestion with Xbal to clone
the fragments BamHI to Xbal in the MD3 vector. 47A4 was obtained by cloning
a Nhel-Xbal fragment in frame with the myc tags in MD3. E47A5 was con-
structed by Nhel-Xbal digestion of the myc-tagged full-length hamster E47,
followed by blunting and religation. VP16EA4 was created by cloning a PCR
product encoding the VP16 transactivation domain (herpes simplex virus type 1
amino acids 411 to 479) produced by 18 cycles of high-fidelity PCR (Bochringer)
by using a Gal-4-VP16-encoding plasmid as template and by cloning the follow-
ing primers into the BamHI-EcoRI sites of MD3: VP16 sense, 5" ATGGGATC
CCTCGAGATGGCACCCAAGAAGAAGCGG, and Vpl6 Nhe, 5" AGAGAA
TTCGCTAGCCCAATCGATCCCACCGTACTC. The Nhel-Xbal (to blunt)
fragment from E47 was then cloned in frame by ligation into an Nhel-EcoRV-
digested MD3VP16. The T7-tagged EBF protein has been described previously
(58). myc-tagged EBF proteins were produced by cloning EBF-encoding cDNAs
into the blunted BamHI site and the Xbal site of MD3 to form the fusion
proteins. Full-length EBF was cloned by 18 cycles of PCR by using high-fidelity
Taq (Boehringer), a full-length EBF cDNA plasmid (EBF17 [15]) as a template,
the EBF sense primer 5" AAAGAGATCTCATATGTTTGGGATCCAGGAA
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AGQC, and an antisense SP6 primer. The PCR product was digested with Ndel,
blunted, and redigested with Xbal to be cloned into the MD3 vector. EBFA1
(EAT1) was obtained by PCR by using EBF sense primer and Al antisense primer
sequence 5" AGCTCTAGAGACCGAACTGTTAGCAAGGGC. The resulting
PCR product was cloned Ndel to blunt Xbal as described above. EA2 was
obtained by cloning a KpnI (to blunt)-Xbal-digested full-length PCR product (as
described above) into a BamHI (to blunt)-Xbal-digested MD3. EA3 protein was
obtained by BamHI digestion of the full-length EBF-containing plasmid followed
by blunting and religation. The EA4 protein was obtained by cloning of a Kpnl
(to blunt)-Xbal fragment of EBF into a BamHI (to blunt)-Xbal MD3. The
EA1VP16 protein was obtained by introduction of the VP16 transactivation
domain into the Xbal site in the carboxy terminus of EA1.

Reporter plasmids were based on the pGL3 luciferase vector (Promega). The
N5 (pGL3A5) and the basal fos reporter (pGL3fos) have been described previ-
ously (58). The pE2-E5 reporter was generated by blunt cloning of an oligonu-
cleotide with two copies of the wE2-wE5-containing region of the IgH intron
enhancer. The annealed oligonucleotides pE2-5 sense, (5' AGAACACCTGCA
GCAGCTGGCAGGAGAACACCTGCAGCAGCTGGCAGG) and wES5-2 an-
tisense (5 CCTGCCAGCTGCTGCAGGTGTTCTCCTGCCAGCTGCTGCA
GGTGTTCT) were inserted into the Smal site of the pGL3fos plasmid. The A5
promoter E-box reporter was obtained by ligation of two copies of an oligonu-
cleotide spanning the region —331 to —290 of the A5 promoter (ASE sense, 5’
TCTTGTTCCATGGGGCAGGTGTTCAGTTGCTCTCTACGGC, and \SE
antisense, 5" GCCGTAGAGAGCAACTGAACACCTGCCCCATGGAACAA
GA, harboring two E-boxes) into the Smal site of the pGL3fos reporter plasmid.
The N5 fos reporter was obtained by cloning a KpnI-BstEII to blunt fragment
from pGL3A5 into a Smal-Kpnl-digested pGL3fos. This construct was then
digested with Apal and Kpnl and was religated to yield the Apa 3’ fos and was
digested with Apal and Xhol followed by religation to obtain the Apa 5’ fos
construct. The A5 shuffled fos plasmid was obtained by ligation of a Kpnl-EcoRV
fragment from the pGL3\5 reporter into the Apa 5’ fos plasmid partially Ncol
(to blunt)-KpnI-digested to result in sticky blunt cloning. The point-mutated A5
promoters were generated by PCR with mutated oligonucleotides. EBF site
mutations 1, 1 plus 2, and 1 plus 2 plus 3, as well as E-box mutant 1, have been
described earlier (58). The E-box mutants 2, 3, and 2 plus 3 were generated by
PCR by using mutated sense oligonucleotides together with the GL2 antisense
oligonucleotide directed against the luciferase gene and the pGL3\5 as the
template (A5 E2M, 5" AGCGGTACCCTGCAGAGACTCTTGTTCCATGGG
GCAGGTGTTAGGTTGCTCTCTACGGC; A5 E3M, 5" AGCGGTACCCTGC
AGAGACTCTTGTTCCATGGGGTCGGTGTTCAGTTGC; and N5 E2 plus
3M, 5" AGCGGTACCCTGCAGAGACTCTTGTTCCATGGGGTCGGTGTT
AGGTTGCTCTCTACGGC). The structures of the reporter plasmids were ver-
ified by sequencing.

Transient transfections and luciferase assays. A total of 250,000 HeLa cells
were grown overnight in 1 ml of complete RPMI medium in a 24-well plate. The
cells were washed once with serum-free medium (OPTIMEM,; Life Technolo-
gies), and 800 pl of the serum-free medium was added for transfection. Five
microliters of Lipofectin (Life Technologies) was diluted in 100 ul of serum-free
medium, was incubated for 45 min at room temperature, and was mixed with the
DNA diluted in 100 pl of serum-free medium. The mixture was incubated for 25
min, and the combined volume of 200 wl was added to the HeLa cells. The cells
were then incubated in a CO, incubator at 37°C for 6 h, after which the trans-
fection medium was removed and replaced by complete RPMI medium. The
cells were harvested after 40 h, and protein extracts were prepared directly in the
24-well plates by using 80 pl of cell lysis buffer (SDS AB; Promega, Falkenberg,
Sweden). Luciferase assays were then conducted with 20 ul of the obtained
extracts and 200 pl of luciferase assay reagent (Promega). This procedure re-
sulted in protein extracts of even quality, as judged by Western blotting and
repeated transfections of cytomegalovirus-controlled reporter constructs.

Protein extracts, recombinant proteins, and EMSA. Nuclear extracts were
prepared according to Schreiber et al. (54). Recombinant T7-tagged EBF or E2A
proteins were generated by coupled in vitro transcription and translation by using
a reticulocyte lysate kit (Promega) in the presence or absence of [**S]methionine.
Two microliters of a 15-pl reaction mixture was loaded for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and 1.5 pl of the mix-
ture was used for electrophoretic mobility shift assay (EMSA).

DNA probes were labeled with [y->>P]JATP by incubation with T4 polynucle-
otide kinase (Life Technologies) and were annealed and purified on a 5%
polyacrylamide Tris-borate-EDTA (TBE) gel. The A5 promoter fragments were
obtained by digestion of the pGL3\5 plasmids with Ncol and either EcoRV or
Apal and by fill-in labeling of the Ncol site with [a->*P]JdCTP by incubation with
Klenow enzyme. The probes were purified on 5% polyacrylamide-TBE gels,
were eluted in TrissEDTA buffer (pH 8.0), and were precipitated. Nuclear
extract or in vitro-transcribed and -translated protein was incubated with labeled
probe (20,000 cpm, 3 fmol) for 30 min at room temperature in binding buffer (10
mM HEPES [pH 7.9], 70 mM KCI, 1 mM dithiothreitol, 1 mM EDTA, 2.5 mM
MgCl,) with 0.75 ug of poly(dl/dC) (Pharmacia). DNA competitors or antibod-
ies were added 10 min before the addition of the DNA probe. The samples were
separated on a 5% polyacrylamide-TBE gel, which was then dried and subjected
to autoradiography. A Fuji BAS-III Biolmager analyzer was used for quantifi-
cation of the obtained complexes. The percentage value was calculated by anal-
ysis of the relative radioactive content in each of the obtained protein-DNA
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complexes as well as in the free probe. After subtraction of background activity,
the obtained values were added to give the total radioactive content in each lane.
The percent value was then calculated by dividing the amount in each complex
by that in the whole lane. Oligonucleotides used for electrophoretic mobility shift
assays were as follows: mb-1 EBF sense, 5" GAGAGAGACTCAAGGGAATT
GTGG; mb-1 EBF antisense, 5’ CCACAATTCCCTTGAGTCTCTCTC; wES
sense, 5" GGCCAGAACACCTGCAGACG; and pES antisense, 5" CGTCTGC
AGGTGTTCTGGCC. The 9E10 anti-myc antibody was purchased from Santa
Cruz Biotech.

Western blotting. Protein extracts were separated by SDS-10% PAGE gels
and were blotted onto nylon membranes by semidry electroblotting. The mem-
branes were then incubated for 1 h in phosphate-buffered saline supplemented
with 0.5% Tween 20 (PBST) and 5% nonfat dry milk and then washed twice for
10 min with PBST. The membranes were then incubated with the primary mouse
monoclonal anti-myc antibody 9E10 (Santa Cruz Biotech) or the polyclonal
rabbit anti-E2A antibody (Santa Cruz Biotech) in PBST for 1 h. The filters were
then washed twice for 15 min (each wash) in PBST before the addition of a
1:2,000 dilution of the secondary horseradish peroxidase-conjugated antibody
(anti-mouse antibody for detection of 9E10 anti-myc antibody and anti-rabbit
antibody for detection of the anti-E47 antibody, both from Santa Cruz Biotech).
After 1 h of incubation with the secondary antibody, the membranes were
washed twice for 20 min (each wash) in PBST. Detection of the secondary
antibody was obtained by using an enhanced chemiluminescence system (Am-
ersham). All the steps were performed at room temperature.

RESULTS

E2A proteins have partially redundant functions in the reg-
ulation of the A5 promoter. The E2A gene encodes two tran-
scription factors (E12 and E47) that are generated by alterna-
tive splicing (39, 41). The findings that B cells contain a
lineage-specific homodimer of E47 (57, 60) and that the ab-
sence of E47, but not E12, results in a B-cell developmental
block (4) have led to the suggestion that E47 might have a
unique function in the regulation of B-cell-specific genes. To
examine if E47 plays a unique role in the regulation of the \5
promoter, I made transient transfections of E2A-encoding ex-
pression plasmids and a A5 promoter-controlled luciferase re-
porter gene. The functional ability of the B-cell-specific E47
homodimer (BCF1) (57, 60) and the ubiquitously formed E47-
E12 heterodimer (41) was investigated by the production of
forced dimers by the fusion of two Syrian hamster E2A pro-
teins (14) by a glycine linker (Fig. 1A) (44, 58). The integrity of
the dimers was investigated by in vitro translation of E47, E12,
FDA47-47, and FD47-12 followed by separation of the radioac-
tive products by SDS-PAGE (Fig. 1A). Translation of either
E47 or E12 resulted in products migrating with apparent mo-
lecular masses of about 70 kDa, while both the E47-E47 and
the E47-E12 forced dimers migrated with apparent molecular
masses of about 130 kDa. This suggests that the forced dimers
were translated into intact fusion proteins. To allow for an
estimation of protein expression levels in the transfected cells,
E12 and E47 were fused to a myc (9¢10) tag (51). Figure 1B
shows a Western blot of HeLa cell nuclear extracts with the
anti-myc antibody. Transfection of the tag results in a band of
about 5 kDa (data not shown), while both E47 and E12 are
detected as bands migrating with apparent molecular masses of
about 70 kDa. This indicated that E47 and E12 were expressed
at comparable levels. To compare the ability of these two
proteins to interact with DNA, I carried out EMSAs with an
IgH E-box element, wES, and nuclear extracts from the trans-
fected HeLa cells (Fig. 1B). No binding activity could be ob-
served in the nuclear extract from HeLa cells transfected with
the myc tag alone, while a strong bandshift was observed in
extracts from the E47-transfected cells. The use of nuclear
extracts from El12-transfected cells resulted in a faint band-
shift, supporting the previous findings that E47 and E12 inter-
act differentially with DNA (62). To investigate if E47 and E12
differ in their abilities to functionally interact with the A5 pro-
moter, transient transfections were performed by using 50 ng
of E47- or El12-encoding expression plasmid in combination
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with 150 ng of EBF expression plasmid. Inclusion of EBF-
encoding plasmid resulted in a 19-fold activation of the re-
porter gene, while E47 and E12 induced the reporter gene 14-
and 2-fold, respectively. The combination of EBF and E47
induced the reporter gene 206-fold, and the combination of
EBF and E12 induced the reporter gene 39-fold. Addition of a
higher amount (300 ng) of E12 expression plasmid induced the
reporter 10-fold in the absence and 139-fold in the presence of
EBF. A fos basal promoter was induced less than twofold by
the expression of the E2A proteins and EBF, suggesting that
the activation was specific (data not shown). Expression of the
forced dimers in the HeLa cells was detected by Western
blotting using an antibody directed against E2A proteins (Fig.
1C). This resulted in a band of approximately 130 kDa in
nuclear extracts from the transfected cells. The same nuclear
extracts were then used in an EMSA with the wES E-box. The
E47-E47-transfected cells contained more wES binding activity
than the E47-El12-transfected cells, suggesting that the E47
homodimer interacts more efficiently with the wES binding site
than the E47-E12 heterodimer. The ability of the forced
dimers to activate the A5 promoter was examined as described
above. While 100 ng of expression plasmid encoding the E47-
E47 homodimer induced the reporter gene 21-fold, the com-
bination with 150 ng of EBF-encoding plasmid resulted in a
413-fold increase of reporter activity. The same experiment
using the E47-E12 heterodimer resulted in 6.2- and 89.6-fold
inductions, respectively. This suggests that both of the E2A-
encoded proteins have the ability to activate the A5 promoter
alone or in cooperation with EBF but that E47 is more potent
than E12 in this respect.

Heb, E2-2, and MyoD have the ability to functionally inter-
act with the A5 promoter and act in synergy with EBF. The
finding that homologous disruption of the E2A gene by the
insertion of a Heb-encoding cDNA rescues B-cell differentia-
tion (71) suggests a molecular redundancy among E2A and
Heb proteins. To examine this redundancy at a molecular level,
I made transient transfections with the A5 promoter reporter
construct together with bHLH proteins and EBF (Fig. 2A).
Inclusion of 150 ng of EBF together with 300 ng of empty
expression plasmid induced the reporter gene 10-fold. The
lower induction by EBF, as compared to Fig. 1, is probably
explained by a larger total amount of DNA being included in
this experiment. This was done to partially compensate for the
lower expression levels of Heb, E2-2, and MyoD as compared
to those obtained with the myc-tagged E2A proteins (data not
shown). The inclusion of 300 ng of Heb-encoding expression
plasmid activated the reporter twofold in the absence and
73-fold in the presence of EBF. Transfection of E2-2-encoding
expression plasmid alone did not significantly affect the expres-
sion of the reporter gene, while the combination of EBF and
E2-2 resulted in a 22-fold up-regulation. This indicates that
both Heb and E2-2 are capable of functionally interacting with
EBF and activating the A5 promoter. To investigate the ability
of a myogenic bHLH protein to activate the \5 promoter,
transfections of the \5 reporter construct in combination with
a MyoD-encoding expression vector were performed (Fig. 2A).
Addition of 300 ng of MyoD expression plasmid resulted in a
twofold induction of reporter activity, while the inclusion of
900 ng of MyoD expression plasmid induced the reporter
eightfold. The combination of 300 ng of MyoD and 150 ng of
EBF expression plasmids enhanced the reporter activity 141-
fold. This indicates that the ability of bHLH proteins to acti-
vate the A5 promoter alone or together with EBF is conserved
and not restricted to E2A proteins.

The finding that MyoD was able to functionally interact with
the \5 promoter is interesting, since studies of the IgH intron
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FIG. 1. E2A proteins are partially redundant in their ability to activate the A5 promoter in synergy with EBF. The left part of panel A shows schematic drawings
indicating the structure of the E2A proteins and the E2A forced dimers. The right part shows an autoradiogram from an SDS-PAGE gel with the products obtained
after in vitro translation of the E2A proteins and the forced dimers in the presence of [**S]methionine. The left part of panel B shows a Western blot obtained with
a 9E10 anti-myc tag antibody and 10 pg of nuclear extracts from HeLa cells transfected with tagged E47 or E12 proteins as indicated. The second gel shows an EMSA
analysis with the pE5 E-box from the IgH intron enhancer and 5 pg of the same nuclear extracts as in the Western blot. The right part shows a diagram indicating
the luciferase activity relative to that of 200 ng of A5 promoter-controlled reporter plasmid in the presence of 200 ng of empty expression plasmid, after Lipofectin-
mediated transfection of 50 ng of tagged E47 or E12 with 150 ng of empty (—) or EBF-encoding (+) cDNA3 into HeLa cells. The induction obtained with 300 ng of
E12 was related to the activity of the reporter transfected with 450 ng of empty cDNA3. The data shown are based on three representative transfection experiments.
Error bars indicate standard deviations. The left part of panel C shows the resulting Western blot when nuclear extracts from transiently transfected HeLa cells were
probed for the presence of E2A forced dimers by an anti-E2A antibody. The second radiogram shows an EMSA using a labeled wE5 E-box and the same nuclear
extracts as in the Western blot. The right part of the panel shows diagrams indicating the luciferase activity obtained after transient transfections of 200 ng of the A5
reporter plasmid with 150 ng of either empty or E47-E47- or E47-E12-encoding plasmids and 150 ng of empty (—) or EBF-encoding (+) expression plasmid in HeLa
cells. The reporter activity obtained with 300 ng of empty expression plasmid was set as 1, and inductions were calculated from three representative transfection
experiments. Error bars indicate standard deviations.
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FIG. 2. MyoD and class I bHLH proteins have the ability to activate the A5 promoter together with EBF. Panel A shows a diagram of the relative luciferase activity
after transfection of 200 ng of A5 promoter-controlled luciferase reporter plasmid with 300 ng of expression plasmid encoding either Heb, E2-2, or MyoD and 150 ng
of either empty (—) or EBF-encoding (+) expression plasmids into HeLa cells. The fold induction was based on the activity obtained when the reporter plasmid was
transfected together with 450 ng of empty expression plasmid or 900 ng of empty plasmid when 900 ng of MyoD plasmid was used. The data shown are based on three
transfection experiments. Error bars indicate standard deviations. Panel B shows the relative induction of 200 ng of luciferase reporter gene under the control of a basal
promoter and two copies of a WE5-wE2 combination from the IgH intron enhancer after transfection of 600 ng of empty, E47-expressing (58), or MyoD-encoding
expression plasmid into HeLa cells. The induction was based on data from three representative transfections, and the error bars indicate standard deviations. (C)
Relative inductions of 200 ng of reporter constructs controlled either by a basal fos promoter or two copies of the E3-E2 combination (58) from the 5’ part of the A5
promoter cloned 5’ of the basal fos promoter after transfection with E47 or MyoD expression plasmids in HeLa cells as indicated. The data are collected from three

representative transfections, and the error bars indicate the standard deviations.

enhancer have shown that E-boxes in this control element are
nonresponsive to functional activation by myogenic bHLH
proteins (69). Based on this, it has been suggested that a major
component in tissue-specific gene regulation is a cis repression
mechanism. To investigate the function of \5 promoter E-
boxes, I made a set of reporter constructs containing two re-
peats of either the pES-wE2 E-boxes from the IgH intron

enhancer or the distal E-boxes, E2 and E3 (Fig. 5), from the \5
promoter cloned 5’ of a basal fos promoter. Transient trans-
fections of these reporter constructs together with expression
plasmids coding for either E47 (58) (600 ng) or MyoD (600 ng)
showed that while the heavy-chain E-box reporter was induced
35-fold by E47, no induction could be observed after expres-
sion of MyoD (Fig. 2B). In contrast, the N5 promoter E-box
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reporter was induced eightfold by E47 and 5.3-fold by MyoD
(Fig. 2C). The activity of the basal fos promoter was not sig-
nificantly affected by the expression of the bHLH proteins.
This suggests that, in contrast to the IgH intron enhancer, the
A5 promoter is not isolated against activation by myogenic
bHLH proteins. Instead, tissue-specific gene activation of \5
may be a result of overlapping expression of bHLH proteins
and EBF.

The functional cooperation between E47 and EBF is depen-
dent upon transactivation domains but is mediated by DNA
binding and dimerization domains. Having established that
EBEF has the ability to act in synergy with several bHLH family
proteins, I wanted to investigate the underlying molecular
mechanism. To this end, sequential deletions in the E47 pro-
tein were made (Fig. 3A) in frame with an amino-terminal myc
(9E10) tag. Al deletes the amino-terminal transactivation do-
main AD1 (35), and A2 and A3 delete increasing parts of the
amino terminus of E47. The A4 deletion also lacks the AD2
activation domain (48), while A5 contains a carboxy-terminal
deletion, resulting in a protein lacking the DNA binding bHLH
domain (39). The expression levels and cellular location of
these proteins were investigated by Western blotting nuclear
extracts from transfected HeLa cells with a 9E10 anti-myc
monoclonal antibody (Fig. 3B). This indicated that all the
truncated proteins were expressed at comparable levels. The
same nuclear extracts were then used in an EMSA with the
wES E-box-spanning duplex oligonucleotide. Bands could be
detected in nuclear extracts from cells transfected with the
full-length as well as the Al to A4 proteins. Al, A3, and A4
appeared to interact with DNA more efficiently than the wild-
type E47, while A5 was unable to interact with DNA. The
ability of these truncated proteins to activate the A5 promoter
was examined by transfection of 250 ng of A5 promoter re-
porter plasmid with 300 ng of protein-encoding expression
plasmids (Fig. 3C). Full-length E47 activated the promoter
50-fold, while A1 was able to induce the reporter 33-fold. A2,
A3, and A4 protein activated the reporter 11-, 14-, and 5-fold,
respectively. The ability of the truncated proteins to cooperate
with EBF was examined by transfection of 150 ng of EBF-
encoding plasmid together with 50 ng of E47 expression plas-
mid and 250 ng of N5 promoter reporter plasmid (Fig. 3D).
EBF alone was able to induce the reporter 19-fold, 50 ng of
EA47 induced the reporter 14-fold, and the combination of EBF
and E47 resulted in a 206-fold activation. Transfection of the
Al protein resulted in a fourfold increase of reporter activity,
while the combination with EBF induced the reporter 140-fold.
Transfections of 50 ng of A2 and A3 induced the reporter 1.2-
and 1.3-fold while the A4 protein did not induce the reporter
(0.94-fold). The combination with EBF resulted in 62-, 64-, and
48-fold inductions, respectively. Cotransfection of A5 and EBF
resulted in a 24-fold induction of reporter activity. This indi-
cated that even though the full functional synergy between
EBF and E47 requires the full transactivation potential of E47,
a cooperation also occurs in the absence of the strong trans-
activation domains. To confirm this, I made a VP16 transacti-
vation domain, E47A4 fusion protein (VP16A4). The plasmid
encoding this protein was transfected alone or together with
EBF in an independent experiment. Fifty nanograms of
VP16A4 induced the A5 reporter fourfold, while cotransfection
with 150 ng of EBF resulted in a 97-fold induction, supporting
the idea that the synergistic mechanism is independent of the
AD1 and AD?2 transactivation domains.

To further examine the mechanisms underlying the func-
tional synergy between EBF and E47, sequential deletions of
the EBF protein were fused to an amino-terminal 9E10 myc
tag (Fig. 4A). EAl is devoid of the carboxy-terminal transac-
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tivation domain but retains its dimerization and DNA binding
domains. The EA2 protein lacks the dimerization domain,
while the EA3 and EA4 proteins are devoid of the DNA bind-
ing domain (15, 16). The nuclear levels of the proteins were
examined by Western blot analysis of nuclear extracts from
transiently transfected HeLa cells using the anti-myc 9E10
monoclonal antibody (Fig. 4B). All of the proteins could be
detected in this experiment even though the protein levels
were varying. DNA binding by full-length and EA1 proteins, as
well as the inability of EA2 to -4 to bind DNA, was confirmed
by EMSA with the mb-1 promoter EBF binding site (Fig. 4B)
and nuclear extracts from transfected HeLa cells. Transfection
of 800 ng of full-length EBF together with 250 ng of A5 pro-
moter reporter plasmid into HeLa cells resulted in a 130-fold
induction of luciferase activity (Fig. 4C). Transfection with 800
ng of EAl, lacking the carboxy-terminal transactivation do-
main, resulted in a 10-fold activation of the reporter plasmid,
even though the Western blot analysis with the anti-myc anti-
body suggested that EBF and EA1 were present in comparable
amounts in the cellular extracts from the transfected cells (Fig.
4C). No activation could be detected after expression of EBF
deletants with impaired ability to bind DNA, either due to
disruption of the dimerization (A2) or the DNA binding do-
mains (A3 and A4). The ability of the proteins to functionally
interact with E47 was examined by transfection of 50 ng of
9E10-tagged E47 in combination with 150 ng of the indicated
EBF protein. The addition of 150 ng of full-length EBF re-
sulted in a 19-fold induction of reporter activity, while the
combination with E47 induced the reporter 206-fold (Fig. 4D).
Performing the same experiment with the EA1 protein resulted
in 2- and 75-fold inductions, respectively. The combination of
E47 and EA2 to -4 did not induce reporter activity above the
14-fold induction observed with 50 ng of E47 alone. In contrast
to what was observed for E47, where the same relative loss of
functional activity was noted both in the presence and absence
of EBF, the 10-fold loss of functional activity observed for the
EAL1 protein alone was not completely reflected in the three-
fold loss of function when combined with E47. One possible
explanation for this could be that the interaction of EBF with
EA47 enhances the functional ability of the context-dependent
transactivation domain TSI (16), which is retained in the EA1
protein. To investigate this possibility, I cotransfected 150 ng of
EA1 with E47A4 in an independent experiment. This combi-
nation resulted in a fourfold induction of the A5 promoter,
suggesting that EBF TSI is unable to support high levels of
transcription even in the presence of a bHLH domain. To
further investigate this, the TSII domain of EBF was substi-
tuted by the transactivation domain from VP16, creating a
fusion protein between EA1 and VP16. This protein was tested
for its ability to activate the A5 promoter in an independent
transfection experiment. One hundred fifty nanograms of the
fusion protein resulted in a 52-fold up-regulation of promoter
activity, and the inclusion of 50 ng of 9E10-tagged E47 induced
the promoter 329-fold. Thus, it is possible to substitute the
carboxy-terminal transactivation domain of EBF with a heter-
ologous transactivation domain and still retain functional syn-
ergy with E47. These data suggest that both DNA binding and
transactivation domains in EBF participate to obtain full func-
tion but that the DNA binding and dimerization domains are
sufficient to allow functional cooperation with E47.
Functional synergy between EBF and E47 demands multiple
binding sites but not the specific configuration of the A5 pro-
moter. The \5 promoter contains at least three EBF binding
sites and four E-boxes (Fig. 5), making it difficult to predict the
essential features of this control element to allow for func-
tional cooperation between EBF and bHLH proteins. To ex-
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FIG. 3. The transactivation domains of E47 are essential for full function but not for cooperation with EBF. Panel A shows a schematic drawing of the full-length
and truncated E47 proteins that were fused to an amino-terminal 9E10 myc tag. Functional domains in E47 are indicated by black boxes and represent the
transactivation domains AD1 and AD2 and the bHLH domain as indicated. The numbers indicate the amino acid positions for the truncations. The figure is not drawn
to scale. (B) The left panel shows Western blot analysis with 9E10 anti-myc antibody and 10-p.g nuclear extracts from HeLa cells transiently transfected with 800 ng
of the indicated E47 protein. The right panel shows an autoradiogram from EMSA using 5-pg nuclear extracts from transiently transfected HeLa cells and an
end-labeled oligonucleotide encompassing the wES E-box as indicated. (C) Diagram indicating the relative luciferase activity obtained after transient transfections of
200 ng of the A5 reporter plasmid with 300 ng of E47-encoding plasmids as indicated. The reporter activity obtained with 300 ng of empty expression plasmid was set
as one, and the data were calculated from three representative transfection experiments. Error bars indicate standard deviations. (D) Diagram representing the relative
luciferase activity obtained when 200 ng of the A5 reporter plasmid was transfected with 50 ng of E47-encoding plasmids in combination with 150 ng of empty (—) or
9E10-tagged EBF-encoding (+) expression plasmid in HeLa cells. The black bars indicate that these data were collected from an independent transfection experiment.
The reporter activity obtained with 200 ng of empty expression plasmid was set as 1, and data are collected from three representative transfections. Error bars indicate

standard deviations.
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FIG. 4. The carboxy-terminal transactivation domain of EBF is important for full functional activity, but DNA binding and dimerization domains are sufficient to
mediate synergy with E47. Panel A shows a schematic drawing of the full-length and truncated EBF proteins that were fused to an amino-terminal 9E10 myc tag.
Functional domains in EBF are indicated by black boxes and represent the DNA binding, dimerization, and transactivation domains TSI and TSII as indicated. The
numbers indicate the amino acid positions for the introduced truncations. The figure is not drawn to scale. (B) The left panel shows Western blot analysis with 9E10
anti-myc antibody and 10-pg nuclear extracts from HeLa cells transiently transfected with 800 ng of the indicated EBF protein. The right panel shows an autoradiogram
from EMSA using 5-pg nuclear extracts from transiently transfected HeLa cells and an end-labeled oligonucleotide encompassing the mb-1 promoter EBF binding site
as indicated. (C) Diagram indicating the relative luciferase activity obtained after transient transfections of 200 ng of the A5 reporter plasmid with 800 ng of EBF
encoding expression plasmids as indicated. The reporter activity obtained with 800 ng of empty expression plasmid was set as 1, and data were calculated from three
representative transfections. Error bars indicate standard deviations. The radiogram presents a Western blot using 9E10 antibody and the same protein extract as used
for the luciferase assays. (D) Diagram representing the relative luciferase activity obtained when 200 ng of the N5 reporter plasmid was transfected with 150 ng of
EBF-encoding plasmids in combination with 50 ng of empty (—) or 9E10-tagged E47-encoding (+) expression plasmid in HeLa cells. The black bars indicate that these
data were collected from an independent transfection experiment. The reporter activity obtained with 200 ng of empty expression plasmid was set as 1, and data are
collected from three representative transfections. Error bars indicate standard deviations.

amine this, I made luciferase reporter constructs where the of E47 expression plasmid (untagged E47 [58]). The combina-
natural \5 initiator was substituted with a basal fos promoter tion of the two factors induced the reporter 28-fold, suggesting
(Fig. 5). The activity of this construct was induced twofold by that this element is also responsive to synergistic activation in
the inclusion of 150 ng of EBF expression plasmid, while no the context of a TATA box-containing promoter. To estimate
significant induction was observed after the addition of 300 ng the relative contribution to the synergy of the different EBF
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FIG. 5. Maximal synergy between EBF and E47 is dependent on multiple binding sites within the N5 promoter. The top part of panel A shows a schematic drawing
of the A5 promoter. Relevant restriction sites as well as binding sites for EBF (gray boxes) and E47 (black boxes) are indicated. The lower part shows the resulting
luciferase activity when 200 ng of the indicated \5 reporter constructs were transiently cotransfected with the indicated expression plasmids (150 ng of EBF and/or 300
ng of E47) into HeLa cells. ND, not done. The reporter activity obtained with 450 ng of empty expression plasmid was set as 1, and data are collected from three

representative transfections. Error bars indicate standard deviations.

and E47 binding sites in the A5 promoter, I cloned the 3" and
the 5" Apal fragments upstream of basal fos promoters. The 3’
Apa fragment, containing two E-boxes and two EBF sites, was
induced threefold, and the 5’ fragment responded to the ad-
dition of 150 ng of EBF and 300 ng of E47 by an eightfold
increase of functional activity. These data suggest that even
though the 5" part of the promoter supported synergistic ac-
tivity, the full functional synergy between EBF and E47 does
not appear to be a result of any single binding site, but rather
of several binding sites within the promoter. To examine
whether the full synergistic activity was strictly dependent on
promoter structure or, rather, on the number of binding sites,
I made a construct with a composite promoter by adding the 5’
EcoRV-Kpnl fragment to the Kpnl-Apal construct. This re-
sulted in the same number of binding sites as the wild-type
promoter but in an altered configuration. This promoter was
induced fourfold by EBF and twofold by E47, while the com-
bination of the factors resulted in a 47-fold increase in func-
tional activity. This suggests that functional synergy between
EBF and E47 can be mediated by the 5 region of the \5
promoter and is dependent on the number of binding sites
rather than on any specific configuration of the control ele-
ment.

EBF and E47 bind to the A5 promoter in a cooperative
manner. The deletion analysis indicated that the functional
cooperation between EBF and E47 was based on an interac-
tion between the DNA binding and dimerization domains
rather than on synergy between transactivation domains. One

possible explanation would be that the factors bind to DNA
cooperatively. To investigate how EBF and E47 interact with
the 5" part of the N5 promoter, I used an 85-bp fragment
containing two defined EBF binding sites and two E-boxes
obtained by digestion of the promoter with Ncol and EcoRV
(Fig. 6A). This fragment was end labeled with Klenow enzyme
and used in an EMSA with increasing amounts of in vitro-
translated EBF and/or E47 (Fig. 6B). Inclusion of EBF re-
sulted in two protein DNA complexes composed of EBF
dimers (EBF) or tetramers (EBF-EBF) (Fig. 6B), while the
addition of E47 resulted in one prominent complex (E47). The
combination of EBF and E47 resulted in two additional high-
molecular-weight complexes (EBF-E47 and EBF-EBF-E47).
This indicated that EBF and E47 form heteromeric complexes
on the \5 promoter. The suggested molecular composition of
the complexes was supported by antibody supershift experi-
ments (data not shown), DNA competitions (data not shown),
and studies of mutant \5 promoters (Fig. 7A). To estimate the
relative amounts of each of the formed complexes, I measured
the radioactivity present in the obtained bands in a Fuji BAS-
III Biolmager (Fig. 6C). The use of 2 or 4 pl of in vitro-
translated EBF resulted in 37 or 55% of the labeled DNA
binding to EBF, respectively. The same amounts of E47 re-
sulted in 4.8 or 9.6% of the probe being found in complex with
E47. The mixture of 2 pl of EBF and 2 pl of E47 resulted in the
EBF-EBF-E47 complex containing 3.4%, the EBF-E47 com-
plex containing 4.7%, the E47 complex containing 4.1%, the
EBF-EBF complex containing 3%, and the EBF complex con-
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FIG. 6. EBF and E47 form a stabilized ternary complex on the A5 promoter. (A) DNA sequence of the 5’ region of the A5 promoter with indicated EBF binding
sites and E-boxes. Asterisks indicate base pair matches to the consensus binding sites. (B) Autoradiograms from EMSA with an end-labeled A5 5’ NcoI-EcoRV fragment
and increasing amounts of in vitro-translated EBF or/and E47 proteins as indicated. The middle panel shows an EMSA with the same probe and increasing amounts
of in-vitro-translated EBFA1 and/or E47. The amount of protein in each reaction was normalized by the addition of nonprogrammed reticulocyte lysate. The right panel
displays an EMSA with the A5 promoter probe and 7.5 pg of nuclear extracts from transfected HeLa cells in combination with 1.5 pl of in vitro-translated EBF. The
gels displayed are representative of two experiments. F, free DNA. (C) A diagram compiling the data obtained by densitometric analysis of the obtained EMSA
complexes. The bars represent the total relative amount of radioactivity in complex with protein and are divided into sections according to the presence of the protein
in homo- (white) or heteromeric (black and grey) complexes as indicated. (D) Autoradiogram of an EMSA where the preformed complexes between E47 and/or EBF
on the \5 promoter have been distorted by the addition of increasing amounts of unlabeled oligonucleotides spanning the E2 and E3 boxes in the A5 promoter as
indicated. The gel displayed is representative of three experiments. The probe is not shown, since the gel has been cut to save space.
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taining 21% of the probe. The corresponding results of using 4 with E47 increased from 4.8 or 9.6% in the absence to 12.2 or
wl of each protein preparation were 6.5% EBF-EBF-E47, 24.6% in the presence of EBF. The amount of EBF bound to
11.0% EBF-E47, 7.1% E47, 3.9% EBF-EBF, and 24% EBF. DNA when combined with E47 was slightly reduced from 37 or
This suggests that the total amount of radioactivity in complex 58% in the absence to 32.1 or 43.5% in the presence of E47.
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This loss is probably due to the fact that the addition of E47
has a negative effect on the formation of the tetrameric EBF
complex (EBF-EBF), possibly by competing for DNA-bound
EBF to create EBF-E47 tetramers. Thus, the combination of
EBF and E47 results in a 2.5-fold increase in E47 DNA binding
(Fig. 6C) activity and a preferential formation of ternary com-
plexes, even in the presence of free DNA.

To further investigate the formation of the ternary complex,
EMSAs were conducted with the N5 promoter fragment and in
vitro-translated truncated EBF proteins. The complex forma-
tion pattern generated by EBFA1 (Fig. 4A, EAl) protein in
combination with E47 largely resembled that of full-length
EBF (Fig. 6B). Quantitation of two independent experiments
in the Biolmager (Fig. 6C) suggested that the combination of
4 ul of EBFAL and 4 pl of E47 resulted in an EBFA1-EBFA1-
E47 complex containing 6.2% and a EBFA1-E47 complex con-
taining 16.3%. The E47 complex contained 7.7%, the EBFA1-
EBFA1 complex contained 4.3%, and the EBFA1 complex
contained 24% of the radioactivity. The total amount of bound
E47 increased from 10.3% in the absence to 30.2% in the
presence of EBFAL (Fig. 6C). No complex formation in addi-
tion to the E47 complex was observed by using either in vitro-
translated EA2 or EA3 proteins or nuclear extracts from cells
transfected with these truncated proteins (Fig. 4B) (data not
shown). A slightly different approach was used to investigate
the ability of the bHLH domain of E47 (Fig. 3A, E47A4) to
form ternary complexes with EBF, because the EBF-E47A4
complex migrated with the same mobility as the EBF-EBF
complex, forcing me to use lower amounts of EBF to reduce
the formation of the latter complex. Mixing the nuclear extract
from cells transfected with the E47-A4 protein with 1.5 ul of in
vitro-translated EBF resulted in two large complexes (EBF-
EBF-E47A4 and EBF-E47A4) that could not be detected in
the nuclear extract alone (Fig. 6B). The presence of E47A4
protein in these complexes was confirmed by the addition of
anti-myc antibody, suggesting that this is a ternary complex
formed by double occupancy of EBF and E47A4 (data not
shown). Quantitative analysis of two independent experiments
as described above revealed that the EBF complex contained
11% and the E47A4 complex contained 20% of the total ra-
dioactivity (Fig. 6B). The ternary complexes contained 32% of
the total amount of radioactivity. In two parallel reactions
containing unprogrammed reticulocyte lysate (E47A4) or nu-
clear extract from HeLa cells transfected with empty vector
(EBF), the relative amount of radioactivity detected in com-
plex with E47A4 was 28% and the relative amount of radioac-
tivity detected in complex with EBF was 30% (Fig. 6C). Thus,
the total amount of bound E47 increased from 28 to 52% in the
presence of EBF. In this experiment, there was also an increase
of EBF binding from 30 to 43% in the presence of E47 (Fig.
6C). EMSA with nuclear extracts from E47A5-transfected cells
and recombinant EBF did not result in any ternary complex
formation (data not shown). This suggests that the formation
of ternary complexes on this region of the A5 promoter is
dependent on the DNA binding and dimerization domains of
both EBF and E47.

To investigate if this could be an effect of altered kinetics in
protein-DNA complex formation, I conducted EMSA analysis
with different preincubation times of the labeled DNA and in
vitro-translated proteins. The kinetics for the formation of the
ternary complex followed that of EBF, suggesting that EBF
and E47 bind the DNA independently (data not shown). To
investigate if the ternary complex formation resulted in a sta-
bilization of the protein-DNA complex, I carried out an EMSA
competition assay of E47 bound to DNA alone or in complex
with EBF (Fig. 6D). The recombinant proteins were incubated
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with the Ncol-EcoRV A5 promoter fragment for 15 min, after
which increasing amounts of unlabeled duplex oligonucleo-
tides containing the \5 E2 and E3 E-boxes were added. The
binding of E47 alone to the probe was already severely reduced
at a 500-fold excess of unlabeled oligonucleotide, while the
EBF-E47 complex could be detected at a 2,000-fold excess of
competitor. This indicates that the ternary complex between
EBF and E47 has a higher stability than that obtained by E47
bound to DNA by itself.

Ternary complexes between EBF and E47 form predomi-
nantly by binding to EBF site 3 and E-box 3 in the A5 pro-
moter. To investigate the template requirements for the for-
mation of ternary complexes, I introduced point mutations in
the EBF binding sites and the E-boxes in the A5 promoter. The
mutated fragments were end labeled and tested in EMSAs
with in vitro-translated EBF and E47 (Fig. 7A). Mutation in
EBF site 2 did not have any large effect on EBF, E47, or
EBF-E47 complex formation, while the formation of EBF-
EBF and EBF-EBF-E47 complexes was severely impaired.
Mutation in both EBF sites 2 and 3 dramatically reduced EBF
binding as well as ternary complex formation. Alterations in
E-box 2 did not significantly affect either the binding of E47 to
the promoter or the formation of any ternary complex. This
was contrasted by a mutation in E-box 3, because this resulted
in severely impaired ability to interact with E47 and to form
ternary complexes between EBF and E47. This suggests that
the ternary complex EBF-E47 is template dependent and
formed primarily by interaction of E47 with E-box 3 and EBF
with EBF site 3, while the formation of the EBF-EBF and
EBF-EBF-E47 complexes requires the presence of two func-
tional EBF binding sites.

To investigate the functional roles of the different EBF and
EA47 binding sites in the N5 promoter (Fig. 7B), I transfected a
set of point-mutated promoters coupled to a luciferase re-
porter gene into HeLa cells together with expression plasmids
encoding EBF and E47 as above. Mutation in EBF site 1 (Fig.
5 and 7B) resulted in 55% of the activity of the wild-type
promoter, while the combined mutation in EBF sites 1 and 2
reduced the activity to 48% of that of the wild type. The
combined mutation of EBF sites 1, 2, and 3 resulted in a
promoter induced to 30% of the wild-type activity (Fig. 7B).
Introduction of point mutations in E-box 1 or 3 reduced the
activity to 63 and 70%, respectively, while the combined mu-
tation of E-box 2 and 3 reduced the functional activity to 12%
of that of the wild-type promoter (Fig. 7B). Hence, even
though some binding site redundancy is apparent, full func-
tional synergy requires functional binding sites for both EBF
and E47.

DISCUSSION

Here, I present data suggesting that the ability to activate a
B-lineage-specific promoter is shared by class I bHLH proteins
as well as by MyoD. The redundancy is, however, not com-
plete, since the E2A proteins E47 and E12 differed in their
quantitative ability to activate the N5 promoter. The ability of
MyoD to functionally interact with the E-boxes from the \5
promoter, but not the nE2-wES E boxes from the IgH intron
enhancer, suggests that combinatorial effects of EBF expres-
sion and bHLH proteins rather than the E-box composition
can dictate B-cell specificity. Finally, I present data suggesting
that even though the full function was dependent on the indi-
vidual transactivation domains of both proteins, DNA binding
and dimerization appear to be the most critical feature of E47
and EBF to obtain functional synergy, probably by forming a
ternary complex with increased stability.
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The E2A gene generates the two transcription factors E12
and E47 by alternative usage of the bHLH domain (39, 41).
The gene has been shown to be essential for B-cell develop-
ment by targeted disruption in mice. These animals display a
pre-pro-B-cell differentiation block with surface expression of
B220 and CD43 and mRNA production from the B29 gene and
sterile n0 transcripts but without expression of several other
early B-cell markers (3). Another E2A-deficient mouse strain
shows an even earlier developmental block, further supporting
the relevance of E2A proteins in the earliest stages of B-cell
development (73). The individual roles for E47 and E12 have
been examined in transgenic mice, and they suggest that while
EA47 alone allowed for the formation of B cells, E12 only
supported B-cell development to the pre-B-cell stage (4). Dis-
ruption of the E2-2 or Heb gene resulted in a reduction of
number of B cells in fetal liver but with development of mature
B lymphocytes (72). These findings would suggest that E47 and
possibly the B-cell-specific E47 homodimer (BCF1) (2, 57)
have a unique role in B-cell development. This is contradicted
by the finding that functional replacement of the E2A gene by
a Heb-encoding cDNA restores B-cell development in the ab-
sence of E2A-encoded gene products (71). This suggests that
the unique role of E47 may result from the level of expression
rather than from the biochemical and functional features of
the protein. Such a dose dependency model is also supported
by the findings that mice heterozygous for the E2A mutation
develop fewer B cells than wild-type mice (73) and that this
phenotype is enhanced when introduced on E2-2-deficient ge-
netic background (72). Dosage effects have also been sug-
gested from observations in Drosophila sex determination (47)
and in myogenesis in mice (6). The findings I present in this
report provide a possible molecular explanation for the appar-
ently contradictory data obtained from the studies in trans-
genic mice, since E47 appears more able to induce a B-cell-
specific target gene than E12. In a dose dependency model,
E47 would provide a higher functional dose per molecule than
E12. Therefore, compensation of E47 with the same level of
E12 would result in a net loss of functional E protein activity.
The apparently higher functional activity of an E47 ho-
modimer, as compared to an E12-E47 heterodimer, also pro-
vides a possibly unique role for the B-cell-specific E47 ho-
modimer BCF1 (2, 57) since this provides the highest
functional dose. This may be a feature highly relevant for a
lineage critically dependent on a high functional activity of
bHLH proteins.

B-cell-restricted activation by broadly expressed bHLH pro-
teins has been a rather puzzling phenomenon since no or small
differences have been detected in the DNA binding specificity
of B-cell-specific E47 and myocyte-specific MyoD complexes
(7, 62). Instead, tissue-specific activation has been attributed to
the fact that even though the protein binds to DNA, there are
additional requirements for the target site to obtain functional
activation (22, 69). This is probably the case for the IgH intron
enhancer, where a VP16 MyoD fusion but not MyoD can
activate transcription (69). This is also supported by the finding
that E47 but not MyoD has the ability to activate germ line
transcription from the IgH intron enhancer, I, in fibroblasts
(8). This is in contrast to findings obtained in this study, where
both E47 and MyoD are capable of activating a B-lineage-
restricted control element. However, the activity obtained with
either of the bHLH proteins was rather low compared to that
obtained when combined with EBF. This leads me to suggest
that the tissue specificity of the A5 promoter is a result of the
combined expression of EBF and bHLH proteins, a combina-
tion likely to be rather unique for the B lineage. This does not
explain the stage specificity of the A5 promoter (32-34) even
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though a possible explanation rests in the finding that EBF
levels are down-regulated in the B cell compared to the pre-B
cell (11, 15, 17). Synergistic effects by overlapping expression
patterns of transcription factors have also been reported from
a large number of differentiation systems like Mef-MyoD in
myogenesis (37) and C/EBFa-peroxisome proliferator-acti-
vated receptor y2 (63) in adipogenesis. E47 has also been
shown to act in synergy with the tissue-restricted Pu-interacting
protein Pip to activate the Igh enhancer (43). These collected
findings suggest that B-lineage-specific activation by bHLH
proteins may be accomplished either by cis repression mecha-
nisms or by overlapping expression with tissue-restricted fac-
tors.

Functional synergy between transcription factors has been
shown to be mediated by a number of distinct mechanisms. For
instance, cooperation between Pip and E47 appears to be a
result of enhanced DNA binding to adjacent sites, while the
functional interaction between Mef2 and MyoD is dependent
on interactions between DNA binding domains, but only on
one functional binding site for either of the factors (37). Full
functional synergy between EBF and E47 appeared to involve
the transactivation as well as the DNA binding domains of the
factors in combination with multiple binding sites for both
proteins in the target promoter. However, a functional coop-
eration could also be observed in the absence of EBF or E47
transactivation domains, suggesting that the molecular mech-
anisms involve interactions between DNA binding and dimer-
ization domains. One possible explanation for this is that the
functional synergy is dependent on cooperative DNA binding.
This was also supported by the disproportionally large amount
and stability of heteromeric protein complexes formed on the
A5 promoter in EMSA. The formation of the ternary com-
plexes in vitro appeared to be dependent on EBF site 3 and
E-box 3. This is also in line with the notion that those binding
sites carry the highest match to the defined consensus sites for
the proteins (7, 64). The importance of these distinct sites for
the functional activity was not as striking, indicating that other
binding sites may compensate for these in the HeLa cells.

The findings that EBF and E47 were able also to act in
synergy on templates structurally different from the A5 en-
hancer and that mice transheterozygous for mutations in the
E2A4 and EBF genes display a pre-B-cell differentiation block
that cannot be completely explained by the absence of A5 (46)
suggest that these proteins may act in concert to activate other
genes important for B-cell development. Identification of these
genes will most probably increase our understanding of the
molecular events involved in the progression of B-cell differ-
entiation.
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