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Previous studies have suggested that the early-B-cell-specific mb-1(Iga) promoter is regulated by EBF and
Pax-5. Here, we used in vivo footprinting assays to detect occupation of binding sites in endogenous mb-1
promoters at various stages of B-cell differentiation. In addition to EBF and Pax-5 binding sites, we detected
occupancy of a consensus binding site for E2A proteins (E box) in pre-B cells. EBF and E box sites are crucial
for promoter function in transfected pre-B cells, and EBF and E2A proteins synergistically activated the
promoter in transfected HeLa cells. Other data suggest that EBF and E box sites are less important for
promoter function at later stages of differentiation, whereas binding sites for Pax-5 (and its Ets ternary
complex partners) are required for promoter function in all mb-1-expressing cells. Using DNA microarrays, we
found that expression of endogenous mb-1 transcripts correlates most closely with EBF expression and
negatively with Id1, an inhibitor of E2A protein function, further linking regulation of the mb-1 gene with EBF
and E2A. Together, our studies demonstrate the complexity of factors regulating tissue-specific transcription
and support the concept that EBF, E2A, and Pax-5 cooperate to activate target genes in early B-cell

development.

The regulated expression of stage- and lineage-specific
genes is a common theme in the development of differentiated
somatic cells. To accomplish this end, tissue-specific and tem-
porally regulated DNA-binding proteins activate a program of
gene expression unique to a particular cell type. A major as-
pect of this regulation is the ability of proteins to work in
concert through physical interactions that facilitate DNA bind-
ing. Thus, factors that exhibit partially overlapping expression
patterns mediate target gene expression through combinatorial
association on promoters, enhancers, and other regulatory
modules.

B lymphocytes are an important developmental model for
understanding how differentiated cells arise from precursor
cells with multipotential properties. Although early events in B
lymphopoiesis are not yet fully understood, it is accepted that
hematopoietic stem cells give rise to common lymphoid pro-
genitor cells with the potential to become T or B lymphocytes.
These cells can then differentiate to express early markers of
the B-cell lineage. Progression through multiple stages of early
differentiation results in rearrangement and expression of im-
munoglobulin genes, resulting in display of membrane-bound
immunoglobulin M (mIgM) as the B-cell receptor for antigen
(BCR). Activation of the BCR by antigen results in changes in
gene expression, which may involve further maturation in the
context of germinal centers and, ultimately, terminal differen-
tiation of B cells to become antibody-secreting plasma cells.
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Immunology, National Jewish Medical and Research Center, 1400
Jackson St., K516B, Denver, CO 80206. Phone: (303) 398-1398. Fax:
(303) 398-1396. E-mail: hagmanj@njc.org.
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At least three genes encoding sequence-specific DNA-bind-
ing proteins are essential for generating early B cells (20).
First, E proteins encoded by the E24 gene, E12 and E47, are
ubiquitously expressed, yet these alternatively spliced basic
helix-loop-helix (bHLH) factors are required for progression
of B cells past a very early progenitor stage (4, 54). This is
achieved through a combination of cell type-specific multim-
erization and posttranslational regulation by Id proteins (re-
viewed in reference 31). Second, mice lacking a tissue-specific
regulator, early-B-cell factor (EBF, encoded by the ebfI gene),
fail to rearrange immunoglobulin genes and exhibit a develop-
mental block at a slightly later stage than that observed with
E2A deficiency (26). Third, the lack of Pax-5 (also known as
B-cell-specific activator protein [BSAP]) in knockout mice re-
sults in an accumulation of pre-BI cells that partially rearrange
immunoglobulin heavy-chain genes but do not complete rear-
rangements required for the functional BCR (36, 48). Inter-
estingly, Pax-5-deficient pre-BI cells exhibit a lack of lineage
commitment, as evidenced by differentiation into other types
of hematopoietic cells (34).

The murine mb-1 promoter is a model system for under-
standing the control of tissue- and differentiation stage-specific
transcription in B-lymphoid development (8, 10, 18, 21, 47, 51).
The mb-1 gene encodes Iga, an early B-cell-specific transmem-
brane protein required for docking of immunoglobulin heavy
chains in the B-cell plasma membrane and for transmembrane
signaling after stimulation of the BCR by antigen (reviewed in
reference 32). In transfection assays, the activity of the TATA-
less mb-1 promoter recapitulates the expression pattern of the
endogenous mb-1 gene (47). Previous in vitro studies by using
DNase I protection and electrophoretic mobility shift assay
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(EMSA) identified multiple factor binding sites in the pro-
moter, including two sets of sequences recognized by early
B-cell-specific factors: the EBF binding site located between
positions —178 and —165 (8, 21), and a site that binds Pax-5 in
association with Ets family proteins between positions —85 and
—66 (10). Between these sites, other investigators identified an
octamer-like site similar to that recognized by the POU do-
main proteins Oct-1 and Oct-2 (28, 29). Two adjacent se-
quences just upstream of transcription initiation sites (proxi-
mal control region) bind Ets proteins (Ets-1, Ets-2, and PU.1)
and Spl, respectively, in vitro (18, 47). Mutation of each of
these sites reduced promoter activity in transfected cells, but
the question arises as to whether these sites are bona fide
regulatory sites in vivo.

To better understand the roles of regulatory sites of the
mb-1 gene, we footprinted mb-1 promoters in intact cells (in
vivo footprinting) representing different stages of B-cell differ-
entiation. Many of the previously identified factor binding
sites, including sequences recognized by EBF, Pax-5:Ets ter-
nary complexes, and Ets proteins (proximal site) in vitro, were
selectively protected from chemical modification in intact nu-
clei. Protection of these sequences was correlated with levels of
endogenous mb-1 gene transcripts and developmental stages of
the cells. An extended region near the EBF binding site was
protected, including a consensus site that binds E24-encoded
proteins in vitro. Transfection studies suggest that sites recog-
nized by EBF and E2A are very important for promoter activ-
ity in pre-B cells but are relatively dispensable for activity in
pro-B or more mature B cells. Similar to other genes expressed
in pre-B cells (e.g., A5 [44]), our data suggest functional coop-
eration between EBF and E2A proteins on the mb-1 promoter.
Other data suggest that Pax-5:Ets ternary complexes are re-
quired for activity in pre-B and mature B cells. We discuss
these interactions in the context of B lymphopoiesis and the
progression of B-cell differentiation.

MATERIALS AND METHODS

Cell culture conditions. All cells were grown in RPMI medium supplemented
with 7.5% fetal calf serum, 10 mM HEPES, 2 mM pyruvate, 50 pM 2-mercap-
toethanol, and 50 ug of gentamicin per ml (Life Technologies AB) at 37°C in 5%
CO,. Bafl and Baf2 subclones of Ba/F3 cells were cultured in the presence of 5%
WEHI-3 supernatant containing interleukin-3.

RNA isolation, cDNA synthesis, and quantitative PCR. Total RNA was pre-
pared by using Trizol (Gibco-BRL). cDNA was prepared by using random
hexamers as published previously (24). RNA quantification by “real-time” PCR
detection was performed by using the ABI Prism 7700 sequence detection system
(Applied Biosystems), and the Stratagene Brilliant core reagent kit (200 nM
concentrations of primers and probe, 6 mM MgCl,) with amplification for 40
cycles at 60°C. All reactions were performed in triplicate. Primers and dual-
labeled fluorescent probes (Integrated DNA Technologies) for measuring B-ac-
tin transcripts were as follows: forward primer, 5'-GACGGCCAAGTCATCAC
TATTG; reverse primer, 5'-GAAGGAAGGCTGGAAAAGAGC; and FAM-
TAMRA fluorogenic probe, 5'-CAACGAGCGGTTCCGATGCCC. For
measuring mb-1 transcripts, we used the following: forward primer, 5'-CATCT
TGCTGTTCTGTGCAGTG; reverse primer, 5'-TTCTCATTTTGCCACCGTT
TC; and FAM-TAMRA fluorogenic probe, 5'-TGCCAGGGACGCTGCTGCT
ATTC.

All samples were analyzed for control B-actin and mb-1 expression with 2 pl
of cDNA (prepared from 200 ng of total RNA). The threshold cycle for expres-
sion was determined for each sample and the mean of triplicate tubes calculated.
Each sample’s mb-1 mean threshold cycle was normalized to its B-actin mean
threshold cycle, and expression relative to B-actin was reported as 2 raised to the
power of the normalized mean threshold cycle.
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DMS protection and/or LM-PCR (in vivo footprinting). Methylation of DNA
in intact cells and ligation-mediated PCR (LM-PCR) was performed by using the
protocols of Ausubel et al. and Garrity and Wold, with modifications suggested
by Fernandez et al. (3, 9, 12). Briefly, 1 ul of 10% dimethyl sulfate (Aldrich) in
ethanol was added to 107 cells in 1 ml of RPMI 1640 with 10% serum and
incubated for 90 s at 37°C. Quenching of methylation, isolation of genomic DNA,
and cleavage with piperidine was performed as previously described. Control
methylation and depurination of genomic DNA (Maxam-Gilbert G or A+G
reference ladders) was performed as previously described (17). For LM-PCR of
the mb-1 promoter, first-strand synthesis was performed with 2 pg of cleaved
genomic DNA and 0.3 pg of primer 1 to detect sense strand (5'-CATTACCC
AAACAGGCGTATGACAAG) and to detect antisense strand (5'-GGATCCT
TTCTCAGGGATCAGTGGT) as described previously. Reactions were ex-
tended one cycle in a thermal cycler (Eppendorf) by denaturing for 5 min at
95°C, annealing for 30 min (64°C for the sense strand and 62°C for the antisense
strand), and extending for 10 min at 76°C. Samples were diluted for ligation with
annealed linkers and precipitated as described. Amplification of linker-ligated
DNA was performed by using LM-PCR.1 (9) and mb-1 primer (sense strand
[5'-ACAAGAAGAGGAGGAGAGGCAGGGCTCT] or antisense strand [5'-T
TGAACCACCCTCTCCCCGACC]) with 18 cycles of amplification consisting of
1 min at 95°C for 2 min at 68°C for 3 min at 76°C. Amplification reactions were
performed with 0.3 pmol of 3?P-labeled oligonucleotide (sense strand [5'-GGA
GGAGAGGCAGGGCTCTGAGGGCTT] and antisense strand [5'-GAACCA
CCCTCTCCCCGACCCCAY)) with three cycles of 95°C for 2 min and 69°C for 10
min at 76°C. Products were fractionated by electrophoresis on 6% denaturing
polyacrylamide gels and detected by using a Molecular Dynamics Storm 960
Phosphorimager (Amersham). Histograms of footprinting data were generated
by using ImageQuant software (Amersham).

Plasmid constructs and in vitro mutagenesis. Plasmids for expression of full-
length EBF or E47, or the E47 DBD (amino acids 407 to 649) in transfected cells
were described previously (44). The mb-1 promoter reporter plasmids were
based on the pGL3-basic reporter plasmid (Promega). The wild-type mb-1 pro-
moter construct was obtained by initially cloning a PCR product spanning the
region from —186 to +26 into the Smal site of pGL3-Basic. Point mutations in
the mb-1 promoter were introduced by PCR amplification with mutated sense
oligonucleotides to yield either the full-length promoter or the region 3’ of the
Ndel site by using the wild-type mb-1 promoter pGL3 construct as a template and
5'-TCTCCCAGTGAGTCGGTTAGTTTG as antisense primer. Wild-type and
mutated 5" oligonucleotides were as follows: wt, 5'-CTAGAGAGAGACTCAA
GGGAATTG; M1, 5'-CTAGAGAGAGATTCAAGGGAATTG; M2, 5'-CTA
GAGAGAGACTCAATTGAATTGTGGCCAGC; M3, 5'-CTAGAGAGAGA
CTCAAGGGAATTGTTAAGCCCAGGTGCAGG; M4, 5'-CTAGAGAGAG
ACTCAAGGGAATTGTGGCCAGCCCTGGTGCAGGGCAG; MS, 5'-CAC
ACATATGGCAAATAAAGGGCCAGGAGTAAGGGCAAATTGAGCCCA
TCT; M6, 5'-CACACATATGGCAAATAAAGGGCCAGGAGTAAGGGCC
ACTGGAGCCCATCTAAGGCACGGCTGAAC; and M7, 5'-CACACATAT
GGCAAATAAAGGGCCAGGAGTAAGGGCCACTGGAGCCCATCTCCG
GCACGGCTGAACATCAAGTGAGGCGGAG. The Adistal mb-1 promoter-
reporter includes promoter sequences up to the Ndel site (—112). All mutations
were verified by sequencing. The TATA control plasmid, including the TATA
box of the murine SP6 Vk promoter, was described previously (39).

The plasmid for synthesis of recombinant amino-terminal His-tagged EBF(24-
429) in Escherichia coli (see below) was constructed by PCR amplification of
pEBF17 (17) by using primers 5'-TGAACGCGGTGCGGACGTGGATGCAG
GGC and 5'-TCAGACCGAAGTGTTAGCAAGGGCT, followed by ligation
into the blunted (Klenow) Ndel site of pET15b (Novagen, Madison, Wis.). The
plasmid for synthesis of recombinant hamster E47 DNA-binding domain (amino
acids 518 to 649) was produced by amplification of E47FD plasmid DNA (44)
with primers 5'-ACCATGGCTCCACGCACGCGCACCA and 5'-TCACAGG
TGCCCGGGCGGGTT prior to ligation into the Ecl136II site of pBluescript
KS(+).

Production of recombinant proteins. Recombinant EBF (24-429) was pro-
duced in E. coli Rosetta (DE3) (Novagen). Single colonies were picked from
plates of freshly transformed bacteria and inoculated into Luria broth supple-
mented with carbenicillin (500 wg/ml), chloramphenicol (34 wg/ml), and 1 pM
zinc acetate. At an optical density at 600 nm of 0.6, cultures were induced with
1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) for 3 h with subsequent har-
vest of bacteria by centrifugation. Bacterial pellets were resuspended in ice-cold
binding buffer (5 mM imidazole, 500 mM NaCl, 20 mM Tris-HCI [pH 7.9]),
mechanically lysed with a French press, and centrifuged for 60 min in a Sorvall
SS34 rotor at 15,000 rpm to remove bacterial debris. Soluble EBF(24-429)
protein was purified by using a His-Bind chromatography kit (Novagen) accord-
ing to the manufacturer’s instructions. After dialysis into 20 mM Tris-HCI (pH
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8.0), 1 M Na(l, and 5 mM 2-mercaptoethanol, protein was further purified by
using Superdex 200 size exclusion chromatography. The protein concentration
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TABLE 1. Quantitative (real-time) PCR analysis of mb-1
transcripts in murine B-cell lines

was determined by the Bradford assay (Bio-Rad). Protein purity was assessed by
using 4 to sodium dodecyl sulfate-20% polyacrylamide gel electrophoresis (SDS-
PAGE) and Coomassie brilliant blue staining.

The DNA-binding domain of hamster E47 (Pan-1; amino acids 518 to 649) was
synthesized by in vitro transcription and translation as described previously (11).

Nuclear protein extracts and EMSAs. Preparation of nuclear extracts, prep-
aration of DNA probes, and EMSA were performed according to Fitzsimmons
et al. (10) with only slight modifications: electrophoretic mobility shift assay
(EMSA) reactions did not include detergents, and nondenaturing gels were
prepared with 0.5 Tris-borate-EDTA. Pairs of oligonucleotides used for EMSA
in Fig. 4 were as follows: murine mb-1 promoter wild-type distal region (5'-TA
AAGCCCAGGTGCAGGGCAGTTC and 5'-TAGAACTGCCCTGCACCTG
GGCTT); mb-1 promoter mutated distal region (5'-TAAAGCCCTGGTGC
AGGGCAGTTC and 5'-TAGAACTGCCCTGCACCAGGGCTT); murine
immunoglobulin heavy chain (n) enhancer pES site (5'-TCGAGATCAGAA
CCGGAACACCTGCAGCA and 5'-TCGATGCTGCAGGTGTTCCGGTT
CTGATC); mutated pES site (5'-TCGAGATCAGAACCGGAAAACCTTC
AGCA and 5'-TCGATGCTGAAGGTTTTCCGGTTCTGATC); and murine
w enhancer wE3 site (5'-TCGAGAAGCAGGTCATGTGGCAGTACT and
5'-TCGAAGTACTGCCACATGACCTGCTTC). Antisera used in EMSA
supershift experiments (except for the EBF-specific antiserum produced by
M. Sigvardsson) were obtained from Santa Cruz Biotechnology. The probe in
Fig. 6 was comprised of the oligonucleotides 5'-CTAGAGAGAGACTCAA
GGGAATTGTGGCCAGCCCAGGTGCAGGGCA and 5'-CTAGTGCCCT
GCACCTGGGCTGGCCACAATTCCCTTGAGTCTCTCT.

EMSA in Fig. 5 was performed by using nuclear proteins prepared by the
method of Schreiber et al. (41). The oligonucleotides used for EMSAs were as
follows: OCT sense (5'-TTCATTGATTTGCATCGCATGAGACGCTAACAT
CGTACGTTC) and antisense (5'-GAACGTACGATGTTAGCGTCTCATGC
GATGCAAATCAATGAA), EBF sense (5'-GAGAGAGACTCAAGGGAAT
TGTGG) and antisense (5-CCACAATTCCCTTGAGTCTCTCTC), pES
(E2A) sense (5'-GGCCAGAACACCTGCAGACG) and antisense (5'-CGTCT
GCAGGTGTTCTGGCC) and CDI19 (Pax-5) sense (5'-GCAGACACCCATGG
TTGAGTGCCCTCCAGG) and antisense (5'-CCTGGAGGGCACTCAACCA
TGGGTGTCTGC).

Transient transfections and luciferase assays. Lymphoid cells were transiently
transfected as previously described (44). For HeLa cell transfections, 500,000
cells were transfected with Lipofectin (Life Technologies) according to the man-
ufacturer’s instructions. Cells were harvested after 40 h, and protein extracts
were analyzed by using the dual luciferase assay kit (Promega).

Western blot detection of proteins. Western analysis was performed as previ-
ously described (44). Pax-5, E2A, and EBF-specific antibodies were obtained
from Santa Cruz Biotechnology. Detection of the secondary antibody was ob-
tained by using the ECL system (Amersham).

DNA microarray analysis. Affymetrix analysis was performed with biotin-
labeled cRNA obtained by in vitro transcription from double-stranded cDNA
from the indicated cell lines. Then, 15 pug of cRNA was hybridized to Affymetrix
murine genome U74Av2 microarrays (interrogating 12,000 genes and expressed
sequence tags) in an Affymetrix GeneChip hybridization oven 320, developed by
the addition of fluorescein isothiocyanate-avidin, and washed by using an Af-
fymetrix GeneChip Fluidics Station 400. Detection was performed by using an
HP gene array scanner at X100. All measurements were normalized to zero
mean and unity variance. Standard Pearson correlation coefficients were deter-
mined for data obtained from 12 different measurements. Calculations were
carried out by using the R statistical computing package (ref http://www.r
-project.org/).

RESULTS

Expression of the mb-1 gene is modulated during B-cell
development. Prior to identifying sequences that regulate mb-1
promoter function in vivo, we quantitated levels of mb-1 tran-
scripts in murine cell lines representing various stages of B-cell
development with a sensitive “real-time” PCR assay. For each
cell line, total RNA was converted to cDNA for quantitative
PCR analysis by using mb-1 gene-specific primers. All deter-
minations were normalized to levels of B-actin transcripts. The
analysis (Table 1) showed that all of the cell lines express

Relative concn

Developmental Immunoglobulin

Cell line stage” gene status” of mb-I
transcripts®

Ba/F3 Pro-B All GL 24 +03
40E1 Pre-B w, GL 471.1 = 0.1
18-81 Pre-B w, GL 245.6 = 0.3
70Z/3 Pre-B w, k¢ 2153 0.2
70Z/3 + LPS°¢ Pre-B M, K 99.0 = 0.2
WEHI-231 Imm-B My K 233.9 £ 0.1
Mi12.4.1 Mature v, K 199.5 = 0.2
A20 Mature (GC) v, K 225 0.2
K46 Mature (GC) Y, K 61.8 £0.2
CHI12-IgM* Mature W, K 156.5 £ 0.6
CHI12-IgA™ Mature a, K 113.8 = 0.1
S194 Plasma cell a, K 1.0+ 0.3
J558L Plasma cell of, N 42=+02

“ ImmB, immature or naive B cell; GC, germinal center.

® GL, germ line or unrearranged genes. Expression of heavy-chain (, v, or «)
and light-chain (GL, k, or \) gene is indicated (1, 7, 24, 25, 38, 42, 50, and 52).

¢ Fold increase versus S194 cells.

9k genes in 70Z/3 cells are only expressed after incubation of cells with
bacterial lipopolysaccharide.

¢ LPS, lipopolysaccharide.

/CHI2 cells undergo heavy-chain class switching in culture to express IgA («
chains). The IgM ™ and IgA™ populations were derived by staining and sorted to
enrich for the cell surface isotypes.

& Heavy-chain genes are deleted in these cells.

significant levels of mb-1 transcripts, with the exceptions of
Ba/F3 pro-B cells and terminally differentiated S194 and J558L
plasmacytoma/myeloma cells, which had nearly undetectable
levels of transcripts. In cell lines representing pre-B cells and
intermediate stages of differentiation, levels of transcripts var-
ied over a wide range but were similar between cells at similar
stages of development. Abelson virus-transformed pre-B cell
lines 40E1 and 18-81, immature (IgM™) B-cell lymphoma
(WEHI-231), and a more mature (IgG*) B-cell lymphoma
(M12.4.1) expressed high levels of transcripts (ranging from
471.1- to 199.5-fold greater than S194 cells). Treatment of
70Z/3 pre-B cells with bacterial lipopolysaccharide, which ac-
tivates Igk transcription in these cells (42), decreased expres-
sion by one-half, but levels remained high relative to terminally
differentiated cells. In contrast, B lymphoma cells with a ger-
minal center B-cell-like phenotype (A20 and K46 [7]) ex-
pressed much lower levels (22.5- to 61.8-fold) of mb-1 tran-
scripts, suggesting changes in the binding of factors to mb-1
gene regulatory elements at this stage of development. Inter-
mediate levels of transcripts were detected in CHI12 cells,
which decreased somewhat after spontaneous immunoglobulin
heavy-chain class switching from IgM- to IgA-expressing cells
(156.5 to 113.8-fold). The data suggest that mb-1 transcription
is modulated at different stages of B-cell development.

In vivo footprinting detects occupancy of mb-1 promoters by
multiple factors. Detection of different levels of mb-1 tran-
scripts in the cell lines suggests that promoter function is mod-
ulated by trans-acting factors in a stage-specific fashion during
cell differentiation. To identify how occupancy of factor bind-
ing sites changes at various stages of differentiation, we per-
formed in vivo footprinting assays on the cell lines shown in
Table 1. Figures 1 and 2 show patterns of guanine cleavage
after DMS modification and detection by using LM-PCR. In
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each experiment, patterns obtained from intact viable cells
were compared with naked DNA methylated in vitro. A ladder
of guanine and adenine cleavage was electrophoresed in par-
allel to provide reference markers. To quantitate differences
observed between cell samples, we prepared histograms of
footprinting data from four representative cell lines (Ba/F3,
18-81, A20, and S194) and control DNA by using a Molecular
Dynamics Phosphorimager and ImageQuant software.

First, we used the in vivo footprinting assay to detect pro-
tected regions on the sense strand of the mb-1 promoter be-
tween —197 and —39 (Fig. 1A). Histograms of representative
data are shown in Fig. 1B. Patterns of bands detected by using
DNA obtained from nonexpressing Ba/F3, S194, and J558L
cells (lanes 1, 12, and 13) were indistinguishable from that
generated with control DNA (lane 14), suggesting that mb-1
promoters are not occupied by regulatory proteins in these
cells, or that occupancy is not stable in a significant fraction of
cells. In contrast, evidence of protected sequences was ob-
tained in pre-B, immature B, and more mature cells in three
distinct regions of the distal promoter sense strand (SPR1, -2,
and -3). Protection of guanines between —170 to —140 was
observed in each of the pre-B cell lines (lanes 2 to 5), in
WEHI-231 and M12.4.1 cells (lanes 6 and 7), and in CH12
IgM™ cells (lane 10). A slight diminution of protection was
observed in CH12 IgA™ cells, which have undergone IgH class
switching (lane 11). Weak protection (50% relative to Ba/F3)
over this region was observed in cells with germinal center
B-cell phenotypes, A20 and K46 (lanes 8 and 9).

Electrophoresis of samples for an extended period (Fig. 1C
and D) resolved details of protection of guanine residues at
—170, —169, and —168 in 40E1 pre-B cells (lane 2). Protected
bases include predicted contacts within one of the two half sites
recognized by EBF (5'-AGACTCAAGGGAAT) in vitro (17,
19). Unexpectedly, additional protected regions, including two
protected guanines at —163 and —161 (SPR2), and —151,
—150, and (to a lesser degree) —148 (SPR3) were detected
that had not been identified previously as factor binding sites.
Further downstream, strongly enhanced modification (hyper-
sensitivity) of the guanine at —140 was detected. Overall, the
patterns suggest binding of the promoter by EBF and addi-
tional factors at downstream sites in early B cells.

Evidence was obtained for factor binding to two other re-
gions of the promoter sense strand in vivo. A single base at
—86, which corresponds to a guanine adjacent to the base pair
contacted by Ser133 of Pax-5 in the Pax-5:Ets-1 crystal struc-
ture (13), is hypersensitive to cleavage in all cell lines express-
ing high levels of mb-1 transcripts (Fig. 1A and B). Diminished
but significant hypersensitivity of this base was detected in A20
(Fig. 1B) and K46 lymphoma cells. In all mb-1-expressing cells,
strong protection was observed at —53 (and less at —52) within
the Ets protein binding site of the basal control region of the
promoter. Protection of these sites was not detected in Ba/F3,
S194, or J558L cells. Interestingly, although previously shown
to be functionally important in transfection assays (47), pro-
tection of the Sp1 binding site identified adjacent the proximal
Ets site was not detected. Also, protection of bases —111/—110
within the sequence 5'-ATGGCAAAT, which was reported to
be a low affinity binding site for Oct-2 in vitro, was not ob-
served in any of the cell lines (28).

Figure 2A and B show in vivo footprinting and histograms of
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FIG. 1. In vivo footprinting analysis of the mb-I promoter sense
strand. Cell lines indicated at top were treated with DMS and cleaved
with piperidine prior to amplification of mb-1 promoter sense strand
cleavage products by using ligation-mediated PCR. (A) Protection and
cleavage of sense strand between —39 and —197. Protected regions
and approximate locations of factor binding sites are indicated at right.
SPR sense strand protected region. (B) Histograms of cleavage prod-
ucts detected in panel A. Histograms shown for lanes 1 (Ba/F3), 3
(18-81), 8 (A20), 12 (S194), and 14 (J558L naked DNA) were prepared
by using ImageQuant software (Molecular Dynamics). All plots are
shown to the same scale. Significant differences between peak inten-
sities are highlighted. Factor binding sites and/or sense strand pro-
tected regions are indicated above. Note reduced signals at EBF/SPR1,
SPR2, and SPR3 sites only in 18-81 cells. Hypersensitivity at —86 is
detected in 18-81 and A20 cells. Proximal Ets site (—53/—52) is pro-
tected in 18-81, less so in A20 cells. (C) Protection and cleavage
products of sense strand between —123 and —197. (D) Histograms of
cleavage products detected in panel C. Histograms are shown for lanes
2, 3, and 4.

the antisense strand between —97 and —188. Again, patterns
obtained from Ba/F3, S194, and J558L cells are nearly identical
with the pattern obtained from methylation of naked DNA in
vitro (lanes 2, 13, and 14). In contrast, pre-B cells (lanes 3 to 6),
immature B cells (lane 7), and more mature B cells (lanes 8, 11,
and 12) showed strong protection of the guanine at —173
(antisense strand protected region 1 [APR1]) within the up-
stream half site contacted by EBF (5'-GAGTCT [17]). Protec-
tion of these regions was lacking in A20 and K46 cells (lanes 9
and 10). We conclude that EBF sites are occupied in pre-B
cells, but EBF sites are not occupied in cells representing later
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FIG. 1—Continued.

stages of development. Protection of the guanine at —153
(APR2) and enhancement of the adjacent guanine at —152 was
detected in all cells expressing high levels of mb-1 transcripts,
was less pronounced in CHI12 cells, and was not detected in
A20 and K46 lymphoma cells. Weak protection of the guanine
at —147 (APR3) was also detected. Protection of guanines
within APR1, APR2, and APR3 was detected coordinately.
Thus, similar to data from the sense strand, the data support
binding of EBF to the promoter in cells that express high levels
of mb-1 transcripts (e.g., 18-81), but not in cells expressing only
low (e.g., A20) or absent levels of transcripts (e.g., S194).

A complex pattern of protection and hypersensitivity was
detected within the region encompassing binding sites for Pax-
5:Ets ternary complexes (Fig. 2C and D). Similar patterns of
protection were evident in pre-B cells, WEHI-231, and
M12.4.1, and to a lesser degree CH12 cells. As with the hyper-
sensitive base at —86 on the sense strand, A20 (and K46 [data
not shown]) exhibited reduced, but significant protection of the
Pax-5:Ets binding site on the antisense strand (Fig. 2D). Pat-
terns included protection of the guanine at —85, which is a

contact for Ser133 within the Pax-5 carboxy-terminal subdo-
main (13), and of the guanine at —84, which reflects contacts
made on either side by Ser133 and Argl37. Protection of the
guanine at —83 was weakly detected. Enhanced methylation of
the guanine at —74, which is present within a region of the
phosphodiester backbone contacted by the linker connecting
the amino- and carboxy-terminal subdomains of Pax-5, corre-
lates with protection of flanking bases. The guanine at —71,
although less reactive with DMS overall, was protected in mb-
1-expressing cells. This base, which is contacted by His62 in the
crystal structure, is a key contact for DNA binding by Pax-5
(51). Very strong protection observed at guanines at —68/—-69
corresponds to the GGA core recognized by Ets partners of
Pax-5. Protection of these two bases was detected coordinately
with protection and/or enhancement at known Pax-5 contacts.
Therefore, as predicted by in vitro studies, Pax-5 and Ets bind-
ing sites are occupied in concert in vivo. Protection was not
observed over the entire Pax-5:Ets ternary complex site in
nonexpressing Ba/F3, S194, or J558L cells. In accord with data
from the sense strand, protection of the single guanine within
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FIG. 2. In vivo footprinting analysis of the mb-1 promoter antisense strand. Cell lines indicated at top were treated with DMS and cleaved with
piperidine prior to amplification of mb-I promoter antisense strand cleavage products by using ligation-mediated PCR (see Materials and
Methods). (A) Protection and cleavage of antisense strand between —188 and —97. Protected regions and approximate locations of factor binding
sites are indicated at right. APR antisense strand protected region. (B) Histograms of cleavage products detected in panel A. See Fig. 1B for details.
Histograms are shown for lanes 2, 4, 9, 13, and 15. Note reduced signals in 18-81 cells at EBF/APR1, APR2, and APR3. (C) Protection and cleavage

products of antisense strand between —122 and —48. Guanines discussed in the text are indicated at left. The guanine at

—74 is hypersensitive to

DMS modification in mb-1-expressing cells. (D) Histograms of cleavage products detected in panel C. Histograms are shown for lanes 2, 4, 9, 13,

and 15. The bipartite paired domain of Pax-5 makes two sets of contacts.

the proposed Oct-2 binding site (—109) was not detected in
any of the cell lines. Evidence for binding by Pax-5:Ets ternary
complexes was obtained in all cells expressing mb-1 transcripts.
We could not confirm binding of the promoter by Oct proteins
in vivo.

SPR3 and APR2/3 comprise an E box. Nucleotide sequences
within the newly identified protected regions of the promoter
did not suggest the identity(ies) of protein(s) that interact with
SPR2, however, the region including SPR3, APR2, and APR3
(5'-CCAGGTGC) includes a consensus binding site (E box)
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FIG. 3. Specific binding of nuclear extract and recombinant E2A
proteins to an mb-1 promoter distal region (—136 to —157) probe in
vitro. All complexes were detected by using a Molecular Dynamics
PhosphorImager. (A) Binding of B-cell nuclear extract proteins to the
mb-1 distal region is specifically inhibited by wild type, but not mutated
mb-1 promoter sequences. EMSA was performed by incubating 2 pg
of crude 40E1 pre-B-cell nuclear protein with the promoter probe in
the presence of increasing amounts of unlabeled double-stranded oli-
gonucleotides as shown prior to fractionation on a nondenaturing
polyacrylamide gel. Mutated (mut) competitors have a single base
change in the E2A consensus site (5'-CAGGTG to 5'-CTGGTG).
(B) E2A-specific antisera supershift mb-1 promoter distal region com-
plexes. EMSA was performed as in panel A, except that specific anti-
sera were included (at 1:50 final dilution) during binding reactions.
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recognized by basic helix-loop-helix proteins (5'-CANNTG).
More specifically, the sequence 5'-CAGGTG matches the
binding sites identified for the E24 gene-encoded E proteins,
which bind this sequence either as E47-E47 homodimers or as
E47-E12 heterodimers (6, 49). To identify proteins that bind
this site, we performed EMSA by using crude nuclear extract
proteins from 40E1 pre-B cells and a **P-labeled double-
stranded oligonucleotide probe comprising —157 to —137 of
the wild-type mb-1 promoter. As shown in Fig. 3A, a single
low-mobility band was detected. The specificity of complex
formation was demonstrated by inhibiting binding with in-
creasing amounts of unlabeled wild-type oligonucleotides
(lanes 3 to 5) but not mutated oligonucleotides (lanes 6 to 8
[5'-CAGGTG] is changed to [5'-CTGGTG]). Proteins in the
complexes were further identified by competition with oligo-
nucleotides comprising the wES site of the murine immuno-
globulin heavy-chain enhancer (lanes 9 to 11), which includes
an E2A binding site (22, 33). Similar to the mb-I1 sequence,
mutation of a single base pair of the consensus site blocked
competition in vitro (lanes 12 to 14). Assembly of complexes
was not inhibited by 1,000-fold excess oligonucleotides com-
prising the heavy-chain enhancer pE3 E box, which binds re-
lated bHLH proteins (TFE3), but not E2A proteins (5).

The presence of E47 and/or E12 in these complexes was
confirmed by the addition of specific antisera to binding reac-
tions prior to EMSA (Fig. 3B). Antisera generated against
common epitopes in E12 and E47 (Yae; lane 6), or specific for
E12 (lane 7) or E47 (lane 8) further retarded migration of the
specific complexes. In contrast, no effect was seen in the pres-
ence of preimmune antisera, with specific antibodies raised
against AMLI (lane 4), EBF (lane 5), other proteins that bind
E boxes including TFE3, USF1, and ZEB (lanes 9, 10, and 12),
or MEF2. No reactivity was detected by using antisera raised
against cMyc, Pax-5, PU.1, or Ets-1 (data not shown). We
conclude that the complexes are comprised of E47 and/or E12,
but the significant cross-reactivity of the antisera employed
here prevents a more definite identification of these proteins.

E47 and E12 are likely components of mb-1 promoter com-
plexes, but we did not determine whether E2A proteins bind
the promoter independently of other proteins. To answer this
question, we performed EMSA by using in vitro-translated
recombinant E47 (hamster Pan-1) DNA-binding domain (E47-
DBD; amino acids 518 to 649) proteins as in Fig. 3A. Specific
binding and competition detected was very similar to that de-
tected by using pre-B-cell nuclear extracts (Fig. 3C). Thus, we
conclude that the mb-1 promoter includes a target site for E2A
proteins.

Functional requirements for factor binding sites. The in
vivo footprinting data (summarized in Fig. 4A) suggest that the
mb-1 promoter is differentially occupied at different stages of
development. To determine the relative contributions of factor
binding sites for mb-1 promoter transcription, we quantitated

(C) Binding of recombinant E47 to the mb-1 promoter distal region.
Hamster E47 (Pan-1) DNA-binding domain (residues 518 to 649) was
synthesized by translating synthetic RNA in vitro by using reticulocyte
lysates. Binding reactions were performed with 2-ul lysates as shown.
“No RNA” indicates unprogrammed lysate. DNA competitors and
concentrations are identical to those used in panel A.
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FIG. 4. Protection of sequences from DMS in footprinting assays correlates with requirements for mb-1 promoter activity in transfected cells.
(A) Summary of results from in vivo footprinting and mb-1 promoter mutations tested in panel B. Sequences of the murine mb-1 promoter (—197
to +29, including the translational start codon) are shown with previously mapped sites of transcriptional initiation (47). Approximate binding sites
for factors are labeled above and underlined between strands. Guanines and adenines protected in footprinting assays are indicated by open circles
for each strand. Guanines showing enhanced cleavage (hypersensitivity) are indicated by closed circles. Mutations tested in panel B (relative to
sense strand sequences) are indicated below sequences as lowercase case letters. (B) Functional requirements for mb-1 promoter factor binding
sites in transfected cells. Plasmids with wild-type or mutated mb-1 promoter sequences (as in panel A) indicated at left were introduced into Ba/F3
pro-B cells, 18-81 pre-B cells, or A20 lymphoma cells in short-term transfection assays as shown. Luciferase activities were determined relative to
the TATA plasmid control (see Materials and Methods) and represent the means of three experiments.

effects of mutations in a minimal functional promoter segment
(—185 to +25) linked to a firefly luciferase reporter gene in
short-term transfection experiments. Sequences tested (Fig.
4A) included mutations disrupting either of the EBF half-sites
(M1 and M2), Pax-5 (MS5), and Ets (M6) ternary complexes, or
the proximal Ets site (M7). We also introduced mutations in
SPR2 (M3) and APR2/APR3/SPR3 (M4). To obtain an esti-
mate of their relative functional activity, we transfected a re-
porter plasmid containing only a TATA box upstream of the
luciferase gene (TATA). Three different cell lines were trans-
fected representing pro-B (Ba/F3), pre-B (18-81), and more
mature B cells (A20), in which different levels of endogenous
mb-1 expression (absent, high, or low, respectively) and DMS
protection patterns were detected.

We first tested the dependence of promoter activity on fac-
tor-binding sites in pro-B cells (Ba/F3). These cells do not
express endogenous mb-1 transcripts (Table 1), but activity of
the transfected promoter was detected (Fig. 4B). This is some-
what surprising, considering the lack of endogenous mb-1 ex-
pression in these cells. However, it is important to note that the
transcription detected is exaggerated due to the very high
transfection efficiency of Ba/F3 cells. Moreover, these assays
test the activities of promoter constructs in the absence of
chromatin, which would normally be expected to repress pro-
moter function in the absence of early B-cell-specific activa-
tors. Notably, EBF site mutations M1 and M2, E-box mutation
M4, and M6, the Ets site involved in cooperative activation
with Pax-5, did not affect promoter function; therefore, these

sites are not functional in Ba/F3 cells. A small decrease was
observed with the M3 mutation of the SPR2 site. Of the mu-
tations tested, only the M7 mutation in the proximal Ets bind-
ing site had a large effect on promoter function (decreased to
one-eighth of wild-type levels). We conclude that, of the se-
quences tested, only the proximal region within the basal pro-
moter is fully functional in these cells.

The promoter showed relatively higher activity in 18-81
pre-B cells (similar results were obtained in 230-238 pre-B cells
[data not shown]) depending on binding sites for early B-cell-
specific factors. Either of two (M1 and M2) mutations that
disrupt EBF binding (21) reduced promoter function to less
than half that of the wild type. A similar effect was observed
with mutation of SPR2 (M3). Mutation of the E box (M4) also
resulted in reduced promoter activity. The most dramatic de-
creases in promoter function were observed with mutations of
Pax-5 (MS5) or the ternary complex Ets sites (M6) and within
the proximal Ets binding site (M7).

In contrast with pre-B cells, A20 (and K46) cells express only
low levels of endogenous mb-1 transcripts. Footprinting data in
these cells suggested a lack of occupancy of EBF and E2A
binding sites. In transfected A20 cells, mutations of these sites
(M1, M2, or M4) had only small effects on promoter function
relative to pre-B cells. In contrast, mutations in the Pax-5 or
Ets ternary complex sites (M6 or M7) decreased activity to
one-half and one-third of the wild type, respectively, a finding
consistent with detection of Pax-5:Ets ternary complexes in
these cells (J. Hagman, data not shown). As with other cell
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Pax-5 proteins in cell lines. (A) Western analysis of protein expression
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pre-B, A20 lymphoma, or S194 plasmacytoma cells were lysed, and
proteins were electrophoresed on SDS-PAGE gels. Proteins were
Western blotted and probed with antibodies specific for E2A, EBF, or
Pax-5. (B) EMSA analysis of Oct-1, Pax-5, E2A, and EBF DNA-
binding activities in B-cell line nuclear extracts. Binding of similar
amounts of nuclear extract proteins was tested by using >*P-labeled
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lines, the greatest effects were observed with mutation of the
proximal region Ets binding site (M7), which decreased pro-
moter function to 7% of that of the wild type. We conclude
that EBF and E2A play a lesser role in activating the mb-1
gene in these cells, whereas Pax-5:Ets ternary complexes are
important for promoter function.

Functional data from transfection assays suggest that early
B-cell-specific factors may be present at different levels in B
cells representing different stages of development. Therefore,
we performed Western blotting analyses of cell extracts ob-
tained from similar numbers of Ba/F3 pro-B, 18-81 AMuLV-
transformed pre-B, K46 lymphoma, and S194 plasmacytoma
cells with specific antibodies to quantitate relative concentra-
tions of E2A, EBF, and Pax-5 proteins (Fig. SA). Concentra-
tions of E2A proteins varied over a two- to threefold range,
with higher expression observed in Ba/F3 and 18-81 cells. In
contrast, 18-81 cells expressed high levels of EBF, whereas the
other cell lines expressed only low levels of this factor. Pax-5
was not detected in Ba/F3 or S194 cells, but similar amounts
were detected in 18-81 and K46 cells (and A20 cells, data not
shown). Next, we performed EMSA with Pax-5-, EBF-, or
E2A-specific probes to assess the levels of functional DNA-
binding proteins in nuclear extracts derived from these cells
(Fig. 5B). As a control, we detected similar levels of Oct-1

REGULATION OF mb-1 TRANSCRIPTION 8547

24
20
16

12

Fold activation

$ % '\ > g > > > S
P 2B S R S QRO S C S 23
)@ 0 p PR
06s 03? qé‘ V?:a‘}o Vb:@og

FIG. 6. EBF and E47 synergistically activate the mb-1 promoter in
transfected HelLa cells. Luciferase reporter plasmids with wild-type or
mutated promoters were cotransfected with plasmids for expression of
full-length murine EBF, full-length hamster E47 (Pan-1), or E47(407-
649) as indicated below. The Adistal promoter, which lacks mb-1 pro-
moter sequences upstream of the Ndel site (at —112; deleted se-
quences include the EBF and E2A binding sites) was tested by itself or
with coexpressed EBF and E47. All values were normalized to cotrans-
fected Renilla luciferase activity and represent the means of four ex-
periments.

binding to an octamer site with each extract. In support of the
Western data, binding of the Pax-5 probe was similar with
18-81 or K46 extracts but was not detected with Ba/F3 or S194
extracts. EBF binding was only significantly detected with
18-81 extracts. In contrast with detection in Western assays,
binding of E2A proteins (as BCF-1 [2, 23, 43]) was only de-
tected in 18-81 cells, suggesting that the protein is functional
only in the pre-B-cell line (the faster-migrating band detected
with S194 cell extracts does not react with anti-E2A antibod-
ies). Overall, patterns of protection observed in footprinting
assays (Fig. 1 and 2), detection of proteins in Western blots
(Fig. 5A), and detection of functional DNA-binding activities
in EMSA (Fig. 5B), are consistent with active E2A proteins in
pre-B cells and posttranslational inhibition at other stages of
B-cell development (33, 40). In summary, differences in the
expression of EBF and Pax-5 were detected that may account
for the relative contributions of their binding sites to mb-1
promoter activity in cells at different stages of differentiation.

Synergistic activation and binding of the mb-1 promoter by
EBF and E47. The proximity of E2A and EBF binding sites in
the mb-1 promoter suggested that they functionally interact on
this control module. To this end, we cotransfected HeLa epi-
thelial cells with vectors for expression of full-length EBF
and/or the E24-encoded E47 protein together with mb-1 pro-
moter/luciferase reporter plasmids. As shown in Fig. 6, EBF
activated the promoter fivefold by itself, while full-length E47
activated the promoter 2.5-fold. However, coexpression of
these two activators synergistically increased mb-1I transcrip-
tion by 22-fold. Expression of the bHLH DNA-binding domain
of E47 (residues 407 to 649) with EBF also activated the
promoter synergistically but to a lesser degree (15-fold) than
did full-length E47. This result is explained by the presence of
potent activation domains in EBF, which appear to be suffi-
cient for promoter activation in the absence of activation do-
mains of E47. As a control, deletion of the distal region of the
promoter (upstream of —112), including EBF and E-box bind-



8548 SIGVARDSSON ET AL.

ing sites resulted in the nearly complete loss of transactivation
by EBF and E47.

To address whether synergistic activation by EBF and E47 is
a function of cooperative binding to the promoter, we per-
formed EMSA to measure binding by recombinant EBF (res-
idues 25 to 429) in the absence or presence of recombinant E47
DNA-binding domain (amino acids 518 to 649). As shown in
Fig. 6, increasing amounts of EBF resulted in a single band at
lower concentrations (lanes 2 to 4), and a slower-migrating
band indicative of higher-order multimers (17) at higher con-
centrations (EBFx4 in lane 5). Binding of EBF was not affected
by the addition of a 1,000-fold excess of E2A binding sites
(lane 6). In lanes 7 to 12, the binding of similar concentrations
of EBF was tested in the presence of a constant amount of E47
(E47 DBD). At higher concentrations of EBF (lane 11), an
additional band was detected that migrated slightly faster than
that observed for EBFx4. This band was selectively competed
for by excess E2A binding sites, as was the binding of the E47
DBD itself (lane 12). We conclude that, although EBF and
EA47 each bind the promoter independently, binding by these
proteins is at best weakly cooperative. Weak cooperativity be-
tween these proteins may explain the synergistic activation of
the promoter by these proteins in transfected cells. However,
other factors, including proteins that bind the SPR2 site, co-
activators, etc., may enhance their functional synergy in vivo.

DNA microarray analysis of regulatory factor and B-cell-
specific target gene expression. Binding of the mb-1 promoter
by three cell type-specific factors suggests their combinatorial
regulation of its function in early B cells. To establish a func-
tional hierarchy of these genes with regard to their abilities to
regulate mb-1 transcription, we performed microarray analysis
to simultaneously measure RNA levels from the mb-1 gene
and other genes of interest. Data were generated by hybidiza-
tion of cRNA samples generated from cell lines, including
Ba/F3 pro-B cells (three different subclones), pre-B cells
70Z/3, 18-81, 230-238, and 40E1, immature WEHI-231 cells,
and later-stage B cells A20, K46, and M12, to Affymetrix chips.
The data were then used to investigate how differences in
expression levels of transcription factors and other early B-cell-
specific genes relate to levels of mb-1 transcripts. The genes
were selected based on their suggested ability to direct mb-1
transcription, or potential for coordinated biological functions
with the mb-1-encoded protein, Iga. Data were normalized to
mean zero and standard deviation one for calculation of the
Pearson correlation coefficient (R) between mb-1 and other
genes (see Materials and Methods). In this analysis, a value of
R = 1 indicates a perfect positive correlation between levels of
expression of mb-1 and a second gene (or itself), whereas R =
0 suggests no correlation. A value of R = —1 would indicate a
perfect negative correlation.

Table 2 shows correlation coefficients obtained from analysis
of microarray data. R values were determined between pairs of
determinations, with one always equal to levels of mb-1 expres-
sion (therefore, mb-1 is reported on the table as “1”). Notably,
the greatest positive correlation was observed between levels
of mb-1 and ebfI transcripts (R = 0.980). Although mb-1 tran-
scripts did not correlate with E24 transcripts (R = —0.120),
E2A proteins are primarily regulated posttranslationally. How-
ever, the greatest negative correlation was observed between
mb-1 and transcripts encoding Id1, a competitive repressor of
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TABLE 2. DNA microarray analysis of gene expression
in B-cell lines

Correlation

Gene coefficient (R)*

I .o 1

ebfI .. 0.980
B29... 0.797
bink....... 0.786
pax-35 ... 0.666
elf-1....... 0.571
TR LY S 0.514
OCA-B/obf-1/bob-1 0.311
elf-3... 0.254
blk..... 0.227
E24... —0.120
spi-B —0.149
ld4......... —0.301
CIK- .ttt —0.333
CURT e e —0.451
AT ittt —0.597

¢ Pearson correlation coefficients (R) were determined by using data obtained
from 12 different measurements (see Materials and Methods). Each value was
determined for expression of each test gene versus mb-1 for cell lines as shown.
Calculations were carried out using the R statistical computing package (http:/
Wwww.r-project.org/).

E2A proteins (R = —0.597). A relatively high correlation, but
lower than that of ebf], was observed between mb-1 and pax-5
transcripts (R = 0.666). Expression of other factors was all
significantly less related to mb-1 and ebfI. Of other B-cell-
specific target genes, blnk (0.786) and B29 (R = 0.797) showed
high positive correlations with mb-1, suggesting that they are
partially coregulated. In contrast, only a very low correlation
was observed between mb-1 and blk, suggesting that these
genes are differentially regulated.

DISCUSSION

Multiple factors collaborate to regulate mb-1 transcription.
In this report, we show that mb-1 transcription correlates with
occupancy of multiple promoter binding sites by factors in vivo.
Using in vivo footprinting, we identified at least six factor
binding sites and showed their importance for transcription in
early B cells. Each of the sequences protected from DMS
modification in intact cells contributed to promoter function in
a cell type-specific manner, as evidenced by decreased activity
of mutated promoters in short-term transfection assays. These
data are supported by Western and EMSA analysis of proteins
in representative cell lines, which showed that levels of EBF
and Pax-5 proteins in cells correlate with protection of their
binding sites in footprinting assays and requirements for these
sites in mb-1 promoter function. DNA microarray experiments
identified a very close correlation between mb-1 and EBF
expression. Thus, the data suggest that mb-1 promoter function
is most directly regulated by levels of EBF, but all three factors
are important for high level mb-1 transcription in early B cells.
At later stages of development, decreased levels of expression
are mediated by Pax-5:Ets ternary complexes in the absence of
EBF and E2A activity.

Other data detected important roles for other regulatory
sites but also suggest a need to reevaluate the roles of sites
identified in previous studies. Mutation of the proximal Ets
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binding site greatly reduced functional promoter activity in all
three cell types tested in our transfection studies. In previous
studies, mutation of this site greatly decreased promoter activ-
ity (47). The sequence 5'-CAGGAAGT comprising the Ets
site is perfectly conserved between mice, human, and cattle
(16, 47, 53). We conclude that this site is crucial for basal
activity of the promoter. Nearby, another factor binding site
was identified previously just downstream of the proximal Ets
binding site (47). The site binds Sp1 in vitro, and its mutation
reduced functional promoter activity in transfected cells.
Methylation interference assays detected contacts with the un-
derlined residues in the guanine-rich site 5'-GAGGCGGAG;
however, we did not observe protection of these sequences
from DMS in intact B cells. The Spl1 site is not well conserved
between mb-1 promoters of mice and humans (5'-AGGGTG
GGG [16]), which may reflect a lack of functional conserva-
tion. Similarly, we did not obtain evidence for occupancy of the
octamer-like sequence identified as a potential target site for
Oct-1/Oct-2 proteins (28).

Cooperation between EBF and E2A proteins. Here, we
showed that in addition to EBF and Pax-5, transcriptional
activity of the mb-1 promoter is critically dependent on binding
of bHLH proteins encoded by the E24 gene. The data are
supported by studies in the laboratory of Y. Zhuang, who has
detected occupancy of the mb-1 promoter by E2A proteins in
vivo by chromatin immunoprecipitation (Y. Zhuang, unpub-
lished data). The mb-1 promoter E box (5'-CAGGTGCA) is
perfectly conserved between mice, humans, and cattle, suggest-
ing its importance for regulating transcription (16, 47, 53). In
vivo footprinting data suggest that EBF, E2A (it is not possible
to determine which combination of homo- or heterodimers
binds the promoter in vivo), and additional factors bind the
promoter as part of higher-order complexes in pre-B cells.
EBF and E2A (E47) synergistically activate the promoter in
HeLa cells, however, another protein may assist EBF and E2A
with assembly of ternary complexes, which is only weakly co-
operative in vitro (Fig. 7).

The binding of E2A proteins to the promoter contributes
additional transcription activation domains and may provide
chromatin remodeling functions required for activation of the
promoter. Recent studies showed that the conserved LDFS
motif in the AD1 domain of these proteins recruits the SAGA
histone acetyltransferase (HAT) complex (30). Thus, binding
of the promoter by E2A proteins may contribute HAT activity
for early events required for activation of mb-1I transcription.
EBF also contains multiple activation domains (19) and was
shown to alter the higher-order chromatin structure of one
target gene (A5) in a dose-dependent fashion (27). Similar
functions of these proteins may be necessary for activation of
the mb-1 gene.

Synergy between EBF and E2A controls the expression of
multiple genes in early B cells. EBF- and E2A-deficient mice
each lack normal B cells and exhibit a developmental block
early in B-cell differentiation (4, 26). Synergy between EBF
and E2A was inferred by studies in E24™/~ebfl™’~ heterozy-
gous null mice, which exhibited decreased B lymphopoiesis at
a later stage than that observed with either homozygous null
phenotype (37). E24™/~ebfl1*™'~ mice show reduced levels of
mb-1, \5, VpreB, RAG1, RAG2, pax-5, CD19, and Lymphoid
Enhancer Factor 1 (LEF-1) transcripts, with slightly reduced
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FIG. 7. DNA binding by EBF and E47. EMSA was performed by
using a labeled mb-1 promoter probe (—183 to —140), recombinant
EBF(24-429), and recombinant E47(518-649) as indicated above.
EBFx4 indicates a higher-order complex of EBF homodimers, likely
tetramers (17). EBF:E47 indicates a band that appears only when EBF
and E47 are combined. We included 1,000-fold excess oligonucleotides
comprising the nE5 E2A binding site in lanes 6 and 12.

expression of B29 and E12. Reduced expression appears to be
due to the lower frequency of expressing cells, which could
reflect decreased cell proliferation or survival but could also
reflect the inability of reduced levels of EBF and E2A proteins
to efficiently remodel target gene chromatin.

In further support of their functional interactions in vivo,
E2A and EBF can activate target genes in nonlymphoid cells.
NS5 and VpreB were activated in Ba/F3 pro-B cells by EBF and
“forced dimers” of E47 (45), and recent studies suggest that
these proteins activate mb-1 transcription in HeLa cells (M.
Sigvardsson, unpublished observations). In addition to our
studies of the mb-I promoter, evidence was obtained for co-
operative assembly of EBF:E47 ternary complexes on the A5
(37, 44) and VpreB (15) promoters. The molecular basis for
these interactions is not understood, but synergism between
the factors on the A5 promoter involves template-dependent
assembly of complexes requiring their respective DNA-binding
and dimerization domains (44).

Combinatorial control of mb-1 transcription. Our experi-
ments suggest that EBF, E2A, and Pax-5:Ets ternary com-
plexes collaborate for efficient transcription of the mb-1 gene
in early B cells. Coordinate detection of occupied factor bind-
ing sites suggests that these factors assemble higher order
structures, or “enhanceosomes” on the promoter similar to
those reported on the interferon beta promoter and T-cell
receptor a enhancer regions (14, 46). We propose that, to-
gether with binding of other factors, coordinated occupancy of
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the three early B cell-specific factor binding sites results in the
stabilization of factor binding and enhanced recruitment of
coactivators, etc., that mediate transcriptional activation.

In contrast with pre-B cells, lymphoma cells (A20 and K46)
with germinal center B cell phenotypes (IgG™ MHC class 11"
CD23* M177") showed little if any evidence of binding to the
distal region EBF and E2A sites. Reduced but significant pro-
tection was detected at Pax-5:Ets ternary complex sites. De-
tection of Pax-5:Ets site footprints, but not distal region foot-
prints, correlated well with the functional requirements for
Pax-5:Ets but not EBF or E2A sites in transfected A20 cells
and with levels of EBF (low), E2A (low), and Pax-5 (high)
proteins in these cells. Taken together, these data suggest that
EBF and E2A may be less important than Pax-5 for regulating
low-level mb-1 transcription at later stages of development. In
this regard, it will be interesting to determine whether normal
germinal center B cells, which undergo immunoglobulin heavy-
chain class switching and affinity maturation of antibody genes,
use similar mechanisms to downregulate mb-1 transcription.
Experiments with normal B-cell populations need to be per-
formed to confirm this hypothesis.

DNA microarray analysis suggests that EBF may be the
most crucial for initiating assembly of tissue-specific promoter
complexes. mb-1 transcription most closely reflects levels of
ebfI transcripts (R = 0.980), whereas other potential regulators
(e.g., pax-5) correlated less well with mb-1 transcripts. It is not
possible to accurately assess the level of functional E2A pro-
teins by this method, which is controlled posttranslationally by
Id proteins in a developmental stage-specific manner (re-
viewed in reference 31). However, the greatest negative cor-
relation was observed between mb-1 and Id1, a dominant-
negative regulator of E2A protein function. These data further
imply that mb-1 transcription is critically dependent on two
factors, EBF and E2A.

We propose that mb-1 transcription requires E2A and EBF
for its initial activation, but transcription is increased through
the binding of Pax-5 and its Ets partners. This hypothesis is
supported by studies of Pax-5-deficient mice, which show re-
duced but significant expression of the mb-1 gene (35). The
requirement for coexpression of EBF, E2A, and Pax-5 may
prevent transcription of mb-1 in other tissues that express
related proteins (i.e., Pax-2 and Pax-8). We currently do not
know how these proteins mediate each others binding to target
genes in vivo, but the functional contributions of these proteins
for chromatin remodeling, assembly of functional higher order
complexes, and other requirements for promoter activation
will be important areas for future study.
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