MOLECULAR AND CELLULAR BIOLOGY, Jan. 2007, p. 579-594
0270-7306/07/$08.00+0 doi:10.1128/MCB.01192-06

Vol. 27, No. 2

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Distinct Promoters Mediate the Regulation of EbfI Gene Expression
by Interleukin-7 and Pax5"f

Stephanie Roessler,' Ildiko Gyory," Sascha Imhof,' Mikhail Spivakov,> Ruth R. Williams,?
Meinrad Busslinger,” Amanda G. Fisher,” and Rudolf Grossched!'*

Max Planck Institute of Immunobiology, Department of Cellular and Molecular Immunology, 79108 Freiburg, Germany';

MRC Clinical Science Centre, Hammersmith Hospital, London W12 ONN, United Kingdom?; and
Institute of Molecular Pathology, Vienna, Austria®

Received 30 June 2006/Returned for modification 16 August 2006/Accepted 26 October 2006

Early differentiation of B lymphocytes requires the function of multiple transcription factors that regulate
the specification and commitment of the lineage. Loss- and gain-of-function experiments have provided
important insight into the transcriptional control of B lymphopoiesis, whereby E2A was suggested to act
upstream of EBF1 and Pax5 downstream of EBF1. However, this simple hierarchy cannot account for all
observations, and our understanding of a presumed regulatory network, in which transcription factors and
signaling pathways operate, is limited. Here, we show that the expression of the EbfI gene involves two
promoters that are differentially regulated and generate distinct protein isoforms. We find that interleukin-7
signaling, E2A, and EBF1 activate the distal EbfI promoter, whereas Pax5, together with Etsl and Pu.l,
regulates the stronger proximal promoter. In the absence of Pax5, the function of the proximal EbfI promoter
and accumulation of EBF1 protein are impaired and the replication timing and subcellular localization of the
EbfI locus are altered. Taken together, these data suggest that the regulation of EbfI via distinct promoters
allows for the generation of several feedback loops and the coordination of multiple determinants of B

lymphopoiesis in a regulatory network.

Early B-cell differentiation is a highly regulated process in
which a multipotential progenitor cell is converted into a cell
that expresses the B-cell antigen receptor. Several transcrip-
tion factors and signaling pathways have been implicated in the
regulation of this process. In particular, the transcription fac-
tors Ikaros and Pu.l are involved in the regulation of steps
preceding the generation of common lymphoid progenitors
(CLPs). Pu.1-deficient mice lack B cells, T cells, granulocytes,
and monocytes, and they have reduced numbers of multipo-
tential progenitors (44, 45). Pu.1 has been shown to regulate
the expression of the Flt3 gene and the interleukin-7 receptor
(IL-7R) o gene (7). Both signaling pathways are important for
the generation of B cells as mice lacking both Flk2/FIt3 and
IL-7R fail to develop B-lineage cells in fetal liver and bone
marrow, which are sites for fetal and adult lymphopoiesis,
respectively (49). IL-7 signaling results in the activation of the
STATS5a/b transcription factors, and consistent with their pre-
sumed role in IL-7 signaling, the lymphoid defect in mice
carrying a targeted mutation in the IL-7Ra gene can be res-
cued by expression of a constitutively active form of STATS
(15). Recent analysis of IL-7-deficient mice showed that the
number of CLPs is not significantly changed, but the ability
to differentiate into B-lineage cells is greatly diminished in
vitro (8).

Several lines of evidence suggest that the specification of the
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B-cell fate is regulated by the transcription factors early B-cell
factor 1 (EBF1) and E2A. First, the targeted inactivations of
the Ebf1 and E2a genes result in similar blocks of B-cell dif-
ferentiation, preceding the onset of rearrangement of the im-
munoglobulin heavy chain D and J;; segments (3, 25, 60). In
addition, EBF1 and E2A appear to synergize in the activation
of B-lineage gene expression because EbfI/E2a double-het-
erozygous mutant mice have a more severe defect in B-cell
differentiation than the single-heterozygous mice (35). Finally,
forced expression of EBF1 in hematopoietic progenitor cells
skews the differentiation along the B-cell pathway (58), and
genetic bypass experiments have shown that EBF1 can pro-
mote B-cell differentiation in hematopoietic progenitors that
are deficient in either Pu.l or E2A (29, 46).

Another important event in the differentiation of B-lineage
cells, the commitment step, is regulated by the transcription
factor Pax5 (32). Pax5-deficient mice generate pro-B cells that
express early B-cell markers and undergo D-to-J;; and proxi-
mal V,;-to-DJy; rearrangements (32). However, Pax5~'~ pro-B
cells of the bone marrow, which are arrested at that stage, show
an unusual lineage plasticity and can differentiate into other
cell types upon stimulation with different cytokines (54). Pax5
is also required continuously for the maintenance of the B-cell
identity (37, 41). Based on these data, a model for the tran-
scriptional control of B-cell differentiation has been proposed,
in which EBF1 and E2A regulate the specification of the B-cell
fate, whereas Pax5 is required for the continuous commitment
to this lineage.

Initial analysis of the regulatory hierarchy of transcription
factors has suggested that E2A activates the expression of Ebf1
and, together, both transcription factors induce the expression
of several B-lineage genes, including Pax5 and the \5, VpreB,
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and mbl genes, which encode components of the pre-B-cell
receptor (35, 47). However, this simple hierarchical relation-
ship cannot account for various observations. Ectopic expres-
sion of E2A induces the expression of EBF1, and the promoter
of EbfI, located 5 kb upstream of the translation initiation
codon, contains a binding site for E2A (51). However, the
expression of E2A-GFP, in which the Gfp gene has been
knocked into the E2a locus, is impaired in EBF1-deficient
mice, suggesting that EBF1 may also regulate the expression of
E2a (59). Likewise, the hierarchical relationship between
EBF1 and Pax5 is not clear. Pax5-deficient bone marrow pre-B
cells contain both Ebfl and E2a transcripts, suggesting that
Pax5 acts downstream of EBF1 and E2A (35). Moreover,
EBF1 can bind a site in the Pax5 promoter in vitro, and the
expression of Pax5 is reduced in EbfI/E2a double-heterozy-
gous mutant mice (35). In contrast, the forced expression of
Pax5 in thymocytes carrying a Pax5 allele in the Ikaros locus
results in the activation of a B-cell differentiation program,
including the transcriptional activation of EbfI, suggesting that
Pax5 can also act upstream of EbfI (13). Based on these data,
it has been proposed that the genes involved in the regulation
of early B-cell differentiation are linked in a network that may
help to stabilize specific developmental decisions (48). How-
ever, the insight into the molecular basis of such a network is
still limited.

With the aim of gaining more insight into the putative net-
work of transcription factors, we analyzed the regulation of the
EbfI gene. In addition to the known distal EbfI promoter, we
identified another EbfI promoter, located closer to the initia-
tion codon, and we find that the proximal Ebf] promoter is
more abundantly used and differentially regulated. In addition
to the regulation by E2A and EBF1, the distal promoter is also
regulated by STATS, whereas the proximal promoter is regu-
lated by Pax5, Etsl, and Pu.1. Thus, the use of two promoters
allows for the generation of distinct regulatory loops that may,
in part, account for the postulated network of transcription
factors and signaling pathways.

MATERIALS AND METHODS

Cell lines and flow cytometry. 70/Z3, 38B9, PD36, M12, K46, Raji, MEL, and
EL4 cells were maintained in RPMI 1640 (Gibco) supplemented with 50 mM
B-mercaptoethanol, 1X penicillin-streptomycin-glutamine (PSG; Gibco), and
10% fetal bovine serum (FBS; Perbio). For the maintenance of Ba/F3 cells the
RPMI 1640 culture medium was in addition supplemented with 10% conditioned
medium from WEHI3 cells as a source of IL-3. HeLa cells were grown in
minimal essential medium (Gibco) supplemented with 1X PSG, 1X nonessential
amino acids, and 10% FBS. 293, NIH 3T3, and 3T3L1 cells were grown in
Dulbecco modified Eagle medium (Gibco) supplemented with 1X PSG and 10%
FBS. OP9-MIG stromal cells (43) were cultured in minimal essential medium
alpha (Gibco) with 1X PSG and 20% FBS. Bone marrow pro-B cells were grown
on a subconfluent OP9-MIG monolayer in RPMI 1640 medium supplemented
with 50 mM B-mercaptoethanol, 1X PSG, 10% FBS, and 10% conditioned
medium from J558-IL-7 cells as a source of IL-7.

For flow cytometry, cells were obtained from bone marrow of 8- to 12-week-
old C57BL/6 mice and from embryos at day E15.5 or E16.5. Isolated cells were
incubated with conjugated antibodies, according to standard procedures, and
sorted and reanalyzed using a MoFlo cell sorter (Cytomation). For depletion of
lineage-positive cells, anti-CD3, -4, -5, -8, -11b, -11c, and -19 and NKI1.1 allo-
phycocyanin-conjugated antibodies (BD Pharmingen) were used. Hematopoietic
stem cells (HSC; Lin~ IL-7R* c-kit"e" Sca-1Mie"), CLPs (Lin~ IL-7R™* c-kit'o¥
Sca-1'"%), pro-B-cell fraction A (Fr. A; B220" AA4.1% c-kit* CD197) and
fractions B and C according to the work of Hardy and Hayakawa (18) (Fr. B,
B220" CD43* human serum albumin [HSA]* BP-17; Fr. C, B220" CD43"
HSA™" BP-1%), and marginal zone (B220" CD21"&" CD23!°") and follicular
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(FO; B220* CD21'°% CD23 high) B cells have been sorted by fluorescence-
activated cell sorting (FACS) to more than 98% purity.

Mammalian EBF1 expression vectors. The EBF1B-17 expression vector was
generated by fusing the NotI-AatII fragment of pEBF-17 cDNA (16) via a linker
to NotI-Apal into the multiple cloning site of pcDNA3.1-myc-HisA™ (Invitro-
gen). For the EBFla expression plasmid the 5’ leader was PCR amplified with
the primers 5'-ATA TTA TAG CGG CCG CCA CAG AGG TGG GTG AAT
G-3' (forward) and 5'-CCG GTA GTG GAT CCC ATT ATT-3' (reverse) and
subcloned via NotI-BamHI into pEBF-17 (16); the NotI-PmlI fragment was then
introduced into pcDNA3.1-EBF1B-17-myc-HisA ™. EBF1 was cloned in a sim-
ilar manner with the primers 5'-GGC TGC TTC TCA AAG TGA GC-3' (for-
ward) and 5'-ATA TTA TAG CGG CCG CTG GGG AGA GTC AAA CTG
GA-3’ (reverse) and subcloned via NotI-Xmal.

Site-directed mutagenesis. Mutagenesis was performed by using the
QuikChange site-directed mutagenesis kit (Stratagene). Primer sequences to
generate point mutations are given in Table S1 in the supplemental material.

Transient transfections and reporter assays. Ba/F3, 70/Z3, 38B9, PD36, M12,
K46, Raji, and EL4 cells were transfected with 30 pg of plasmid DNA by
electroporation. 293, NIH 3T3, and 3T3L1 cell transfections were performed
using 10 pg of plasmid DNA and the calcium phosphate method (40). The total
DNA concentration in each transfection experiment was kept constant by addi-
tion of pCI (Promega) expression vector DNA. Cells were harvested in 100 .l
reporter lysis buffer 24 to 48 h posttransfection, except for the experiments in
which Ba/F3 cells were depleted of IL-3 after transfection. These were incubated
for 12 h only. Luciferase assays were conducted according to the manufacturer’s
instructions (Promega), and B-galactosidase assays were performed as described
previously (53).

Reverse transcriptase PCR (RT-PCR). RNA was purified with Trizol reagent
according to the manufacturer’s instructions (Invitrogen). Up to 2 pg of total
RNA was reverse transcribed using 200 U SuperScriptII (Invitrogen).

Quantitative RT-PCR was performed by using the ABI Prism 7500 sequence
detection system (Applied Biosystems) with the standard conditions: 94°C for 10
min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Per PCR 1/20 of
the synthesized cDNA was supplemented with 2X SYBR green PCR Master
Mix (Applied Biosystems) and the appropriate oligonucleotide primer pair.
Primer sequences were designed by Primer Express 2.0 software (Applied
Biosystems). Primer sequences and their final concentrations are given in
Table S1 in the supplemental material, and Pax5 PCR primers have been
reported elsewhere (58).

Immunoblot analysis and generation of anti-EBF1 antibodies. Fifty micro-
grams of total protein extracts was separated by 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis and transferred to nitrocellulose. Im-
munoblot assays were conducted by the ECL method according to the manu-
facturer’s instructions (Amersham Biosciences). To detect the c-myc-tagged
EBF1 isoforms, mouse monoclonal anti-c-myc antibody (1:4,000 dilution; Roche)
and the alkaline phosphatase-conjugated goat anti-mouse antibody (1:10,000
dilution; Jackson ImmunoResearch Laboratories, Inc.) were used. For detection
of endogenous EBF1 protein, an affinity-purified polyclonal rabbit anti-EBF1
antibody (1:500 dilution, generated against the peptidle AHFEKQPPSNLRKSN,
amino acids 51 to 66 of EBF1; Quality-Controlled Biochemicals) and the alkaline
phosphatase-conjugated goat anti-rabbit antibody (1:10,000 dilution; Jackson
ImmunoResearch Laboratories, Inc.) were used. For detection of the EBF13
isoform a rabbit anti-EBF1B antibody (1:3,000 dilution, generated against the
peptide Ac-MFGIQESIQRSGSS-KC, amino acids 1 to 24 of EBF1; Biogenes)
and the alkaline phosphatase-conjugated goat anti-rabbit antibody (1:10,000
dilution, Jackson ImmunoResearch Laboratories, Inc.) were used. Recombinant
EBFla protein is not detected by the anti-EBF1B antibody. The monoclonal
anti-EBF1 antibody was raised in a rat against His-tagged recombinant EBF1
protein comprising amino acids 24 to 422 (21).

Protein purification and electrophoretic mobility shift assay. Pax5 (residues 1
to 149) and Ets1 (residues 331 to 440) proteins have been expressed and purified
as described in the work of Garvie et al. (14). The protocol of the electrophoretic
mobility shift assay has been described in the work of Fitzsimmons et al. (12). For
the oligonucleotides for the electrophoretic mobility shift assay of Pax5 and Etsl1,
see Table S1 in the supplemental material.

Primer extension and S1 nuclease protection assay. For primer extension an
antisense oligonucleotide corresponding to nucleotides +88 to +107 of EbfIB
mRNA (EBFr-u4; 5'-CCT GCT GGA TGG AGA TTC TG-3") was 3P 5' end
labeled, hybridized to 50 pg of total RNA, and extended by 200 U SuperScriptII
(Invitrogen) for 1 h at 42°C. Samples were precipitated and separated by dena-
turing polyacrylamide gel electrophoresis. S1 nuclease protection was performed
according to the work of Hagman et al. (16). Ten thousand counts per minute of
single-stranded DNA probe was hybridized to 50 pg of total RNA and digested



VoL. 27, 2007

with 50 U of S1 nuclease (Boehringer) for 1 h at 37°C. The single-stranded DNA
probe for detection of EbfI3 mRNA 5’ ends was generated by 2P 5" end labeling
an antisense oligonucleotide corresponding to nucleotides +88 to +107 of EbfIB
mRNA (EBFr-u4; 5'-CCT GCT GGA TGG AGA TTC TG-3').

ChIP. Primer sequences used for the chromatin immunoprecipitation (ChIP)
assay are given in Table S1 in the supplemental material. ChIP was performed
according to the work of Fejer et al. (10). Briefly, cells were cross-linked for 9
min in their normal culture medium with 1% formaldehyde at room tempera-
ture. The reaction was stopped with 125 mM glycine, and after two washes with
ice-cold phosphate-buffered saline (PBS), the cells were lysed in cell lysis buffer
(5 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], pH 8.0, 85 mM KClI,
and 0.5% Igepal) and then once in 250 pl nucleus lysis buffer (50 mM Tris, pH
8.1, 10 mM EDTA, 1% SDS) per 107 cells. Sonication of the nuclear lysates was
carried out in a 250-pl volume; the average DNA fragment size was 500 bp,
determined for each sample by agarose gel electrophoresis. The lysates were
then diluted 1:10 with dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris, pH 8.1, 167 mM NaCl). The samples were precleared with
blocked protein A-agarose, bovine serum albumin (BSA), and sheared salmon
sperm DNA. Immunoprecipitation was carried out with anti-Pax5 antibody (sc-
13146; 3 pg; Santa Cruz). Normal mouse immunoglobulin G (IgG) and IgG-
agarose conjugate (sc-2027 and sc-2345, respectively) were used as negative
controls (Santa Cruz). Immunoprecipitates were collected with protein A aga-
rose (Santa Cruz) and then washed twice with a low-salt buffer (150 mM NaCl,
0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8.1), once with
high-salt buffer (500 mM NaCl), and twice with a LiCl detergent wash buffer (250
mM LiCl, 1% deoxycholate, 1% Igepal, 1 mM EDTA, 10 mM Tris, pH 8.1). The
DNA was then eluted, de-cross-linked, phenol extracted, and finally dissolved in
50 wl water. Ten percent of the input chromatin was used as a control.

Intracellular staining. To stain EBF1 protein for intracellular FACS analysis,
monoclonal rat anti-EBF1 antibodies were used. Typically, 10° cells were resus-
pended in 50 wl hybridoma supernatant of anti-Fc-block anti-CD16/CD32 and
incubated for 10 min on ice. Afterwards, cells were washed with PBS-2% fetal
calf serum twice, resuspended in 50 pl of fixation solution A (Caltag; Fix and
Perm cell permeabilization kit), and held at room temperature for 15 min. Fixed
cells were washed with PBS-2% fetal calf serum twice, resuspended in 25 wl
permeabilization solution B (Caltag) and 25 pl of anti-EBF1 hybridoma super-
natant, and incubated at room temperature for 15 min. Afterward, the cells were
washed with saponin solution (0.5% saponin, 0.5% BSA, 0.02% NaNj; in PBS),
and the cell pellet was resuspended in a 1:50 dilution of the secondary antibody
anti-rat IgG2a-fluorescein isothiocyanate (FITC; BD Pharmingen) and incu-
bated at room temperature for 15 min. Finally, cells were washed with saponin
solution and resuspended in PBS, and FACS analysis was performed.

Replication timing analysis. The replication timing analysis was performed as
described previously (2) with minor modifications. In brief, cells were incubated
with 50 pM 5’-bromodeoxyuridine (BrdU; Sigma) for 60 min and stained with 50
pg/ml propidium iodide. Equal numbers of cells were collected for each of the six
cell cycle fractions (G, S1, S2, S3, S4, and G,/M) into lysis buffer, and BrdU-
labeled DNA was isolated from each fraction as described previously (17). Equal
amounts of BrdU-labeled DNA from Drosophila melanogaster Schneider cells
were added to each fraction prior to phenol-chloroform extraction and ethanol
precipitation. Isolated DNA was mixed with 0.2 mg of denatured, sheared
salmon sperm DNA, sonicated to obtain fragments of approximately 700 bp,
immunoprecipitated with 2 pg monoclonal anti-BrdU antibody (Becton Dickin-
son, Belgium), and incubated with excess secondary antibody (35 pg of rabbit
anti-mouse IgG; Sigma). DNA-protein complexes were collected by centrifuga-
tion and treated with proteinase K, and BrdU-labeled DNA was recovered using
the QIAquick gel extraction kit (QIAGEN). Preliminary observations showed no
significant replication timing changes within areas smaller than 150 to 200 kb
(data not shown; in concordance with reference 55), and therefore primers for
the analysis of the EbfI region were designed 200 to 300 kb from each other.
Primer sequences are available on request.

FISH. Bacterial artificial chromosome probes for fluorescence in situ hybrid-
ization (FISH) were labeled with digoxigenin using the nick translation kit
(Invitrogen). Specific hybridization of bacterial artificial chromosomes was con-
firmed by metaphase FISH. For two-dimensional (2D) interphase FISH, cells
were harvested and hypotonically treated in 75 mM KCI for 5 min at room
temperature before being fixed in ice-cold methanol-acetic acid (3:1 ratio). Fixed
cells were dropped onto slides, denatured, hybridized, and washed as previously
described (57). FISH signals were detected with anti-digoxigenin-FITC (Roche)
and amplified with anti-sheep FITC (Vector Laboratories). Nuclei were coun-
terstained with 4',6’-diamidino-2-phenylindole (DAPI). The positions of loci
relative to the nuclear periphery were measured as previously described (56).
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RESULTS

Identification of multiple and differentially regulated Ebf1
transcription start sites. To gain insight into the regulation of
the murine EbfI gene, we mapped potential promoter regions
by determining the 5’ ends of EbfI mRNA in pre-B cells.
Rapid amplification of cDNA ends with multiple primers, hy-
bridizing with sequences in exon 1 or exon 2 or with genomic
sequences upstream of the 5’ end of the longest Ebfl cDNA,
termed Ebf17 (16), indicated that potential 5’ ends are located
approximately 879 nucleotides upstream of the 5'-most ATG
(data not shown). The nucleotide sequences of the amplifica-
tion products were found to be colinear with genomic se-
quences, indicating that they correspond to exon sequences
(Fig. 1A). To map the 5' ends of the corresponding EbfI
transcripts, we performed primer extensions on RNA from
spleen, 70/Z3 pre-B cells, and EL4 T cells, using a >*P-labeled
oligonucleotide primer that corresponds to a sequence 107
nucleotides downstream of the putative 5’ ends. In RNA from
spleen and 70/Z3 cells, multiple bands corresponding to po-
tential transcription initiation sites were detected within a re-
gion of 30 nucleotides (Fig. 1B).

We confirmed these results by an S1 nuclease protection
experiment, in which we used a single-stranded DNA probe
that had been generated with the same *?P-labeled oligonucle-
otide as in the primer extension experiment. The pattern of
protected products was similar to that of the primer extension
analysis, indicating that the protection and extension products
correspond to the 5" ends of EbfI transcripts (Fig. 1C). The
location of the 5" ends of these transcripts is approximately 3.9
kb downstream of a previously identified initiation site in the
EDbfl gene (51). To distinguish the two potential promoters of
the EbfI gene, we refer to the previously described distal pro-
moter as the Ebflo promoter and the newly identified proximal
promoter as the Ebf1B promoter. Based on the splicing of exon
la in Ebfla transcripts and the use of an alternative exon 1b in
EbfIB transcripts, the o and B transcripts would contain dis-
tinct in-frame AUGs at their 5’ ends (Fig. 1A). The newly
identified EbfIB as well as the Ebflo promoter is a TATA-less
promoter (Fig. 1D) (51). The EbfIB promoter is highly con-
served between mice and humans, whereas the mouse EbfIa
promoter is less conserved (Fig. 1D and data not shown).

Consistent with previous studies (58), the levels of total Ebf!
mRNA, as measured by quantitative RT-PCR with primers
lying in common exons, show expression of EbfI in CLPs and
a marked upregulation in pro-B cells of fraction C according to
the nomenclature of Hardy and Hayakawa (Fig. 1E) (18). With
the aim of assessing the relative abundance of Ebfla and
EbfIB transcripts in different tissues and in primary cells rep-
resenting common lymphoid progenitors or different stages of
B-cell differentiation, we performed quantitative RT-PCR us-
ing primers that amplify either Ebfla-specific sequences of
exon la or EbfIB-specific sequences of exon 1b. Normalization
of the PCR products with the amplification products of B-actin
mRNA indicated that the relative abundance of EbfIf tran-
scripts is significantly higher than that of Ebfla transcripts,
ranging from 41-fold in follicular B cells to 367-fold in fraction
C pro-B cells (Fig. 1F). To examine whether the differences in
the abundance of « and B transcripts are due to differences
in RT-PCR amplifications, we transfected cytomegalovirus
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FIG. 1. The EbfI gene is regulated by two promoters, the distal a and proximal B promoters. (A) Schematic overview of the distal Ebflo and
proximal EbfIf promoters. Two alternative first exons, exon la and exon 1b, are indicated. The proximal EbfIf promoter is located within the first
intron of Ebfla mRNA and 879 nucleotides upstream of the ATG-B, which is spliced out in Ebfla mRNA. Ebflo mRNA and EbfI3 mRNA can
be distinguished by RT-PCR with primer pairs specific for exon 1a or exon 1b sequences. Indicated are the positions of the PCR amplicons and
of the primer used for primer extensions and S1 nuclease protection experiments. (B) Primer extension experiments show multiple bands
corresponding to potential 5" ends of EbfI mRNA located 879 nucleotides (nt) upstream of the ATG-B. Potential transcriptional start sites are
visible only in 70/Z3 pre-B cells and in spleen, not in EbfI-negative EL4 T cells. (C) S1 nuclease protection experiments show a similar pattern
of protected EbfIf 5’ ends as in the primer extension experiments. nt, nucleotides. (D) Alignment of the human and mouse EbfIf3 promoter
transcriptional start sites. (E) Quantitative RT-PCR analysis of EL4 T cells and sorted lymphoid cells shows the upregulation of Ebfl mRNA
during early B-cell development. HSC (Lin~ IL-7R™ c-kit"&" Sca-1"&"), CLP (Lin~ IL-7R* c-kit'*" Sca-1'""), pro-B cell Fr. A (B220" AA4.1"
c-kit* CD197) and Fr. B and Fr. C according to the work of Hardy and Hayakawa (18) (Fr. B, B220" CD43" HSA™* BP-1"; Fr. C, B220" CD43*
HSA* BP-1%), and marginal zone (MZ; B220" CD21"eh CD23"°%) and follicular (FO; B220* CD21'°% CD23"&") B cells have been sorted by
FACS to more than 98% purity. EbfIl mRNA levels were normalized to B-actin, and the expression level of HSC was set to 1. (F) Quantitative
RT-PCR analysis of endogenous levels of Ebfla and EbfIB mRNA. The ratio of EbfIB to Ebfla. mRNA is displayed. EbfI mRNA is
predominantly expressed in all analyzed cell types, and the ratio increases during pro-B-cell development, with the highest ratio being in fraction
C pre-B cells.
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FIG. 2. Cloning of the proximal EbfIf promoter and comparison with the distal Ebfla promoter. (A) Schematic overview of the Ebfla and
Ebf1B promoter luciferase reporter constructs. (B) Comparison of the promoter activities of the two EbfI promoters in transient-transfection
assays of B- and non-B-cell lines. Three micrograms of «(—1.1)-luc, B(—1.7)-luc, or pGI3-luc was transfected together with 1 pg cytomegalovirus
B-galactosidase reporter into PD36 pre-B cells, Raji mature B cells, 3T3L1 preadipocytes, EL4 pre-T cells, or NIH 3T3 fibroblasts. The activation
(n-fold) compared to that of pGI3-luc is depicted. (C) Transient transfection of EbfIf promoter constructs into Raji B cells. The empty-vector
control pGl3-luc was compared to the EbfI promoter constructs a(—1.1)-luc, o(flip)-luc, B(—1.7)-luc, B(flip)-luc, B(—0.5)-luc, o-B-luc, and
a(flip)-B-luc. Three micrograms of each luciferase construct was transfected together with 1 g cytomegalovirus B-galactosidase reporter into Raji
B cells. The levels of luciferase activity, normalized to the activity of the cotransfected B-galactosidase reporter, are expressed as activation (n-fold)
relative to the luciferase levels of cells transfected with pGi3-luc. All transfections were performed at least three times, and results from

representative experiments with standard deviations are shown.

(CMV)-based expression plasmids for either Ebfla or EbfIP
c¢DNA into 293 cells and found that « and B transcripts accu-
mulate at similar levels (Fig. 3B). In addition, titration of input
cDNA showed linear amplification of the primer pairs (data
not shown). Taken together, these data suggest that the Ebf]
gene is transcribed by two promoters that are differentially
regulated in various cell types.

Identification of the EbfI3 promoter and comparison with
the Ebfl o promoter. To examine whether sequences surround-
ing the presumed 5" ends of the EbfIB transcripts have pro-
moter activity, we fused a DNA fragment encompassing ap-
proximately 1.7 kb upstream and 0.3 kb downstream of the
putative initiation site to the luciferase gene (Fig. 2A). Trans-
fection of this Ebf1 reporter plasmid, termed EbfIB(—1.7)-luc,

into Raji B cells, which show the highest Ebf1B(—1.7)-luc pro-
moter activity, yielded an approximately 30-fold activation rel-
ative to the luciferase control plasmid. In addition, a reporter
construct in which the EbfIf promoter fragment has been
inverted had the same activity as the empty vector control (Fig.
2A and C). 5’ truncations of the EbfIf promoter fragment up
to position —0.5 kb of the initiation site did not significantly
alter the activity of the promoter, suggesting that the included
sequences contain the entire EbfIB promoter (Fig. 2C). To
examine the possibility that the distal Ebfla promoter acts as
an enhancer, we performed two sets of experiments. First, we
inverted the Ebfla promoter and found a significant reduction
in luciferase activity. Second, we fused the Ebfla promoter to
the EbfIB promoter in either orientation. In these constructs,
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the activity of the EbfIf promoter was similar to that of the
construct containing the EbfIB promoter alone, indicating
that the Ebfla regulatory sequences do not act as an enhancer
(Fig. 2C).

We also compared the relative activities of the Ebfla and
EbfIB promoters by transfecting the respective luciferase re-
porter constructs, together with a B-galactosidase reporter
plasmid as a transfection control, into cell lines representing
different stages of B-cell differentiation or nonlymphoid cells.
In the pre-B-cell line PD36, the Ebfla and EbfIB promoters
augmented the luciferase activity 29- and 7-fold, respectively
(Fig. 2B). In Raji cells representing mature B cells, however,
the Ebflo and EbfIP promoters activated the reporter 15- and
25-fold, respectively. In the T-cell line EL4 and in nonlym-
phoid cell lines, the activities of the two promoters ranged
between three- and ninefold. Thus, both EbfI promoters show
a limited cell type specificity, whereby the relative activity of
the o promoter may be higher in pre-B cells and that of the B
promoter higher in B cells.

Generation of distinct but functionally equivalent isoforms
of EBF1 by the o and 3 promoters. The splicing of the first
intron of the Ebfla pre-mRNA removes the most 5’-located
in-frame AUG and generates an mRNA that utilizes an AUG
located 42 nucleotides downstream (51). In contrast, the EbfI3
promoter generates an mRNA that includes the first in-frame
AUG and could be translated into a longer EBF1 isoform,
including an additional 14 residues at the amino terminus (Fig.
1A). Although the most 5'-located AUG does not conform to
the Kozak consensus sequence, it is included in peptides that
have been identified by mass spectrometry of purified EBF1
protein (T. Grosskopff, G. Mittler, and R. Grosschedl, unpub-
lished data). In addition, EBF1B can be detected with a poly-
clonal peptide antibody raised against the first 14 amino acids
of EBF1B (Fig. 3C). To examine the production of both
EBFla and EBF1B isoforms, we transfected 293 cells with
CMV-based expression plasmids containing a Myc epitope tag
at the 3’ end of either Ebfl cDNA (Fig. 3A). The immunoblot
analysis indicated that EBFla and EBFI1B proteins differ in
their relative abundance and apparent molecular masses (Fig.
3C). The major form of EBFla migrated faster than the major
form of EBF1, consistent with the lack of 14 amino-terminal
residues in EBFla. The additional slower-migrating forms of
EBFla are most likely generated by protein modifications. The
major form of EBF1B accumulated at a level that is approxi-
mately 5% of that of EBFla. To examine whether the long 5
untranslated region (UTR) of the EbfI3 mRNA results in the
lower abundance of EBF13, we examined the accumulation of
protein from the CMV-EBF1B-17 cDNA expression plasmid
that lacks most 5'-UTR sequences. In cells transfected with the
EBF1B-17 expression plasmid, expression was detected at a
level that is similar to that of EBFla protein (Fig. 3C). Immu-
noblot analysis to detect endogenous EBF1 in PD36 cell ex-
tracts revealed a pattern of bands that resembles the EBF13
protein, which was confirmed by immunoblot analysis with
anti-EBF1B antibody (Fig. 3C). As antibodies that detect the
EBFla isoform also recognize the B isoform, we cannot assess
the relative abundance of EBFla in vivo. We also examined
whether the RNA steady-state levels of o and 3 transcripts are
comparable. Therefore, we transfected the CMV-based ex-
pression plasmids containing either Ebfla or EbfIf cDNA
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together with LEF1 expression vector as a control for trans-
fection efficiency into 293 cells, performed RT-PCR, and
found that « and B transcripts accumulate at similar levels
(Fig. 3B).

To analyze whether the two isoforms of EBF1 are function-
ally similar, we transfected IL-3-dependent Ba/F3 cells with a
NS-luciferase reporter construct and the CMV-EBFla or
CMV-EBF1B plasmid. As expected from the lower protein
levels observed in the immunoblot of transfected 293 cells (Fig.
3C), EBF1B protein activates the \5-luciferase reporter to a
lesser extent (Fig. 3D). In the following experiments, we used
CMV-EBFla or CMV-EBF1B-17 plasmids, which allow for
the accumulation of similar levels of protein. We have previ-
ously shown that EBF1, in collaboration with E47, transacti-
vates the \5 promoter (47). Both EBFla and EBF1B-17 alone
activated the A5 reporter weakly, but they both synergized with
a constitutive dimeric form of E47 to mediate very high levels
of \5 reporter gene expression (Fig. 3E). Moreover, both
forms of EBF1 activated an mbI-luciferase reporter construct
in combination with E47 (see Fig. S1 in the supplemental
material). Based on the ability of EBF1 to act as a “pioneer”
transcription factor in the context of higher-order chromatin
(26, 27, 38), we compared the potentials of the two EBF1
proteins to activate the expression of the endogenous \5 gene.
In combination with E47, similar activations of A5 gene expres-
sion were observed with EBFla and EBF1B (Fig. 3F). How-
ever, the levels of EBF1- and E2A-induced A5 expression are
still significantly lower than that of the endogenous \5 gene in
pre-B cells. Taken together, these data indicate that the Ebfla
and EbfIB transcripts generate distinct isoforms of EBF1 that
appear to be functionally equivalent. However, we cannot rule
out the possibility that the two EBF1 isoforms differ in their
potential to regulate other target genes.

Regulation of the Ebfl promoter by STATS5, E47, and an
EBF1 autoregulatory loop. EBF1 regulates early events in B-
cell differentiation, including the specification of the B-cell fate
(25, 29, 58). Therefore, the question arises as to the regulation
of EbfI gene expression by extracellular signaling pathways.
Recent experiments have examined the effects of mutations in
the IL-7 or IL-7Ra genes on early B-cell differentiation (8, 22).
These experiments have shown that the loss of IL-7 signaling
results in a very early arrest in B-cell differentiation and loss of
Ebf1 gene expression. Importantly, forced expression of a con-
stitutively active form of the nuclear mediator of IL-7 signal-
ing, STATS-CA, in IL-7Ra~'~ pre-pro-B cells resulted in the
expression of Ebf] and a partial rescue of B-cell differentiation
(22). To examine whether STAT5-CA is sufficient to activate
EbfI expression in nonlymphoid cells, we transfected IL-3-
dependent Ba/F3 cells with a STATS-CA expression plasmid
and found that the levels of endogenous EbfI transcripts were
increased ninefold relative to mock-transfected cells (Fig. 4A).
Since IL-3 signaling activates STATS (30), we also examined
the effects of depletion and readdition of IL-3 to Ba/F3 cells
that have been transfected with EbfI promoter constructs. The
readdition of IL-3 increased the activity of the transfected
Ebfloe promoter construct by a factor of 66, which is even
higher than that observed with the positive control, cyclinDI-
luciferase (D1) (28), whereas the EbfIB promoter was acti-
vated 20-fold (Fig. 4B). Finally, we examined the potential
activation of Ebfla- and EbfIB-luciferase reporter constructs
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FIG. 3. The two isoforms of EBF1 protein, EBFla and EBF1p, differ in the first 14 amino acids but have the same transactivation potential.
(A) Schematic overview of EBF1 protein expression vectors. EBFla and EBF1B comprise the full 5 UTR of the Ebfla and EbfIB mRNA,
respectively, whereas EBF1B-17 differs from EBF1 in its 5 UTR, which comprises only 45 nucleotides. (B) Real-time RT-PCR of 293 cells
transfected with 2 pg of EBF1B-17, EBFla, or EBF1p together with LEF1 expression vector. Forty-eight hours after transfection EbfI and Lef]
mRNA levels were analyzed by RT-PCR and EbfI] mRNA levels were normalized to Lefl mRNA. (C) Immunoblot analysis of EBF1 isoforms was
performed by transfecting 2 wg of EBF18-17, EBF1a, EBF1, or empty vector into 293 cells. After 48 h cells were harvested and total cell extracts
were subjected to anti-myc immunoblotting. Cell extracts of EL4 T cells and PD36 B cells were analyzed by anti-EBF1 and anti-EBF1p
immunoblotting. (D) Ba/F3 cells were transiently transfected with 2 ug of N5 luciferase reporter construct, containing nucleotides —299 to +131
of the A5 gene, together with 1 pg cytomegalovirus B-galactosidase reporter and 0, 0.3, 1, or 3 pg of EBF1B or EBFla expression plasmids as
indicated. (E) Ba/F3 cells were transiently transfected with 2 pg of N5 luciferase reporter construct together with 1 pg cytomegalovirus
B-galactosidase reporter; 3 pg of E47-FD; and 0.3, 1, or 3 pg of EBF13-17 or EBFla expression plasmids alone or in pairwise combinations as
indicated. (F) Transient transfection of Ba/F3 cells with empty vector only or 3 wg E47-FD in combination with 3 ug EBF1B-17 or EBFla followed
by quantitative RT-PCR of endogenous A5 mRNA. A5 mRNA levels were normalized to B-actin mRNA, and the expression level of the
empty-vector control was set to 1. Error bars represent the standard deviations of the means of three experiments.

in Ba/F3 cells from which IL-3 had been withdrawn after trans-
fection of increasing amounts of STATS-CA expression plas-
mids. STAT5-CA activated the Ebfla-luciferase reporter in a
dose-dependent manner, whereas the extent of the activation
of the EbfIB-luciferase reporter was significantly lower, sug-
gesting that STATS5-CA can induce preferentially the Ebfla
promoter (Fig. 4C). We also examined whether STATS is
bound to the Ebfla promoter by performing chromatin immu-
noprecipitations and amplifications with multiple primer pairs
that covered the promoter region between nucleotide positions

—1160 and +230 of the Ebfl« promoter. In these experiments,
we failed to detect STATS binding at the Ebfla promoter,
although we detected STATS binding at the cis promoter as a
positive control (4), Thus, the regulation of the Ebfla pro-
moter by STATS5-CA may be indirect. The Ebfla promoter
containing —349 to +245 is activated by STAT5-CA to the
same extent as the Ebfla(—1.1)-luc construct (see Fig. S2 in
the supplemental material). By sequence analysis of the mouse
Ebfla promoter we found only one potential STATS binding
site, at position —104. However, point mutagenesis of this
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FIG. 4. Activation of the Ebfla promoter by STATS, EBF1, and E47. (A) Transient transfection of Ba/F3 cells with 10 pg STAT5-CA
expression plasmid or empty vector. EbfIl mRNA levels were determined by quantitative RT-PCR analysis and normalized to B-actin mRNA. The
expression level of the empty-vector control was set to 1. (B) Transfection of Ba/F3 cells with 3 pg luciferase reporter constructs containing either
multimerized STAT-binding sites of the cyclin D1 promoter (D1), Ebfla(—1.1) promoter sequences (Ebfla), or the EbfIB(—1.7) promoter
(Ebf1B), together with 1 g Rous sarcoma virus B-galactosidase reporter as a transfection control. The cells were incubated with or without IL-3
for 12 h prior to the luciferase and B-galactosidase assays. (C) Ba/F3 cells were transiently transfected with 3X DI-SIEI-luc, Ebflo(—1.1)-luc, or
Ebf1B(—1.7)-luc, together with 1 pg Rous sarcoma virus B-galactosidase reporter and increasing amounts of STATS5-CA (0, 3, or 10 pg). IL-3 was
withdrawn 12 h prior to the luciferase and B-galactosidase assays. (D) Transient transfection of Ba/F3 cells with empty vector or with 3 pg E47-FD
and 3 pg EBF1B-17, followed by quantitative RT-PCR to detect endogenous Ebfl« or EbfI3 mRNA. mRNA levels were normalized to B-actin,
and the expression level of the empty-vector control was set to 1. Error bars represent the standard deviations of the means of three experiments.
(E) Real-time RT-PCR analysis of fraction B pro-B cells of EbfI*/~ mice show a reduction of Ebfla, Ebf1B, and total EbfI mRNA, relative to
wild-type (wt) fraction B pro-B cells (Fr. B; B220" CD43" HSA* BP-1"). Error bars represent the standard deviations of the means of three
experiments. (F) Schematic overview of the EbfIB-luc and Ebf1B(Pu.lmut)-luc promoter luciferase reporter constructs. (G) Transient transfection
of HeLa cells with 300 ng of the EbfIB-luc promoter construct together with 0, 0.3, 1, or 3 pg of Pu.1 and 200 ng of cytomegalovirus -galactosidase
reporter.

potential binding site did not affect the activation by EBF1B-17 and E47 expression plasmids (Fig. 4D). However,
STATS5-CA (data not shown). we did not detect any significant activation of the EbfIp pro-
The Ebfla promoter has been previously found to contain moter, suggesting that the EBF1 autoregulatory loop involves
binding sites for EBF1 and E47, raising the possibility of an specifically the distal Ebfla promoter. In mice heterozygous
EBF1 autoregulatory loop (51). Therefore, we examined the for Ebfl, however, a reduction of Ebfla as well as EbfIB
effects of the ectopic expression of EBF1B-17 and E47 on the transcripts is observed, suggesting that the EbfIB promoter is
expression of both endogenous EbfI promoters in Ba/F3 cells. regulated indirectly by EBF1 (Fig. 4E).
Consistent with the previously observed stimulatory effects of Regulation of the EbfIf3 promoter by Pu.l. Pu.1 has been
EBF1 and E47 on Ebfla reporter constructs (51), we observed shown to act upstream of EBF1 in the regulation of B lym-
a 20-fold increase in the accumulation of endogenous Ebfla phopoiesis (29). In particular, the expression of EbfI is abro-
transcripts in Ba/F3 cells that have been transfected with gated in Pu.l-deficient progenitors and the defect can be res-
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cued by the forced expression of EBF1 (29). Chromatin
immunoprecipitation experiments with anti-Pu.1 antibodies
also demonstrated the occupancy of a site in the first intron
downstream of the EbfI exon la that is conserved between
mice and humans (29). This Pu.1 binding site resides at posi-
tion +165 of the EbfIP promoter (Fig. 4F). Transfection of a
Pu.1 expression plasmid into HeLa cells augmented the activity
of the EbfIB promoter-luciferase construct in a dose-depen-
dent manner (Fig. 4G). Mutation of the Pu.l binding site at
+165 did not reduce the activation by Pu.1 (data not shown).
However, mutation of the 5'-GGAA-3’ motifs at +165 and
+303 reduced both basal and Pu.1-activated promoter activity.

Regulation of the EbfIB promoter by Pax5 and Etsl. The
integration of the Pax5 gene into the Ikaros locus of mice was
found to result in the expression of the EbfI gene and the
generation of B cells in the thymus (13). To examine whether
Pax5 may regulate the Ebfla and/or the EbfIB promoter, we
transfected Ba/F3 cells with a Pax5 expression plasmid, to-
gether with a reporter construct in which the 1.3-kb Ebfla
promoter or the 0.9-kb EbfI promoter had been linked to the
luciferase gene. We detected a marked (17-fold) activation of
the EbfIB promoter but only a weak (twofold) activation of the
Ebflo promoter (Fig. 5A). Based on evidence of the collabo-
ration of Pax5 and Etsl in the activation of the mbI promoter
(11), we also examined the effect of Pax5 expression in com-
bination with Etsl. The EBF1B promoter was activated even
more efficiently than with Pax5 alone.

Inspection of the EbfIB promoter for potential Pax5-binding
sites revealed multiple sequences that could be recognized by
Pax5. However, the sequence conservation of Pax5-binding
sites is rather low (6), and therefore, we examined *?P-labeled
oligonucleotides encompassing potential Pax5-binding sites in
electrophoretic mobility shift assays with a recombinant DNA-
binding domain of Pax5 (14). Four out of 24 oligonucleotides
examined interacted with the DNA-binding domain of Pax5
(Fig. 5B and C and data not shown). Binding of Pax5 to the site
at position —318 was as efficient as that to the known Pax5-
binding site in the mbIl promoter (Fig. 5C, lanes 1 to 6).
Binding to the sites at positions —25, +222, and +257 was
approximately fourfold less efficient (Fig. 3C, lanes 8 to 10 and
12 to 14, and data not shown). The specificity of sequence
recognition was confirmed by the lower efficiency of binding of
mutant oligonucleotides in which conserved nucleotides had
been altered (Fig. 5C, lanes, 7, 11, and 15). To examine the
effects of the point mutations in the Pax5-binding sites on the
Pax5-mediated activation of the EbfIB promoter, we trans-
fected wild-type and mutated EbfIf promoter constructs, to-
gether with a Pax5 expression plasmid, into Ba/F3 cells. The
activation of the mutated EbfIf promoter by Pax5 was reduced
twofold (Fig. 5D). A similar modest effect of mutations in the
Pax5-binding sites has been reported for the BLNK promoter
(42), suggesting that the specificity of Pax5 function in vivo may
depend on its interaction with other DNA-binding proteins.

As Pax5 synergizes with Ets1 in the activation of the EbfI
promoter, we also examined the promoter sequences for the
presence of potential Ets1-binding sites. Two binding sites at
positions —75 and +303 were found to interact with the re-
combinant DNA-binding domain of Etsl in electrophoretic
mobility shift assays (Fig. SE, lanes 6 to 15). The binding site at
position +303 interacted with Etsl as efficiently as the Etsl-
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binding site in the mb1 promoter, and the specificity of binding
was confirmed by the addition of an excess of unlabeled spe-
cific or nonspecific competitor. Based on the formation of a
ternary complex of Pax5 and Etsl on binding sites that are
directly juxtaposed in the mbl promoter (14), we also exam-
ined whether a ternary complex is formed on a longer oligo-
nucleotide that encompasses both the Pax5-binding site at
+257 and the Etsl-binding site at +303. However, no ternary
complex was detected (data not shown), suggesting that Pax5
and Etsl bind independently of each other to the EbfIp pro-
moter. To assess the functional role of the Etsl-binding sites,
we introduced point mutations in the Ets1-binding sites at —75
and +303. Although Etsl alone is not able to activate the
EDbf1B promoter (Fig. SA), in cotransfections with Pax5 expres-
sion plasmids, mutation of the Etsl-binding sites reduced the
activity of the EbfI promoter approximately fourfold relative
to the wild-type promoter (Fig. 5F). Comparison of the se-
quence of the EbfIB promoter revealed a high degree of con-
servation that includes the Pax5-, Ets1-, and Pu.1-binding sites
(see Fig. S3 in the supplemental material).

In vivo occupancy of the EbfIf3 promoter by Pax5. To gain
further evidence for the direct binding of Pax5 to the EbfIB
promoter, we examined the in vivo occupancy of the Pax5-
binding sites by ChIP experiments with a monoclonal anti-Pax5
antibody. We performed quantitative ChIP experiments on
chromatin from cell lines representing mature B cells (K46) or
nonlymphoid MEL cells, using PCR primer pairs that flank the
Pax5-binding sites in the EbfIf promoter (Fig. 6A and B). As
a positive control, we assayed the binding of Pax5 to the Cd19
promoter (24). In K46 cells, the Ebf1 sequences Ebf13(—371/
—196), Ebf13(—241/—62), and Ebf1B(+194/+347), including
the Pax$ sites at positions —318, +222, and +257, were de-
tected at a level 50% of that at which Cd19 sequences were
amplified. In 38B9 cells, Ebf1p(—371/—196) sequences were
detected at almost the same level as Cd19 sequences, and the
Ebf1B(—241/—62) and EbflR(+194/+347) amplicons were
detected at lower levels. The Pax5-binding site at —25
[Ebf1B(—89/+24)] was not enriched and amplified. As ex-
pected, no binding of Pax5 was detected in MEL cells. We also
examined the binding of Pax5 to multiple Ebflo promoter
sequences and failed to detect any significant binding (data not
shown).

In IL-7-dependent pro-B-cell cultures from the bone mar-
row of wild-type mice, sequences that encompass the Pax5 site
at —318 could be efficiently immunoprecipitated and amplified
using semiquantitative PCR (Fig. 6C). The Pax5-binding se-
quences in the Cd19 promoter were detected at an approxi-
mately twofold-higher efficiency, whereas no binding of Pax5 to
junB promoter sequences was detected. The specificity of the
immunoprecipitation with anti-Pax5 antibody was further con-
firmed by the lack of amplification of Ebf1g(—371/196) and
Cd19 promoter sequences in assays with Pax5-deficient pro-B
cells (Fig. 6C). Quantitative PCRs on three independently
immunoprecipitated samples indicated that binding of Pax5 to
the —318 and the +222/+257 sites of the EbfIB promoter in
wild-type pro-B cells can be detected at levels that are 70% and
60% of the level observed with the CdI9 promoter, respec-
tively (see Fig. S4 in the supplemental material). Thus, binding
of Pax5 to the —318 and +222/+257 regions of the EbfIB
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FIG. 5. Pax5 and Etsl collaborate to activate the EbfIB but not Ebfla promoter. (A) Ba/F3 cells were transiently transfected with 1 pg
cytomegalovirus (-galactosidase reporter and 2 pg of Ebfla or EbfIB luciferase reporter construct, together with 3 pg of Pax5 and 3 pg of Etsl
expression plasmids alone or in pairwise combinations as indicated. (B) Overview of the EbfIB promoter luciferase reporter constructs. Indicated
are the Pax5-binding sites at positions —318, —25, +222, and +257 and the Ets1-binding sites at —75 and +303. (C) Electrophoretic mobility shift
assays show binding of Pax5 to binding sites at —318, +222, and +257 in the EbfIf promoter. Recombinant Pax5 protein (0, 50, or 200 ng) was
incubated with labeled wild-type or mutant oligonucleotide probes. (D) Mutation of all four Pax5-binding sites in the EbfIf promoter leads to a
twofold reduction of transactivation by Pax5. Ba/F3 cells were transiently transfected with 1 pg cytomegalovirus B-galactosidase reporter and 2 pg
of EbfIB(0.5)-luc or EbfIB(Pax5mut)-luc reporter construct, together with increasing amounts of Pax5 expression plasmids (0.3, 1, and 3 pg).
(E) Electrophoretic mobility shift assays show binding of Etsl to binding sites at —75 and +303 in the EbfIB promoter. The indicated amount of
recombinant Ets1 protein (0, 100, or 300 ng) was incubated with labeled oligonucleotide probes and assayed in the presence of a 200-fold excess
of specific (mbl) or unspecific competitor. (F) Mutation of the Etsl-binding sites at positions —75 and +303 reduces fourfold the potential
transactivation by Etsl and Pax5 on the EbfIf promoter. Ba/F3 cells were transiently transfected with 1 pg cytomegalovirus B-galactosidase
reporter and 2 pg of EbfIB(0.2)-luc or EbflB(EtsImut)-luc reporter construct, together with 3 pg of Pax5 and 3 pg of Etsl expression plasmids
as indicated.

promoter occurs in both pro-B and B cells, although the
relative occupancy may differ for these cell types.

Regulation of the endogenous EbfI gene by Pax5. The bind-
ing of Pax5 to the EbfIp promoter in vivo and the transacti-
vation of EbfIp promoter constructs by Pax5 in transient-trans-
fection experiments strongly suggested a regulation of EbfI
gene expression by Pax5. To examine the effects of the expres-
sion of Pax5 and Etsl on the generation of Ebfl«a and EbfIR
transcripts in their endogenous context, we transfected Pax5

and Ets1 expression plasmids into Ba/F3 cells and determined
the accumulation of endogenous EbfI transcripts by quantita-
tive RT-PCR (Fig. 6D). As expected, expression of Pax5 and
Etsl resulted in the 12-fold activation of EbfIf transcripts.
Surprisingly, the accumulation of Ebfl«a transcripts was even
higher (20-fold) despite the lack of Pax5-binding sites in the
Ebfla promoter. This result suggests that Pax5 may activate
the endogenous Ebflo promoter indirectly, possibly via an
EBF1 autoregulatory loop (Fig. 4D and E; see below).
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FIG. 6. Binding of Pax5 to EbfI regulatory sequences in vivo. (A) Schematic representation of the EbfI promoter and regions analyzed by
ChIP. (B) ChIP was performed in the indicated cell lines with anti-Pax5 and the control IgG antibody. Enrichment (n-fold) comparing
immunoprecipitate with the specific anti-Pax5 antibody and the control IgG was determined by real-time PCR; n.d., not detected. (C) Semiquan-
titative PCR was performed with serial dilutions of template DNA from cultured bone marrow pro-B cells of wild-type (wt) and Pax5 /" mice.
Binding can be detected with anti-Pax5 antibodies but not with nonspecific IgG on both the EbfI3 and CD19 promoters. The anti-Pax5 antibodies
do not bind to the JunB promoter. (D) Transient transfection of Ba/F3 cells with empty vector only or with 3 pg Pax5 and 3 g Ets1 followed by
quantitative RT-PCR of endogenous Ebfla, EbfIB, or total Ebfl mRNA. mRNA levels were normalized to B-actin, and the expression level of
the empty-vector control was set to 1. Error bars represent the standard deviations of the means of three experiments. (E) IL-7-cultured pro-B
cells of Pax5-deficient mice have reduced EBF1 protein levels. Intracellular staining of IL-7-cultured pro-B cells was performed with monoclonal
anti-EBF1 antibody and secondary anti-rat-FITC antibody. For the control staining only secondary antibody was used. (F) Fraction B pro-B cells
of mice deficient for Pax5 show a reduction of EbfI3 mRNA and total Ebfl mRNA. Real-time RT-PCR analysis was performed with sorted fraction
B cells of wild-type (wt) and Pax5/~ mouse fetal liver (B220* CD43" HSA™ BP-1"). Ebfla, EbfIB, and total EbfI mRNAs have been amplified
by oligonucleotides specific for exon 1a, exon 1b, or both isoforms. As a control, RT-PCR of B29, mb1, and A5 was performed. mRNA levels were
normalized to B-actin, and the expression level of the wild type was set to 100%. Error bars represent the standard deviations of the means of three
experiments.

To examine whether the generation of Ebflo and EbfIB a factor of 10 and fraction C cells were undetectable (33).
transcripts may be differentially affected in Pax5~/~ pro-B Quantitative RT-PCR assays indicated that the overall expres-
cells, we sorted fraction B pro-B cells from the fetal liver of sion of EbfI in Pax5~'~ pro-B cells is reduced to approximately
wild-type and Pax5 '~ mice. Consistent with previous findings, 45% of the level found in wild-type pro-B cells, whereby the
the numbers of Pax5/~ fraction B pro-B cells was reduced by generation of EbfI transcripts is reduced to 30% (Fig. 6F).
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Only a minor reduction was found for Ebfla transcripts, indi-
cating that the absence of Pax5 results in a selective decrease
in EbfIp promoter activity. To confirm the identity of the
Pax5~"~ cells as pro-B cells, we analyzed the expression of B29,
mbl, and \5. As anticipated, expression of B29 was similar in
Pax5~'~ and wild-type cells, whereas expression of the EBF1
target genes mbl and A5 was reduced between 10- and 20-fold
(Fig. 6F).

Since Ebf1 mRNA is expressed more efficiently than Ebf1a
mRNA, but Ebfla mRNA is translated more efficiently (see
above), we analyzed EBF1 protein levels by intracellular FACS
staining. EBF1 protein was detected in wild-type and Pax5 '~
IL-7-cultured pro-B cells using monoclonal anti-EBF1 anti-
body and secondary anti-rat-FITC antibody. For the control
staining only secondary antibody was used. IL-7-cultured pro-B
cells of Pax5-deficient mice show approximately threefold-re-
duced EBF1 protein levels, consistent with the reduced EbfIB
promoter activity (Fig. 6E). However, this decrease in EBF1
protein levels may not be sufficient to affect the presumed
autoregulatory feedback loop at the Ebfla promoter, as Ebflo
transcripts can be detected at normal levels (Fig. 6F).

The Ebf1 locus shifts to later replication in the absence of
Pax5. The temporal order of DNA replication is an epigenetic
mark reflecting chromatin structure, with early locus replica-
tion generally associated with transcription-permissible chro-
matin (reviewed in reference 9). To investigate the contribu-
tion of Pax5 to the regulation of the EbfI locus at the
chromatin level, the timing of EbfI replication was analyzed in
wild-type and Pax5-negative pro-B cells. The analysis also in-
cluded embryonic stem (ES) cells, in which EbfI is not tran-
scribed and is known to replicate late in S phase (36). A
previously established PCR-based protocol (2) was used, in
which nonsynchronized cells were pulse-labeled with BrdU,
stained with propidium iodine, and sorted by FACS according
to DNA content into six cell cycle fractions, four of which (S1
to S4) corresponded to different stages of S phase. Newly
replicated DNA in each fraction was immunoprecipitated with
anti-BrdU antibodies and detected by real-time PCR. Controls
for the analysis included the a-globin locus replicating early in
S phase in all analyzed cell types and a constitutively late-
replicating X-chromosome region, X741 (2) (Fig. 7A). Each
cell cycle fraction was also “spiked” with BrdU-labeled Dro-
sophila DNA, and Drosophila-specific PCR primers were used
to confirm equivalent recovery.

EbfI was found to replicate late in S phase (with a peak in
S3) in ES cells, where it is silent (Fig. 7E). In contrast, early
EDbfI replication (in the first quarter of S phase, S1) was ob-
served in wild-type pro-B cells (Fig. 7C). However, a shift to
later replication (S2) was observed in Pax5 /'~ pro-B cells,
suggesting that Pax5 contributes to the transcription-permissi-
ble chromatin status of the EbfI locus (Fig. 7D). The analysis
of the region surrounding the EbfI locus showed that in wild-
type pro-B cells, EbfI is located within an approximately 2-Mb-
long region of early-replicating DNA. In Pax5-negative pro-B
cells as well as ES cells, a domain of later replication timing
was observed with a “center” at the EbfI locus, spreading to a
region of more than 1 Mb. Interestingly, the nearest expressed
genes surrounding the Ebf! locus (Fig. 7B), 3732413111Rik and
EpsinR (located 500 kb upstream and 800 kb downstream,
respectively), were active in both ES cells and pro-B cells (data
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FIG. 7. Replication timing of the EbfI locus is shifted to later
replication in Pax5-deficient cells. (A) Replication timing of the early-
replicating a-globin gene locus, the late-replicating X741 locus, and the
EbfI locus in wild-type (wt) and Pax5-deficient pro-B cells is depicted.
(B) Schematic overview of the EbfI locus. The locations of the primer
pairs used for analysis of the replication timing are indicated. (C) In
wild-type pro-B cells, EbfI replication peaked at the first quarter of S
phase (S1). (D) Pax5-negative pro-B cells display later replication (S2)
of the EbfI locus. (E) An even later replication was observed in ES
cells, where EbfI is silent. A domain of later replication “centered” at
EbfI was observed in Pax5-negative and ES cells, which extended to an
area of more than 1 Mb, spanning the 37324131111Rik and EpsinR
genes that are active in both pro-B and ES cells.

not shown) but replicated significantly earlier in the latter, thus
ruling out a direct link between replication timing and tran-
scription.

Change in nuclear positioning of the EbfI genomic locus in
Pax5~'~ pro-B cells. Changes in replication have been shown
to correlate with changes in gene chromatin structure, tran-
scriptional activity, large-scale chromatin organization, and
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FIG. 8. Fluorescence in situ hybridization shows differential EbfI locus positioning in Pax5-deficient compared to wild-type (wt) pro-B cells.
(A) Representative images of 2D-FISH analysis of Pax5-deficient and wild-type pro-B cells. (B) Analysis of the nuclear position of the EbfI locus
shows that the EbfI locus is more often detected at the periphery of the nucleus in Pax5-deficient than in wild-type pro-B cells. (C) A complex

regulatory network regulates the expression of the two EbfI promoters.

subnuclear position (36, 57). We therefore analyzed the large-
scale chromatin organization of the EbfI locus in Pax5~'~ and
wild-type cells by 2D-FISH analysis. We observed that the Ebf]
locus was more often positioned towards the periphery of the
nucleus in Pax5~'~ cells than in wild-type cells (Fig. 8A and B).
The nuclear periphery has previously been associated with
later replication times and transcriptional inactivity (23, 34, 39,
56, 61). Our observation that in the absence of Pax5, EbfI
replicates later and locates towards the nuclear periphery is
consistent with our finding that Pax5 upregulates transcription
from the EbfI promoter and suggests that Pax5 regulation of

Ebf1 involves large-scale chromatin organization changes at
the locus and nuclear repositioning.

DISCUSSION

EbfI is a key regulator of early B-cell differentiation that
participates in the specification of the cell lineage. EbfI is
expressed as early as in CLPs, although the functional activity
of EBF1 is required for the generation of pro-B cells (fraction
B cells) that undergo the rearrangement of immunoglobulin
heavy chain genes (25). Moreover, retroviral transduction of
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EbfI in hematopoietic progenitor cells and genetic bypass ex-
periments in Pu.1-deficient progenitors or IL-7-deficient CLPs
have shown that EBF1 is sufficient to induce B-cell differenti-
ation, including the activation of E2a and Pax5 (29). These
observations have been interpreted to suggest that EBF1 is
involved in the initiation of the B-cell differentiation program
consistent with the finding that EBF1 acts as a “pioneer” tran-
scription factor in mediating chromatin accessibility and de-
methylation of DNA (27). However, EBF1 is not sufficient to
induce the complete B-cell program in heterologous cell types
and requires collaboration with other transcription factors.
EBF1 has been found to collaborate with the E2A transcrip-
tion factors in the activation of the endogenous immunoglob-
ulin surrogate light chain genes in Ba/F3 and HeLa cells. This
functional synergy between EBF1 and E2A has also been dem-
onstrated genetically by the B-cell differentiation defect in
Ebfl/E2a double-heterozygous mutant mice (35). The com-
bined loss of one EbfI and one E2a allele also results in a
downregulation of Pax5 expression, suggesting that Pax5 is
downstream of EBF1 and E2A (35). Consistent with this hier-
archical relationship, an EBF1-binding site has been identified
in the Pax5 promoter (35). Moreover, forced expression of
EBF1 in E2A- or Pu.l-deficient progenitors results in the ac-
tivation of Pax5 gene expression (29, 46). However, overex-
pression of EBF1 and E47 in Ba/F3 cells does not induce the
expression of Pax5 (data not shown), suggesting that the acti-
vation of Pax5 by EBF1 may require additional transcription
factors that are expressed in lymphoid progenitor cells but not
in Ba/F3 cells.

In our study, we show that the expression of the EbfI gene
involves two promoters that are differentially regulated (Fig.
8C). The distal promoter, termed Ebflo promoter, has been
previously shown to be activated by E47 and EBF1 (51). Con-
sistent with these observations, E47 is sufficient to activate the
Ebflo promoter in the context of the endogenous EbfI gene in
transfected Ba/F3 cells, and this activation is augmented by
EBF1 (Fig. 4D and data not shown). The stimulation of the
Ebflo promoter in the endogenous gene context is 20-fold,
which is significantly stronger than the previously reported
activation of a promoter construct (51). In our experiments,
the major effect on the Ebfla promoter is mediated by E47 and
not by EBF1. However, two lines of evidence suggest that the
regulation of the Ebfla promoter by EBF1 generates a positive
feedback loop. First, the reduction of the dose of EBF1 in Ebf1
heterozygous mice results in a decrease of EbfI gene expres-
sion by a factor of 2. Second, the specific activation of the
EbfIB promoter by Pax5 in the endogenous context results in
the stimulation of the Ebfla promoter (Fig. 6D and data not
shown). In addition to an EBF1 feedback loop via the Ebfla
promoter, E2A and EBF1 proteins appear to act in a recipro-
cal feedback loop. The activation of the endogenous EbfI gene
by E47 in Ba/F3 cells supports the upstream function of E2A
proteins in the regulation of EbfI gene expression (reference
20 and this study). However, the expression of the E2a gene is
also impaired in EBF1-deficient mice (59).

In addition to the regulation of the Ebflo promoter by E47
and EBF1, we find that this promoter is responsive to IL-7
signaling. Transfection of a constitutively active form of
STATS (STATS-CA) into Ba/F3 cells results in a ninefold
activation of the endogenous EbfI gene (Fig. 4A). In addition,
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the activity of the isolated Ebfla but not EbfIB promoter is
augmented by STAT5-CA. However, the effect of STATS-CA
and IL-7 signaling on the Ebfla promoter may be indirect. The
Ebfla promoter contains a potential STATS-binding site at
position —104, but mutation of this site did not alter the re-
sponsiveness of the promoter to STATS5-CA (data not shown).
STATS has been found to be recruited to promoters via inter-
actions with other DNA-bound transcription factors. For ex-
ample, the association of STATS with the promoters of distal
immunoglobulin variable genes has been found to occur in the
absence of STATS-binding sites and has been proposed to be
mediated via interaction with DNA-bound Oct proteins (4).
We consider this possibility for the regulation of the Ebfla
promoter by STATS unlikely because we have not been able to
detect binding of STATS to the Ebfla promoter in chromatin
immunoprecipitations (data not shown). Therefore, we favor
the view that IL-7 signaling and STATS regulate the expression
of Ebfl indirectly. The regulation of the EbfI gene by IL-7
signaling is also supported by the observations that the accu-
mulation of EbfI transcripts is markedly impaired in CLPs
from IL-7-deficient and IL-7Ra-deficient mice (8, 22).

The EbfIB promoter differs in its regulation from the Ebfla
promoter. One of the surprising findings of our study is the
regulation of the EbfIf promoter by Pax5, which binds directly
to multiple sites in the EbfIB promoter and stimulates the
activity of the promoter in synergy with Etsl. Although the
targeted inactivation of Pax5 results in a block of B-cell differ-
entiation prior to the generation of fraction C pro-B cells and
EDbfI transcripts are detected in Pax5-deficient mice (33), we
find that the accumulation of EbfIB-specific transcripts in pre-
ceding fraction B cells is reduced by a factor of 3. We also
detected an approximately threefold decrease of intracellular
EBF1 by flow cytometry. As the anti-EBF1 antibodies do not
discriminate between the « and B isoforms and the anti-EBF13
antibody recognizes a pattern that resembles the pattern of
EBF1, we cannot rule out the possibility that EBFla does not
contribute significantly to EBF1 protein expression. In con-
trast, the abundance of Ebf]a-specific transcripts is not altered.
Likewise, an approximately fivefold decrease in total Ebf] ex-
pression was observed in bone marrow pro-B cells of Pax5~/~
mice (13). We also observed an activation of the EbfIf pro-
moter in the context of the endogenous EbfI gene in Ba/F3
cells that have been transfected with expression plasmids for
Pax5 and Ets1l. However, in this experiment we also detected
an even higher accumulation of Ebfla transcripts. As an
Ebfla-luciferase construct is not stimulated by Pax5 and no
Pax5 binding could be detected at the Ebfla promoter in vitro
and in vivo (data not shown), the activation of the Ebfla
promoter in the context of the endogenous gene is likely due to
a positive feedback loop via EBF1.

Although the effect of Pax5 gene mutation on the expression
of EbfI is only threefold, a twofold reduction of EbfI gene
activity has been demonstrated to be significant. Heterozygous
mutant EbfI ™/~ mice reveal a twofold decrease in the number
of pro-B cells and a 10 to 30% reduction in the number of B
cells in the spleen (25).

The ectopic expression of Pax5 in thymocytes results in the
initiation of a B-cell differentiation program, including the
activation of Ebf1 gene expression, whereas the forced expres-
sion of Pax5 in E2A-, Pu.l-, or IL-7-deficient CLPs is not
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sufficient to rescue B-cell development (8, 29, 46). These con-
trasting observations raise the question of whether Pax5 is
directly involved in the establishment of EbfI expression. In
thymocytes, Notch signaling antagonizes the activity of both
E2A proteins and EBF1 (31, 50). Pax5 has been shown to
repress the expression of Notchl (52), and therefore, the
forced expression of Pax5 in thymocytes could result in a re-
pression of Notch and activation of E2A protein. According to
this view, the expression of Pax5 in thymocytes would lead to
the establishment of EbfI expression indirectly via activation of
E2A proteins, which act on the distal promoter of the Ebf]
gene. Consistent with this scheme, E2A proteins are expressed
in CLPs and the expression of Ebf] is abrogated in the absence
of E2A (59).

The EbfIp promoter is also regulated by Pu.l. Previous
experiments have identified a Pu.l-binding site in the first
intron of the EbfI gene, which is located 165 nucleotides down-
stream of the start site of the B transcripts and is occupied by
Pu.1 in vivo (29). Pu.1 has been found to directly regulate the
expression of the IL-7Ra gene (7). Therefore, Pu.l may act
both indirectly via STATS in the regulation of the Ebfla pro-
moter and directly via the EbfIB promoter. Based on our data,
we suggest that the Ebfla promoter is involved in the initiation
of Ebf1 gene expression in CLPs, whereas the proximal EbfI
promoter is involved in the Pax5-mediated upregulation in
fraction B and C pro-B cells and in the maintenance of Ebf]
gene expression.

In support of a role for Pax5 in regulating EbfI expression,
we show that Pax5 is required for a nuclear-internal location
and early replication of the EbfI locus in developing B cells. In
Pax5-negative pro-B cells, Ebf] replicates later in S phase and
occupies a more peripheral position in the nucleus than in
wild-type pro-B cells. However, in the presence of Pax5, Ebf1
replication is advanced and the locus moves away from the
nuclear periphery—epigenetic changes that previously had
been associated with a transcriptionally permissive state (1, 9).
Interestingly, successful immunoglobulin rearrangement was
shown to depend on Pax5-mediated relocation of unrear-
ranged immunoglobulin heavy chain alleles from the nuclear
periphery to the interior (13, 19). In nonlymphoid cells a sim-
ilar relationship between developmentally induced gene acti-
vation, locus repositioning, and advanced replication timing
has been reported (5, 56). The striking temporal difference in
the replication of EbfI locus in ES cells (late) versus pro-B
cells (early) suggests that the epigenetic state of this locus is
modified upon hematopoietic commitment. While Pax5 is
clearly involved in this process, the observation that the timing
of EbfI replication is advanced even in pro-B cells that lack
Pax5 suggests that other developmentally regulated factors
also contribute to the transcriptionally permissive state of the
Ebf1 locus. The changes in the replication timing and fre-
quency of subnuclear localization of the EbfI locus in Pax5~/~
cells cannot be solely accounted for by the regulation of the
Ebf1B promoter by Pax5 and raise the interesting possibility
that other, yet-unidentified regulatory sequences in the Ebf]
locus may also be regulated by Pax5.

In conclusion, our analysis of the regulation of the EbfI gene
shows that two distinct promoters integrate regulatory inputs
from multiple determinants of B lymphopoiesis, whereby feed-
back loops, reciprocal activation, and cross-antagonism of in-
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dividual components generate a complex regulatory network,
which may help to stabilize developmental decisions and allow
for an accurate differentiation process.
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