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Background: Transcription factor doses play important roles in normal and malignant B-lymphocyte development.

Results: We show dose-dependent regulation of B-cell specification and expansion of committed progenitors.

Conclusion: Transcription factor dose impacts several aspects of B-cell development.

Significance: Knowing the effects of reduced transcription factor dose aids our understanding of the molecular events under-

lying leukemia and B-cell development.

Transcription factor doses are of importance for normal and
malignant B-lymphocyte development; however, the under-
standing of underlying mechanisms and functional conse-
quences of reduced transcription factor levels is limited. We
have analyzed progenitor and B-lineage compartments in mice
carrying heterozygote mutations in the E2a, EbfI, or Pax5 gene.
Although lymphoid progenitors from EbfI or Pax5 heterozy-
gote mice were specified and lineage-restricted in a manner
comparable with Wt progenitors, this process was severely
impaired in E2a heterozygote mutant mice. This defect was not
significantly enhanced upon combined deletion of E2a with
Ebf1 or Pax5. Analysis of the pre-B-cell compartment in Ebf1
heterozygote mice revealed areduction in cell numbers. These cells
expressed Pax5 and other B-lineage-associated genes, and global
gene expression analysis suggested that the reduction of the pre-B-
cell compartment was a result of impaired pre-B-cell expansion.
This idea was supported by a reduction in IL2Ra-expressing late
pre-B-cells as well as by cell cycle analysis and by the finding that
the complexity of the VD] rearrangement patterns was comparable
in Wtand EbfI1*'~ pre-B-cells, although the number of progenitors
was reduced. Heterozygote deletion of EbfI resulted in impaired
response to IL7 in vitro and reduced expression levels of pre-BCR
on the cell surface, providing possible explanations for the
observed stage-specific reduction in cellular expansion. Thus, tran-
scription factor doses are critical for specification as well as expan-
sion of B-lymphoid progenitors, providing increased insight into
the molecular regulation of B-cell development.

The development of mature B-lymphocytes from multipo-
tent progenitors in the bone marrow (BM)> depends on an
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orchestrated transcription factor network. The understanding
of this process has been facilitated by recent advancements in
the isolation of early progenitor populations (1) as well as by
analysis of gene expression patterns and in vivo protein-DNA
interactions (2—4). The formation of the earliest B-cell com-
mitted progenitors is dependent on the transcription factor
EBF1 (5, 6) as well as E2a encoded proteins (Tcf3) (7, 8) and
FOXOL1 (9) because in the absence of these factors, the expres-
sion of B-lineage genes is dramatically reduced in the lymphoid
progenitors, and normal lineage restriction is disrupted (9, 10).
Commitment to B-lineage development is associated with the
expression of the transcription factor PAX5, known to be of
critical importance for restriction of alternative cell fates (11—
13). However, in contrast to what is observed in the absence of
EBF1 and E2A proteins, lack of PAX5 has a modest effect on the
transcription of B-lineage genes in the earliest progenitors (14—
16). This has resulted in the establishment of a concept postu-
lating that although EBF1 and E2A are critical for B-cell speci-
fication, this process is linked to stable commitment through
the activation of PAX5.

Although the role of lineage specific transcription factor net-
works in development has been rather well established, the
direct link between these regulatory cues and human leukemia
is now becoming an area of intense investigation. This is
because detailed mapping of genetic changes in human B-cell
malignancies has revealed that mutations in genes encoding key
regulatory proteins, such as PAX5, EBF1, and £2a encoded pro-
teins, can be found in a large fraction of the pediatric B-progen-
itor acute lymphoblastic leukemias (17). These mutations
appear to be heterozygous, and thus it has been suggested that the
impact of these mutations depends on a reduction of functional
transcription factor dose, an idea supported by the finding that
leukemia formation is enhanced in mice expressing a constitu-
tively active STAT5 protein in combination with the loss of one
functional allele of either Pax5 or Ebf1 (18). Furthermore, low lev-
els of PAX5 expression in hematopoietic progenitors result in an
expansion of cells expressing a combination of myeloid and
lymphoid genes similar to what can be observed in biphenotypic
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leukemia (19). Functional transcription factor dose is also of cru-
cial importance in normal B-cell development, where reduced lev-
els of E-proteins (E2A, HEB, and E2-2) (20) or loss of one allele of
Ebf1 alone or in combination with E2a or Runx1 results in dis-
turbed B-cell development (5, 21-23). Hence, transcription factor
dose is of critical importance for malignant transformation in leu-
kemia as well as normal B-cell differentiation, creating a link
between development and disease.

We here report an analysis of B-cell development in mice
carrying heterozygote mutations in critical transcription fac-
tors. Although E2a gene dosage is important for B-cell specifi-
cation, the loss of one allele of EbfI instead appears to be of
importance for the normal expansion of already committed
progenitor cells. We believe that our findings have implications
not only for normal B-cell development but also for the molec-
ular understanding of leukemia formation.

EXPERIMENTAL PROCEDURES

Animal Models—Pax5"'~ (14), Ebfl"'~ (5), E2a*’~ (24),
and reporter mice carrying a #CD25 reporter under the regula-
tory elements of the LambdaS5 (A5, Igll1) promoter (25) were all
on C57BL/6 background. Bone marrows and spleens were har-
vested from mice aged 7-13 weeks. Adoptive transfers were
performed as described previously (16). Animal procedures
were performed with consent from the local ethics committee
at Linkoping University (Linkoping, Sweden).

FACS Staining and Sorting of Hematopoietic Cells—For anal-
ysis and cell sorting of progenitor bone marrow cells, CD16/
CD32 (FC)-blocked (Clone 93, eBioscience) cells were stained
with antibodies against lineage markers CD11b (M1/70), GR1
(RB6-8C5), TER119 (Ter119), CD3 (17A2, BD Pharmingen),
CD11c (N418), NK1.1 (PK136), CD19 (1D3), and CD45R/B220
(RA3-6B2). Further staining with KIT (2B8), SCA-1 (E13-
161.7), IL7R (A7R34), FLT3 (A2F10), Ly6D (49-H4, BD
Pharmingen), and propidium iodide (Invitrogen). All antibod-
ies were purchased from BioLegend unless stated otherwise.
For progenitor isolation, bone marrow cells were subjected to
magnet-activated cell sorting column enrichment of KIT* cells
using anti-CD117 immunomagnetic beads (Miltenyi Biotec)
prior to antibody staining. Analysis and cell sorting were per-
formed on a BD FACSAria™ cell sorter (BD Biosciences).
Gates were set according to fluorescence minus one controls.

For population analysis, equal cell numbers of FC-blocked
cells were stained with the following antibody combinations:
progenitors, as stated above without column enrichment;
B-cells, lineage markers CD11b (M1/70), GR1 (RB6-8C5),
TER119 (Terl19), CD3 (17A2), CD11lc (N418), and NKI.1
(PK136) and further with CD19 (ID3), CD45R/B220 (RA3—
6B2), CD43 (S7), IgM (RMM-1), and IgD (11-26, eBioscience,
San Diego, CA). Dead cells were excluded with 7-aminoactino-
mycin D (7-AAD; Sigma), and analysis was performed with a
BD FACSCantoll analyzer (BD Biosciences).

Ex Vivo Analysis of Cell Cycle Status in B-cell Progenitors—
Cells stained for lineage, CD19, CD43, IL2Ra (CD25), and IgM
were fixated and permeabilized with the Cytofix/Cytoperm kit
according to the manufacturer’s instructions (BD Biosciences)
and further stained with Ki-67 antibody (BD Biosciences) and
4',6-diamidino-2-phenylindole (DAPI; Invitrogen). Gates for
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Ki-67 staining were based on isotype control antibody. All gates
were set according to fluorescence minus one controls. Analy-
sis was performed on a FACS Aria Special Order System™ (BD
Biosciences).

In Vitro Evaluation of Natural Killer (NK)- and T-lineage
Potentials—For evaluation of NK- and T-cell potential, cells
were deposited (using FACSAria) directly into 96-well plates
containing preplated (2000 cells/well) stroma cells. T-cultures
(on OP9Delta stroma layers) were supplemented with 10 ng/ml
KIT ligand, 10 ng/ml Fms-like tyrosine kinase 3 ligand (FLT3L),
and 10 ng/ml interleukin-7. NK cultures (on OP9 stroma layers)
were supplemented with the same cytokines as the OP9Delta
cultures, with the addition of 20 ng/ml interleukin-15 and 40
ng/ml interleukin-2. All cytokines were acquired from Pepro-
tech (Rocky Hill, NJ). Cultures were substituted with fresh
cytokines after 7 days. OptiMEM supplemented with 10%
heat-inactivated fetal calf serum, 25 mm HEPES, 50 ug/ml
Gentamicin, and 50 um B-mercaptoethanol was used for
maintaining the OP9/OP9Delta stroma cell lines (26) as well
as for the cocultures.

Cocultures were evaluated by FACS staining with CD19 (ID3),
NK1.1 (PK136), CD11c (N418), and 7-AAD for NK OP9 cocul-
tures and CD19 (ID3), CD90.2/Thy1.2 (53-2.1), CD3 (17A2), and
7-AAD for T OP9Delta cocultures. All cocultures were analyzed at
day 14 with a BD FACSCantoll analyzer (BD Biosciences).

In Vitro Evaluation of Myeloid Potential—W e have modified
a previously described method to evaluate myeloid potential
(27). In brief, cells were directly sorted to a concentration of 1
cell/20 ul of medium OptiMEM (supplemented as above) and
25ng/ml KIT ligand, 25 ng/ml FLT3L, 25 ng/ml murine throm-
bopoietin/megakaryocyte colony-stimulating factor, 10 ng/ml
interleukin-3, 25 ng/ml murine granulocyte colony-stimulating
factor, and 25 ng/ml murine granulocyte/macrophage colony-
stimulating factor, and 20 ul of cell suspension were plated into
each well (Nunc Minitrays). Wells were scored after 5 days
(using an inverted light microscope) to estimate clonal growth
and clone size.

Quantitative and Single Cell RT-PCR—Quantitative RT-PCR
analysis of sorted cells was performed as described previously (27).
Assays-on-Demand™ probes (Applied Biosystems, Foster City,
CA) used were as follows: Hprt, Mm00446968_m1; Pax5,
Mm00435501_m1. Multiplex single cell RT-PCR analysis was per-
formed as described previously (27). Multiplex PCR primers used
were as follows: Hprt, GGGGGCTATAAGTTCTTTGC (primer
1), GTTCTTTGCTGACCTGCTGG (primer 2), TGGGGCTGT-
ACTGCTTAACC (primer 3), and TCCAACACTTCGAGAG-
GTCC (primer 4); Pax5, CTACAGGCTCCGTGACGCAG
(primer 1), ATGGCCACTCACTTCCGGGC (primer 2), GTCA-
TCCAGGCCTCCAGCCA (primer 3), and TCTCGGCCTGTG-
ACAATAGG (primer 4); A5/Iglll, AGTTCTCCTCCTGCTG-
CTGC (primer 1), GGGTCTAGTGGATGGTGTCC (primer 2),
CAAAACTGGGGCTTAGATGG (primer 3), and CCCACCAC-
CAAAGACATACC (primer 4); Pou2af1/Ocab, ACGCCCAGT-
CACATTAAAGAAG (primer 1), AGCCAGTGAAGGAGCTA-
CTGAG (primer 2), ATGTTCCCTCCTCTGTCACTGT
(primer 3), and CTGTCACTGTGGAAGCAGAAAC (primer 4);
Fit3, TCTCAATTCAGGTGGCGGTG (primer 1), GCTGTGA-
AAAAGAAGCTCTCATGTC (primer 2), ACCAGGCATGCT-
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FIGURE 1. Reduced E2a dose results in impaired development of early progenitors. A, diagrams showing the percentages or absolute numbers of

phenotypic hematopoietic progenitor cellsin Wt, Pax5*/~Ebf1™/~,E2a™’~, or Ebf1*/~E2a™/

~ mice of the total number of propidium iodide negative (live) cells

in mouse BM. LSK cells are defined as Lin-SCA-1"9"KIT"9" cells, while LMPPs are defined as FLT3"9"LSK cells. B, CLPs are identified as Lin~SCA-1'o"/nt
KITow/ntE T3 ¥IL7R ™. These cells were then further subdivided based on the expression of Ly6D on the cell surface. Each dot represents one mouse, and the
data are presented as median (horizontal line) *+ interquartile range. Statistical analysis was performed using the Mann-Whitney U test. *, p < 0.05; **,p < 0.01;

®%% p < 0.001; ¥*%, p < 0.0001.

GGAATTTG (primer 3), GAGCTGATCCAAGGGCGG (primer
4); Cd79a/Mb1, CCTCCTCTTCTTGTCATACG (primer 1),
AAACAATGGCAGGAACCC (primer 2), TGATGATGCGGT-
TCTTGG (primer 3), GAACAGTCATCAAGGTTCAGG
(primer 4). Primers 1 and 4 constitute the outer primer pair,
whereas primers 2 and 3 constitute the inner nested primer pair.

Affymetrix Gene Expression and Data Analysis—Cells were
sorted directly to RLT buffer with 2-mercaptoethanol, and
RNA was extracted from purified adult BM subsets as described
previously (28). RNA was labeled and amplified according to
the Affymetrix™™ GeneChip Expression Analysis Technical
Manual and hybridized against Affymetrix gene expression
array chip mouse genome 430 2.0. Chips were scanned us-
ing a GeneChip™ Scanner 3000 (GEO accession no.
GSE51385). Probe level expression values were calculated
using RMAexpress, and further analysis was done using
dChip (29).

VDJ Recombination Analysis—Amplification of rearranged
DNA segments was based on the use of degenerated heavy
chain variable segment (VH-gene) family primers (30) and
nested primers in the J-segments. The sorted cells (total num-
ber of CD43""/"€[gM ™~ pre-B-cells from one femur) were
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lysed and transferred directly to the PCR, at a density of 50,000
cells/50 ul of PCR. After the primary PCR of 15 cycles using
biotinylated J-primers, the products were purified on streptavi-
din-coated beads, and the obtained products were then sub-
jected to a second PCR using the same heavy chain variable
segment but nested J-primers at a density of 200,000 input
cells/50 ul of PCR (pooled from the primary PCR). The second-
ary PCRs were pooled and gel-purified and used for construc-
tion of single indexed libraries for high throughput sequencing
analysis, using an Illumina True Seq kit. Sequencing was per-
formed using a MiSeq benchtop sequencer and a 500-cycle kit
(Ilumina, San Diego, CA).

Biotinylated Primers were as follows: J4AS1, AGACCTG-
GAGAGGCCATTCTTACC; J3AS1, GAATGGGAGAAGTT-
AGGACTCACC; J2AS1, GAATAGAAGAGAGAGGTTGTA-
AGG; J1AS1, CAGCTTACCTGAGGAGACGGTGACC.
Inside primers were as follows: J4AS2, GAGGTTCCTTGAC-
CCCAGTAGTCC; J3AS2, ACCTGCAGAGACAGTGACCA-
GAGTC; J2AS2, CACCTGAGGAGACTGTGAGAGTGG; J1-
AS2, AGGAGACGGTGACCGTGGTCCCTGTG. V-family
primers were as follows: Vh558, TCCARCACAGCCTWCAT-
GCARCTCARC; Vh7183, AAGAASAMCCTGTWCCTGCA-
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AATGASC; VhQ52, GACTGARCATCASCAAGGACAAY-
TCC. The sequences are presented 5’ to 3'. Degenerated
nucleotide positions are coded as follows: R represents A or G; Y
represents C or T; S represents C or G; M represents A or C; K
represents G or T; W represents A or T; and B represents C, G, or
T. The script used for data analysis is distributed upon request.

Generation of Tamoxifen-dependent Pro-B-cell Lines—For
the generation of tamoxifen-inducible cell lines, EbfI1-deficient
BM cells (5) were transduced with retroviruses encoding either
an EBFl-estrogen receptor fusion protein (EBF1-ER) (31) or
full-length EBF1. The transduced progenitors were expanded
in tamoxifen (0.5 um)-supplemented medium as CD19™ cells
on OP9 stroma cells.

RESULTS

E2a Dose Is Critical for Normal B-cell Specification—In order
to understand the developmental disruptions observed in mice
carrying heterozygote mutations in crucial B-lineage transcrip-
tion factors, we analyzed the formation of early progenitors in
Pax5%'", E2a™’~, and Ebf1"'~ as well as in EbfI1*' " E2a™'~
transheterozygote mice. We were unable to detect any signifi-
cant impact of heterozygote loss of either Pax5, E2a, or Ebf1 on
the earliest lineage negative Lin~ SCA-1Me"KIT"e" (LSK) cells
(Fig. 1A), whereas we confirmed an important role for E2a dose
in the formation of the FLT3"8"LSK, lymphoid-primed multi-
potent progenitor (LMPP) compartment (32—34) (Fig. 1A4). Anal-
ysis of the Lin~ SCA-1'""/"™KIT"*/™FLT3*IL7R" lymphoid pro-
genitor (CLP) population (35, 36), revealed that the loss of one
allele of EbfI resulted in a significant increase in the relative
frequency of these cells (Fig. 1B). In order to investigate the
composition of the early lymphoid restricted compartments
further, we investigated the expression of Ly6D within the CLP
population (8, 37). Ly6D is expressed on a subpopulation of the
classical CLP that retain B-lineage potential but display reduced
NK- and dendritic cell (DC)-lineage potential in vivo and in
vitro as well as a reduced T-cell potential in vivo (8, 16). The
frequency of Ly6D "~ cells was reduced as compared with W% in
mice carrying one inactivated allele of E2a (Fig. 1B). The rela-
tive frequency of Ly6D™ cells was not significantly changed in
E2a™’"~ mice; however, the loss of one allele of EbfI resulted in
an increase of this population (Fig. 1B).

In order to investigate the impact of transcription factor dose
on early B-lymphoid progenitors, we analyzed the pro-B-cell
(Lin~B220"CD19"CD43"¢"[gM ~) compartment in mice car-
rying heterozygote mutations in the Ebf1 and/or E2a genes (Fig.
2A). Although this population was comparable with Wt in mice
lacking one allele of EbfI (EbfI*'~), it was reduced in mice
lacking one allele of E2a (E2a™'~). Mice carrying combined
heterozygote mutations of the £2a and either the EbfI or Pax5
(Pax5™'") genes did not display any reduction in cell numbers
as compared with E2¢™/~ mice.

The reduction of pro-B-cell numbers in the E2a"/~ mice
suggested that reduced E2a dose results in a developmental
disruption at an early progenitor stage, before the expression of
CD19 on the cell surface. Within the Ly6D ™ compartment, it is
possible to detect cells with an activated B-lineage transcrip-
tional program reflected in the expression of the surrogate light
chain gene Lambda5 (A5, IgllI) (27, 37), and in order to inves-
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FIGURE 2. Reduced E2a dose results in impaired B-lineage specification.
A, diagram displaying the absolute numbers of 7-AAD™~ pro-B-cells
(Lin"B220"CD19%CD43""igM~) in BM from Wt, Ebf1*’~, E2a*’~,
Pax5/~E2a™’~,or Ebf1*/~E2a™’~ mice.B, diagrams showing the percentage
of phenotypic Lin~SCA-1'oW/intK|TIowW/intE T3*|L7R* CLPs expressing a A5
promoter-regulated human CD25 (hCD25) reporter transgene in mice of
the indicated genotype. Each dot in A and B represents one mouse. Data
are presented as median (horizontal line) = interquartile range. Statistical
analysis was performed using the Mann-Whitney U test. C, a color-coded
panel displaying data collected by single cell multiplex RT-PCR analysis of
Lin~SCA-1'oW/intk|Tlow/intg| T3+ L 7R™ (CLPs) sorted from Wt or E2a™'~
mice. Each horizontal line of the boxes represents a single investigated cell.
A colored box indicates that an RT-PCR product from a given gene could be
detected on an ethidium bromide-stained agarose gel. Statistical analysis
was performed using Fisher’s exact test (Table 1). *, p < 0.05; ***, p <
0.001; **** p < 0.0001.

tigate B-lineage specification in progenitors from the mutant
mice, we crossed E2a- and EbfI-deficient mice to a reporter
mouse carrying a #CD25 reporter gene under the regulatory
elements of the A5 promoter (25). Loss of one allele of E2a
resulted in a 5-fold reduction of reporter-expressing CD19™
progenitor cells, whereas the combined monoallelic loss of EbfI
and E2a did not enhance the phenotype as compared with
E2a™’~ mice (Fig. 2B). In order to further investigate the
dependence on E2a dose for B-lineage specification, we per-
formed single cell multiplex RT-PCR on CLPs from Wt and
E2a™*’~ mice (Fig. 2C). Although we noted comparable fre-
quencies of cells with detectable Fit3 expression, the frequency
of cells expressing Pax5 was reduced from 24.1% in the Wt to
6.7% (Table 1) of the E2a™’~ cells (p < 0.0001). Reductions
were also observed in the frequency of cells expressing detect-
able levels of A5 (p = 0.0167), Mb1 (p < 0.0001), or Ocab (p <
0.0001) in the E2a™’~ as compared with Wt mice. These data
suggest that the E2a dose is critical for B-lineage specification.

E2a Dose Is Critical for Preserved B-lymphoid Potential in
Early Lymphoid Progenitors—Because B-cell lineage restriction
depends on transcription factor networks, one possible conse-
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quence of reduced transcription factor dose is reduced lineage
fidelity. In order to investigate the functional potential of pro-
genitor populations, we cultured single cells under conditions
driving development toward defined hematopoietic cell fates.
Culturing single LMPPs (Fig. 34) or Ly6D~ CLPs (Fig. 3B)
under conditions stimulating growth of myeloid cells revealed
that although LMPPs from both Wt and transcription factor
heterozygote mutant mice generated large colonies of cells, we
were unable to detect any major differences in myeloid lineage
restriction in Ly6D ™~ CLPs from any of the heterozygote mutant
mice (Fig. 3, A and B), suggesting that E2a dose is not critical
for lympho/myeloid lineage restriction. The expression of

TABLE 1

Reduced E2a dose results in impaired B-lineage specification

The table displays data collected by single cell multiplex RT-PCR analysis of
Lin~ SCA1'o"/mtKITOV/inELT3*IL7R " (CLPs) sorted from Wt or E2a ™/~ mice. The
percentage indicates the fraction of cells generating an RT-PCR product from a
given gene that could be detected on an ethidium bromide-stained agarose gel. The
p values were determined by Fisher’s exact test. CI, confidence interval. NS, not
significant.

Wit E2a*'~
mRNA (% of positive cells) (% of positive cells)

Odds
ratio pvalue 95% CI

Transcription Factor Dose in B-cell Development

Ly6D is normally associated with a reduction in the ability of
lymphoid progenitors to develop into cells of NK- and DC-
lineage (8, 37). In order to investigate if the Ly6D™ cells
generated in the presence of reduced levels of transcription
factors displayed a proper lineage restriction, we incubated
single Ly6D "A5(hCD25)~ progenitors collected from W,
Pax5"' ", Ebf1"'~,E2a™’'~,and Ebf1"'~E2a™’~ mice under
conditions permissive for the development of B-, DC-, and
NK-lineage cells from multipotent progenitors. Flow cyto-
metric analysis of the cellular content of colonies generated
from seeded Wt, Pax5"'~, or Ebf1"'~ cells revealed that 17,
12, and 23%, respectively, of the colonies contained cells
expressing NK1.1 or CD11c in addition to cells expressing
CD19 (Fig. 3C). Seeding E2a™’~ or Ebfl"'"E2a™’~ cells
resulted in 61 and 74%, respectively, of the generated colo-
nies containing NK1.1- or CD11c-expressing cells (p <
0.0001 for Wt versus E2a™'~ or E2a™*'~EbfI"'~). These cells
displayed a reduced cloning frequency (Fig. 3C) (p < 0.0001
for Wt versus E2a™'~ or E2a™'~Ebf1"'~) and impaired abil-
ity to generate colonies containing CD19™ cells (p < 0.0001
for Wt versus E2a*’'~ or E2a™’ Ebfl"’"). These data sug-
gest that although the E2a dose is critical for the generation
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FIGURE 3. Reduced E2a dose results in impaired B-lineage potential but retained lymphoid lineage restriction. Diagrams show the cloning frequency
and estimated clone size 5 days after seeding of 184 Wt, 187 Ebf1™/~,153 E2a™/~,and 159 Ebf1*/~E2a™’~ single LMPPs (A) or 144 Wt, 143 Ebf1*/~,144 E2a*/~,
and 143 Ebf1*/~E2a™’~ single Ly6D ™~ CLPs (B) in Terasaki plates under myeloid conditions. Cells were collected from two independent experiments. C, diagram
of the cloning frequency and the cellular content of clones generated from single Ly6D*hCD25~ Lin = SCA-1'®"/intK|TIow/intE T3*|L7R™ cells after 14 days of
culture under conditions permissive for B/DC/NK-cell development. The composition of the cultures was determined by flow cytometry using CD19, Cd11c,
and NK1.1 as markers for B-, DC-, and NK-cells, respectively. The data are based on seeding of 576 Wt, 384 Pax5™/~, 288 Ebf1*/~, 480 E2a™’~, and 480
Ebf1*/~E2a™’~ cells. The data were collected from four independent experiments. Statistical analysis was performed using Fisher’s exact test. D, diagrams
displaying the cloning frequency and cellular composition of single cell cultures from either 248 Wt, 192 Ebf1*/~, or 380 Pax5"/~ Lin~ SCA-1 fow/int
KITV/intFLT3*IL7R™ cells expressing a A5 promoter-regulated human CD25 (hCD25) reporter transgene incubated for 14 days on OP9Delta stroma cells to stimulate
T-cell development. The data are collected from two independent experiments. Statistical analysis was performed using Fisher’s exact test. Error bars, S.E.
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FIGURE 4. Loss of one allele of Ebf1 results in impaired development of B-lymphoid cells. Diagrams display the absolute numbers of 7-AAD ™ pre-B-cells
(Lin"B2207CD197CD43"°"/"e9|gM™~) (A) or IgM™ cells (Lin~B2207CD19*CD43'°"“/"9IgM™) (B) in BM from Wt, Ebf1™/~, E2a™’~, Pax5"/~E2a™'~, or
Ebf1*/~E2a™~ mice and Lin"B220"CD19*CD43'"/"|gM*IgD* spleen cells (C) from Wt, Pax5*/~, Ebf1*/~, or E2a™’~ mice. D, diagrams displaying the
percentage of CD19™ cells among the total number of CD45.2 ™ cells in the peripheral blood of mice transplanted with either Wt or Ebf1 ™/~ fetal liver after 4,9,and 16
weeks, as indicated. Each dot in the panel represents one mouse, and the average values are indicated by horizontal lines. Statistical analysis was performed using the
Mann-Whitney U test. £, diagram displaying quantitative RT-PCR data to investigate PAX5 expression in sorted pre-B (Lin~"B220*CD19"CD43'°"/"¢9|gM ") cells from
Wt or Ebf1*/~ mice. The data were normalized to the expression of Hprt and collected from seven individually sorted Wt and 5 Ebf1*/~ mice analyzed in triplicate
quantitative RT-PCRs. Each dot in the panel represents one mouse, and the data are presented as median (horizontal line) = interquartile range. Statistical
analysis was performed using a Mann-Whitney U test. F, a correlation matrix of eight samples made by dCHIP software using >1.2-fold differentially expressed
genes between Wt and Ebf1*/~ pre-B-cells and between Wt and Ebf1 "/~ pro-B-cells. The correlation is calculated and visualized by color (red and blue) in the
matrix. The data were generated by hybridization of cRNA to Affymetrix™ microarrays and collected from two independently sorted populations. *, p < 0.05;

**,p < 0.01; ***, p < 0.0001.

single cells on OP9Delta stroma cells under conditions permis-
sive for T-cell development. The cloning frequency for W% pro-
genitors approached 50%, with 90% of the cells generating
clones composed of only CD19™ cells (Fig. 3D). Seeding cells
from Pax5*~ or EbfI"*’~ mice resulted in lower cloning fre-
quency (p < 0.0001 for Wt versus Pax5*’~ and EbfI*’~)and an
increased frequency of colonies containing Thyl.2"CD3™"
cells. However, considering the lower cloning efficiency of
EbfI*'~ cells, the increase in frequency of colonies containing
T-lineage cells in relation to the number of seeded cells only
reached statistical significance using progenitors from Pax5"'~
mice (p = 0.0003). This reveals that reduction in either the Pax5
or EbfI dose in specified B-cell progenitors results in impaired
functional B-cell potential (p < 0.0001 for Wt versus either
Ebf1™'~ or Pax5*'~), but only heterozygote loss of Pax5 results
in a significant increase in lineage plasticity in vitro.

Ebf1 Dose Is Critical for Normal Development of Pre-B- and
Mature B-lineage Cells—Investigating the early pre-B-cell
compartment (Lin~B220"CD19*CD43'°“/"*¢]gM ~), the loss
of one allele of either EbfI or E2a resulted in a 2—3-fold reduc-
tion of cell numbers as compared with Wz mice (Fig. 44). In line
with previous observations (23), the combined deletion of EbfI
and E2a resulted in a 6-fold reduction in pre-B-cell numbers,
significantly lower than the reduction observed in either
Ebfl™'~ or E2a™’~ mice. In contrast, no synergistic reduction
of pre-B-cell numbers was observed in mice carrying transhet-
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erozygote mutations in the E2a and Pax5 genes (Fig. 44). Sim-
ilar reductions in cell numbers were observed in the IgM™
(Lin~B220"CD19"CD43""/**€[gM ") (Fig. 4B) compartment.
Heterozygote deletion of either EbfI or E2a also resulted in a
reduced fraction of CD19*CD43"“/"*¢[gM "IgD* B-cells in
the spleen (Fig. 4C).

The impaired ability of EbfI*’~ progenitors to generate
B-lineage cells was also reflected in a reduced ability to generate
B-lymphoid cells after transplantation (Fig. 4D). During analy-
sis of peripheral blood cell composition 4 weeks after transplan-
tation of Wt or Ebf1"'~ CD45.2" fetal liver cells to CD45.1"
hosts, we noted a lower level of B-cell reconstitution from
Ebf1™'~ fetal livers than what we observed for Wt fetal liver
cells. This effect was lost over time, and 16 weeks after trans-
plantation, the frequency of donor (CD45.27) CD19™ cells gen-
erated from Ebfl™'~ fetal liver was comparable with that
observed for Wt cells. Hence, heterozygote loss of Ebf1 results
in a reduced ability to generate mature B-lineage cells.

Loss of One Allele of Ebf1 Impairs Pre-B-cell Expansion—The
enhanced phenotype upon combined reduction of EbfI and
E2a levels has been suggested to reflect a disrupted genetic
program with reduced levels of PAX5 (23); however, quantita-
tive PCR analysis of Ebf1 "'~ pre-B-cells did not reveal any loss
of Pax5 expression (Fig. 4E), arguing against a similar explana-
tion for the reduction of B-cell progenitor populations in
Ebfl™'~ mice. Hence, to better understand the underlying

VOLUME 288+NUMBER 46-NOVEMBER 15,2013



TABLE 2

Gene function enrichment analysis shows changes of the genes for cell
division and mitosis in pre-B-cells from Ebf1*/~ mice

The table displays the average relative expression values as estimated by dCHIP analysis
for a set of B-lineage genes in sorted pre-B (Lin~B220"CD19"CD43""/¢[gM ") cells
from Wt or EbfI™'~ mice. The lower part of the table displays gene ontology
analysis of microarray data from pre-B-cells from either Wt or EbfI1*'~ mice.
The data were generated by hybridization of cRNA to Affymetrix "™ microarrays
and collected from two independently sorted populations. The analysis was done
using dCHIP based on the genes that are 1.5-fold differentially expressed between
Wt and EbfI™*'~ pre-B-cells.

Wt CD43'ov/nee Ebf1*'~
mRNA IgM~ CD43""/*s[gM~ Change
fold
B-lineage genes
Ebfl 1459 973 -15
Cd79b 6879 5450 -1.3
Rag2 223 100 —2.2
Vpreb3 3205 1775 -1.8
Ragl 175 106 -1.6
Pax5 131 118 -1.1
Vprebl]//Vpreb2 64 56 -1.1
CDI19 2580 2397 -1.1
Blnk 2549 2301 -1.1
IgH-V ]558 1407 336 —4.2
12ra 46 23 -2.0
1l7ra 1123 691 -1.6
Gene ontology cell division
(» = 0.000388)
CcnBl1-rs1 56 21 —2.6
Cdc45l 60 22 -2.7
Cdc6 80 27 -3.0
Cyclin B1 149 66 -2.3
Racgapl 70 25 —2.8
Incemp 99 40 —25
Zc3hel 106 55 -1.9
Kntcl 78 28 —2.8
Lig4 344 102 —3.4
Ube2c 181 68 —2.6
Rasgeflb 9 42 —4.4
Gene ontology mitosis
(» = 0.000479)
CcnBl1-rs1 56 21 —2.6
Cdc6 80 27 -3.0
Racgapl 70 25 —2.8
Incemp 99 40 —-2.5
Zc3hel 106 55 -1.9
Kntcl 78 28 —2.8
Plk1 83 35 —2.3
Ube2c 181 68 —2.6

cause of the reduced pre-B-cell compartment in EbfI"/~ mice,
we sorted pro-B- as well as pre-B-cells from Wt and EbfI
heterozygote mutant mice and performed Affymetrix-based
microarray gene expression analysis. Although the overall gene
expression patterns as well as Pax5 expression in Wt and
Ebf1™'~ pro-B-cells were similar (Fig. 4F), gene set enrichment
analysis of the microarray data suggested a reduced expression
of cell division (p < 0.001) and mitosis (p < 0.001) genes in the
Ebf1™'~ pre-B-cells as compared with their Wt counterparts
(Table 2). This, in combination with rather normal expression
of B-lineage genes in EbfI*’~ pre-B-cells, opens up the possi-
bility that the phenotypic loss of pre-B-cells in Ebf1*/~ mice
could be a result of reduced expansion of progenitors rather
than a differentiation block.

The gene expression data suggested that pre-B-cells from
Ebfl™'~ mice displayed reduced expression of IL2 receptor
a-chain (IL2Ra, CD25), a gene proposed to be expressed after
functional heavy chain rearrangement on late proliferating pre-
B-cells (38, 39). In line with these data, ex vivo analysis of the
IL2Ra " CD43""/"€[gM ™~ pre-B-cell population suggests that
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about 90% of these cells are in an active cell cycle (Fig. 5A4). In
line with the data obtained from gene expression analysis, a
reduction in IL2Ra expression on cells from EbfI"'~ mice was
detectable in the IgM ™ pre-B-cell compartment because 46% of
the Wt and 24% of the EbfI*’ pre-B-cells expressed this
marker (Fig. 5, B and C). A significant reduction of IL2R«
expression was also observed on IgM™ cells, where the fre-
quency was reduced from 18% in the Wt to 4% in Ebf1*'~ mice
(Fig. 5, B and C). In order to identify the late surrogate light
chain expressing pre-B-cells with an even higher accuracy, we
used EbfI"'~ A5 reporter mice to compare the presence of
IL2Ra"hCD25 " IgM ~ or IgM ™ pre-B-cell compartments in Wt
and EbfI*’~ mice (Fig. 5D). The relative percentages of these
cells among the progenitor B-cells were significantly reduced in
both the IgM™ and IgM ™~ compartments, suggesting that the
Ebf1 dose is important for normal formation of the IL2Ra ™ late
pre-B-cell compartment.

It has been reported that complete loss of EbfI results in
increased apoptosis and a G, arrest in pro-B-cells (40). In order
to investigate if heterozygote loss of Ebf1 would have a similar
impact on B-cell progenitors, we investigated the fraction of
AnnexinV-positive cells from Wt or Ebf1"/~ mice ex vivo. The
percentage of AnnexinV™ cells was comparable in pro-B- as
well as pre-B- or IgM™ B-lineage cells from both strains (Fig.
6A), suggesting that a full EbfI dose is not critical for cell sur-
vival. In order to investigate if the loss of one allele of Ebf1 was
reflected in changes of cell cycle status of B-cell progenitors, we
stained BM cells from Wt and EbfI"'~ mice for expression of
surface markers as well as the intracellular proliferation marker
Ki-67 and the DNA-staining dye DAPI. Approximately 50% of
the Wt pro-B-cells resided in G;, whereas the fraction of these
cells from EbfI™’~ mice was increased (Fig. 6B). This was also
reflected in the fact that a smaller fraction of the pro-B-cells
from Ebﬂ“ ~ mice resided in G,; however, consistent with a
partial G; block, we were unable to detect any significant
difference in the frequency of cells in S/G,/M phase. In the
pre-B-cell compartment, the apparent enrichment of cells in
G, in EbfI"*'~ mice was no longer evident; rather, a trend
toward a lower fraction of cells in G, from the Ebf1"'~ mice
could be detected. We also noted a significantly reduced
frequency of cells in S/G,/M phase (Fig. 6B) in Ebf1 "'~ mice.
Hence, although the loss of one allele of Ebf1 does not have
any major impact on cell survival, the reduced EbfI dose
causes alterations in cell cycle dynamics in progenitor B-cell
compartments.

In order to directly investigate the impact of the functional
Ebf1 dose on cell expansion, we generated B-cell lines by trans-
duction of EbfI-deficient BM cells with retroviruses encoding
either EBF1-ER (31) or full-length EBF1. The transduced pro-
genitors were expanded in tamoxifen-supplemented medium
as CD19™ cells on OP9 stroma cells. Upon removal of tamox-
ifen, the EBF1-ER-transduced cells displayed a reduction in cell
expansion, whereas this treatment had minimal impact on the
growth of EbfI '~ cells rescued by retroviral expression of con-
ventional EBF1 (Fig. 7A). Hence, nuclear EBF1 is critical for
normal expansion of B-cell progenitors in vitro. In order to
investigate the functional impact of EbfI dose on the expansion
of these cells, we titrated the amount of tamoxifen in the cul-
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FIGURE 5. Loss of one allele of Ebf1 results in reductions in IL2Ra-expressing late pre-B-cells. A, diagram showing the cell cycle status of IL2Ra ™ pre-B-cells
(Lin~B220"CD19*CD43'°*/"e9IgM~) from Wt BM based on expression of the intracellular proliferation marker Ki-67 and the DNA-staining dye DAPI. Cells
negative for Ki-67 and with DAPI staining corresponding to that of a diploid cell were classified as being in G,. Expression of Ki-67 and a normal DNA amount
identify cells in G,, whereas high DNA content in combination with Ki-67 expression identifies cells in S/G,/M phase. B, representative histograms displaying
expression of IL2Ra on Wt or Ebf1™/~ pre-B- and IgM™-B-cells; C, diagrams indicating the frequency of cells (Lin~B220"CD19%CD43'°"/"e9|gM™ or
Lin~B220"CD19"CD43"°"/"9|gM*) expressing IL2Ra on BM cells from Wt or Ebf1™/~ mice. Each dot in the panels represents one mouse, and the data are
presented as median (horizontal line) = interquartile range. Statistical analysis was performed using the Mann-Whitney U test. D, diagrams displaying the

frequency of IL2Ra, A5 reporter double-positive cells in the B-cell progenitor compartments in the BM of Wt and Ebf

1*/~ Each dot represents one mouse. Data

are presented as median (horizontal line) * interquartile range. Statistical analysis was performed using the Mann-Whitney U test. **, p < 0.01.

tures (Fig. 7B). This resulted in a gradual reduction of cell
growth in a dose-dependent manner, providing support for the
idea that the level of nuclear EBF1 directly correlates with
growth of B-cell progenitors in vitro.

Preserved Complexity of [gH Rearrangements in Mice Lacking
One Allele of Ebf1—These data suggest that the loss of one allele
of EbfI results in a reduced expansion of the late pre-B-cell
compartment. This could be presumed to result in that the
complexity of VD] rearrangements should be comparable,
although the absolute numbers of pre-B-cells are reduced in
Ebfl™'~ mice. In order to investigate the complexity of the
immunoglobulin VD] rearrangement pattern in Wt and
Ebfl™'~ mice, we sorted pre-B-cells from Wt and Ebfl™'~
mice, amplified VD] rearrangements by PCR, and performed
deep sequencing of the generated amplicons. In order to inves-
tigate the complexity, we developed a script that allowed a com-
parison of the generated sequences, thereby allowing us to cal-
culate the number of unique VD] junctions in each sequencing
run. The identification of the correctly amplified products was
achieved by using only sequences containing a part of the J-re-
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gion (antisense strand) not included in the primers in the math-
ematical analysis. The diversity was investigated in the region
30 base pairs upstream of the J-region to identify unique VD]
junctions. By dividing the number of unique sequences by the
total number of VDJ sequences in a given run, we obtain a
number reflecting the complexity of VDJ rearrangements in a
given sample (Table 3). Analyzing six sequencing runs from
three libraries of Wt pre-B-cells, the median number of unique
sequences in relation to the total number of VD] sequences was
0.120. The corresponding number in cells from EbfI™'~ mice
was 0.084, a difference of no statistical significance. Hence, we
were unable to detect any major difference in VD] complexity
of the pre-B-cell compartments in Wt and EbfI1*/~ mice, pro-
viding an independent line of support for the theory that
heterozygote loss of EbfI results in impaired expansion of the
pre-B-cell compartment.

Reduced Ebfl Dose Results in Impaired IL7 Response and
Reduced Surface Expression of Pre-BCR on B-cell Progenitors—
It has been reported that Ebf1 '~ pro-B-cells respond poorly to
IL7 (40), and to investigate how heterozygote loss of EbfI
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FIGURE 6. Heterozygote loss of Ebf1 results in disruption of cell cycle dynam-
ics in early progenitor cells. A, diagrams indicating the median fluorescence
intensity of AnnexinV on Pro-B (Lin~B220"CD19"CD43"9"IgM~), Pre-B
(Lin"B220"CD19"CD43°"/"*%IgM "), or IgM* (Lin~B220*CD19*CD43'"/"e9
IgM™) BM cells from Wt or Ebf1™/~ mice. B, cell cycle analysis of pro-B
(Lin"B220"CD19"CD43"9"gM ™) and pre-B (Lin~B220*CD19*CD43'°"/ne9
IgM™) cells from Wt and Ebf1™/~ BM based on expression of the intracellular
proliferation marker Ki-67 and the DNA-staining dye DAPI. Cells negative for Ki-67
and with DAPI staining corresponding to that of a diploid cell were classified as
being in G,. Expression of Ki-67 and a normal DNA amount identify cells in G,,
whereas high DNA content in combination with Ki-67 expression identifies cells
in S/G,/M phase. Each dot in the panels represents one mouse. Data are pre-
sented as median (horizontal line) = interquartile range. Statistical analysis was
performed using the Mann-Whitney Utest. *, p < 0.05; **,p < 0.01; ***, p < 0.001.

impacts the response to IL7, we incubated Wt and EbfI"'~
B-cell progenitors on OP9 stroma cells in decreasing amounts
of externally supplied IL7 (Fig. 8). In the presence of high levels
of IL7, we noted an ~2-fold reduction in the number of viable
cells after 6 days of cultivation. The effect of heterozygote Ebf1
mutation was more pronounced when the level of IL7 was
reduced, suggesting that Ebf1"/~ B-cell progenitors display a
reduced response to IL7.

Although IL7 is an important regulator of the expansion of
the progenitor B-cell compartment, expansion of cells under-
going positive selection for a functional Ig-heavy chain rear-
rangement has been suggested to involve a combined action of
pre-BCR and IL7 signaling (41). One of the critical components
of the pre-BCR is A5 (Iglll), reported to be a direct target for
activation by EBF1 (42). In order to investigate if reduced levels
of Ebf1 would result in reduced transcription of the critical
pre-BCR component A5, we analyzed the expression of the A5
promoter-controlled reporter gene (#CD25) in B-cell progeni-
tors from Wt and Ebf1*'~ mice (Fig. 9, A and B). Although the
expression of the reporter construct was comparable on the
CD43"¢" progenitor cells, the expression in the CD43 ™ pre-B
and IgM " cell compartment was significantly reduced. This is
in line with the finding that loss of one allele of EbfI results in
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FIGURE 7. The dose of nuclear EBF 1 regulates the expansion of B-cell pro-
genitors. A, diagrams displaying the number of live cells after 3-4 days of
culturing 100,000 B-cell progenitors generated from Ebf1~/~ BM cells
expressing either an EBF1-ER fusion protein or a full-length EBF1 protein in
the presence or absence of 0.5 um tamoxifen. The data are presented as medi-
ans = interquartile range of three wells from two independent BM transduc-
tions (total of six wells). B, diagrams displaying the number of live cells after
3-5 days of culturing 5000 B-cell progenitors generated from Ebf1~/~ BM
cells expressing an EBF1-ER fusion protein in decreasing concentrations of
tamoxifen. The data are collected from three wells from two independent BM
transductions (total of six wells). Statistical analysis was performed using a
Kruskal-Wallis test. Error bars, S.E.

reduced expression of the surrogate light chain component A5.
The reduction in A5 expression could potentially result in
reduced pre-BCR expression levels on late pre-B-cells. To
explore this possibility, we analyzed the frequency of pre-BCR™
cells as well as the medium expression of pre-BCR on these cells
using an antibody recognizing a pre-BCR-specific epitope on
the IgM molecule. This suggested that both the frequency of
positive cells and the pre-BCR density on the positive cells are
reduced in Ebfl"’~ mice (Fig. 9C). A similar result was
observed when we analyzed IgM density on pre-BCR™ cells
because we noted a significant shift from [gM"€" to [gM'*" cells
in Ebf1"’~ mice (Fig. 9D).

DISCUSSION

Transcription factor dose is shown to be important for the
regulation of cell differentiation in a variety of model systems,
one of the most striking being sex determination in Drosophila,
where the dose of X-encoded transcription factors establishes a
regulatory network that acts to determine the sex of the embryo
(43). Dose-dependent regulation of cell fate has also been
reported in the hematopoietic system, where high expression of
PU.1 in multipotent progenitors results in the development of
myeloid and, at lower levels, in the development of lymphoid
lineage cells (44). Regulation of the functional levels of PU.1 is
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TABLE 3

Heterozygote deletion of Ebf1 does not result in significantly decreased complexity in VDJ rearrangements in pre-B-cells

The table displays data from sequencing analysis of VD] region complexity in the bone marrow compartment of pre-B-cells (Lin " B220~ CD19"CD43'""/*¢[gM ~) from Wt
and Ebf1*’~ BM. The data indicate the number of reads containing a genomic J segment sequence and the number of unique sequences as judged by sequence analysis of
30 bp downstream of the genomic ] segment. The data were collected from four mice (2 W and 2 EbfI*/~), where the cells from each femur were sorted separately from
each other. Cells from two bones from one W#and one Ebf1 "'~ mouse and one bone from the second mouse of each genotype were used for the generation of three libraries
from each phenotype. The libraries were analyzed in the indicated number of sequence runs. Statistical analysis was performed using the Mann-Whitney U test.

Unique Reads/

Unique Reads/

low/ne +- low/ne
Wt ED43 ’ Total Reads (Ratio) Ebff™GDA3 ’ Total Reads (Ratio)
Sample1 (Run1) 91769/465792 (0.20) Sample4 (Run1) 76207/431128 (0.18)
Sample2 (Run1) 66471/315992 (0.21) Sample5 (Run1) 77932/533029 (0.15)
Sample2 (Run2) 55341/632546 (0.087) Sample5 (Run2) 66145/1354910 (0.049)
Sample2 (Run3) 86661/1060846 (0.081) Sample5 (Run3) 109258/2127856 (0.051)
Sample3 (Run1) 105223/1003876 (0.10) Sample6 (Run1) 42665/625899 (0.068)
Sample3 (Run2) 288112/2191349 (0.13) Sample6 (Run2) 144534/1406333 (0.10)
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FIGURE 8. Loss of one allele of Ebf7 results in reduced IL7 response. Shown
isa diagram displaying the number of live cells after 6 days of culturing 40,000
Wt or Ebf1*/~ B-cell progenitors. Statistical analysis was performed using Stu-
dent's t test. Error bars, S.E. *, p < 0.05; **, p < 0.01.

mediated by the transcriptional repressor GFI-1, which
replaces PU.1 on autoregulatory elements in the PU. 1 gene (45).
Gfi-1 expression is regulated by the zinc finger transcription
factor IKAROS (Ikzf1) (45), known to be important for lymph-
oid priming in early BM progenitors (46), suggesting that a bal-
anced network of transcription factors is of crucial importance
for development of the earliest lymphocyte progenitors. In the
B-lineage, the enhanced phenotype observed upon combined
heterozygote loss of E2a and Ebf1 (23) and the large number of
shared target genes (2, 3) has led to the conclusion that they act
synergistically to stimulate B-cell development. This could be a
result of direct coordinated target gene activation; however,
because E2A proteins appear to regulate the expression of EBF1
(2, 47, 48), the lack of lineage priming could be a result of
reduced EBF1 levels in the CLP. Furthermore, E-proteins reg-
ulate FOXO1 expression in the CLP compartment (7). A lack of
FOXO1 results in defective lineage priming in a manner similar
to what is observed in EBF1-deficient progenitors (9). The abil-
ity of FOXOL1 to bind potential regulatory elements in the EbfI
gene and binding of EBF1 to regions in the FoxOI gene suggest
that these proteins act in a regulatory loop crucial for the spec-
ification of early B-cell progenitors (9). Hence, reduced levels of
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E2A proteins are likely to result in a disruption of this feedback
loop, causing reduced expression of both EBF1 and FOXO1,
leading to impaired B-lineage specification. This would be in
line with the fact that E2a™/~ mice display impairment in B-lin-
eage priming already in CD19™ progenitors. However, because
we were unable to detect any synergistic effect of combined
deletion of EBF1 and E2A on the formation of A5-expressing
progenitors or pro-B-cells (Fig. 2, A and B), we find it reasona-
ble to propose that the synergistic effect is caused by a reduced
number of primed cells in combination with reduced expansion
capacity of pre-B-cells as a result of reduced EBF1 levels. Our
analysis reveals that the loss of one allele of EbfI results in a
reduction of CD19"IL2Ra™ B-cell progenitors (Fig. 5), and
although the link between IL2Ra and cell proliferation
recently was disputed because c-myc-expression was not evi-
dent in B220"CD43"IL2Ra™ cells (41), ex vivo analysis of
the CD43"°"/"°¢]L2Ra™ pre-B-cell population revealed that
about 90% of these cells are in the active cell cycle (Fig. 54).
Mutations in A5, IgM, or Rag-1 result in a similar phenotype
with a reduction in or even loss of IL2Ra™ B-cell progenitors
(39), suggesting that reduced levels of EBF1 may result in
impaired pre-BCR signaling. Although we detect modest
down-regulations of mRNAs encoding pre-BCR components
in Ebfl"'~ pre-B-cells, slight reductions in the expression of
several genes in combination may combine to reduce the num-
ber of completely assembled pre-BCRs, resulting in an impaired
expansion of the pre-B-cell compartment. It is also interesting
to note that the response to IL7 appears to be reduced in
Ebf1™'~ B-cell progenitors because IL7 signaling has been
reported to act in synergy with pre-BCR signaling to regulate
pre-B-cell expansion. Another possible explanation could be
that EBF1 itself is directly involved in the regulation of genes
controlling cell proliferation. This idea is supported by the find-
ing that the major category of EBF1 target genes identified by
chromatin immunoprecipitation was genes encoding proteins
with crucial functions in the regulation of basic biological pro-
cesses in pre-B-cells (2). Hence, the role of stage specific tran-
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FIGURE 9. Heterozygote deletion of Ebf1 results in a reduction of pre-BCR expression on B-cell progenitors. Representative histograms (A) and diagrams
(B) display expression of a A5 promoter-regulated human CD25 (hCD25) reporter transgene on B-lineage populations from Wt or Ebf1*/~ mice. C, frequency of
pre-BCR™ cells and median pre-BCR expression levels on (Lin"B220"CD197CD43'°"/"¢9IgM ™) cells; D, expression levels of IgM on pre-BCR™ cells from Wt and
Ebf1™/~ BM. In the diagrams, each dot represents one mouse, and data are presented as median = interquartile range. Statistical analysis was performed using

the Mann-Whitney U test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

scription factors may reach beyond that of regulation of a
defined set of lineage-restricted target genes.

A role for Ebf1 dose in the expansion of B-cell progenitors is
also supported by the findings that Ebf1"/~ mice display an
accumulation of pro-B-cells in G, consistent with the idea that
deletion of the Ebf1 gene in B-cell progenitors results in a G;
block (40). In the more mature CD43'°"/*¢ pre-B-cells, the
relative fraction of cells in G; is rather reduced, and this, in
combination with a reduced number of cells in S/G,, supports
the idea that the loss of one allele of EbfI results in impaired
expansion of these progenitor cells. It has been reported that
ectopic expression of active STATS5 is insufficient to rescue the
disturbed proliferation and cell survival in EbfI™*’~ pro-B-cells;
however, the finding that transgenic expression of constitu-
tively active STATS5 collaborates with heterozygote loss of Ebf1
in the generation of B-cell leukemia in mouse models (18) indi-
cates that reduced EbfI dose impacts cell proliferation and sur-
vival differently than a complete loss of EbfI function. This is
also consistent with the finding that heterozygote loss of Ebf1
did not result in increased apoptosis, as previously reported for
Ebf1-deficient progenitors (40). Hence, the function of reduced
Ebf1 dose in malignant transformation may be complex and
possibly a result of mechanisms other than impaired differen-
tiation. Also interesting with regard to leukemia development is
the finding that reduced transcription factor dose may result in
lineage plasticity in B-cell progenitors. Although our functional
analysis did not reveal any dramatic increase in lineage instabil-
ity of B-lineage cells, it has been reported that monoallelic loss
of EbfI leads to aberrant expression of NK-lineage genes in
B-lymphoid progenitors (22). This indicates that alternative
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lineage programs cannot be properly silenced, and it should not
be excluded that combined heterozygote deletions of Pax5 and
Ebf1 may impact lineage commitment in a more dramatic man-
ner than the heterozygote loss of either of these proteins alone.
Hence, it appears as if reduced transcription factor dose may
impact specification and expansion as well as lineage stability
during B-cell development. Our data reveal that the impact of
the transcription factor dose goes beyond a partial differentia-
tion block, providing an extended insight into both normal and
malignant blood cell development.
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