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B-cell fate determination requires the action of transcription factors that operate in a regulatory network to activate
B-lineage genes and repress lineage-inappropriate genes. However, the dynamics and hierarchy of events in B-cell
programming remain obscure. To uncouple the dynamics of transcription factor expression from functional con-
sequences, we generated induction systems in developmentally arrested Ebf1−/− pre-pro-B cells to allow precise
experimental control of EBF1 expression in the genomic context of progenitor cells. Consistent with the described
role of EBF1 as a pioneer transcription factor, we show in a time-resolved analysis that EBF1 occupancy coincides
with EBF1 expression and precedes the formation of chromatin accessibility.We observed dynamic patterns of EBF1
target gene expression and sequential up-regulation of transcription factors that expand the regulatory network at
the pro-B-cell stage. A continuous EBF1 function was found to be required for Cd79a promoter activity and for the
maintenance of an accessible chromatin domain that is permissive for binding of other transcription factors. No-
tably, transient EBF1 occupancy was detected at lineage-inappropriate genes prior to their silencing in pro-B cells.
Thus, persistent and transient functions of EBF1 allow for an ordered sequence of epigenetic and transcriptional
events in B-cell programming.
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The hematopoietic system is a well-studied paradigm for
the differentiation of pluripotent stem cells to generate a
large variety of effector cells. Differentiation of hemato-
poietic stem cells via multipotent progenitors generates
lineage-committed cells that mature further into special-
ized effector cells. This process is accompanied by suc-
cessive lineage restrictions in which cells lose the
potential to adopt distinct cell fates (Nutt and Kee 2007;
Boller and Grosschedl 2014; Rothenberg 2014). B lympho-
poiesis involves lymphoid-biasedmultipotent progenitors
(LMPPs, also referred to as MPP4) that differentiate to
common lymphoid progenitors (CLPs). The heteroge-
neous CLP population includes B-cell-biased lymphoid
progenitors (BLPs) and all lymphoid progenitors (ALPs)
that retain the potential to generate B and T cells, natural
killer cells, and lymphoid dendritic cells (Kondo et al.

1997; Adolfsson et al. 2005; Inlay et al. 2009). Differentia-
tion of multipotent progenitors to lineage-committed
cells depends on multiple changes in the transcriptional
and epigenetic states of the cells. In particular, multiline-
age priming of cis-regulatory sequences in progenitors has
been implicated in setting a permissive chromatin state
that facilitates the binding of lineage-specific transcrip-
tion factors (Hu et al. 1997; Laslo et al. 2006; Heinz
et al. 2010; Mercer et al. 2011). Lineage-instructive tran-
scription factors have been proposed to confer de novo
chromatin accessibility, and the combinatorial action of
transcription factors has been associated with the estab-
lishment of lineage-specific programs of gene expression
(Singh et al. 2007; Miyazaki et al. 2014; Rothenberg
2014; Iwafuchi-Doi and Zaret 2016). Lineage program-
ming also requires the shutdown of alternative lineage po-
tential in a process termed lineage commitment (Nutt and
Kee 2007; Boller and Grosschedl 2014).
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Programming of the B-cell lineage requires a complex
regulatory network of transcription factors in which syn-
ergyandcross-antagonismbetweenmultiple transcription
factors ensure the robustnessof establishingB-cell identity
and a shutdown of alternative lineage potential (Boller and
Grosschedl 2014; Rothenberg 2014). Specifically, the tran-
scription factors PU.1 and E2A (Tcf3) have been shown to
be involved in B-lineage priming (Bain et al. 1994; Zhuang
et al. 1994; DeKoter and Singh 2000; Heinz et al. 2010;
Merceretal. 2011). E2AalsocollaborateswithFoxO1toac-
tivate the expression of EBF1, which enhances the expres-
sionofE2AandFoxO1andactivates theexpressionofPax5
(Lin et al. 2010;Mansson et al. 2012). Although these tran-
scription factors are all required for the activation of B-lin-
eage-specific genes, EBF1 appears to have a lineage-
instructive function. The forced expression of EBF1 in he-
matopoietic stem cells or progenitors enhances the gener-
ation of B-lineage cells, and the ectopic expression of EBF1
in PU.1- or Ikaros-deficient progenitors allows them to
overcome their block of early B lymphopoiesis (Medina
et al. 2004; Pongubala et al. 2008; Reynaud et al. 2008;
Zandi et al. 2008; Banerjee et al. 2013). Conversely, the tar-
geted Ebf1 gene inactivation results in a complete block of
pre-pro-B-to-pro-B-cell differentiation (Lin andGrosschedl
1995). In addition to its role in establishing the B-cell fate,
EBF1 collaborates with Pax5 to regulate the maintenance
of B-cell identity. Inactivation of Ebf1 in committed pro-
B cells allows for lineage conversion to T and innate lym-
phoid cells (Nechanitzky et al. 2013). Moreover, EBF1
was found to repress transcription factor genes that specify
alternative lineages (Pongubala et al. 2008; Banerjee et al.
2013; Nechanitzky et al. 2013), whereas Pax5 also repress-
es genes encoding receptors that respond to alternative lin-
eage-promoting signals (Revilla et al. 2012). Therefore,
EBF1 and Pax5 appear to govern a double-lockmechanism
in enforcing B-lineage identity.
In addition to these functions of EBF1 in regulating gene

expression, EBF1 has been implicated in changing the epi-
genetic landscape (Maier et al. 2004; Treiber et al. 2010;
Boller et al. 2016). Expression of EBF1 in multipotent
Ebf1-deficient progenitors results in the appearance of B-
lineage-specific chromatin accessibility and DNA deme-
thylation as determined by genome-wide analysis of
DNase I hypersensitivity and CpG methylation (Boller
et al. 2016). The C-terminal domain (CTD) of EBF1 was
found to allow EBF1 binding at sites in naïve chromatin
that lack co-occupancy by other transcription factors, sug-
gesting that this domain confers on EBF1 the ability to act
as a pioneer factor. Notably, the function of the CTD of
EBF1 was required for the regulation of genes involved in
the B-cell versus T-cell fate choice (Boller et al. 2016).
However, this analysis did not allow for an assessment of
the order and the dynamic progression of epigenetic and
transcriptional events.
In the present study, we used induction of EBF1 expres-

sion in multipotent progenitors to examine the time
course of events underlying EBF1-mediated B-cell pro-
gramming.We found that the occupancy of EBF1 precedes
the formation of chromatin accessibility and changes in
gene transcription.Moreover,weobserved a sequential ex-

pression of B-cell-specific transcription factors that can ac-
count for distinct temporal patterns of gene activation and
repression during B-cell specification and commitment.
Finally, we show that the silencing of many lineage-inap-
propriate genes at the pro-B-cell stage is precededby a tran-
sient EBF1 occupancy. Thus, our time-resolved analysis of
EBF1 function in B-cell programming revealed dynamic al-
terations of chromatin and sequential changes of regulato-
ry states involved in the activation of B-cell identity genes
and repression of lineage-inappropriate genes.

Results

Dynamic expression of transcription factors during EBF1-
initiated B-cell programming

To generate developmentally arrested progenitor cells
that can be induced to differentiate into B-lineage cells,
we transduced Ebf1−/−RERTCre pre-pro-B cells with a ret-
rovirus carrying a reporter gene and a translational stop
codon that are flanked by loxP sites and followed by an
Ebf1 cDNA (Fig. 1A). After the addition of 4-hydroxyta-
moxifen (4-OHT), we collected cells at different time
points and performed various genome-wide analyses to as-
sess the dynamics of EBF1 binding, accessible chromatin
domains, histone modifications, DNA methylation, and
gene expression (Fig. 1B). Immunoblot analysis detected
a very low level of EBF1 protein expression at 12 h after
4-OHT addition (data not shown). Within 24 h, EBF1 ex-
pression reached a level similar to that observed at the
CD19-positive pro-B-cell stage (Fig. 1C). Flow cytometric
analysis to detect the surface expression of CD19 on indi-
vidual cells indicated that virtually no cells acquired this
B-cell marker within 3 d after 4-OHT addition (Fig. 1D).
Intracellular staining for EBF1 protein by flow cytometry
revealed abundant EBF1 expression in themajority of cells
at 24 h and in virtually all cells at 72 h (Fig. 1D). Five days
after EBF1 induction, 40%–50% of cells acquired CD19
surface expression, and we sorted these cells as pro-B cells
for further analysis. Immunoblot analysis of the temporal
expression profile of transcription factors implicated in
early B-cell differentiation indicated that untreated
Ebf1−/− pre-pro-B cells carrying the inducible Ebf1 gene
showed weak expression of FoxO1 and E2A (Tcf3) but
abundant expression of PU.1 (Spi1) and Ikaros (Ikzf1)
(Fig. 1C). However, no expression of Pax5 and IRF4was de-
tected in the untreated cells. Concomitant with EBF1 ex-
pression at 24 h, we observed an up-regulation of FoxO1.
At 72 h, we detected very weak expression of Pax5 and
IRF4, which was strongly up-regulated in CD19+ pro-B
cells (Fig. 1C). These results indicate that the induction
of EBF1 results in a sequential expression of transcription
factors that are known to collaborate with EBF1 in a regu-
latory network of B-cell fate determination.

EBF1 occupancy and formation of chromatin
accessibility precede DNA demethylation

Previous experiments inwhichwe examined the effects of
EBF1 expression on the epigenetic landscape involved the
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culturing of transduced progenitor cells for >7 d to obtain
sufficient numbers of cells for analysis (Boller et al. 2016).
The inducible system allowed us to perform ChIP-seq
(chromatin immunoprecipitation [ChIP] combined with
high-throughput sequencing) analysis to detect EBF1
binding at 24 and 72 h after 4-OHT addition and at the
CD19+ pro-B-cell stage. During this time course, we de-
tected 7963 EBF1-binding sites that gained occupancy by
EBF1 at various time points and remained occupied in
pro-B cells. Among these persistently occupied sites,
4200, 1546, and 2217 sites were sequentially gained at
24 h, 72 h, and the pro-B stage, respectively (Fig. 2A). Sur-
prisingly, we found that an additional 3141 sites were effi-
ciently occupied by EBF1 at 24 and 72 h after induction
but showed reduced EBF1 occupancy in CD19+ pro-B cells
(Fig. 2A). Thus, the time-resolved analysis of EBF1 binding
not only uncovered dynamic patterns of EBF1 occupancy
but also identified a large set of transiently EBF1-occupied
sites that had been missed in previous ChIP-seq analyses.

To assess the dynamics of chromatin accessibility dur-
ing B-cell programming, we performed ATAC-seq (assay
for transposase-accessible chromatin [ATAC] using se-
quencing) analyses at similar time points after EBF1 in-
duction and interrogated the accessible chromatin
regions for the presence of EBF1 peaks identified in the
ChIP-seq analysis. Consistent with our previous analysis
of DNase I hypersensitivity in pre-pro-B and pro-B cells
(Boller et al. 2016), we detected pre-existing chromatin ac-
cessibility at 696 EBF1-binding sites prior to EBF1 induc-
tion (Fig. 2B). The majority of EBF1-binding sites that
were occupied at 24 or 72 h also gained chromatin acces-
sibility at these time points.Moreover, the transient occu-
pancy of EBF1-binding sites correlated with a transient
gain of chromatin accessibility (Fig. 2B). However, in the
cluster that gained EBF1 occupancy at the pro-B-cell stage,
we observed low chromatin accessibility. In this cluster,
only ∼22% of EBF1 peaks contain canonical EBF1-binding

motifs, whereas∼67%–71%of EBF1 peakswith canonical
binding sites were identified in the other clusters (Supple-
mental Fig. S1A). In addition, while performing a similar
clustering approach based on ATAC-seq peaks, we noted
that the frequencies of EBF1-occupied sites decreased
from ∼90% in the cluster of ATAC-seq peaks at 24 h to
∼42% in the cluster of ATAC-seq peaks that appeared in
pro-B cells (Supplemental Fig. S1B). This reduced frequen-
cy of EBF1-occupied sites in the accessible chromatin re-
gions of pro-B cells suggests a contribution of other
transcription factors to the chromatin landscape at late
stages of B-cell programming.

We also analyzed the dynamics of H3K4me2 and
H3K27ac modifications and DNAmethylation. The clus-
ter of EBF1-binding sites that resides in domains of pre-ex-
isting chromatin accessibility showed abundant
H3K4me2 and H3K27ac marks prior to and after EBF1 in-
duction (Fig. 2C; Supplemental Fig. S1C). In the cluster of
EBF1-binding sites that gains chromatin accessibility at
24 or 72 h after EBF1 induction, we observed a sequential
increase of H3K4me2 marks that was even more pro-
nounced at the pro-B-cell stage. We also noted that the
overall increase in H3K4me2 intensity was accompanied
by a reduction of H3K4me2 as well as H3K27ac marks
at the center of EBF1-occupied sites, suggesting that
EBF1 binding may involve a local decrease of nucleosome
density (Fig. 2C; Supplemental Fig. S1C). In contrast, no
obvious active enhancer marks were detected at EBF1-
binding sites associated with the “gain pro-B” and “tran-
sient” clusters. We also analyzed changes in nucleosome
positioning at EBF1-binding sites in pre-pro-B versus pro-
B cells. To this end, we analyzedMNase-seq (micrococcal
nuclease [MNase] digestion followed by high-throughput
sequencing) data of Tcf3−/− pre-pro-B cells and Rag1−/−

pro-B cells (Bossen et al. 2015) at genomic regions that
are dynamically occupied by EBF1 (Supplemental Fig.
S1D).With the exception of sites residing in the accessible
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Figure 1. Generationof an inducibleEBF1ex-
pression system in Ebf1−/− pre-pro-B cells. (A)
Schematic presentation of a 4-OHT-inducible
retroviral EBF1 expression cassette. The retro-
viral loxP-Stop-loxP-Ebf1 construct contains a
dsRed or tailless mCD8a reporter gene (R) and
stop codon (red circle labeled with X) cassette
that is flanked by loxP sites (orange triangles)
and followed by an Ebf1 cDNA (green box).
(LTR) Long terminal repeat. (B) Sorted pre-
pro-B cells from the fetal livers of Ebf1−/−

RERTCre mice were transduced with loxP-
Stop-loxP-Ebf1 retrovirus. EBF1 expression
was induced by the addition of 2 µM 4-OHT,
and cells were analyzed at the 24- and 72-h
time points and at the CD19+ pro-B-cell stage.
(C ) Immunoblot analysis to detect the ex-
pression of transcription factors before and af-
ter EBF1 induction. (D) Flow cytometric
analysis of intracellular EBF1 expression and
the B-cell surface marker CD19 in Ebf1−/−

RERTCre::LoxP-Stop-LoxP-Ebf1pre-pro-Bcells
before and after 4-OHT treatment.
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chromatin, impaired MNase digestion was observed at
EBF1-binding sites in pre-pro-B cells but not in pro-B cells,
suggesting that EBF1 binding coincides with nucleosome
remodeling.
To examine the temporal dynamics ofDNAdemethyla-

tion, we performed whole-genome bisulfite sequencing
(WGBS) prior to and after EBF1 induction. In particular,
we analyzed the CpG methylation status of genomic re-
gions around EBF1-binding sites that are associated with
low methylated regions (LMRs). These regions are en-

riched for enhancers and undergo transcription factor-me-
diated changes in DNA methylation (Hodges et al. 2011;
Feldmann et al. 2013; Ziller et al. 2013). The cluster
with pre-existing chromatin accessibility prior to EBF1 in-
duction showed very little DNAmethylation. In the clus-
ter that gained chromatin accessibility 24 h after EBF1
induction, we observed a modest loss of DNA methyla-
tion at 72 h and a marked loss of methylated CpGs at
the pro-B-cell stage (Fig. 2D). In the other clusters, DNA
demethylation was also observed predominantly at the

Figure 2. Persistent and transient EBF1 occupancy triggers sequential changes in the epigenome. (A,B) EBF1 occupancy and chromatin
accessibility in Ebf1−/−RERTCre::LoxP-Stop-LoxP-Ebf1 pre-pro-B cells before and after 4-OHT treatment. (A) ChIP-seq analysis to detect
EBF1 occupancy. A region around ±3 kb of EBF1-binding sites (BS) is shown. The EBF1 peaks are organized into two groups—persistent and
transient—in which the peaks detected at 24 and/or 72 h are present or absent at the pro-B-cell stage. The peaks are grouped into five clus-
ters based on the dynamics of EBF1 occupancy and chromatin accessibility. (B) ATAC-seq (assay for transposase-accessible chromatin
[ATAC] using sequencing) analysis to determine chromatin accessibility. ATAC signals are centered around ±3 kb of EBF1-occupied sites
and grouped into five clusters as indicated. The “pre-existing” cluster comprises sites that are accessible before induction and are occupied
by EBF1 at 24 h after induction. The other clusters contain regions that are inaccessible before EBF1 induction and gain or lose accessibility
coinciding with EBF1 occupancy. The heat map density is represented as RPKM (reads per kilobase per million reads) mean score. (C ) Dy-
namics of H3K4me2 modification centered on EBF1-occupied sites of the ATAC clusters described above. (D) Dynamics of DNA meth-
ylation centered on EBF1-occupied sites that are associatedwith lowmethylated regions (LMRs). (E,F ) Cloudmaps presenting the levels of
CpG methylation in ±100-base-pair windows of persistent (E) and transient (F ) EBF1-occupied sites that are associated with LMRs. The
levels at 24 and 72 h after EBF1 induction and at the pro-B-cell stage are compared with the levels before EBF1 induction (0 h).
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pro-B-cell stage.We confirmed this analysis by plotting in-
dividual DNAmethylation densities for all persistently or
transiently occupied EBF1 sites that are associated with
LMRs at different stages of EBF1 induction versus prein-
duction (Fig. 2E,F). The methylation densities for both
persistently and transiently occupied EBF1 sites were
modestly reduced at 72 h after induction. At persistently
occupied EBF1 sites, pronounced demethylation was ob-
served at the pro-B-cell stage (Fig. 2E). In contrast, no fur-
ther reduction of DNA methylation was observed at
transiently occupied sites (Fig. 2F). We also compared
the DNA methylation status with a previously published
bisulfite sequencing analysis in pre-pro-B and pro-B cells
(Benner et al. 2015) and found similar patterns of DNA
demethylation (cf. Fig. 2D and Supplemental Fig. S1E).
Taken together, these data indicate that EBF1 occupancy
and formation of an accessible chromatin domain pre-
cedes the loss of DNA methylation.

To examine a potential order in the chromatin binding
of other B-cell transcription factors, we performed a digital
genomic footprinting analysis during EBF1-induced B-cell
programming. To this end, we used the Wellington algo-
rithm that quantifies the protection from Tn5 insertions
in the ATAC-seq analysis (Piper et al. 2013). We detected
∼31,000 footprints before EBF1 induction and between
∼41,000 and ∼42,000 footprints at 24 and 72 h after
EBF1 induction and at the pro-B-cell stage. Wemapped se-
quence motifs that correspond to binding sites of various
B-cell transcription factors to these footprints and deter-
mined the temporal dynamics of motif occupancy.
Consistent with the ChIP-seq analysis, the digital geno-
mic footprinting revealed almost no occupancy of EBF1
motifs prior to the induction of EBF1 but showed signifi-
cantly increased occupancy 24 h after EBF1 induction
(Supplemental Fig. S2A). Consistent with the time course
of Pax5 protein accumulation, the occupancy of Pax mo-
tifs was significantly increased at the pro-B-cell stage. A
similar increase in the occupancy of Oct motifs was ob-
served in pro-B cells, whereas E-box and FoxO motifs
were consistently footprinted throughout the entire
time course. As a control, the CTCF motif, known to be
largely invariant across cell types (Kim et al. 2007), was
also footprinted without significant changes between
stages of EBF1 induction.

We also sought to investigate whether EBF1 can recruit
other transcription factors to the chromatin after its in-
duction. To determine the co-occurrence of the foot-
printed motifs with EBF1-occupied motifs or each other
in 200-base-pair regions, we performed pairwise co-occur-
rence enrichment clustering between two time points of
EBF1 induction (Obier and Bonifer 2016). This analysis re-
vealed an increasing repertoire of co-occupancy of EBF1
with other transcription factors over the time course of
EBF1 induction. Specifically, we observed overall enrich-
ments of co-occurrence of EBF1 footprints with FoxO, E-
box, Runx, and Ets footprints at 24 h after EBF1 induction
(Supplemental Fig. S2B). Additional co-occurrence of
EBF1 and STAT footprints was detected at 72 h, and
EBF1 and IRF co-occurring footprints were observed at
the CD19+ pro-B-cell stage (Supplemental Fig. S2B). In

contrast, footprints of Pax and Oct motifs were found pre-
dominantly at the pro-B-cell stage, and, notably, these
footprints did not co-occur with other motifs examined.
As expected, the co-occurrence of CTCF footprints with
other footprints was not observed during the time course.
Taken together with dynamic expression of transcription
factors, these results suggest that the regulatory network
in which EBF1 operates involves initially a limited reper-
toire of transcription factors that is gradually expanded by
the sequential expression and chromatin binding of addi-
tional transcription factors, including IRF4 and Pax5.

B-cell programming involves distinct temporal patterns
of gene expression

To examine the dynamics of EBF1-driven changes in the
transcriptome, we performed RNA sequencing (RNA-
seq) analysis at different time points after EBF1 induction.
Principal component analysis of two biological replicates
indicated amarked variance between the samples of unin-
duced (0 h) and 24-h-induced cells as well as between sam-
ples of 24-h-induced and pro-B cells (Supplemental Fig.
S3A). In contrast, no significant change in the transcrip-
tome was observed between 24 and 72 h after EBF1 induc-
tion. During pre-pro-B-to-pro-B-cell differentiation, the
abundance of transcripts from 2425 genes was altered by
more than twofold, whereby 1148 of these genes con-
tained persistently or transiently EBF1-occupied sites as
determined by ChIP-seq analysis (Supplemental Fig.
S3B). We also analyzed a previous data set of dynamic
gene expression in progenitor cells in which differentia-
tion was induced by inhibition of Id2 (Mercer et al.
2011). Among the top-ranked 48 activated and 50 re-
pressed genes, 32 activated and 21 repressed genes over-
lapped with our data set of EBF1-bound and EBF1-
regulated genes (data not shown). As weakly deregulated
genes tend to dominate the analysis and limit the uncov-
ering of mechanistic principles (Tong et al. 2016), we used
a stringent cutoff of >10-fold altered gene expression and a
less stringent cutoff of twofold to 10-fold altered expres-
sion, yielding groups of 28% and 72% of deregulated
genes, respectively (Supplemental Fig. S3C). We subjected
both groups of genes to clustering and found multiple
clusters with distinct patterns of dynamic gene expression
(Fig. 3; Supplemental Fig. S4). A stringent cutoff of >10-
fold altered gene expression yielded five and four clusters
of up-regulated and down-regulated genes, respectively
(Fig. 3A,B; Supplemental Table S1). A less stringent cutoff
of twofold to 10-fold altered gene expression yielded a to-
tal of 12 clusters (Supplemental Fig. S4A,B; Supplemental
Table S2). For further analysis, we focused on the stringent
cutoff gene clusters. Cluster U1 includes Igll1 and
VpreB2, which were markedly up-regulated at 24 h after
EBF1 induction and showed no significant further in-
crease at the pro-B-cell stage (Fig. 3A). Three other clusters
(U2–4) are characterized by a gradual increase in transcript
levels during the time course analyzed. Cluster U3 in-
cludes Foxo1 and genes that showed sequential up-regula-
tion starting at 24 h after EBF1 induction. Cluster U4
genes such as Pax5, Irf4, and Cd79a initiated their
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expression at 72 h and were further up-regulated at the
pro-B-cell stage. Finally, the largest cluster, U5, includes
genes that were activated only at the pro-B-cell stage and
may be driven by the expression of Pax5 and/or IRF4.
Likewise, we identified various temporal patterns of

down-regulated genes (Fig. 3B; Supplemental Figure
S4B). The down-regulation of transcript levels was gener-
ally quite modest at 24 and 72 h. However, in virtually all

down-regulated gene clusters, the transcript levels de-
creased sharply at the pro-B-cell stage. In clusterD4, genes
were even up-regulated prior to their down-regulation at
the pro-B-cell stage. The clusters of down-regulated genes
included EBF1-bound and EBF1-regulated genes that are
normally expressed in hematopoietic progenitors, such
as Hlx and Gfi1b, or genes that function in alternative
cell lineages, including important regulators of T-cell

Figure 3. Time-resolved analysis of transcript levels of genes containing EBF1-occupied sites within ±25 kb of transcription start sites
before and after EBF1 induction (A,B). Up-regulated and down-regulated genes that change transcript levels >10-fold between 0 h and
the pro-B stage are shown in A and B, respectively. Genes that are regulated by twofold to 10-fold are shown in Supplemental Figure
S4, A and B. Individual transcript levels are shown in Supplemental Table S1 (>10-fold changes) and Supplemental Table S2 (twofold to
10-fold changes). Genes are organized into different clusters based on expression pattern using Short Time-series Expression Miner
(STEM) (Ernst and Bar-Joseph 2006). Line plots (left panels) and box plots (right panels) are used to show fold changes (log2 scale) and ab-
solute expression levels (log2 scale), respectively. Representative genes of each cluster are listed at the right. In each line plot, one repre-
sentative gene is highlighted in red. (FC) Fold change; (FPKM) fragments per kilobase permillion reads. (C,D) Dynamics of EBF1 occupancy
around ±3 kb of EBF1 peaks that are associatedwith up-regulated genes (C ) and down-regulated genes (D). Clusters correspond to theRNA-
seq analysis. (E,F ) ATAC signals around ±3 kb of EBF1 peaks associated with up-regulated genes (E) and down-regulated genes (F ).
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identity (Bcl11b) and myeloid cell identity (Cebpb and
Irf7) (Fig. 3B; Supplemental Fig. S4B).

We also interrogated the clusters of gene expression
with the data sets of EBF1occupancyand chromatin acces-
sibility.We observed EBF1 occupancy atmost deregulated
genes at 24 h (Fig. 3C,D). Notably, the up-regulated genes
in clusters U1–5 showed predominantly persistent EBF1
occupancy, whereas a large proportion of down-regulated
genes in clusters D1–4 was only transiently occupied
and lost EBF1 occupancy at the pro-B-cell stage (Fig. 3C,
D). These patterns of persistent and transient EBF1 occu-
pancy were also observed in the clusters of genes that
were deregulated by factors of 2–10 relative to uninduced
cells (Supplemental Fig. S4C,D). The temporal dynamics
of chromatin accessibility in the clusters of up-regulated
genes revealed that the patterns of genes expressionmost-
ly paralleled those of chromatin accessibility at EBF1-oc-
cupied sites (Fig. 3C,E). In particular, clusters U1–3 of
up-regulated genes showed a gain of chromatin accessibil-
ity at 24 h thatwas further enhanced at 72 h and at the pro-
B-cell stage (Fig. 3C,E). Cluster U4 and U5 genes showed
modest chromatin accessibility at 24 and 72 h that was
substantially increased at the pro-B-cell stage. The clus-
ters of down-regulated genes showed enhanced accessibil-
ity at 24 h thatwas not significantly changed in pro-B cells,
with the exception of clusterD4 (Fig. 3D,F).We also exam-
ined the clusters of up-regulated anddown-regulated genes
as well as genes with unchanged expression for the num-
bers of associated EBF1-binding sites and their relative dis-
tance to transcription start sites (TSSs) (Supplemental Fig.
S3D,E). This analysis indicated that EBF1-binding fre-
quency and the distance to the TSS are similar in down-
regulated genes and genes with unchanged expression.
However, up-regulated genes were enriched for multiple
EBF1-binding sites and a close distance between the TSS
and the nearest EBF1-occupied site.

Finally, we interrogated the clusters for the dynamics of
histone modifications. The clusters of up-regulated genes
gained modest levels of H3K4me2 and H3K27ac marks at
EBF1-bindingsitesat24hafterEBF1 induction,andthe lev-
elsweremarkedlyenhancedat thepro-B-cell stage (Supple-
mental Fig. S5A). Conversely, repressive H3K27me3
marksatTSSswere lostat72hafter induction (Supplemen-
tal Fig. S5B). Down-regulated genes showed no significant
change in H3K4me2 levels and a modest decrease of
H3K27ac levels at EBF1-binding sites throughout dif-
ferentiation to the pro-B-cell stage (Supplemental Fig.
S5C). Consistent with gene down-regulation, H3K27me3
modification at TSSs was increased at the pro-B-cell stage
(Supplemental Fig. S5D).

We examined the relationship between EBF1 occupan-
cy, chromatin accessibility, H3K4me2 modification,
RNA expression, and DNA demethylation also at individ-
ual genes representing different clusters of activated and
repressed genes (Fig. 4). At the Igll1 (λ5) locus, we observed
a robust gain of EBF1 occupancy and chromatin accessibil-
ity at the EBF1-bound site already at 24 h (Fig. 4A). In con-
trast, DNA demethylation was initiated at 72 h and was
completed at the pro-B-cell stage. A similar pattern of
EBF1 occupancy was observed for the Foxo1 gene, al-

though the EBF1-binding site resided already in the acces-
sible chromatin, consistent with the detection of low-
level FoxO1 protein and RNA expression in uninduced
progenitor cells (Fig. 1C; Supplemental Fig. S6A). The
Cd79a locus as a representative of cluster U4 was also oc-
cupied by EBF1 already at 24 h (Fig. 4B). However, chroma-
tin accessibility was weak at 24 and 72 h and was
markedly enhanced at the pro-B-cell stage, concomitant
with RNA expression. A similar temporal pattern of
EBF1 occupancy, chromatin accessibility, and RNA ex-
pression was observed for the Pax5 locus (Supplemental
Fig. S6B). Although Irf4 showed a temporal pattern of ac-
tivation similar to that of Pax5, we observed EBF1 occu-
pancy at the Irf4 locus only at 72 h (Supplemental Fig.
S6C). As representative down-regulated genes, we ana-
lyzed Pdgfrb (cluster D3) and Cebpb (cluster D4), which
were down-regulated in pro-B cells 73-fold and 9.8-fold, re-
spectively (Supplemental Tables S1, S2). In both genes, we
detected a transient EBF1 occupancy and chromatin ac-
cessibility at 24 and 72 h (Fig. 4C,D). The transient EBF1
occupancy was accompanied by a less than twofold
down-regulation of the Pdgfrb gene and even up-regula-
tion of the Cebpb gene prior to the sharp decrease of
RNA expression in pro-B cells.

EBF1 occupancy precedes the formation of chromatin
accessibility

The 4-OHT-mediated induction of EBF1 expression al-
lowed for abundant EBF1 expression at 24 h but did not
yield efficient expression at earlier time points. To deter-
mine whether and to what extent EBF1 occupancy pre-
cedes chromatin accessibility on a genome-wide scale,
we used another induction system in which the Ebf1
cDNA is linked to a “Tet-on” promoter (Fig. 5A). Addition
of doxycycline resulted in abundant EBF1 expression al-
ready after 6 h (Fig. 5B). Consistent with the analysis of
the 4-OHT-mediated EBF1 induction at 24 h, no expres-
sion of Pax5 and IRF4 was observed at 6 h after induction.
ChIP-seq analysis to detect EBF1 occupancy indicated
that ∼44% of sites that are bound by EBF1 in pro-B cells
are already occupied at 6 h (Fig. 5C). In addition, ∼57%
of transiently EBF1-occupied sites were already identified
at 6 h after EBF1 induction. Interrogation of the ChIP-seq
datawith anATAC-seq analysis indicated that the pattern
of accessible chromatin domains at EBF1-binding sites
was similar before and 6 h after induction, suggesting
that EBF1 occupancy precedes the formation of accessible
chromatin domains (Fig. 5D).

To examine whether the function of EBF1 as a pioneer
transcription factor facilitates the binding of other tran-
scription factors, we examined the ability of Pax5 to
bind its targets in the absence of EBF1. Toward this end,
we also used the doxycycline-mediated Tet-on induction
system in Ebf1−/− progenitors to induce expression of
Pax5 (Fig. 5E). Six hours after doxycycline addition, Pax5
expression was detected at a level similar to that in pro-
B cells (Fig. 5F). ChIP-seq analysis in normal pro-B cells
and in doxycycline-induced rtTA-Pax5 Ebf1−/− cells iden-
tified 5770 Pax5-occupied sites in pro-B cells (Fig. 5G). Of
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these Pax5-occupied sites, 819 were also co-occupied by
EBF1 in pro-B cells. Approximately half of the Pax5-bound
sites with neighboring EBF1-binding sites were occupied
by Pax5 in the absence of EBF1, andATAC-seq analysis in-
dicated that many of these sites resided in the accessible
chromatin domains (Fig. 5H). However, the other cluster
of Pax5-binding sites with co-localized EBF1-binding sites
was bound by Pax5 only in EBF1-expressing pro-B cells,
suggesting that EBF1 binding is required for Pax5 occupan-
cy. The ATAC-seq analysis indicated that these EBF1-de-
pendent Pax5 sites were inaccessible in progenitor cells
and gained accessibility in EBF1-expressing pro-B cells,
suggesting that EBF1-dependent changes in chromatin

are required for the binding of Pax5. This cluster of
Pax5-occupied sites includes many genes playing impor-
tant roles in B-cell differentiation and pre-BCR signaling,
such as Irf4, Cd79a, Igll1, and Vpreb1 (Supplemental Ta-
ble S3). As an example for an EBF1-independent Pax5-
binding site, the Pnn promoter is already accessible in
pre-pro-B cells and can be occupied after Pax5 induction
in the absence of EBF1 (Fig. 5I). In contrast, the occupancy
of Pax5 at the Cd79a promoter was observed only in
EBF1-expressing pro-B cells in which the site becomes ac-
cessible (Fig. 5J). Thus, a functionally important set of
genes requires EBF1-induced chromatin accessibility for
Pax5 occupancy.
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EBF1 binding is required forCd79a promoter activity and
binding of Pax5 and PU.1

TheCd79a promoter is awell-studied paradigm for an ear-
ly B-cell-specific promoter that contains a single EBF1-
binding site around position −183 and a cluster of nonad-
jacent binding sites for Pax5, PU.1, and Runx1 between
−154 and −47 (Sigvardsson et al. 2002; Maier et al.
2004). To examine whether EBF1 occupancy is required
for endogenous Cd79a promoter activity and the binding
of Pax5 and PU.1, we mutated the EBF1-binding site in
both alleles of the endogenous Cd79a gene in 38B9 pro-B
cells by CRISPR/Cas9-mediated genome editing (Fig.
6A). Mutations in the canonical half-site of the palin-
dromic EBF1-binding site in the Cd79a promoter was
shown previously to impair binding of EBF1 in vitro
(Travis et al. 1993). Quantitative RT–PCR (qRT–PCR)
analysis indicated thatCd79a RNA expression in the mu-
tated cell line was reduced to 30% of the level found in
wild-type pro-B cells (Fig. 6B). As expected, the occupancy
of EBF1 was markedly impaired, but we also observed a
significant reduction of Pax5 and PU.1 binding (Fig. 6C–

E). Moreover, we detected a decrease in the chromatin ac-
cessibility around the EBF1-binding site (Fig. 6F). As a con-
trol, no changes in the expression, chromatin structure,
and EBF1 occupancy of the Cd19 and Irf4 genes were ob-

served. Thus, the absence of EBF1 binding in the Cd79a
promoter results in reduced chromatin accessibility and
impaired occupancy by transcription factors.

Discussion

B-cell programming involves a set of transcription factors
that operates in a regulatory network to activate a B-line-
age-specific pattern of gene expression and silence genes
associated with alternative cell fates (Medina et al. 2004;
Lin et al. 2010; Boller and Grosschedl 2014; Rothenberg
2014). To shed light on the functional hierarchy of tran-
scription factors and clarify the temporal order of epige-
netic and transcriptional events in B-cell programming,
we used multipotent Ebf1−/− progenitors in which EBF1
can be induced tomediate pre-pro-B-to-pro-B-cell differen-
tiation. Time-resolved and genome-wide analysis of EBF1
occupancy, chromatin accessibility, DNA methylation,
and gene expression indicated that EBF1 occupancy pre-
cedes the formation of chromatin accessibility. This anal-
ysis also revealed different dynamic patterns of gene
expression during EBF1-mediated B-cell programming
that correlatewith the sequential expression of other tran-
scription factors and changes in the epigenetic landscape.
Notably, we also found that EBF1 binds transiently at sites
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Figure 6. EBF1-induced chromatin accessibility is required for the maintenance of Cd79a promoter activity and occupancy by Pax5 and
PU.1. (A) Scheme of CRISPR/Cas9-mediatedmutagenesis of the EBF1-binding sites in theCd79a promoter. The relative positions of tran-
scription factor-binding sites relative to the TSS are indicated. (B) qRT–PCR analysis of the indicated genes in wild type andmutant 38B9
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unpaired two-tail Student’s t-test. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001.
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associatedwith genes that are silenced at the lineage-com-
mitted pro-B-cell stage. Thus, B-cell programming in-
volves dynamic transcription factor transactions that
allow for a functional hierarchy and “division of labor.”

Sequence of epigenetic and transcriptional events
in EBF1-mediated B-cell programming

The time-resolved analysis of EBF1-mediated B-cell
programming allowed us to gain insight into the order of
epigenetic and transcriptional events. The fast doxycy-
cline-mediated EBF1 induction system indicated that
the majority of EBF1-binding sites is occupied by EBF1 al-
ready 6 h after induction. At this time point, we did not
detect any significant changes in chromatin accessibility,
and only a small fraction of EBF1-occupied sites was found
to reside in the accessible chromatin regions. We showed
previously that most EBF1-binding sites reside in naïve
chromatin and are not associated with active histone
marks in progenitor cells (Boller et al. 2016). Moreover,
the digital footprinting analysis of transposase-5 cleavage
in uninduced Ebf1−/− progenitor cells indicated that the
EBF1-binding sites are not occupied by a “placeholder”
prior to the expression of EBF1. The 6-h time window of
EBF1 induction, which results in abundant EBF1 expres-
sion after 4 h of doxycycline addition, is also shorter
than the cell cycle of progenitor cells, providing strong ev-
idence for a “pioneer function” of EBF1 in binding naïve
chromatin regions. However, highly repressive chromatin
conformation is nonpermissive for pioneer transcription
factor binding (Soufi et al. 2012; Iwafuchi-Doi and Zaret
2014). Consistent with this notion, endogenous EBF1 is
unable to bind B-cell targets in nonhematopoietic fibro-
blastic or mesenchymal OP9 cells (Treiber et al. 2010; S
Boller and R Grosschedl, unpubl.). In nonhematopoietic
cells, EBF1 binding at B-cell targets may be precluded by
a deposition of the repressive histone mark H3K9me3.
Megascale domains of H3K9me3 have been shown to re-
strict the binding of pioneer transcription factors associat-
edwith embryonic stem cell pluripotency in somatic cells
(Soufi et al. 2012). Moreover, changes in subnuclear local-
ization have been associated with changes in gene expres-
sion (Lin et al. 2012; Zullo et al. 2012). Alternatively,
incorporation of histone variants in hematopoietic pro-
genitors may facilitate the binding of lineage-specific
transcription factors, including EBF1. Thus, the develop-
mental history of cells may dictate which chromosomal
regions can be targeted by lineage-specific pioneer tran-
scription factors.

Previously, we had shown that the C-terminal domain
of EBF1 is required to allow efficient chromatin binding
at sites that contain few other transcription factor-binding
sites (Boller et al. 2016). In chromatin regions in which
binding sites for other transcription factors, including
Pax5 and IRF4, are occupied, the CTD of EBF1was dispen-
sable for EBF1 occupancy in pro-B cells. In our kinetic
analysis, we did not observe any obvious difference in
the occupancy of CTD-dependent and CTD-independent
sites at 6 h after EBF1 induction (data not shown). At
this initial stage of B-cell programming at which neither

Pax5 nor IRF4 is expressed, we consider it likely that the
CTD is required for the initial occupancy of all EBF1-bind-
ing sites that reside in naïve progenitor chromatin.

The time-resolved analysis of B-cell programming al-
lowed us also to gain insight into the order of changes in
the chromatin landscape. We found that the formation
of accessible chromatin domains around EBF1-binding
sites occurred after the detection of EBF1 occupancy.
With the exception of a relatively small cohort of EBF1-
binding sites that resides in the accessible chromatin in
pre-pro-B cells, themajority of EBF1-binding sites acquires
accessibility at 24 h or even later. PU.1 has been shown
previously to act as a pioneer transcription factor in pro-
genitor cells (Heinz et al. 2010; Barozzi et al. 2014); there-
fore, we examined PU.1 occupancy in regions of EBF1- and
Pax5-binding sites. Using previously published PU.1
ChIP-seq data in Ebf1−/− pre-pro-B cells (Heinz et al.
2010), we found that PU.1 occupancy is detected in the
cluster of pre-existing chromatin accessibility and in re-
gions in which Pax5 can bind without collaboration
with EBF1 (Supplemental Fig. S7A,B).

Changes in the epigenetic landscape after transcription
factor binding was also observed for the doxycycline-me-
diated induction of the basic helix–loop–helix protein
NeuroD1 in murine embryonic stem cells (Pataskar
et al. 2016). Induced NeuroD1 binding to specific target
enhancers results in a subsequent loss of repressive
H3K27me3marks and a gain ofH3K27acmarks and target
gene expression. The delay in the generation of chromatin
accessibility may depend on the pre-existing chromatin
state and a slow temporal response of chromatin-modify-
ing enzymes and/or combinatorial action of transcription
factors. The slow process of changing chromatin states
may help progenitor cells to proliferate before committing
to a cell lineage and transit from a mixed-lineage state to
the specification of a specific cell fate (Olsson et al. 2016).

The question arises of which mechanisms underlie the
generation of accessibility after binding of EBF1.We found
that two sets of EBF1-binding sites that are occupied by 24
h of EBF1 induction also gain chromatin accessibility (see
Fig. 2B). At this time point, we also detected changes in
the transcription of genes that are associated with EBF1-
occupied and accessible chromatin regions. The gain of
chromatin accessibility could reflect the EBF1-mediated
recruitment of chromatin remodeling complexes and/or
enzymes that deposit active histone marks. BRG1, a com-
ponent of the SWI/SNF chromatin remodeling complex,
has been implicated in changing the epigenetic landscape
in early B-cell differentiation (Gao et al. 2009; Choi et al.
2012; Bossen et al. 2015). In particular, BRG1-associated
sites are depleted of nucleosomes during the pre-pro-B-
to-pro-B-cell transition (Bossen et al. 2015). BRG1 has
been found to associate with the closely related EBF2 pro-
tein in adipocytes (Shapira et al. 2017). However, the
knockdown of BRG1 does not affect the CTD function
of EBF1 (Boller et al. 2016), suggesting that other domains
of EBF proteins may be involved in recruiting the SWI/
SNF chromatin remodeling complex. Moreover, the dif-
ferent kinetics of chromatin accessibility in various clus-
ters of EBF1-occupied regions and the close association of
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chromatin accessibility and transcription do not preclude
the possibility that a functional cooperation of EBF1 with
other transcription factors that are present at early stages
of B-cell programming dictates the temporal pattern of
transcription and chromatin accessibility.
Our analysis also indicated that DNA demethylation is

a later event in B-cell programming and is detected at the
pro-B-cell stage. A role of EBF1 inDNAdemethylation has
been proposed (Maier et al. 2004; Boller et al. 2016). How-
ever, the delayed loss of methylated CpGs makes it un-
likely that EBF1mediates the recruitment of enzymes of
the Tet family. Moreover, the recent analysis of Tet2/
Tet3 double deficiency in the B-cell lineage indicates
that Tet function is required for immunoglobulin light
chain gene rearrangements at the pre-B-cell stage (Lio
et al. 2016; Orlanski et al. 2016). Therefore, we consider
it likely that general transcription factor occupancy at
EBF1-bound regions results in a turnover of DNAmethyl-
ation (Feldmann et al. 2013).

Dynamics of B-lineage-associated transcription factors
and functional division of labor

In our time-resolved analysis of EBF1-mediated B-cell
programming, we found that important B-lineage tran-
scription factors, including FoxO1, Pax5, and IRF4, are
sequentially activated by EBF1. These dynamics of tran-
scription factor expression, whichmay dictate the dynam-
ics of target gene expression, suggest that the regulatory
network in which the B-cell transcription factors operate
is gradually assembled. EBF1 is functionally connected
with E2A and FoxO1 via reciprocal feedback loops that al-
low for stable initiation of B-cell programming (Mansson
et al. 2012; Boller and Grosschedl 2014). The delay in
the expression of Pax5 and the silencing of genes associat-
ed with alternative cell fates also suggest that the process-
es of cell fate specification and commitment to the B-cell
lineage are linked but temporally separable. Likewise, T-
cell specification and commitment involve a regulatory
network consisting of Notch, TCF1, GATA3, and Bcl11b
that is gradually assembled (Ikawa et al. 2010; Li et al.
2010; Rothenberg 2014; Kueh et al. 2016). A kinetic anal-
ysis of the expression of the transcriptional regulator of T-
cell commitment, Bcl11b, indicated that the transcription
factors TCF1 and GATA3 are expressed several days be-
fore they activate the Bcl11b gene (Kueh et al. 2016).
This time window appears to be needed to “prepare” the
Bcl11b gene for subsequent expression.
Although many transcription factors work in combina-

tion to establish the B-cell lineage program, they appear to
accommodate a functional “division of labor.” The analy-
sis of mice carrying targeted deletions of Tcf3 (E2A), Ebf1,
Pax5, and Foxo1 indicated that all of these transcription
factors are required for early B-cell differentiation (Bain
et al. 1994; Urbanek et al. 1994; Zhuang et al. 1994; Lin
and Grosschedl 1995; Dengler et al. 2008). However, ex-
periments in which several of these transcription factors
were examined for their potential to bypass a differentia-
tion block of Ikaros- or Ebf1-deficient progenitors indicat-
ed that EBF1, but not E2A or Pax5, can initiate B-cell

differentiation (Medina et al. 2004; Reynaud et al. 2008).
Moreover, EBF1 can establish lineage-specific chromatin
accessibility in the absence of detectable Pax5 expression.
A functional hierarchy can be further inferred from the
site-specific deletion of the EBF1-binding site in the
Cd79a promoter, which abrogated EBF1 occupancy but
also impaired binding of Pax5 and PU.1 at nonadjacent
sites. This observation is similar to the recent analysis
of the Klf4 enhancer in embryonic stem cells in which
deletion of the Oct4/Sox2 site reduced chromatin accessi-
bility and prevented the binding of STAT3 and ESRRB (Xie
et al. 2017). Conversely, deletion of STAT3- or ESRRB-
binding sites impaired Klf4 expression but did not affect
Oct4/Sox2 binding. Thus, a specific set of transcription
factors binds at regulatory regions and recruits other
transcription factors that link signal transduction and
chromatin modification to gene transcription. Likewise,
the lineage-specific transcription factors C/EBPα and
GATA1 were shown to shift the recruitment of the sig-
nal-responsive transcription factor SMAD1 to myeloid-
and erythroid-specific regions, respectively (Trompouki
et al. 2011). Taken together, these data suggest that the
modular assembly of transcription factors allows for a
division of labor in controlling complex developmental
programs of gene expression.

The role of transient EBF1 occupancy in gene silencing

An unexpected finding of our genome-wide kinetic analy-
sis of EBF1 occupancy and gene transcription during pre-
pro-B-to-pro-B-cell differentiation was the transience of
EBF1 occupancy that was very often found to precede
gene silencing. Previously, we identified several genes—
including Tcf7, Id2, and Flt3—that are down-regulated
and occupied by EBF1 at the pro-B-cell stage (Pongubala
et al. 2008; Treiber et al. 2010; Boller et al. 2016). In the
current kinetic analysis, we identified amuch larger num-
ber of genes in which silencing at the pro-B-cell stage is
preceded by transient EBF1 occupancy and transient chro-
matin accessibility. Transient EBF1 occupancy was ob-
served in not only the clusters of delayed silencing but
also clusters that show an early kinetics of transcriptional
down-regulation. Although the repression of several genes
at the pro-B-cell stage coincided with the expression and
binding of Pax5 (Revilla et al. 2012), the preceding EBF1
occupancy was observed at a larger number of genes.
Therefore, these observations raise two questions: First,
what is the functional role of transient EBF1 occupancy
in gene silencing? Second, how is the transience of EBF1
occupancy achieved?
The transience of EBF1 binding and chromatin accessi-

bility may facilitate the binding of other transcription
factors associated with gene repression and/or the recruit-
ment of corepressors, including enzymes that deposit re-
pressive histone marks. Pax5 has been identified as an
important repressor of genes associated with alternative
cell fates (Nutt et al. 1999; Cobaleda et al. 2007; Revilla
et al. 2012). Indeed,manyof the transiently EBF1-occupied
genes, such asCd28,Csf1, Thy1, Id2, andNotch1, are also
boundand repressedbyPax5 (Revilla et al. 2012).However,
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manyother silenced genes thatwere found to be transient-
ly occupied by EBF1 do not contain Pax5-bound sites and
may require other transcription factors and/or an EBF1-de-
pendent recruitment of corepressors.

How is the transience of EBF1 binding regulated? One
simple mechanism of a developmental transience of tran-
scription factor occupancy involves a replacement by a
related but functionally distinct protein that displays a
similar or higher binding specificity and/or abundance.
For example, the occupancy by FoxO1 in naïve CD4-
positive T cells precedes the binding of the structurally
related FoxP3 protein during regulatory T-cell specifica-
tion (Samstein et al. 2012). In this case, FoxO1 acts as a
“placeholder” for Foxp3 and helps to generate a chroma-
tin landscape that facilitates subsequent binding of
Foxp3.

Another mechanism is the competitive displacement
of a transcription factor by an unrelated protein that binds
to a distinct but overlapping nucleotide sequence. This
mechanism has been shown to account for the displace-
ment of EBF1 from the Igll1 locus (encoding the surrogate
light chain λ5) by the Ikaros-related protein Aiolos at the
transition of the pre-BI to the pre-BII stage (Thompson
et al. 2007). At this developmental stage, pre-BCR-medi-
ated up-regulation of Aiolos results in the silencing of
genes encoding the surrogate light chain components.
As the abundance of Aiolos is increased at the late pre-
B-cell stage and the abundance of Ikaros is decreased in
pro-B cells relative to pre-pro-B cells, we consider it un-
likely that the transience of EBF1 occupancy is due to a
competitive displacement by proteins of the Ikaros fami-
ly. Finally, changes in the subnuclear localization of gene
loci and association with heterochromatic regions have
been implicated in gene silencing and loss of transcription
factor occupancy (Reddy et al. 2008; Lin et al. 2012; Zullo
et al. 2012).

In conclusion, our time-resolved analysis of EBF1-medi-
ated B-cell programming revealed dynamic functions of
EBF1 that may help to establish and coordinate a complex
interplay of multiple transcription factors necessary for
implementing a complex developmental program of cell
fate determination.

Materials and methods

Cell culture and retroviral transduction

38B9 pro-B cells were cultured in RPMI-1640 medium supple-
mented with 10% FCS, 1% PSG, and 50 µM β-mercaptoethanol.
To isolate c-Kit+ progenitor cells, Ebf1−/−RERTCre fetal liver cells
were stainedwith the biotinylated c-Kit antibody (BDBiosciences
553353) and purified by streptavidin bead-mediated magnetic-ac-
tivated cell sorting (MACS) (Miltenyi Biotec). OP9 feeder cells
were used tomaintain the progenitors in OptiMEMmedium sup-
plemented with 4% FCS, 1% PSG, 50 µM β-mercaptoethanol, 10
ng/mL SCF, 10 ng/mL Flt3L, and 5 ng/mL IL-7.

Cloning and retroviral transduction

Retro-X Tet-on advanced inducible expression system was pur-
chased from Clontech. Ebf1 or Pax5 was cloned to pRetroX-

Tight-Pur at NotI and EcoRI sites. rtTA-advanced was cloned to
pMys-IRES-GFP at BamHI and EcoRI sites. To generate the Cre-
based inducible system, dsRed and eGFP were replaced in
pMSCV-loxp-dsRed-loxp-eGFP-Puro-WPRE (Addgene plasmid
32702, kindly provided by Hans Clevers) by tailless Cd8a and
Ebf1, respectively. Retroviral transductions of these plasmids
were performed as described (Treiber et al. 2010).

Flow cytometry

For intracellular staining, cells were fixed and permeabilizedwith
eBioscience transcription factor staining buffer set (Thermo Fish-
er, 00-5523-00). Cells were stained with anti-EBF1 (peptide puri-
fied; BioGenes) or normal rabbit IgG (Cell Signaling, 2729).
Alexa fluor 488-conjugated anti-rabbit IgG (Thermo Fisher, A-
11034) was used to label the primary antibodies. Cells were ana-
lyzed using BD LSRII. The data were processed and visualized
with FlowJo. CD19 staining was performed as described (Boller
et al. 2016) with APC-coupled anti-CD19 antibody (BD Pharmin-
gen, 550992).

Immunoblotting and ChIP

Immunoblotting was performed with the following antibodies:
anti-EBF1 (BioGenes), anti-Pax5 (Santa Cruz Biotechnology, sc-
1974X), anti-IRF4 (Santa Cruz Biotechnology, sc-377383), anti-
GAPDH (Calbiochem, clone 6C5), anti-FoxO1 (Santa Cruz
Biotechnology, sc11350), anti-E47 (BD Pharmingen, 554077),
anti-PU.1 (SantaCruz Biotechnology, sc-352X), anti-Ikaros (Santa
Cruz Biotechnology, sc-13039), and anti-H3 (Abcam, ab1791).
ChIP was performed as described (Boller et al. 2016) with the

following antibodies: 4 µg of anti-EBF1 per sample (BioGenes), 4
µg of anti-Pax5 per sample (Santa Cruz Biotechnology, sc-
1974X), 4 µg of anti-PU.1 per sample (Santa Cruz Biotechnology,
sc-352X), 2 µg of anti-H3K4me2 per sample (Millipore, 07-030), 4
µg of anti-H3K27me3 per sample (Millipore, 07-449), and 2 µg of
anti-H3K27ac per sample (Abcam, ab4729). Library preparation
and deep sequencing of ChIP samples were performed by the
Deep Sequencing Facility at the Max Planck Institute of Immu-
nobiology and Epigenetics. The paired-end reads were mapped
to the mouse reference genome (mm9) using Bowtie2 (version
2.3.2) with the default setting (Langmead and Salzberg 2012).
The duplicated reads and the reads with low mapping quality
were removed using SamTools (Li et al. 2009). The properly
mapped reads were used for peak calling by MACS2 (Zhang
et al. 2008). The peaks commonly identified in two replicates (if
applicable) were extracted for subsequent analysis. DeepTools2
(Ramirez et al. 2016) was used to normalize and visualize the ge-
nome-wide data. Transcription factor occupancy and histone
modifications at specific loci were visualized using the R package
Gviz (Hahne and Ivanek 2016).

Chromatin accessibility analysis

ATAC-seqwas performed as described (Buenrostro et al. 2015) ex-
cept for the cell preparation steps. To prepare nuclei, 100,000 cells
were resuspended in 50 µL of cold lysis buffer (10 mM Tris·Cl at
pH7.4, 10mMNaCl, 3mMMgCl2, 0.1% [v/v] IgepalCA-630) and
incubated for 15 min on ice. The supernatant was discarded after
centrifugation, and nuclei were used for transposition reaction
immediately. The data were analyzed in the same way as ChIP-
seq data. Formaldehyde-assisted isolation of regulatory elements
(FAIRE) was performed as described and analyzed with qPCR (Si-
mon et al. 2013).
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RNA-seq analysis

Total RNA was prepared by using the RNeasy minikit (Qiagen,
74104). mRNA was enriched by using oligo dT magnetic beads
for library preparation. The paired-end reads were mapped to
the mouse reference genome (mm9) using Bowtie2 (version
2.3.2) and TopHat2 (2.0.13) (Kim et al. 2013). Cufflinks (version
2.2.1) (Trapnell et al. 2012) was used to assemble the mapped
reads and define differential expression genes (P-value < 0.01;
fold change > 2). The gene list was further filtered by removing
genes with low expression levels (fragments per kilobase per mil-
lion reads [FPKM] < 1) in both 0-h and pro-B-cell samples. The
genes bound by EBF1 within ±25 kb of TSSs were identified as
EBF1-regulated genes. Short Time-series Expression Miner
(STEM)was used for the clustering of EBF1-regulated genes (Ernst
and Bar-Joseph 2006). To identity EBF1-regulated genes, all EBF1-
occupied sites that were involved in ±25 kb of TSSs of differential
expression genes were considered as functional regulatory ele-
ments. The EBF1-occupied sites that are associated with more
than one gene were considered as the regulatory element of their
nearest genes. The differential expression genes that had at least
one EBF1-bound regulatory element within ±25 kb of TSSs were
identified as EBF1-regulated genes. For the genes that are bound
by EBF1 at multiple sites within ±25 kb of TSSs, all of the
EBF1-occupied sites were considered for epigenetic status
analysis.

CRISPR–Cas9 mutagenesis

Guide RNAs (gRNAs) were designed with an online tool (Zhang
laboratory, Massachusetts Institute of Technology) and cloned
into pSpCas9 (BB)-2A-GFP (PX458;Addgene plasmid 48138; kind-
ly provided by Feng Zhang). For knock-in of mutations, we trans-
fected the template DNA (Ultramer DNA oligonucleotides
purchased from Integrated DNA Technologies) with the desired
mutation together with the plasmid that could express Cas9
and single gRNA into 38B9 pro-B cells via electroporation. One
day after electroporation, GFP-positive cells were sorted and plat-
ed into 96-well plates (one cell per well). These single-cell colo-
nies were sequenced, and the homozygous knock-in clones
were used for subsequent experiments.

Data availability

All high-throughput sequencing data presented in this work were
uploaded to the Gene Expression Omnibus under one superseries
with accession number GSE107242. Individual series can be ob-
tained as follows: GSE107234 (ATAC Cre), GSE107235 (ATAC
Tet-on), GSE107236 (EBF1 ChIP Cre), GSE107237 (EBF1 ChIP
Tet-on), GSE107238 (Histone ChIP Cre), GSE107239 (Pax5 ChIP
Tet-on), GSE107240 (RNA-seq Cre), andGSE107241 (WGBSCre).
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