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Transcription factor EBF1 (early B-cell factor 1) regulates early B-cell differentiation by poising or activating lineage-
specific genes and repressing genes associated with alternative cell fates. To identify proteins that regulate the
diverse functions of EBF1, we used SILAC (stable isotope labeling by amino acids in cell culture)-based mass spec-
trometry of proteins associated with endogenous EBF1 in pro-B cells. This analysis identified most components of
themultifunctional CCR4–NOT complex, which regulates transcription andmRNA degradation. CNOT3 interacts
with EBF1, and we identified histidine 240 in EBF1 as a critical residue for this interaction. Complementation of
Ebf1−/− progenitors with EBF1H240A revealed a partial block of pro-B-cell differentiation and altered expression of
specific EBF1 target genes that show either reduced transcription or increased mRNA stability. Most deregulated
EBF1 target genes show normal occupancy by EBF1H240A, but we also detected genes with altered occupancy,
suggesting that the CCR4–NOT complex affects multiple activities of EBF1. Mice with conditional Cnot3 inacti-
vation recapitulate the block of early B-cell differentiation, which we found to be associated with an impaired
autoregulation of Ebf1 and reduced expression of pre-B-cell receptor components. Thus, the interaction of the
CCR4–NOTcomplexwith EBF1 diversifies the function of EBF1 in a context-dependentmanner andmay coordinate
transcriptional and post-transcriptional gene regulation.
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B lymphopoiesis converts multipotent hematopoietic
progenitors into highly specialized antibody-secreting
effector cells. Multipotent progenitors (MPPs), which
represent a branching point between myeloid and lym-
phoid lineages, differentiate via lymphoid-primed MPPs
(LMPPs) into common lymphoid progenitors (CLPs).
This process of differentiation is accompanied by a pro-
gressive restriction of lineage potential by which CLPs
can still generate all adaptive and innate lymphoid cells
but no myeloid or erythroid cells (Kondo et al. 1997;
Adolfsson et al. 2005). In CLPs (consisting of all lymphoid
progenitors [ALPs] and B-cell-biased lymphoid progenitors
[BLPs]) as well as pre-pro-B cells, multilineage priming of
enhancers has been implicated in setting a chromatin
state that facilitates the activation of the B-lineage pro-
gram (Inlay et al. 2009; Mercer et al. 2011; Zandi et al.

2012). B-cell programming requires a complex network
of transcription factors (TFs) in which feed-forward loops
and synergistic and antagonistic actions allow for a robust
implementation of the B-cell program (Zandi et al. 2008;
Lin et al. 2010;Mansson et al. 2012; Boller andGrosschedl
2014; Singh et al. 2014). In pro-B cells, the repression
of genes associated with alternative cell fates stabilizes
the lineage decision and commits the cells to the B-cell
fate (for review, see Nutt and Kee 2007; Ramírez et al.
2010; Boller and Grosschedl 2014). Rearrangements of
the immunoglobulin µ (Igµ) heavy chain locus generate
pre-B cells that express the pre-B-cell receptor (pre-BCR),
consisting of the µ chain and the λ5 (Igll1) and VpreB
surrogate light chains (for review, see Chowdhury and
Sen 2004). Further rearrangements of the Ig light chain
loci generate immature B cells that express the BCR and
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leave the bone marrow for further differentiation in the
spleen.
Early B-cell factor 1 (EBF1) plays a critical role in estab-

lishing the B-lineage program. Targeted gene inactivation
results in a complete block at the onset of B-cell differen-
tiation (Lin and Grosschedl 1995). Moreover, the forced
expression of EBF1 in progenitors biases their lineage po-
tential to the B-cell fate, and expression of EBF1 allows
Ikaros-deficient progenitors to overcome their early block
in differentiation and initiate the B-cell program (Pongu-
bala et al. 2008; Reynaud et al. 2008; Banerjee et al.
2013). In addition, EBF1 collaborates with Pax5 in enforc-
ing the B-lineage identity by repressing genes involved in
alternative lineage programs (Nutt et al. 1999; Pongubala
et al. 2008; Thal et al. 2009; Lukin et al. 2011; Banerjee
et al. 2013; Nechanitzky et al. 2013).
EBF1 consists of an extended DNA-binding domain

(DBD) with a structural homology with NF-κB, an IPT
(Ig-like, plexins, and TFs) domain, anHLH (helix–loop–he-
lix) dimerization domain, and an unstructured C-terminal
domain (Siponen et al. 2010; Treiber et al. 2010a). EBF1
regulates genes by activation and repression and by mod-
ulating the chromatin structure (for review, see Hagman
et al. 2012; Boller and Grosschedl 2014). In particular,
the binding of EBF1 to chromatin has been shown to cor-
relate with dimethylation of Lys4 of histone H3 (Treiber
et al. 2010b). In addition, the function of EBF1 has been as-
sociatedwith SWI/SNF-dependent remodeling of chroma-
tin and DNA demethylation of some promoters (Maier
et al. 2004; Gao et al. 2009; Boller et al. 2016). However,
no physical interaction between EBF1 and SWI/SNF pro-
teins has yet been demonstrated. Only a small number
of interaction partners have been identified that regulate
the activity of EBF1. In particular, the related zinc finger
proteins Zfp423 (Oaz and Ebfaz) andZfp521 (Evi3) interact
with EBF1 and antagonize its transcriptional activation
potential (Hata et al. 2000; Hentges et al. 2004; Kiviranta
et al. 2013). In contrast to well-studied interactions of TFs
with multiprotein complexes that affect the transcrip-
tional activity or the chromatin structure (for review,
see Schneider and Grosschedl 2007; Malik and Roeder
2010; Meier and Brehm 2014), much less is known about
proteins that coordinate the regulation of gene expression
between the nucleus and cytoplasm.
The CCR4–NOT complex is a 1.2- to 1.9-MDa multi-

subunit complex that is found in both the nucleus and
cytoplasm and has been shown to play a role in gene
transcription, mRNA degradation, and quality control
during protein synthesis (for review, see Miller and Reese
2012; Collart et al. 2013). CCR4/NOT was initially iden-
tified as a transcriptional regulator (Collart and Struhl
1994; Liu et al. 1998; Zwartjes et al. 2004) and subse-
quently as a cytoplasmic deadenylase that shortens the
poly(A) tail of mRNA (Tucker et al. 2001; Chen et al.
2002). Recently, the CCR4–NOT complex has also been
shown to regulate transcription elongation (Kruk et al.
2011; Dutta et al. 2015) and cotranslational quality con-
trol by its associated ubiquitin E3 ligase activity (for re-
view, see Panasenko 2014). The CCR4–NOT complex
has been implicated in the promoter-mediated coordina-

tion of transcription and mRNA decay by interacting
with the Rpb4/7 subunits of RNA polymerase II (Lotan
et al. 2005; Villanyi et al. 2014). TheCCR4–NOT complex
is assembled around the CNOT1 subunit, which serves as
a scaffold and interacts with various modules. The
CNOT2 andCNOT3 subunits together form amodule en-
gaged in gene transcription and RNA targeting, whereas
CNOT6, CNOT6L, CNOT7, and CNOT8 form a “deade-
nylase module” involved in mRNA degradation (for re-
view, see Miller and Reese 2012; Collart et al. 2013). In
addition, CNOT4 represents a module for protein quality
control that is not a constitutive component of the com-
plex (Lau et al. 2009; Bhaskar et al. 2015). Thus, multiple
modules with distinct functional activities are tethered to
CNOT1, forming a multisubunit complex that helps to
coordinate different events in gene expression (for review,
see Collart et al. 2013). However, insights into the target-
ing of the CCR4–NOT complex to specific sites in the ge-
nome have been very limited.

Results

EBF1 interacts with the CCR4–NOT complex

To identify novel interaction partners of EBF1, we per-
formed a SILAC (stable isotope labeling by amino acids
in cell culture)-based mass spectrometric analysis of pro-
teins that are coimmunoprecipitated with endogenous
EBF1 in pro-B cells. To this end, we immunoprecipitated
EBF1 from 38B9 pro-B cells labeled with either heavy or
light amino acids and compared the proteome of the elu-
ate with that of an eluate from an immunoprecipitation
with a control antibody. To minimize false positives, we
performed six independent experiments in which we
used forward and reverse labeling modes, different anti-
EBF1 antibodies, and benzonase treatment of the lysates
to remove nucleic acids and thus exclude DNA- and
RNA-mediated interactions. The overlap of proteins that
were consistently enriched in all six experiments was vi-
sualized in a scatter chart and included a set of proteins
in which most subunits of the CCR4–NOT complex are
represented (Fig. 1A,B).
To confirm the results of the mass spectrometry of

EBF1-interacting proteins and determine the key subunit
of the CCR4–NOT complex interacting with EBF1, we
expressed Strep-Flag-tagged EBF1 (EBF1-SF) together
with individual HA-tagged CNOT subunits (CNOT2,
CNOT3, CNOT6, CNOT7, and CNOT10) in HEK293
cells. Immunoblot analysis of cell lysates of the transfect-
ed cells revealed that all five CNOT subunits were ex-
pressed at similar levels (Fig. 1C). Strep tag pull-downs
of EBF1 and EBF1-associated proteins from the cell lysates
and subsequent immunoblot analysis to detect the HA-
tagged CNOT subunits indicated that EBF1 interacts
with CNOT3 (Fig. 1C). To examine this interaction at
physiological protein levels, we immunoprecipitated en-
dogenous EBF1 from 38B9 pro-B-cell lysates and found
coimmunoprecipitation of endogenous CNOT3 (Fig.
1D). Taken together, these results indicate that EBF1 in-
teracts with the CNOT3 subunit of the CCR4–NOT
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complex and that the other subunits are associated with
EBF1 via complex formation with CNOT3. Moreover,
the detection of the EBF1:CCR4–NOT complex associa-
tion in benzonase-treated lysates suggests that the inter-
action is not mediated via DNA or RNA.

EBF1:CNOT3 interaction requires a specific
residue in the DBD

To examine the specificity of EBF1 interaction with
CNOT3 and identify specific amino acids in EBF1 that
mediate protein:protein contacts, we performed Strep
tag pull-downs with lysates of HEK293 cells in which
HA-CNOT3 was expressed together with wild-type or
mutated forms of EBF1-SF. In particular, we deleted the
DBD (ΔDBD), short N-terminal domain (ΔN), IPT domain
(ΔIPT), or C-terminal domain (ΔC) (Fig. 2A). In the Strep
tag pull-downs of EBF1 wild type (EBF1wt), ΔN, ΔIPT,
and ΔC, we copurified HA-CNOT3 at similar levels after
normalization to the expression of EBF1 (Fig. 2B). Howev-
er, in the Strep tag pull-down of EBF1ΔDBD, we detected
HA-CNOT3 only at the background level observed with
a lysate lacking EBF1-SF, although ΔDBD was expressed
more abundantly than ΔC (Fig. 2B). Thus, CNOT3 inter-
acts with the DBD of EBF1. Using further N-terminal
truncations of the EBF1 DBD, we delineated a region be-
tween amino acids 194 and 251 as being important for
the interaction with CNOT3 (Fig. 2B). To rule out that
the interaction of the EBF1DBDwithCNOT3does not re-
flect a DNA-mediated association, we examined the mu-
tation of R163A in EBF1, which abrogates the interaction
of EBF1 with DNA (Treiber et al. 2010a; Hagman et al.
2012). No effect of the R163Amutation on the interaction
of EBF1 with CNOT3 was observed (Fig. 2B), suggesting
that the proteins associate via protein:protein contacts.

To identify specific amino acids that are involved in the
EBF1:CNOT3 interaction, we used structure-guided mu-
tations of the DBD of EBF1. Previous structural analysis
of DNA-bound homodimeric EBF1 indicated that the
DBD (amino acids 24–240) has a pseudo-Ig-like β-sand-
wich fold with a structural similarity to the Rel homology
domain (Siponen et al. 2010; Treiber et al. 2010a). DNA
binding by EBF1 involves three loops and a zinc knuckle,
whereas other loops that connect β sheets or connect the
DBD with the IPT domain are potentially available for
protein interactions (Treiber et al. 2010a). Based on the
structure of DNA-bound EBF1, we introduced clustered
alanine mutations into three loops: QSG (44–46), residing
between an α helix and the first β sheet; SMT(133–135), re-
siding between the fifth β sheet and the zinc knuckle; and
GNRNE (171–175), residing between the zinc knuckle
and the sixth β sheet (Supplemental Fig. S1A). Moreover,
we mutated the C-terminal SKH (238–240) motif of the
DBD (Supplemental Fig. S1A). Coexpression of these mu-
tantswithCNOT3 in transfectedHEK293 cells and subse-
quent Strep tag pull-downs indicated that the SKH-AAA
mutation impaired the enrichment of CNOT3 as effi-
ciently as the ΔDBD mutation (Supplemental Fig. S1B).
S238 and K239 form H bonds with DNA, whereas the ar-
omatic imidazole ring of H240 is surface-exposed andmay

Figure 1. Identification of EBF1-interacting proteins. (A) Scatter
plots of SILAC-supportedmass spectrometric analysis of proteins
that are coimmunoprecipitated from 38B9 pro-B-cell lysates with
anti-EBF1 (1C) antibody. Scatter plots showdata of forward versus
reverse SILAC labeling (left) and data in the absence versus pres-
ence of benzonase (right). Log2 values of normalized SILAC ratios
of sample/control are shown. EBF1 polypeptides are depicted in
orange, and members of the CCR4–NOT complex are shown in
light blue. All other identified proteins are shown in black. (B)
SILAC ratios of enrichment of EBF1 and members of the
CCR4–NOT complex in four independent experiments shown
in A. Numbers represent the normalized sample/control ratios.
EBF1 andmembers of the CCR4–NOT complex are labeled in or-
ange and light blue, respectively. (C ) Immunoprecipitation and
immunoblot analysis to detect an interaction between Strep-
Flag-tagged EBF1 (EBF1-SF) and individual HA-tagged subunits
of the CCR4–NOT complex by Strep-Tactin pull-down from ly-
sates of transfected HEK293 cells. (D) Coimmunoprecipitation
of endogenous EBF1 and CNOT3 interaction in 38B9 pro-B cells.
EBF1 and EBF1-associated proteins were immunoprecipitated
with anti-EBF1 antibody, and the immunoblots were probed
with anti-CNOT3 or anti-EBF1 antibodies. Anti-IgG was used
as a control.
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allow for protein interaction (Fig. 2C; Treiber et al. 2010a).
Therefore, we generated the H240A mutation and found
that this mutation is sufficient to abrogate the EBF1:
CNOT3 interaction (Fig. 2D). To determine whether the
mutation impairs the interaction with the entire CCR4–
NOT complex, we performed coimmunoprecipitation ex-
periments with lysates of cells in which the endogenous
EBF1 had been replaced by wild-type or H240A mutant
EBF1-SF. To this end, we transduced A-MuLV trans-
formed pro-B cells from Ebf1fl/flRERTCre mice with
EBF1wt- or H240A-expressing retroviruses and deleted
the endogenous Ebf1 gene by treatment of the cells with
4-hydroxy-tamoxifen (Boller et al. 2016). In EBF1H240A-
expressing cells, we observed a virtual loss of interaction
with two additionally examined subunits of the CCR4–
NOT complex: CNOT2 and CNOT7 (Fig. 2E). We also ex-
amined whether the H240A mutation alters the DNA-
binding ability of EBF1. Therefore, we performed an elec-

trophoretic mobility shift assay with labeled oligonucleo-
tides encompassing an EBF1-binding site in the VpreB1
gene and with recombinant EBF1wt or EBF1H240A. The
similar DNA-binding efficiency of both proteins indicated
that the histidine residue at 240 does not affect the DNA
binding of EBF1 in vitro (Fig. 2F). Taken together, these
data suggest that a surface-exposed histidine at the base
of a flexible loop between the DBD and IPT domains is in-
volved in the interaction of EBF1 with the CCR4–NOT
complex via CNOT3.

The EBF1H240A mutation impairs cell differentiation
and expression of target genes

The identification of a specific amino acid in EBF1 that
mediates the interaction with the CCR4–NOT complex
enabled us to investigate a putative EBF1-dependent role

Figure 2. Delineation of amino acids in EBF1 that are in-
volved in the interaction with CNOT3. (A) Schematic
representation of EBF1 deletions and point mutations
used to delineate the EBF1:CNOT interaction. The
DBD and IPT domains are represented in orange and
green, respectively. HLH and CTD denote the HLH
domain (blue) and the C-terminal domain (gray). Posi-
tions of amino acids that were mutated are shown above
the scheme of EBF1wt. (B–D) Delineation of EBF1 do-
mains involved in the interaction with CNOT3. (B)
Coimmunoprecipitations of SF-tagged wild-type or mu-
tated EBF1 proteinswithHA-taggedCNOT3 to detect in-
teraction in transfected HEK293 cells. EBF1 and EBF1-
interacting proteins were pulled down from cell lysates
using Strep-Tactin beads. EBF1 and CNOT3 were visual-
ized by immunoblot analysis using anti-Flag and anti-HA
antibodies, respectively. (C ) Structure of theDNA-bound
EBF1 (Treiber et al. 2010a), with the region of the surface-
exposed histidine at position 240 enlarged. (D) Identifica-
tion of amino acids in EBF1 involved in the interaction
with CNOT3. Coimmunoprecipitations of EBF1-SF pro-
teins carrying point mutations with HA-tagged CNOT3
to detect interaction in transfected HEK293 cells. The
analysis of the interaction was performed as described
in B. (E) Coimmunoprecipitations of EBF1wt and
EBF1H240A to detect interaction with CCR4–NOT sub-
units in A-MuLV transformed pro-B cells in which the
endogenous Ebf1 allele had been deleted. (F ) Analysis
of the DNA-binding ability of EBF1wt and EBF1H240A
proteins using an electrophoretic mobility shift assay
with recombinant proteins and an oligonucleotide en-
compassing an EBF1-binding site in the VpreB1 gene.
(Bottom panel) The use of similar amounts of EBF1wt
and EBF1H240A proteins was confirmed by immunoblot
analysis.
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of this ubiquitously expressed and multifunctional pro-
tein complex in B-cell differentiation and gene expression.
To this end, we transduced bicistronic retroviruses ex-
pressing EBF1wt or EBF1H240A along with GFP into
Ebf1−/− progenitors that are arrested at the pre-pro-B-cell
stage and examined the appearance of CD19-positive cells
by flow cytometry. After 6 d of culture, almost all GFP+

cells of EBF1wt or EBF1H240A transduced cells expressed
CD19, indicating that the function of EBF1 in the specifi-
cation of the B-cell lineage is independent of its interac-
tion with CNOT3 (Fig. 3A). As a control, virtually none
of GFP+ cells of vector transduced cells was positive for
CD19. Further flow cytometric analysis showed that the
ratio of CD19+BP1− early pro-B cells to CD19+BP1+ late
pro-B cells is increased in EBF1H240A-expressing cells rel-
ative to EBF1wt transduced cultures (Fig. 3A). We exam-
ined the proliferation and survival of EBF1wt- and
EBF1H240A-expressing CD19+BP1+ pro-B cells by mea-
suring the incorporation of EdU and AnnexinV, respec-
tively. Cell proliferation was found to be similar in
EBF1wt- and EBF1H240A-expressing pro-B cells, and the
frequency of apoptotic cells was modestly reduced in

EBF1H240A-expressing pro-B cells (Supplemental Fig.
S1C,D). Thus, the H240A mutation of EBF1 results in an
impaired differentiation of early to late pro-B cells.

To examine the effects of theH240Amutation on EBF1-
regulated gene expression prior to the partial develop-
mental block in long-term cell cultures, we performed
microarray-based transcriptome analysis on EBF1wt or
EBF1H240A transduced Ebf1−/− progenitor cells 36 h after
transduction. We compared the transcriptomes of tripli-
cate cultures and considered only genes that are bound
by EBF1 in the 38B9 pro-B-cell line, as determined by
ChIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) analysis (Treiber
et al. 2010b), and show more than a twofold difference in
gene expression relative to vector transduced cells (Fig.
3B). A small cluster of seven genes (cluster 1), including
Il12rb1 and Sfrp2, shows impaired down-regulation in
EBF1H240A transduced cells relative to EBF1wt trans-
duced cells (Fig. 3B,C). A larger cluster of 50 genes (cluster
5), including VpreB1, Igll1 (Lambda5), Rag1, Pou2af1
(OcaB),Mzb1, and cFos, represents genes that are less effi-
ciently up-regulated by EBF1H240A relative to EBF1wt

Figure 3. The H240Amutation impairs EBF1-mediated
cell differentiation and gene expression. (A) Flow cyto-
metric analysis of B-cell differentiation in Ebf1−/− pro-
genitors transduced with bicistronic retroviruses
expressing GFP alone or GFP together with EBF1wt or
EBF1H240A. GFP-positive cells were gated for CD19 ex-
pression and analyzed for BP1 expression to distinguish
early-pro-B (Fr. B) and late pro-B (Fr. C) cells. (B) Ge-
nome-wide microarray analysis to examine RNA expres-
sion in sorted Fr. B pro-B cells expressing EBF1wt or
EBF1H240A. The heat map shows clusters of genes that
are occupied by EBF1, as determined by ChIP-seq (chro-
matin immunoprecipitation [ChIP] combined with
high-throughput sequencing) analysis (Treiber et al.
2010b), and affected by the expression of EBF1wt or
EBF1H240A relative to the empty vector control by a fac-
tor of at least two. Expression values were scaled to the z-
score (top), and two to three independent biological repli-
cates were analyzed (bottom). (C,D) Quantitative RT–
PCR (qRT–PCR) analysis of representative genes in clus-
ters 1, 4, 5, and 6 in EBF1wt- and EBF1H240A-expressing
Fr. B pro-B cells. The type of regulation of the genes (re-
pressed by EBF1wt, enhanced by EBF1H240A, activated
by EBF1wt only, and activated by EBF1wt and 240A) is in-
dicated. Raw cycle values were normalized to actin and
are represented as fold expression to one replicate of
EBF1wt. Error bars represent standard deviation (SD) of
three biological replicates.
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(Supplemental Table S1). Finally, two large clusters in-
clude genes that are similarly down-regulated (cluster 3;
80 genes, including Tcf7,Gfi1b, andCiita) or up-regulated
(cluster 6; 227 genes total, includingCd79a,Cd79b, Pax5)
in both EBF1wt- and EBF1H240A-expressing cells (Fig. 3B,
D; Supplemental Table S1). We confirmed the changes in
the expression of several genes from the clusters by quan-
titative RT–PCR (qRT–PCR) (Fig. 3C,D). Together, these
data indicate that specific sets of EBF1-bound genes are de-
regulated in cells expressing EBF1H240A, in which the
mutation affects both EBF1-activated and EBF1-repressed
genes.

The H240Amutation alters the expression of EBF1 target
genes by both transcriptional and post-transcriptional
mechanisms

The dual roles of the CCR4–NOT complex in transcrip-
tion and mRNA degradation prompted us to examine
whether the altered expression of genes in EBF1H240A-
expressing pro-B cells can be accounted for by changes
in mRNA stability and/or gene transcription. In particu-
lar, genes of the microarray cluster 4 (102 genes), which
show enhanced expression in EBF1H240A transduced
cells relative to EBF1wt transduced cells, could be regu-
lated by CCR4–NOT-dependent mRNA degradation

(Fig. 3B,C). To this end, we incubated EBF1wt- and
EBF1H240A-expressing cells with actinomycin D (Act
D) to block transcription by RNA polymerase II and
measured the mRNA levels of representative genes by
qRT–PCR at 0, 2, 4, and 8 h after Act D treatment. Consis-
tent with themicroarray and qRT–PCR results, the stabil-
ity of mRNAs of the cluster 4 genes Jag2, Heyl, and Il6ra
was modestly but reproducibly higher in EBF1H240A-ex-
pressing cells than in EBF1wt-expressing cells (Fig. 4A).
In contrast, theAct1 control gene,Cd79a, andCd79b, rep-
resenting genes of cluster 6 (227 genes), and Evpl, VpreB1,
and Igll1, representing cluster 5 (50 genes), showed no
significant changes in mRNA stability (Fig. 4A). Thus, a
relatively small subset of genes that are bound and regu-
lated by EBF1 showed an increased mRNA half-life in
EBF1H240A- versus EBF1wt-expressing cells.
The observed decreases in mRNA expression of cluster

5 genes in EBF1H240A versus EBF1wt transduced cells,
which are not accompanied by significant changes in
mRNA stability (Fig. 4A), raised the question of whether
EBF1H240A has a defect in chromatin binding and/or
transcriptional activation. We used quantitative ChIP
to examine the occupancy of EBF1-binding sites asso-
ciated with selected genes of cluster 5 and cluster 6 in
EBF1H240A- and EBF1wt-expressing cells. Igll1, Mzb1,
and Myl4 showed no significant differences in binding

Figure 4. The H240A mutation results in gene-specific
effects onmRNAstability and EBF1 occupancy. (A) Anal-
ysis ofmRNA stability in Ebf1−/− progenitors transduced
with EBF1wt- and EBF1H240A-expressing GFP bicis-
tronic retroviruses. Cells sorted for the expression of
GFP and CD19 were treated with Act D for 2 h, and
RNA was extracted at 0, 2, 4, and 8 h after treatment.
The mRNA amounts were determined by qRT–PCR.
Raw cycle values were converted to absolute numbers
using a gene standard curve and are presented as fold
change relative to each group’s time point 0. Ebf1wt
and Ebf1H240A transcript levels are represented by red
and blue lines, respectively. Error bars represent the SD
of three independent experiments. (B) ChIP analysis to
examine EBF1 occupancy at EBF1 targets in EBF1wt-
and EBF1H240A-expressing sorted pro-B cells. An inter-
genic region of chromosome 2 and immunoprecipitation
with IgG served as negative controls. Data are represent-
ed as percentage of input. Error bars represent the SD of
three independent experiments. (C ) Immunoblot analy-
sis to assess EBF1 expression in transduced and sorted
pro-B cells. GAPDH was used as a loading control.
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by EBF1H240A and EBF1wt, whereas VpreB1, VpreB3,
and Evpl were less efficiently occupied by EBF1H240A
as compared with EBF1wt (Fig. 4B). No significant dif-
ference in EBF1 occupancy was observed in genes of
cluster 6.

We also examined the effects of the H240A mutation
using the gene replacement approach in A-MuLV trans-
formed pro-B cells in which the endogenous EBF1 was re-
placed with EBF1wt or EBF1H240A. qRT–PCR analysis
showed that most of the genes of clusters 4 and 5 of the
gain-of-function experiment also showed corresponding
changes of expression in the replacement approach (Sup-
plemental Fig. 2A,B).Moreover,most gene-specific effects
of the EBF1H240Amutation onmRNA stability and chro-
matin binding were similar in the gene replacement and
gain-of-function approaches (cf. Fig. 4A,B and Supplemen-
tal Fig. S2C,D). Immunoblot analysis showed comparable
expression of EBF1wt and EBF1H240A in both sets of ex-
periments (Fig. 4C; Supplemental Fig. S2E). Moreover,

EBF1wt and EBF1H240A proteins were found to have
a similar half-life of 11 and 9 h, respectively (data not
shown).

To assess chromatin binding of EBF1wt and
EBF1H240A in A-MuLV transformed pro-B cells on a glob-
al scale, we performed ChIP-seq analysis. This analysis in-
dicated that 2192 EBF1 target sites were equally occupied
by EBF1wt or EBF1H240A, whereas 2176 sites were occu-
pied more efficiently by EBF1wt relative to EBF1H240A
(Fig. 5A–C). We also detected a small group of sites that
were preferentially bound by EBF1H240A. Analysis of
the peak intensities indicated that equal occupancy by
EBF1wt and EBF1H240A correlates with strongly bound
sites (Fig. 5D, blue line), whereas weakly bound sites
tend to be less efficiently occupied by EBF1H240A (Fig.
5D, red line). The bioinformatic analysis of EBF1-binding
sites and neighboring TF-binding sites revealed the pres-
ence of Ets/Pu.1 and Runx1 motifs in all three groups
(Fig. 5E; Supplemental Fig. S3A). In the wild-type >

Figure 5. Genome-wide ChIP-seq analysis
of EBF1wt and EBF1H240A. (A) Venn dia-
gram represents the overlap of EBF1wt-
and EBF1H240A-occupied peaks, as deter-
mined by ChIP-seq, in pro-B cells in which
the endogenous EBF1 was replaced with
EBF1wt or EBF1H240A. (B) Scatter plot of
EBF1wt only (red), EBF1H240A only
(green), and common (black) peak densities
around ±150 base pairs (bp) of peak summit
in EBF1wt (X-axis) and EBF1H240A (Y-axis)
ChIP data. (C ) Distribution of EBF1 ChIP
signals ±3 kb around EBF1 peak centers in
Rag2−/− pro-B cells and EBF1wt- or
EBF1H240A-expressing pro-B cells. The
peaks are grouped into three clusters as de-
scribed in A. The heat map densities repre-
sent the normalized RPGC (reads per
genomic content) scores. (D) Read coverage
around ±3 kb of EBF1 peak centers in
EFB1wt and EBF1H240A ChIP data sets.
The wild-type >H240A, wild-type≅
H240A, and H240A >wild-type peaks are
highlighted in red, blue, and green, respec-
tively. (E) The top five de novo motifs iden-
tifiedwithin ±75 bp fromEBF1 peak centers
in wild-type≅H240A and wild-type >
H240A clusters are shown. The best-pre-
dictedTF-binding sites, percentage of peaks
having the motif, P-value, and percentage
of abundance in background sequences are
indicated for each motif. (F ) Relative per-
centages of TF co-occupancy (E2A, Pax5,
IRF4, PU.1, and Ikaros) in wild-type >
H240A and wild-type≅H240A clusters.
(G–I ) EBF1 occupancy in EBF1wt- or
EBF1H240A-expressing Ebf1fl/flRERTCre

pro-B cells (top), TF co-occupancy (EBF1,
Pax5, PU.1, and E2A) in pro-B cells (mid-
dle), and DNase I-hypersensitive site

(DHS) signals in vector or EBF1wt transduced Ebf1−/− progenitor cells are shown for the Igll1-VpreB1 loci (G), Pax5 locus (H), and
Pou2f1 (Oct1) locus (I ). The EBF1-binding sites are highlighted by red boxes.
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H240A group, we detected an additional CTCF motif as-
sociated with ∼11% of EBF1-occupied sites and a reduced
frequency of the Ets motif (Fig. 5E). In this group, we also
noted a reduced overlap with genes that are deregulated in
H240A-expressing cells and observed a reduced occupan-
cy by EBF1H20A at genes with apparently normal expres-
sion (Supplemental Fig. S3B,C). In the small H240A >
wild-type group in which we observed preferential
EBF1H240A occupancy, we noted a significantly reduced
frequency of the consensus EBF1 motif (Supplemental
Fig. S3A). Analysis of the overlap of EBF1-occupied sites
with other TF-occupied sites, as determined by pub-
lished ChIP-seq data sets for Ikaros, Pu.1, E2A, Pax5,
and IRF4 (Lin et al. 2010; Revilla et al. 2012; Schwickert
et al. 2014), indicated that sites equally occupied by
EBF1wt and EBF1H240A are enriched for co-occupancy
by other TFs (Fig. 5F). Gene-specific analysis of EBF1wt
and EBF1H20A occupancy combined with published
data of DNase I hypersensitivity and other TF occupancy
(Boller et al. 2016) confirmed the normal or reduced
EBF1 occupancy in EBF1H240A-expressing cells (Fig.
5G–I; Supplemental Fig. S3D–F). Taken together, these
data demonstrate that the impaired interaction of
EBF1H240A with the CCR4–NOT complex results
in gene-specific and context-dependent effects on EBF1
occupancy, transcriptional activation, and mRNA
stability.

Conditional CNOT3 inactivation impairs
pro-B-to-pre-B-cell differentiation

Previous analysis of mice deficient forCnot3 showed that
this subunit of the CCR4–NOT complex is important for
stress-induced cardiac function and lipid metabolism
(Neely et al. 2010; Morita et al. 2011). Moreover, the par-
tial block of B-cell differentiation in EBF1H240A trans-
duced pre-pro-B cells suggested an important role of the
EBF1:CNOT3 interaction in vivo. To further examine
the function of CNOT3 in the B-cell lineage, we analyzed
various B-cell populations in the bonemarrow and spleens
of mice carrying a tamoxifen-inducible Cre transgene
and floxed alleles of Cnot3 in which exons 2 and 3 could
be deleted (K Kuba and Y Imai, unpubl.). Flow cyto-
metric analysis of Cnot3fl/flRERTCre mutant mice in
which the Cnot3 gene was efficiently deleted after ta-
moxifen treatment indicated that the frequencies of
B220intCD43− and B220intCD19+ bonemarrow pre-B cells
were reduced relative to Cnot3+/+RERTCre mice (Fig. 6A;
Supplemental Fig. S4A). The frequency of B220intCD43+

pro-B cells was modestly increased in Cnot3fl/flRERTCre

mutant mice, consistent with a block in pro-B-to-pre-
B-cell differentiation. Moreover, the altered ratio of
HSA+BP1− early pro-B cells and HSA+BP1+ late pro-B cells
revealed an additional partial block in the generation
of late pro-B cells (Fig. 6B). Determination of the total
numbers of pro-B and pre-B cells in multiple mice con-
firmed the block of pro-B-to-pre-B-cell differentiation in
Cnot3fl/flRERTCre mutant mice, whereas the decrease in
the numbers of pro-B-cells was not significant (Fig. 6C).
The efficient deletion of the floxed Cnot3 exons was

confirmed by PCR analysis of genomic DNA from
B220+CD43+ bone marrow cells (Fig. 6D). In the spleens
of Cnot3 mutant mice, we observed normal frequencies
of CD19+CD93−mature B cells andCD21+CD23−margin-
al zone B cells but a decrease in the number of
CD19+CD93+ transitional B cells (Fig. 6E; Supplemental
Fig. S4B). Thus, CNOT3 is required for the efficient gener-
ation of pre-B and immature B cells.

Expression of an Mzb1 transgene alleviates the block
of differentiation in Cnot3fl/flmb1Cre mice

To examine whether the defects of B-cell differentiation
are cell-intrinsic, we also analyzed mice in which the
Cnot3 gene was specifically inactivated in the B-cell line-
age by mb1Cre. Flow cytometric analysis of bone marrow
from Cnot3fl/flmb1Cre mice revealed a reduced frequency
of early and late pro-B cells and a defect in the generation
of B220intCD43− pre-B cells and immature B cells that is
more severe than that observed in Cnot3fl/flRERTCre

mice (Fig. 6F,H; Supplemental Fig. S4C). Moreover, the
number of B220hiCD43− recirculating B cells in the bone
marrow and that of mature follicular B cells in the spleen
were markedly reduced in Cnot3fl/flmb1Cre mice (Fig. 6F;
Supplemental Fig. S4D,E).
The phenotypic differences of Cnot3fl/flRERTCre and

Cnot3fl/flmb1Cre mice reminded us of differences in the
block of pro-B-to-pre-B-cell differentiation in mice carry-
ing a germline-null mutation of the Mzb1 gene versus
mice containing a floxed Mzb1 allele in combination
with the mb1Cre allele (Rosenbaum et al. 2014). A block
of pro-B-to-pre-B-cell differentiation was observed only
in the presence of the mb1Cre allele, which induces geno-
toxic stress via abundant Cre accumulation in the nucleus
because of optimized codon usage and the presence of
a nuclear localization sequence (Hobeika et al. 2006;
Rosenbaum et al. 2014). The Mzb1 gene is bound and
differentially regulated by EBF1wt and EBF1H240A and
is modestly but significantly down-regulated in Cnot3
knockout pro-B cells (Fig. 3D; data not shown). Therefore,
the question arose of whether the block of pro-B-to-pre-
B-cell differentiation could be alleviated by the forced
expression of Mzb1. To this end, we crossed Cnot3fl/fl

mb1Cre mice with transgenic mice that express the
Mzb1 transgene from an Ig promoter/enhancer cassette
(Supplemental Fig. S4G). Indeed, the forced expression
of Mzb1 in B-lineage cells of Cnot3fl/flmb1CreMzb1tg

mice alleviated the developmental block of pro-B-to-pre-
B-cell differentiation (Fig. 6G,I). Analysis of the total
numbers of the early B-cell populations in multiple mice
confirmed the significance of the rescue by the Mzb1
transgene (Fig. 6J,K). Moreover, the spleens of Cnot3fl/fl

mb1CreMzb1tg mice had increased frequencies of
CD21+CD23+ follicular B cells and CD21+CD23− margin-
al zone B cells relative to Cnot3fl/flmb1Cre mice (Supple-
mental Fig. S4E,F). Thus, the impaired Mzb1 expression
in Cnot3-deficient pro-B cells together with the presence
of themb1Cre allelemay account at least in part for the en-
hanced defect of pro-B-to-pre-B-cell differentiation in
Cnot3fl/flmb1Cre mice.
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CNOT3 deficiency impairs EBF1 autoregulation
and pre-BCR expression

To gain insight into the mechanism underlying the
developmental defects in mice in which Cnot3 was
conditionally deleted, we performed RNA sequencing
(RNA-seq) analysis on two biological replicates of
sorted B220+CD43+ pro-B cells from tamoxifen-treated
Cnot3fl/flRERTCre (Cnot3 knockout) and Cnot3+/+

RERTCre (Cnot3wild-type) mice. The bioinformatic anal-
ysis confirmed the efficient loss of exons 2 and 3 inCnot3
transcripts in Cnot3 knockout pro-B cells (Fig. 7A). In
these mutant cells, 294 genes were up-regulated and 144
genes were down-regulated more than twofold relative
to Cnot3 wild-type pro-B cells (Fig. 7B). Overlap of these
RNA-seq data sets with EBF1 ChIP-seq data (Treiber
et al. 2010b) indicated that 47% of down-regulated genes
are occupied by EBF1, whereas 19% of up-regulated
genes are bound by EBF1 (Fig. 7C). Notably, we observed
impaired expression of Ebf1 and many EBF1 target genes,
including Cd79a, Pax5, and Cd19 (Supplemental Table
S2). To further examine the link between EBF1 and

CNOT3, we also overlapped this data set with themicro-
array data set of genes that are differentially regulated
by EBF1wt- or EBF1H240A-expressing pro-B cells (Sup-
plemental Table S1). Seven EBF1-bound genes, including
VpreB1 and Igll1 (λ5), components of the pre-BCR, were
down-regulated in both Cnot3-deficient pro-B cells and
EBF1H240A transduced progenitors relative to wild-
type pro-B cells and EBF1wt transduced progenitors, re-
spectively (Fig. 7D). However, many other EBF1-bound
genes that were down-regulated in Cnot3 knockout
pro-B cells were expressed at similar levels in cells
with forced expression of EBF1wt or EBF1H240A. Nota-
bly, the amounts of EBF1 and Pax5 protein as well as the
numbers of Ebf1 and Pax5 transcripts were reduced
in Cnot3-deficient pro-B cells (Fig. 7E; Supplemental
Table S2). Pax5 has been shown to regulate the use of dis-
tal V genes in V(D)J recombination (Fuxa et al. 2004).
Consistent with the down-regulation of Pax5 in Cnot3-
deficient pro-B cells, we observed an impaired recombi-
nation of distal but not proximal V genes in the mutant
cells (Fig. 7F).

Figure 6. Cnot3-deficient mice show impaired early
B-cell differentiation that can be alleviated in part by
the expression of Mzb1. (A) Flow cytometric analysis
of bone marrow B cells in Cnot3+/+RERTCre and
Cnot3fl/flRERTCre mice to detect B220+CD43+ pro-B,
B220intCD43− late pre-B, and immature B cells as
well as B220hiCD43− recirculating B cells in the living
lymphocyte gate. (B) Further gating of pro-B cells to
detect pre-pro-B (HSA−BP1−), early pro-B (HSA+BP1−)
and late pro-B (HSA+BP1+) cells. (C ) Statistical analy-
sis of the total numbers of pro-B (pink) and pre-B (red)
cells in Cnot3+/+RERTCre (wild-type) and Cnot3fl/fl

RERTCre (knockout) mice. Long horizontal bars indi-
cate themean, and short horizontal bars represent the
SD of the mean. Statistical significance between wild
type and knockout is assessed by an unpaired two-tail
Student’s t-test. (D) PCR analysis of genomic DNA
from Cnot3+/+RERTCre and Cnot3fl/flRERTCre mice
to detect the deletion status of Cnot3. Cnot6 served
as a loading control. (E) Flow cytometric analysis of
splenic B cells to detect CD21intCD23+ follicular B
cells and CD21hiCD23− marginal zone B cells in
Cnot3+/+RERTCre and Cnot3fl/flRERTCre mice. (F )
Flow cytometric analysis of bone marrow cells in
Cnot3+/+mb1Cre and Cnot3fl/flmb1Cre mice to detect
the B-cell compartment as described in A. (G) Flow
cytometric analysis of the effects of aMzb1 transgene
expression (Mzb1tg) on early B-cell differentiation in
Cnot3+/+mb1Cre and Cnot3fl/flmb1Cre mice. (H,I )
Gating of bone marrow B220+CD43+ pro-B cells to
detect HSA+BP1− early pro-B and HSA+BP1+ late
pro-B stages. (J,K ) Statistical analysis of the total num-
bers of pre-B (red), recirculating B (blue), early pro-B
(orange), and late pro-B (green) cells in Cnot3+/+

mb1Cre, Cnot3fl/flmb1Cre, Cnot3+l+mb1CreMzb1tg,
and Cnot3fl/flmb1CreMzb1tg mice. Numbers in the
FACS profiles indicate the percentage of cells within
the gated population. The data are representative of
four or more independent experiments.
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In principle, the deregulation of many EBF1-bound
genes in Cnot3-deficient pro-B cells could be accounted
for by the reduced expression of EBF1, raising the question
of a role of CNOT3 in the EBF1 autoregulatory feedback
loop and/or EBF1–Pax5 positive feedback loop (Roessler
et al. 2007; Decker et al. 2009). EBF1 binds to the distal
Ebf1α promoter, whereas Pax5 binds to the proximal
Ebf1β promoter (Smith et al. 2002; Roessler et al. 2007;
Treiber et al. 2010b). Moreover, the forced expression of
EBF1 in Ebf1−/− progenitors enhances transcription from
the endogenous Ebf1-null allele carrying a deletion of
exon 3 and activates transcription of the Pax5 gene
(Treiber et al. 2010b; Boller et al. 2016; data not shown).
qRT–PCR of RNA from in vitro cultured tamoxifen-treat-
ed Cnot3fl/flRERTCre pro-B cells confirmed the reduction
of the number of Ebf1 transcripts (Fig. 7G). We also exam-
ined the transcript levels for both Ebf1α and Ebf1β

isoforms and found that both isoforms were reduced in ta-
moxifen-treated Cnot3fl/flRERTCre pro-B cells relative to
Cnot3+/+RERTCre pro-B cells (Fig. 7G). Analysis of EBF1
binding at cis-regulatory sequences of the genomic Ebf1
locus indicated that the occupancy at the EBF1-binding
site present in the −5.4-kb distal promoter region is re-
duced in Cnot3-deficient pro-B cells relative to Cnot3
wild-type cells (Fig. 7H). Notably, in EBF1H240A-express-
ing pro-B cells, we observed a reduced EBF1 occupancy at
the −5.4-kb distal Ebf1α promoter site relative to the oc-
cupancy observed in EBF1wt-expressing cells (Fig. 7I).
Moreover, the activation of the Ebf1α promoter by
EBF1H240A was reduced relative to the activation by
EBF1wt (Fig. 7J). Thus, efficient EBF1 binding at the
−5.4-kb site of the distal Ebf1α promoter and autoregula-
tion by EBF1 both appear to require the interaction of
EBF1 with CNOT3.

Figure 7. Inactivation of Cnot3 results in impaired
autoregulation of Ebf1 and reduced expression of EBF1,
Pax5, and components of the pre-BCR. (A) Sashimi blot
depicting RNA-seq reads of Cnot3 transcripts in sorted
pro-B cells from tamoxifen-treated Cnot3+/+RERTCre

(wild-type) and Cnot3fl/flRERTCre (knockout) mice. Ex-
ons 1–7 of the Cnot3 locus are shown. The absence of
reads in exons 2 and 3 (highlighted by a red box) confirms
the high efficiency of deletion in knockout pro-B cells.
The scale is in FPKM (fragments per kilobase of exon
per million mapped sequence reads). Data represent
two biological replicates. (B) Scatter plot of gene expres-
sion differences between Cnot3 wild-type and knockout
pro-B cells. The up-regulated and down-regulated genes
in knockout versus wild-type pro-B cells are indicated
in red and green, respectively. (C ) Overlap of EBF1 occu-
pancy, as determined by ChIP-seq analysis in pro-B cells
(Treiber et al. 2010b), with up-regulation or down-regula-
tion of genes uponCnot3 deletion. Fifty-six of 294 up-reg-
ulated genes and 67 of 144 down-regulated genes are
bound by EBF1. (D) Overlap of EBF1 occupany and
down-regulation of genes in Cnot3 knockout pro-B cells,
as determined by RNA-seq analysis, and EBF1H240A-ex-
pressing pro-B cells, as determined by microarray analy-
sis. (E) Immunoblot analysis to detect CNOT3, EBF1,
and Pax5 protein expression in pro-B cells from tamoxi-
fen-treated Cnot3+/+RERTCre and Cnot3fl/flRERTCre

mice. GAPDH was used as a loading control. (F ) Semi-
quantitative PCR analysis of genomic DNA from
Cnot3+/+RERTCre (wild-type) and Cnot3fl/flRERTCre

(knockout) pro-B cells to detect V(D)J rearrangements in-
volving distal VHJ558 and proximal VH7183 genes.
Threefold serial dilutions were used for PCR. Cµ was
used as a loading control. (G) qRT–PCR analysis to detect
transcripts from the Ebf1α and Ebf1β promoters and all
Ebf1 transcripts in Cnot3 wild-type and knockout pro-B
cells. (H) ChIP analysis to determine EBF1 occupancy
at the Ebf1 locus in pro-B cells from Cnot3 wild-type or
knockoutmice. Results are represented as the percentage
of input. IgG was used as an antibody control. Error bars

represent the SD of three independent experiments. (I ) Occupancy of the Ebf1 promoter region in Ebf1fl/flRERTCre pro-B cells inwhich the
endogenous EBF1 was replaced by EBF1wt or EBF1H240A. Occupancy by EBF1wt and EBF1H240A is shown at the top. Occupancy of the
Ebf1 promoter region by EBF1, Pax5, PU.1, and E2A in pro-B cells is shown at the bottom. The EBF1 occupancy at−5.4 kb is highlighted by
a red box. (J) qRT–PCR analysis of endogenous Ebf1α and Ebf1β transcripts in EBF1wt- or EBF1H240A-expressing pro-B cells.
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Discussion

Gene expression in eukaryotes requires transcription fol-
lowed by splicing in the nucleus, export of mRNA to the
cytoplasm for translation, and subsequent mRNA degra-
dation. Recent studies in yeast and humans indicated
that these processes are interconnected and that cis-act-
ing sequences help to coordinate transcription and
mRNA decay (Goler-Baron et al. 2008; Bregman et al.
2011). Moreover, these data implied that TFs regulate
distinct processes of gene expression by interacting
with multiple cofactors dedicated to individual steps in
gene expression and/or with protein complexes that har-
bor multiple functional activities. Here we show that
the cell type-specific TF EBF1 interacts with the multi-
functional CCR4–NOT protein complex, which has
been implicated in coordinating various steps in gene
regulation.

The mammalian CCR4–NOT complex consists of
multiple modules involved in transcription (CNOT2/
CNOT3), mRNA degradation (CNOT6/CNOT6L/
CNOT7/CNOT8), and protein quality control (CNOT4)
(for review, see Miller and Reese 2012). We found that
EBF1 interacts specifically with the CNOT3 subunit of
the complex. However, most of the other subunits, with
the exception of CNOT4, were identified in the mass
spectrometric analysis of EBF1-associated proteins, sug-
gesting that the CCR4–NOT complex lacking the protein
quality control module interacts with EBF1.

The interaction of CNOT3with EBF1, which involves a
surface-exposed histidine in the EBF1 DBD, does not
depend on the DNA-binding ability of EBF1. In particular,
the R163A mutation of EBF1, which abrogates its ability
to bind DNA, did not affect its interaction with CNOT3
in coimmunoprecipitation experiments. However, the in-
teraction of EBF1 with the CCR4–NOT complex can en-
hance EBF1 occupancy at a specific set of target sites.
Quantitative ChIP analysis and ChIP-seq analysis showed
that the occupancy of ∼45% of sites is reduced in
EBF1H240A-expressing cells relative to EBF1wt-express-
ing cells. A hallmark of these sites is a weak occupancy
by EBF1 and lower co-occupancy by other TFs. Therefore,
the interaction of the CCR4–NOT complex may indirect-
ly enhance the occupancy of EBF1 at the “H240A-sensi-
tive” sites. The sequences of “H240A-sensititive” and
“H240A-insensitive” EBF1-binding sites are similar, sug-
gesting that the chromatin contextmay influence the con-
tribution of the CCR4–NOT complex to EBF1 occupancy
in vivo. In line with our findings, DNA binding by RXRα
was shown to be enhanced by its interaction with the
CNOT7 subunit of the CCR4–NOT complex (Nakamura
et al. 2004). CNOT7 interacts with a specific domain of
RXRα in Sertoli cells, andDNAbinding and transcription-
al activation by RXRα were found to be impaired in
CNOT7-deficient testis extracts and CNOT7-deficient
mouse embryonic fibroblasts, respectively (Nakamura
et al. 2004). In embryonic stemcells, ChIP-seq analysis de-
tecting CNOT3 occupancy revealed an enriched consen-
sus sequence, 5′-CGGCNGCG, and suggested the
possibility of sequence-specific binding by CNOT3 (Hu

et al. 2009). However, the consensus site was found to
overlap with the Trim28 consensus binding site 5′-
CGCGGC, and therefore it cannot be ruled out that
CNOT3 had been cross-linked to specific genomic regions
via an association with Trim28. Our bioinformatic analy-
sis of EBF1-bound regions associated with genes that are
affected by the EBF1H240A mutation did not identify
any sequence that would resemble the 5′-CGGCNGCG
motif. Thus, the interaction of the CCR4–NOT complex
with TFsmay help to target this multifunctional complex
to specific genomic regions and stabilize the chromatin
binding of TFs.

The H240A mutation affects the expression of specif-
ic sets of EBF1-bound and EBF1-regulated genes mostly
without changing the EBF1 occupancy. Overlap of the
ChIP-seq and microarray data sets indicated that the
majority of genes that are deregulated in EBF1H240A-
expressing cells shows similar EBF1 occupancy in
EBF1wt- and EBF1H240A-containing cells. In particular,
a set of 177 EBF1-bound genes (microarray clusters 1, 2,
4, and 5) is affected by the H240A mutation, whereas
another set of 307 EBF1-bound genes (clusters 3 and
6) is unaffected. Notably, the effects of the H240A mu-
tation on the expression of EBF1 target genes were
diverse, including defects in gene repression (cluster 1),
gene activation (cluster 5), and mRNA stability (cluster
4). Moreover, RNA-seq analysis in Cnot3-deficient pro-B
cells indicated that ∼50% of down-regulated genes and
∼20% of up-regulated genes are occupied by EBF1.
Thus, the regulation of a major proportion of genes by
CNOT3 in pro-B cells appears to involve the function
of EBF1.

The question arose as to how the recruitment of this
multiprotein complex by EBF1 affects different steps
in the expression of EBF1 target genes. Association of
CCR4–NOT with promoters can result in either gene re-
pression or activation (Winkler et al. 2006). Although
the underlying mechanisms are still obscure, the effects
on gene transcription may involve an interaction of
CCR4–NOTwith TFIID (Lemaire and Collart 2000; Sand-
ers et al. 2002). The bioinformatic analysis of EBF1-bound
regions linkedwith genes inwhich the interaction of EBF1
with CCR4–NOT results in gene activation, repression,
or enhancedmRNA degradation did not reveal any specif-
ic sequence features. Therefore, the genomic context
of the EBF1-binding sites may determine the functional
outcome of the CCR4–NOT:EBF1 interaction. For exam-
ple, the actions of the CCR4–NOT complex in mRNA
deadenylation and decay have been found to involve
RNA-binding proteins, such as PUF5 in yeast or tristetrap-
rolin (TPP) in humans (Lee et al. 2010; Sandler et al. 2011).
These proteins bind to the AU-rich elements in the 3′ un-
translated region (UTR) and interact with components of
the CCR4–NOT complex. Thus, the functional outcome
of the EBF1:CCR4–NOT interaction may depend on addi-
tional regulatory inputs.

Analysis of the potential of EBF1H240A to induce B-cell
differentiation in complementation assays of Ebf1-defi-
cient progenitors indicated that early pro-B cells are gener-
ated at a frequency similar to EBF1wt transduced

Yang et al.

2320 GENES & DEVELOPMENT



progenitors, whereas late pro-B/pre-B cells were less effi-
ciently generated. This defect was not due to an altered
cell proliferation or increased apoptosis and could be ac-
counted for by the reduced expression of EBF1-regulated
genes encoding components of the pre-BCR. In particular,
the expression of the Ig surrogate light chain genes VpreB
and Igll1 (encoding λ5) is down-regulated in EBF1H240A-
expressing cells relative to EBF1wt-expressing cells. In ad-
dition, we observed a reduced expression ofRag1, Pou2af1
(encoding OcaB), and Mzb1, encoding an ER-resident
cochaperone that influences the folding of the Ig µ heavy
chain and helps to buffer the effects of DNA damage in
early B-lineage cells (Rosenbaum et al. 2014). In support
of a role of the interaction of the CCR4–NOT complex
with EBF1, we observed a similar developmental block
in Cnot3fl/flRERTCre mice in which the second and third
exons were deleted upon tamoxifen treatment. RNA-seq
analysis of pro-B cells from tamoxifen-treated Cnot3fl/fl

RERTCre mice indicated that Igll1 and VpreB were
down-regulated relative to tamoxifen-treated Cnot3+/+

RERTCre mice. Notably, in pro-B cells of Cnot3fl/fl

RERTCre mice, we also observed a down-regulation of
Ebf1 and Pax5 transcription and a reduction in their pro-
tein levels. These changes in EBF1 and Pax5 expression
may be accounted for by an impaired autoregulation of
Ebf1 and the impaired activation of Pax5 by EBF1 (Smith
et al. 2002; Roessler et al. 2007; Decker et al. 2009). Thus,
the impaired differentiation ofCnot3-deficient pro-B cells
could be due to a combined effect on the expression of im-
portant transcriptional regulators and components of the
pre-BCR.
During the course of our study, an analysis of Cnot3

deficiency in B cells using the mb1Cre mouse line was re-
ported (Inoue et al. 2015). This analysis revealed a defect
in pro-B-cell differentiation similar to that observed in
our study. In particular, Inoue et al. (2015) observed a
preferential block in distal V(D)J recombination of the
Igh locus and detected a destabilized expression of p53.
In our analysis of Cnot3fl/flRERTCre mice, we also ob-
served a reduced distal but not proximal V(D)J recombina-
tion of the IgH locus in pro-B cells. In contrast to the study
by Inoue et al. (2015), however, we detected a markedly
impaired expression of Pax5 protein, which has been
shown to be required for distal V(D)J recombination
(Fuxa et al. 2004). Therefore, we suggest that the effect
of Cnot3 deficiency on Igh recombination is indirect via
a reduced autoregulation of Ebf1 and reduced expression
of Pax5. Moreover, the altered expression of p53 is not
observed in Cnot3fl/flRERTCre mice and may be linked
to the genotoxic stress observed in pro-B cells of the
mb1Cre mouse line (Rosenbaum et al. 2014).
In conclusion, our study provides insight into the gene-

specific recruitment of the CCR4–NOT complex via in-
teraction with EBF1. The interaction of EBF1 with the
CNOT3 subunit of the CCR4–NOT complex allows for
a diversified regulation of EBF1 target genes, including
transcription and mRNA stability, and suggests that the
gene-specific recruitment of the CCR4–NOT complex
helps to coordinate transcriptional and post-transcription-
al processes.

Materials and methods

Mice

All mouse experiments were carried out in accordance with the
guidelines of the Federation of European Laboratory Animal Sci-
ence Association (FELASA) following legal approval by the re-
gional authorities. The generation of the Cnot3fl/fl mice
carrying loxP sites flanking the second and third exons of the
Cnot3 locus will be described elsewhere (K Kuba and Y Imai,
unpubl.). The Mzb1 transgene was generated by inserting the
Mzb1 cDNA into a plasmid containing the intronic and 3′ κ en-
hancers and the Vκ21 promoter.

Cell culture and retroviral transduction

HEK293 cells were cultured in DMEM supplemented with 10%
FCS and 1% PSG. 38B9 pro-B cells were cultured in RPMI-1640
medium supplemented with 10% FCS, 1% PSG, and 50 µM β-
mercaptoethanol. Ebf1−/− c-Kit+ progenitor cells were isolated
from Ebf1−/− fetal livers by staining with biotinylated c-Kit (BD
Biosciences) and further addition of streptavidin beads (Miltenyi
Biotec). The c-Kit+ progenitors were enriched by an AutoMACS
separator and subsequently plated on OP9 feeders in OptiMEM
medium supplemented with 4% FCS, 1% PSG, 50 µM β-mercap-
toethanol, 10 ng/mL SCF, 10 ng/mL Flt3L, and 5 ng/mL IL-7. Ret-
roviral transduction of pMys-IRES-GFP (vector), pMys-EBF1wt-
IRES-GFP, and pMys-EBF1H240A-IRES-GFP was performed as
described previously (Treiber et al. 2010b). GFP-positive cells
were sorted 36 h after transduction and further cultured on OP9
feeders. Reconstitution of Ebf1fl/flRERTCre pro-B cells with
EBF1wt or EBF1H240A was performed as described in Boller
et al. (2016).

Strep-Tactin pull-down

Cells expressing the Strep-tagged protein were harvested, washed
with PBS, and suspended in coimmunoprecipitation lysis buffer
(20mMHepes at pH 7.6, 90mMNaCl, 1mMDTT, 5% [v/v] glyc-
erol, 0.1% [v/v]NP-40). Onemilligramof protein in 1mLof lysate
was used for each pull-down. Fifty microliters of washed Strep-
Tactin beads was added to the protein solution. After incubation
for 1 h at 4°C, the flowthrough and Strep-Tactin beads were
separated by a magnetic separation stand. The flowthrough was
removed, and the beads were washed twice with 1 mL of coim-
munoprecipitation buffer. The bound proteins were eluted by
dissolving the beads in 20 µL of Strep elution buffer (coimmuno-
precipitation lysis buffer + 10 mM biotin) in a thermo shaker at
1000 rpm for 5min at 25°C. The eluentwas used for the following
experiments.

Immunoblot analysis, immunoprecipitation, and ChIP

Immunoblotting was performed with the following antibodies:
anti-Flag (clone M2; Sigma), anti-HA (clone 3F10; Roche), anti-
GAPDH (clone 6C5; Calbiochem), anti-Pax5 (clone C-20; Santa
Cruz Biotechnology), anti-CNOT3 (clone E1L9S; Cell Signaling),
anti-CNOT2 (Cell Signaling), anti-CNOT7 (clone 18W; Santa
Cruz Biotechnology), and anti-EBF1 (clone 7G4). For immunopre-
cipitation of EBF1 and EBF1-associated proteins, we used mono-
clonal (clone 7G4) and polyclonal (1C) anti-EBF1 antibodies. For
visualization in the gel, 2%–5% of input and 10%–20% of eluate
were used to detect the immunoprecipitation, and 80%–90% of
eluatewas used to determine the cobound proteins. ChIPwas per-
formed as described previously in detail (Boller et al. 2016).
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Act D treatment and analysis of mRNA stability

Act D was added directly to the culture medium to a concentra-
tion of 100 µM, and cells were harvested at different time points.
The RNAwas extracted fromTrizol reagent, and cDNAwas syn-
thesized for the further gene expression analysis.

Flow cytometric analysis

For in vitro analysis, EBF1wt or EBF1H240A transduced cells
were stained with various pro-B-cell markers for flow cytometric
analysis. For in vivo analysis, single-cell suspensions from bone
marrow or spleens were stained with the fluorochrome-conjugat-
ed antibodies purchased from BD Pharmingen or eBioscience and
were analyzed using BD LSRII. The data were processed and eval-
uated by FlowJo software. Anti-CD19 (1D3), BP1 (BP-1), CD25
(PC61) HSA (M1/69), CD43 (R2/60), B220 (RA-6B2), CD93
(AA4.1), CD23 (B3B4), CD21 (7G6), and α-IgMµ (Jackson Immu-
noResearch, #115–175-075) were used.

Statistical analysis

All data are shown asmean value ± standard error of themean and
were tested statistically using a two-tailed Student’s t-test or
ANOVA. All figures and statistical analyses were generated using
Microsoft Excel or Prism 5. P < 0.05 was considered to indicate
statistical significance.
SILAC-based proteomics of EBF1-associated proteins, microar-

ray analysis, RNA-seq analysis, and ChIP-seq analysis are de-
scribed in detail in the Supplemental Material.
The microarray, RNA-seq, and ChIP-seq data reported here

were deposited at theNationalCenter for Biotechnology Informa-
tion under the accession number GSE87637.
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