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Cell lineage specification is a tightly regulated process that is dependent
on appropriate expression of lineage and developmental stage-specific
transcriptional programs. Here, we show that Chromodomain Helicase
DNA-binding protein 4 (CHD4), a major ATPase/helicase subunit of
Nucleosome Remodeling and Deacetylase Complexes (NuRD) in lym-
phocytes, is essential for specification of the early B cell lineage
transcriptional program. In the absence of CHD4 in B cell progenitors
in vivo, development of these cells is arrested at an early pro-B-like
stage that is unresponsive to IL-7 receptor signaling and unable to
efficiently complete V(D)J rearrangements at Igh loci. Our studies con-
firm that chromatin accessibility and transcription of thousands of gene
loci are controlled dynamically by CHD4 during early B cell develop-
ment. Strikingly, CHD4-deficient pro-B cells express transcripts of many
non-B cell lineage genes, including genes that are characteristic of other
hematopoietic lineages, neuronal cells, and the CNS, lung, pancreas,
and other cell types. We conclude that CHD4 inhibits inappropriate
transcription in pro-B cells. Together, our data demonstrate the impor-
tance of CHD4 in establishing and maintaining an appropriate tran-
scriptome in early B lymphopoiesis via chromatin accessibility.
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Acomplex network of intrinsic and extrinsic factors regulates
the differentiation of hematopoietic stem cells (HSCs) into

diverse blood cell lineages, including B lymphocytes. B cell lineage
specification is a function of cell- and stage-specific transcription,
which is tightly controlled during B lymphopoiesis in the bone
marrow. Master transcriptional regulators of B cell specification
and commitment have been studied in depth. These factors, in-
cluding Early B cell factor 1 (EBF1), TCF3 (E2A proteins
E12 and E47), Ikaros (IKZF1), FoxO1, Pax5, and IRF4, are
sequence-specific DNA binding proteins that bind regulatory
modules in key genes to activate the B cell transcriptional program
and repress non-B cell-specific genes (1–3). These factors recruit
epigenetic regulators that control chromatin accessibility and
transcriptional priming at specific gene loci to initiate B cell pro-
gramming (4–7). In this regard, nucleosome mobilization by chro-
matin remodeling complexes (CRCs) is emerging as critical for the
dynamic regulation and interconvertibility of active, poised, or silent
gene loci in cell type specification and subsequent differentiation.
Nucleosome Remodeling and Deacetylase (NuRD; also known

as Mi-2) was first characterized as a multiprotein complex that
combines both ATP-dependent nucleosome mobilization and
histone deacetylase activities (8–10). NuRD has been implicated
in the regulation of transcriptional programs in both B and T
lymphocytes (11). Of central importance for its function, NuRD
components Chromodomain Helicase DNA-binding 4 (CHD4;
also known as Mi-2β), CHD3 (Mi-2α; encoded by a separate
gene), and CHD5 (restricted to the central nervous system), are
members of the SNF2/RAD54 helicase family that unite ATP-

dependent nucleosome remodeling functions with “reader” domains
that bind histone tails. Each of these proteins comprises a core
ATPase/helicase domain flanked by two Plant Homeodomain mo-
tifs (PHD fingers) that recognize modifications of histone tails,
tandem chromodomains, and carboxyl-terminal domains necessary
for transcriptional repression (12–16). Studies also identified com-
ponents of NuRD complexes that assemble in a combinatorial
fashion. CHD3, CHD4, and CHD5 each associate with five other
core subunits that assemble as preformed higher order complexes
(17–19). In this manner, CHD proteins combine their activities with
HDAC1/HDAC2, MBD2/MBD3, WD40 repeat proteins RBBP4/
RBBP7; metastasis-associated proteins MTA-1, MTA-2, or MTA-3;
and the GATAD2A/B zinc finger proteins. Together, these com-
plexes focus an extensive array of activities for chromatin remod-
eling and epigenetic regulation.
Importantly, CHD4-NuRD complexes do not recognize specific

DNA sequences. Instead, they are recruited to sites by interactions
with sequence-specific DNA binding proteins (e.g., BCL6 and
Ikaros) (20–26). Subsequently, local chromatin structure is modi-
fied by mobilization of nucleosomes, histone deacetylation, and
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subsequent “decommissioning” of promoters (25, 27, 28). Thus,
CHD4-NuRD has been revealed as an integral driver of appropri-
ate transcription during cell type specification. Complementing its
roles in CHD4-NuRD complexes, CHD4’s ability to be recruited
independently of NuRD enables additional functions in DNA
damage repair and cell cycle progression (29–33), signal trans-
duction (34), and overall genome maintenance (35).
We previously demonstrated the importance of CHD4-NuRD

complexes in regulating chromatin accessibility in B cell-specific
transcription (14, 16, 36). To further understand how CHD4 con-
tributes to specification of the B cell lineage, we assessed functions
of CHD4 in vivo. In mice lacking CHD4 specifically in B cell
progenitors, development is arrested at an early pro–B-like stage.
CHD4-deficient pro-B cells do not proliferate in response to IL-
7 and exhibit decreased phosphorylated Signal Transducer and
Activator of Transcription 5A (STAT5A). The cells also feature
greatly reduced frequencies of distal VH gene segment usage in
V(D)J recombination, with undetectable expression of cytoplasmic
μ-chains. Notably, CHD4-deficient pro-B cells expressed hundreds
of non-B cell lineage genes out of context. Expression of these
genes was due, in part, to greatly increased chromatin accessibility
at intronic and intergenic elements. Together, our observations
confirm that CHD4 is essential for B cell specification through its
roles in cell homeostasis, V(D)J recombination, and repression of
inappropriate transcription in early B lymphopoiesis.

Results
B Cell Development Is Arrested at an Early Pro-B Stage in the Absence
of CHD4. To assess roles of CHD4 in B cell development in vivo,
we bred Chd4-floxed (Chd4fl/fl) mice (37) with transgenic mice
that express Cre recombinase under the direction of the early B
cell-specific CD79a gene (CD79a-CreTg/+) (38, 39). In resulting
Chd4 conditional knock-out (Chd4cKO/cKO) mice, Cre expression
and Chd4 deletion occur at the prepro-B to pro-B cell transition
during B cell development in the bone marrow (SI Appendix, Fig.
S1 A and B). Total cellularity of bone marrow and spleens was
decreased in Chd4cKO/cKO mice compared with littermate controls
(Fig. 1 A and B). Chd4cKO/cKO mice exhibited a 90% reduction in
the frequency and number of B cells (B220+CD19+) in the bone
marrow (Fig. 1 C and D). Notably, a B220loCD19+ population was
only observed in Chd4cKO/cKO mice (Fig. 1C).
To characterize effects of CHD4 depletion on B cell differ-

entiation in the bone marrow, we analyzed the Hardy phenotypic
fractions of bone marrow B cells using flow cytometry (Fig. 2)
(40, 41). Characterization of phenotypic fractions used were
prepro-B cells (fraction A; B220+CD43+BP1−CD24low/−), a dis-
tinct population (not included in B cell fractions characterized by
Hardy and colleagues) encompassing early pro-B cells (fraction
A/B; B220+CD43+BP1−CD24int), pro-B cells (fraction B/C;
B220+CD43+BP1−CD24+), large pre-B cells (fraction C′; B220+
CD43+BP1+CD24+), small pre-B cells (fraction D; B220+CD43−

IgM−), immature B cells (fraction E; B220+CD43−IgM+), and
recirculating mature B cells (fraction F; B220hiCD43−IgM+). In
the absence of CHD4, percentages of the earliest B cell pro-
genitor populations (prepro-B and early pro-B) are increased,
while later stages including pro-B through immature B cells and
mature recirculating B cells are greatly decreased in mutant bone
marrow (Fig. 2). Additionally, the lack of positive staining for
cell surface markers BP-1+, CD25+, and IgM+ cells defines the
developmental arrest as occurring before differentiation to pre-B
cells (Fig. 2) (41). Interestingly, pro-B cells from Chd4cKO/cKO

mice exhibited increased surface c-Kit (CD117) expression (Fig.
2 C and D). In addition, spleens isolated from Chd4cKO/cKO mice
were approximately one half the size of wild-type (WT) control
spleens (SI Appendix, Fig. S2A). Spleens of Chd4cKO/cKO mice
exhibited a drastic reduction of IgM+- and IgD+-expressing
B cells (SI Appendix, Fig. S2B). These data suggest that CHD4

deficiency impairs B cell development and differentiation in the bone
marrow, which effectively prevents the establishment of mIg+ B cell
populations in the periphery.

CHD4-Deficient Pro-B Cells Have Impaired Responses to IL-7 Signaling.
Our flow cytometry studies indicated that CHD4 deficiency re-
sults in the arrest of bone marrow B cells at an early pro–B-like
stage of development. Interleukin-7 receptor (IL-7R) signaling is
essential for early B cell differentiation, survival, and pro-
liferation (42, 43). Therefore, we hypothesized that the de-
velopmental arrest due to the loss of CHD4 is due, in part, to the
inability of B cell progenitors to proliferate in response to IL-7.
To test this hypothesis, IL-7–dependent proliferation and cell
survival were assayed. Purified pro-B cells from WT and
Chd4cKO/cKO mice were stimulated with IL-7 and proliferation
was measured by counting live cells over time (Fig. 3A). CHD4-
deficient pro-B cells did not increase in number in the presence
of IL-7, unlike WT pro-B cells, which actively proliferated.
To determine whether the lack of proliferation was due to

decreased IL-7R signaling, we measured levels of surface CD127
(IL-7Rα) on B220+CD43+ bone marrow cells from Chd4cKO/cKO

mice and WT littermate controls (Fig. 3 B and C). The fre-
quencies of CD127+ cells, as well as the level of CD127 ex-
pression (measured as mean fluorescence intensity, or MFI)
were unaltered by CHD4 deficiency. However, we noted that
downstream IL-7R signaling is reduced in CHD4-deficient pro-B

Fig. 1. CHD4 depletion results in a total decrease of bone marrow and
spleen cellularity. (A) Total cell counts of bone marrow cells harvested from
4- to 6-wk-old Cd79afl/flCd79a-CreTg/+ (cKO; n = 21) mice and WT (n = 14)
mice. Each dot represents an individual mouse. (B) Total cell counts of
splenocytes harvested from 4- to 6-wk-old Chd4fl/flCd79a-CreTg/+ (n = 47) and
WT (n = 61) mice. Each dot represents an individual mouse. (C) Flow
cytometry and (D) total numbers of B220+CD19+ cells isolated from bone
marrow of Chd4fl/flCd79a-CreTg/+ (n = 13) and WT (n = 10) mice. Each dot
represents an individual mouse. Asterisks indicate statistical significance
compared with WT littermate controls as unpaired, two-tailed Student’s
t test without Welch’s correction. *P < 0.05, ****P < 0.0001. Graphs repre-
sent arithmetic mean with ±SEM. All data are representative of at least three
independent experiments.
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cells. We examined intracellular Signal Transducer and Activa-
tor of Transcription 5A (STAT5A) phosphorylation after stim-
ulation with IL-7 in vitro, because STAT5A is an essential
downstream effector of IL-7R signaling in early B cell develop-
ment and differentiation (44, 45). Intracellular flow cytometry
detected decreased total phosphorylated STAT5A in CHD4-
deficient pro-B cells (Fig. 3 D and E). These data suggest that
IL-7R signaling is defective in CHD4-deficient pro-B cells.

CHD4 Is Required for Distal VH to DJH Usage and Igh Locus Contraction.
V(D)J recombination depends on the accessibility of recombination
signal sequences (RSSs) to the recombinase machinery (46). It has
been reported that IL-7R signaling plays a vital role in modulating
the accessibility of chromatin during these events (47, 48). There-
fore, we assessed the status of V(D)J recombination in cells lacking
CHD4 and IL-7R signaling using genomic qPCR (Fig. 4A). We
sorted c-Kit+ and c-Kitlow pro-B cells from Chd4cKO/cKO and WT
control mice and quantified frequencies of DJH rearrangements
with distal VHJ558 family versus proximal VH7183 family gene
segments to determine accessibility of these sites. Genomic qPCR
detected similar utilization of distal VHJ558 and proximal VH7183
segments in rearranged alleles from CHD4-deficient c-Kit+ pro-B
cells, CHD4-deficient c-Kitlow pro-B cells, and WT c-Kit+ pro-B
cells. In contrast, utilization of distal VHJ558 gene segments in
c-Kitlow pro-B cells isolated fromCHD4-deficient mice was decreased
by fourfold. To further explore the mechanisms contributing to
defective V(D)J recombination in CHD4-deficient mice, we puri-
fied pro-B cells from bone marrow of Chd4cKO/cKO and WT control
mice and stained cells to detect cytoplasmic μ-chains (Fig. 4B).
CHD4-deficient B cells lacked cytoplasmic μ-chains, similar to B
cells from Rag1 knockout mice (Fig. 4C). Other genes associated
with Igh recombination, including Pax5-activated intergenic repeat 4
(Pair4), Pair6, and μ0, which produce noncoding germline tran-
scripts, and Cμ constant region mRNA (from DJH rearranged loci)

(49–52), were detected at WT levels in CHD4-deficient pro-B cells
(SI Appendix, Fig. S3A).
The decreased usage of distal VH segments in CHD4-deficient

pro-B cells could be due to an inability to generate long-range
interactions between VH and D-JH loci. Therefore, we assessed
the topology of Igh loci in early pro-B cells using 3D fluorescence
in situ hybridization (3D-FISH) with labeled BAC probes (Fig. 4
D and E). The 3D-FISH detected greater distances between
hybridized proximal (IgH404) and distal VH (IgH189) probes
(median distance 0.30 μm) in CHD4-deficient versus WT pro-B
cells (median distance 0.23 μM) with high significance (P <
0.0001). Taken together, our results suggest that CHD4 has a
role in locus contraction of Igh loci, but further details of this
mechanism remain to be determined.

CHD4-Deficient Pro-B Cells Have Higher Frequencies of DNA Damage.
Impairment of locus contraction and the inability to efficiently
complete Igh rearrangements in CHD4-deficient pro-B cells
could involve dysregulation of DNA damage response (DDR)
pathways. V(D)J recombination is intimately coupled with DNA
double-stranded break (DSB) repair. Cleavage of RSSs by Re-
combination Activating Gene (RAG-1 and RAG-2)-mediated
DSBs activate Ataxia-Telangiectasia Mutated (ATM) kinase,
which in turn initiates DDR (reviewed in ref. 53). CHD4 has
been extensively studied as a key component of DDR pathways,
where it is phosphorylated by ATM and recruited during the
repair of DSBs (33). To assess DNA damage due to the loss of
CHD4 directly, we measured amounts of intracellular γ-H2AX
(phosphorylated on Ser139) in pro-B cells using flow cytometry.
Pro-B cells lacking CHD4 exhibited a significant increase in the
intracellular staining of γ-H2AX (Fig. 4 F and G). The results
indicate that CHD4 deficiency increases the accumulation of
DNA damage due to impaired DDR. This deficiency may be due
to RAG DSBs failing to initiate the transcriptional program
necessary to carry out these functions due to the loss of CHD4.

Fig. 2. B cell development is arrested at an early pro–B-like stage of development in the absence of CHD4. Quantitation of B cell subsets in bone marrow. (A)
Flow cytometry and (B) frequencies and numbers of various B cell populations (Hardy fractions) from bone marrow of 4- to 6-wk-old Chd4fl/flCd79a-CreTg/+

(cKO; n = 29) and WT (n = 24). (C) Flow cytometry and (D) frequencies (cKO, n = 9; WT, n = 10) and numbers (cKO, n = 4; WT, n = 4) of CD19+ and CD19+ c-Kit+

cells from bone marrow of 4- to 6-wk-old Chd4fl/flCd79a-CreTg/+ and WT mice. Asterisks indicate statistical significance compared with WT littermate controls
using two-way ANOVA with Sidak’s multiple comparisons test. *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001. Graphs represent arithmetic mean
with ±SEM. All data are representative of at least three independent experiments.
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Alternatively, we cannot rule out the initiation of damage by
Cre-mediated DSBs.

CHD4 Is Essential for Repression of Inappropriate Transcription in
Early Pro-B Cells. Correct transcriptome expression is essential
for normal B cell developmental progression. Because CHD4-
NuRD is a known corepressor of transcription, we sought to
determine whether CHD4-deficient early pro-B cells exhibit al-
tered transcriptomes relative to their WT counterparts. We
employed RNA sequencing (RNA-seq) to interrogate genome-
wide changes in transcription. Purity of sorted populations was
assessed and principal component (PC) analysis of RNA-seq was
performed to determine relationships between biological repli-
cates (SI Appendix, Fig. S4 A and B). A total of 3,318 unique
genes were differentially regulated between CHD4-deficient and

WT pro-B cells (≥1.5 fold, Padj < 0.05) (Dataset S1). In the
absence of CHD4, 1,241 genes were significantly down-regulated
and 2,077 genes were significantly up-regulated (Fig. 5A).
Phenotypic analysis demonstrated the loss of lineage pro-

gression in Chd4cKO/cKO B cells. Therefore, we assessed whether
key genes necessary for early B cell development were differ-
entially expressed in Chd4cKO/cKO pro-B cells (Fig. 5B). Transcripts
associated with B cell progenitor specification and commitment,
including Ebf1, Pax5, and Cd19, as well as the expression of other
transcription factors, including Ikzf1, Ets1, Spi1, and Spib, were
unchanged in CHD4-deficient pro-B cells. Loss of CHD4 resulted
in increased Kit transcripts (1.7-fold), which are normally down-
regulated before differentiation to canonical pro-B (fraction B)
cells. Loss of CHD4 expression in pro-B cells did not affect the
expression of Flt3 together with components of the pre-BCR, in-
cluding Cd79b, Igll1, and Vpreb1. We detected reduced expression
of Cd79a (reduced by 30%), which is not unexpected in the
presence of the Cd79a-Cre allele. It is notable that Foxo1 and
Rag1, which are necessary for V(D)J recombination, are up-
regulated 1.5-fold in CHD4-deficient pro-B cells. Up-regulation
of Rag1 is consistent with findings that IL-7R signaling and Rag1
expression are inversely correlated (48, 54).
Genes that constitute normal transcriptional signatures of

subsequent progenitor stages, i.e., late pro-B cells and pre-B
cells, including Il2ra and Enpep (encoding CD25 and BP-1), are
activated first at low levels in WT pro-B cells. Transcripts of
these late pro-B and pre-B cell genes were significantly reduced
in CHD4-deficient pro-B cells, indicating that these cells fail to
activate genes associated with the transition to subsequent stages
of differentiation. In conjunction with our phenotypic analysis,
these data further support requirements for CHD4 in the tran-
sition from early pro-B cells to late pro-B/pre-B cells.
We next identified affected pathways in CHD4-deficient pro-B

cells using ingenuity pathway analysis (IPA) (Fig. 5C). CHD4
deficiency largely resulted in the enrichment of genes repre-
senting pathways in that feature prominently in cell populations
other than B cells, including T cells, neuronal cells, heart and
skeletal muscle cells, and other nonhematopoietic cells. Specif-
ically, pathways activated in CHD4-deficient pro-B cells include
NFAT signaling in cardiac hypertrophy, PKCθ signaling in T lym-
phocytes, Thrombin Signaling, and CREB signaling in neurons. In
fact, many genes that are not normally expressed in B cells, but
are expressed in other cell lineages, are significantly up-regulated
in CHD4-deficient pro-B cells (Fig. 5 D and E). The most highly
up-regulated genes in CHD4-deficient pro-B cells include Iglon5,
encoding a neural cell adhesion protein (55), Chromogranin A
(Chga), a glycoprotein expressed in the pancreas and neuronal
cells, and FYVE, RhoGEF, and PH Domain containing 5 (Fgd5),
which is a highly specific diagnostic marker of hematopoietic
stem cells (56). Significant promiscuous expression of genes of
other lineages, including endocrine genes and the lung and
neuronal genes was noted. These genes include glucagon re-
ceptor/Gcgr, which is normally expressed in the liver, Huntingtin-
associated protein 1/Hap1, expressed in the CNS, and multiple
lung-expressed genes including laminin α5 (Lama5). Expression
of these genes in CHD4-deficient pro-B cells indicates that
CHD4 contributes to B cell lineage specification by repressing
transcription of nonlineage gene programs.
To identify potential upstream regulators of the gene expression

signature, we utilized IPA upstream regulator analysis (Fig. 5F). Our
results indicate that many transcriptional regulators, including
TGFB1, TP53, STAT4, SOX4, and EP300, are predicted to activate
gene transcription in CHD4-deficient pro-B cells. Notably, regulators
important for the regulation or transcriptional silencing, including
TRIM24, CBX5, and CHD4 itself, are predicted to be inhibited.

CHD4 Modulates Chromatin Accessibility in Early Pro-B Cells. Given
that CHD4 is a repressor of transcription and known to limit

Fig. 3. CHD4 is required for proliferation of pro-B cells downstream of IL-7R
signaling. (A) Pro-B cells (B220+CD43+CD24+BP1+IgM–) were sorted from
Chd4fl/flCd79a-CreTg/+ mice (cKO; n = 3) andWT littermate controls (n = 3) for
culture in IL-7 (10 ng/mL). Cell counts were taken daily for 7 d, represented as
the number of cells over the initial cell count. Asterisks indicate statistical
significance compared with WT littermate controls using two-way ANOVA
with Sidak’s multiple comparisons test. **P < 0.005, ****P < 0.0001. Graphs
represent arithmetic mean with ±SEM. All data are representative of at least
three independent experiments. (B) Representative flow cytometry of CD127
(IL-7Rα) expression on B220+CD43+ cells isolated from Chd4fl/flCd79a-CreTg/+

and WT littermate controls. (C) Total numbers of B220+CD43+CD127+ cells
from the bone marrow of Chd4fl/flCd79a-CreTg/+ (n = 5) and WT (n = 10)
mice. Each dot represents an individual mouse. (D) Representative flow
cytometry of intracellular phosphor-STAT5a in c-Kit+ pro-B cells (Lin–CD19+c-
Kit+CD25–IgM–IgD–) isolated from Chd4fl/flCd79a-CreTg/+ and WT littermate
controls. (E) Detection of pSTAT5A in CD19+ c-Kit+ pro-B cells isolated from
Chd4fl/flCd79a-CreTg/+ (n = 3) and WT (n = 3) mice. The lineage (Lin) stain
included: CD3e, CD11b, CD11c, Gr-1, NK1.1, Ly6C, CD317, and Ter119. As-
terisks indicate statistical significance compared with WT littermate controls
as unpaired, two-tailed Student’s t test without Welch’s correction. *P <
0.05, **P < 0.005, ****P < 0.0001, NS, not significant. Graphs represent ar-
ithmetic mean ± SD. All data are representative of at least three in-
dependent experiments.
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chromatin accessibility of individual genes (36), we employed the
assay for transposase-accessible chromatin-coupled with next
generation sequencing (ATAC-seq) to determine whether
chromatin landscape alterations occur in parallel with the sig-
nificantly changed transcriptional pattern observed in CHD4-
deficient pro-B cells. We compared ATAC-seq peaks between
CHD4-deficient and WT pro-B cells. Consistent with CHD4’s
role as a chromatin remodeler, we observed ∼35,000 more ac-
cessible peaks in CHD4-deficient pro-B cells (Fig. 6A). CHD4-
deficient pro-B cells also contained ∼20,000 fewer accessible
peaks vs. WT cells. The majority of these differential ATAC-seq
peaks localize to intergenic or intronic regions, while ∼4% reside
within promoter/TSS chromatin regions based on HOMER an-
notation (Fig. 6B). To interrogate the potential functional links
between the altered chromatin landscape and transcriptional
programming governing B cell development, we integrated the
differential RNA- and ATAC-seq datasets comparing CHD4-
deficient vs. WT pro-B cells (Fig. 6C). The majority (2,393 genes
or ∼72%) of differentially expressed genes determined via RNA-seq
(1.5-fold cutoff), also exhibited altered chromatin accessibility in
CHD4-deficient pro-B cells. Not surprisingly, complex patterns of
increased and decreased accessibility mark genes with both in-
creased and decreased gene expression in CHD4-deficient pro-B
cells. Specifically, of the 2,077 genes with increased expression in
CHD4-deficient pro-B cells, ∼70%, or 1,445 genes, exhibited in-
creased chromatin accessibility (Fig. 6C). In contrast, of the
1,241 genes with decreased expression in CHD4-deficient pro-B

cells, less than half, or 593 genes, exhibited decreased accessibility.
In addition, evidence linking local repressor activity of CHD4 to
increased accessibility and gene expression in CHD4-deficient pro-B
cells is further supported by comparing our datasets with previously
reported ChIP-seq analysis of CHD4 DNA binding (7). Of the
34,219 CHD4 binding signals detected in both replicates of RAG-
deficient pro-B cells, 7,198 signals (21%) were detected within 10 kB
of TSS in genes that change expression in our CHD4-deficient pro-B
cells (estimated with 1.5-fold cutoff of significance). Together, these
data largely support a role for CHD4 as a corepressor that controls
chromatin accessibility in the early B cell developmental program.
Given the ability of CHD4 to regulate transcriptional ma-

chinery at promoter regions, we assessed the chromatin distri-
bution for the least confounded integration of ATAC-seq data
with RNA-seq data. Specifically, we analyzed the 800 peaks with
only increased accessibility and increased gene expression and
the 195 peaks with only decreased accessibility and decreased
gene expression (Fig. 6 D and E). Compared with the total dif-
ferential ATAC-seq peak distribution comparing CHD4-deficient
vs. WT pro-B cells (Fig. 6B), the 800 ATAC-seq peaks linked to
increased gene expression displayed an almost twofold increase
(7% vs. 4%) in promoter/TSS distribution and a specific loss of
distribution to intergenic regions (33% vs. 45%) (Fig. 6D). Simi-
larly, the 195 ATAC-seq peaks linked to decreased gene expres-
sion displayed a greater than twofold increase (10% vs. 4%) in
promoter/TSS distribution and a specific loss of intergenic distribution
(29% vs. 45%) (Fig. 6E). The enhanced promoter/TSS localization

Fig. 4. Loss of CHD4 results in reduced VH to DJH rearrangements and increased DNA damage in pro-B cells. (A) qPCR analysis of rearranged proximal
(VH7183) and distal (VHJ558) gene segments from genomic DNA isolated from sorted c-Kit+ pro-B cells (Lin–CD19+c-Kit+CD25–IgM–IgD–) and c-Kitlow pro-B cells
(Lin–CD19+c-KitlowCD25–IgM–IgD–) from bone marrow of 4- to 6-wk-old Chd4fl/flCd79a-CreTg/+ mice (n = 3) and WT littermate controls (n = 3). (B) Flow
cytometry of cytoplasmic Ig μ-expression in sorted B220+CD43+sIgM– B cells isolated from bone marrow from 4- to 6-wk-old Chd4fl/flCd79a-CreTg/+ (n = 2) and
WT (n = 2) mice. (C) Flow cytometry of cytoplasmic Ig μ-expression in sorted B220+CD43+sIgM– B cells isolated from bone marrow from 4- to 6-wk-old
Chd4fl/flCd79a-CreTg/+ (n = 2) and a Rag1 knockout mouse (n = 1). Data are derived from one experiment. (D) The 3D-FISH confocal images of hybridized
probes in CD19+c-Kit+ pro-B cell (as described above) nuclei isolated from bone marrow of Chd4fl/flCd79a-CreTg/+ and WT mice. The IgH404 proximal probe
(RP23-404D8) was labeled with Alexa Fluor 488 (AF488); the IgH189 distal probe (RP23-189H12) was labeled with AF568; major satellite repeats (γ-sat) were
conjugated to AF647; and nuclei were counterstained with DAPI. (E) Distributions of spatial distances (in micrometers) separating BAC probes, located at each
end of the Igh locus (IgH404 vs. IgH189) in pro-B cells isolated from bone marrow of Chd4fl/flCd79a-CreTg/+ (n = 92 cells) and WT (n = 69 cells). Each dot
represents an individual allele. (F) Representative flow cytometry and (G) MFI of c-Kit+ pro-B cells stained for intracellular γ-H2AX from bone marrow of
Chd4fl/flCd79a-CreTg/+ (n = 4) and WT (n = 3) mice. The asterisks indicate statistical significance compared with the WT littermate controls as unpaired, two-
tailed Student’s t test with equal SD, Mann–Whitney rank test or two-way ANOVA with Sidak’s multiple comparisons test. **P < 0.0005, ****P < 0.0001. All
data are representative of at least three independent experiments.
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Fig. 5. CHD4 is required for transcriptional repression of non-B lineage genes. (A) Volcano plot of expression in transcripts per million (TPM) of genes in
Chd4fl/flCd79a-CreTg/+ c-Kit+ pro-B cells. Genes significantly increased (red) and decreased (blue) greater than 1.5-fold (Padj ≤ 0.05) are highlighted. (B)
Heatmap depicting TPM of select B-lineage genes. (C) IPA enrichment for the top 10 most significantly enriched canonical pathways. (D) Heatmap of TPM
values for non-B lineage genes. (E) Validation (qRT-PCR) of select up-regulated non-B lineage genes in CHD4-deficient and WT pro-B cells. Statistical sig-
nificance of RT-PCR data was validated using the Mann–Whitney rank test: *P < 0.05, ***P < 0.0005. (F) IPA upstream regulators predicted as activated (red)
and inhibited (blue).
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Fig. 6. CHD4 modulates chromatin accessibility in early pro-B cells. (A) Comparison of filtered, statistically called ATAC-seq peaks between CHD4-deficient
and WT pro-B cells. (B) Analysis of HOMER annotated regions within differential peaks called between CHD4-deficient and WT pro-B cells. (C) Integration and
comparison of differential RNA-seq and ATAC-seq datasets between CHD4-deficient and WT pro-B cells. The 800 gene set (up-regulated with only open
peaks) and 195 gene set (down-regulated with only closed peaks) are circled red and black, respectively. (D) Assessment of chromatin distribution within
800 gene set (RNA-seq/ATAC-seq integration) between CHD4-deficient andWT pro-B cells. (E) Assessment of chromatin distribution within 195 gene set (RNA-
seq/ATAC-seq integration) between CHD4-deficient and WT pro-B cells. (F) Heatmap of GO pathway analysis for the total set of RNA-seq differentially
expressed genes compared with the number of shared genes between each Venn subgroup and the total genes within each GO pathway. (G) Visualization of
Fgd5 gene landscape (integration of RNA-seq and ATAC-seq datasets) between CHD4-deficient and WT pro-B cells. (H) Visualization of Fcrla gene landscape
(integration of RNA-seq and ATAC-seq datasets) between CHD4-deficient and WT pro-B cells.
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and decrease in intergenic regions suggests that CHD4 regulates
transcription in pro-B cells via direct regulation of chromatin acces-
sibility. To further investigate this hypothesis, we examined the DNA
binding motifs associated with promoter-localized ATAC-seq peaks
using HOMER (Dataset S2). Analysis of the promoter annotated
ATAC-seq peaks within the 800 gene set Venn subgroup revealed
enrichments in E26 Transforming Sequence (ETS), zinc finger (Zf),
and Myocyte Enhancer Factor 2 (MEF2) transcription factor binding
sites. In contrast, analysis of the promoter annotated ATAC-seq peaks
within the 195 subgroup revealed enrichment in Pit1-Oct1-Unc86
(POU) domain protein binding sites.
To further examine the biological significance of the CHD4

chromatin-regulated program in pro-B cells, we employed gene
ontology (GO) analysis to identify the contributions of specific
chromatin-regulated Venn gene sets (Fig. 6C) to transcription-
ally driven biological pathways. GO pathway analysis was per-
formed for the total set of 3,318 RNA-seq differentially
expressed genes. The contribution of each Venn gene set to the
expression-based biological pathways was determined by com-
paring the number of shared genes between each Venn subgroup
and the total genes within each GO pathway. We then generated
a heatmap based on the ratio of the gene number comparison for
each Venn subgroup (Fig. 6F). This analysis reveals that the
biological programs identified via the RNA-seq analysis of the
CHD4-deficient pro-B cells is being driven by the 800 and
645 gene sets, which link increased accessibility with gene tran-
scription. The shared GO terms for those two gene subsets dis-
tribute among immune and neural development, cell morphology,
and cell signaling pathways (Dataset S3). These data support the
role of CHD4 in enforcing transcription of a biological program,
while repressing other programs in B cells.
Finally, to visualize the coordinated chromatin and transcrip-

tional changes in CHD4-deficient vs. WT pro-B cells, we in-
tegrated ATAC- and RNA-seq data for specific genes using the
integrative genomics viewer (IGV) (Fig. 6 G and H). We com-
pared visualization of the inappropriately activated (increased
63.7-fold) Fgd5 locus (Fig. 6G), with the down-regulated (de-
creased by 67%) Fcrla locus (Fig. 6H). With loss of CHD4, the
Fgd5 locus is characterized by increased chromatin accessibility
and gene expression in mutant pro-B cells, while the Fcrla locus
features decreased chromatin accessibility. These data are con-
sistent with the hypothesis that CHD4 represses prior hemato-
poietic programs (including Fgd5) as B cell differentiation
proceeds. Conversely, Fcrla is expressed in more mature B cells
following further differentiation. Decreased Fcrla expression
may be due to the lack of progression accompanying de-
velopmental arrest in CHD4-deficient pro-B cells.

Discussion
The network of transcription factors that orchestrate B cell de-
velopment has been defined extensively. However, less un-
derstood are the functions of epigenetic regulators including
chromatin remodeling complexes, which likely play pivotal roles
in specifying patterns of gene expression in developing lympho-
cytes. A key group of these complexes is encompassed as NuRD,
which while largely implicated as corepressors may regulate an
array of transcriptional outcomes (27). In this study, we in-
vestigated functions of a catalytic ATPase/helicase subunit of
NuRD complexes, CHD4. Mice lacking CHD4 in the early B cell
compartment exhibit a developmental blockade at an early pro–
B-like (c-Kit+CD19+) stage of development. CHD4-deficient
pro-B cells do not proliferate in response to IL-7, are defective
in V(D)J recombination, and accumulate DNA damage. Strik-
ingly, pro-B cells lacking CHD4 have lost the ability to progress
to later B cell stages, together with inappropriate expression of
hundreds of non-B lineage genes. These defects result in the
failure of CHD4-deficient early pro-B cells to differentiate into
antibody-producing B cells. Developmental arrest occurs despite

relatively normal expression of transcription factors that are es-
sential for B cell lineage specification and commitment, in-
cluding EBF1 and Pax5.
Loss of CHD4 in pro-B cells changes the relative expression of

more than 3,000 genes. Thus, CHD4 and CHD4-NuRD com-
plexes are widely employed to establish appropriate transcrip-
tional patterns in B cells. Genes that are dependent on
CHD4 for normal expression participate in key pathways nec-
essary for B cell development, including IL-7 signaling and V(D)
J recombination. The extensive list of affected genes related to
these pathways makes it difficult to define a single mechanism
that drives developmental arrest. This process involves both di-
rect and indirect mechanisms that influence chromatin dynamics
and transcription. Given this multifactorial regulation of lineage
specification, further studies will be required to delineate the
contributions of specific factors, such as CHD4, for the regula-
tion of transcriptional and epigenetic programs defining B cell
differentiation. However, a common underlying theme in each of
these pathways is the impact of defective IL-7R signaling, which
blocks proliferation. These effects may be exacerbated by the
cells’ inability to undergo DNA damage repair and complete
V(D)J recombination.
The most distinguishing characteristic of B cells is the pro-

ductive rearrangement of Ig genes, which generates a diverse
repertoire of antigen-specific receptors. Our data indicate that
V(D)J recombination is impaired in CHD4-deficient pro-B cells.
This conclusion is evidenced by defects in distal VH rearrange-
ments which may be due, in part, to defective Igh locus con-
traction. Consistent with other studies, our RNA-seq data
indicate that a number of components necessary for V(D)J
recombination are expressed, and even up-regulated in CHD4-
deficient pro-B cells, including Rag1, Foxo1, and Foxo3a tran-
scripts, while IL-7R signaling is attenuated. In normal pro-B
cells, transcription of these elements reflects increased chroma-
tin accessibility at Igh loci (50). As evidenced by our 3D-FISH
studies, the inefficient completion of distal VH gene rearrange-
ments in CHD4-deficient pro-B cells may be due to an inability
to establish long-range genomic interactions necessary for re-
combination with distant D-JH loci. Transcripts encoding multiple
factors implicated in locus contraction, including Pax5, Ezh2,
Brg1, Ikzf1, Tfe3, and Yy1 (57–62), were unchanged in pro-B cells
isolated from CHD4-deficient vs. WT pro-B cells, suggesting that
CHD4 may function downstream of proteins encoded by these
genes. Rearrangements of distal VHJ558 segments may also be
reduced in CHD4-deficient pro-B cells due to defects in IL-7R
signaling, which recruits STAT5 to distal VH segments and in-
creases accessibility of local chromatin (63). However, it is dif-
ficult to distinguish whether reduced Igh locus contraction is due
to defects in intrinsic mechanisms of locus contraction, or
whether developmental arrest occurs before the initiation of
distal VH rearrangements in the mutant mice.
CHD4 has been linked with the fidelity of lineage-appropriate

transcriptional programs (27, 64). Here, we determined that
expression of CHD4 is important for establishing the pro-B cell
program: CHD4-deficient pro-B cells promiscuously express
transcripts of genes that are normally restricted to other lineages.
Interestingly, NuRD complexes are important regulators of
pluripotency and self-renewal in embryonic stem cells (reviewed
in ref. 65). Two recent reports that examined CHD4-deficient
embryos described changes in lineage commitment, with pro-
miscuous expression of lineage marker genes that are related to a
wide range of fate decisions (66, 67). Another study of require-
ments for cardiac striated muscle development reported that loss
of CHD4 resulted in inappropriate expression of skeletal muscle
gene expression; conversely, loss of CHD4 in skeletal muscle led
to expression of key striated muscle genes (68). Thus, our data
complement other studies demonstrating that CHD4 acts as a
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“gatekeeper” of lineage specification by controlling stem cell-
and differentiation-associated genes in multiple tissues.
The question arises: Why are genes selectively up-regulated

in the absence of CHD4? Certainly, the loss of CHD4 depletes
pro-B cells of CHD4-NuRD, which can repress chromatin ac-
cessibility at genes that are normally silenced in these cells. We
hypothesize that the loss of CHD4-dependent repression of
genes that characterize other tissues, including the CNS, pan-
creas, and lung, makes these genes susceptible to activation by
factors that are shared in common between pro-B and multiple
cell types, but are normally insufficient to activate transcription
in the presence of CHD4. Notably, HOMER analysis detected
binding sites for ETS family proteins and other transcription fac-
tors frequently in new ATAC-seq peaks of 800 up-regulated genes
(Fig. 6C and Dataset S2). These factors may activate transcription
in synergy with other CRCs that colocalize at sites with CHD4-
NuRD (e.g., Brg1; ref. 64). Alternatively, the absence of CHD4
may derepress expression of transcription factors necessary to
“pioneer” non-B cell transcriptional programs. In non-B cell
lineages, these drivers of other programs may overcome barriers
imposed by CHD4-NuRD (or related CRCs) for transcriptional
activation of lineage-specific genes. Conversely, the loss of ATAC-
seq peaks and transcript expression of 195 genes correlated with
binding sites for POU domain transcription factors within those
peaks. We hypothesize that POU transcription factors are neces-
sary for activation of these genes during developmental progres-
sion. Interestingly, half of the genes that fail to be activated in
CHD4-deficient pro-B cells maintained their patterns of accessi-
bility, as detected by ATAC-seq. This set of genes may be poised
for transcriptional activation but are unable to be expressed due to
the absence of a factor(s) necessary for developmental progres-
sion. Alternatively, small changes in the positioning of nucleo-
somes may block the binding of an essential activator(s) in the
absence of CHD4 (27).
Loss of CHD4 function contributes to human diseases, but the

full scope of its involvement is unknown. The partial or complete
loss of CHD4 due to mutations is a driver of cancer (69, 70). Loss
of CHD4 leads to unrepaired DNA DSBs (and microsatellite
instability) that lead to deletions and chromosomal transloca-
tions (71). Interestingly, leukemogenesis is induced, in part, by
redistribution of CHD4-NuRD complexes to new gene targets in
lymphocytes in the absence of IKZF1 (Ikaros) (26). Thus, loss of
function or inappropriate recruitment of CHD4-NuRD com-
plexes each promote tumorigenesis. Additionally, the control of

lineage specification by CHD4 in B cells suggests potential del-
eterious effects of its loss of function. If mature B cells with
mutations in Chd4 genes (resulting in reduced CHD4 expression,
but not cell death) persist at peripheral sites, inappropriate ex-
pression of non-B cell proteins in professional antigen-presenting
cells may result in the display of novel antigenic determinants (i.e.,
neoantigens) that initiate autoimmune responses. Importantly, a
series of de novo missense mutations in CHD4 genes have been
detected in humans, resulting in intellectual disabilities and dis-
tinctive dysmorphisms (72).
Together, our studies demonstrated how CHD4, a key com-

ponent of NuRD CRC, is required for the early development
and lineage progression of B cells. In the future, additional
studies will be necessary to integrate functions of CHD4 within a
transcriptional network of regulators of B cell development
and function.

Materials and Methods
Materials, including mouse models used and generated by this work, are
available in SI Appendix. Mice were bred and housed in the Biological Re-
sources Center at National Jewish Health. All experiments were performed
under a protocol (AS2558-04-20) approved by the Institutional Animal Care
and Use Committee at National Jewish Health. Reagents and methods used
for cell preparation, flow cytometry, and cell culture; methods for analysis of
STAT5 phosphorylation, qPCR analysis of IgH VH usage, 3D-FISH, confocal
microscopy, and analysis of DNA damage are described in SI Appendix.
Preparation of libraries, RNA-seq, and ATAC-seq were performed at the
Center for Genes and Environment at National Jewish Health and are de-
tailed in SI Appendix. Bioinformatic analysis of RNA-seq and ATAC-seq, in-
cluding comparison with CHD4 ChIP-seq, and other statistical analysis, are
described in SI Appendix.
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