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Coordinated induction, but also repression, of genes are key to normal differentiation. Although the role of lineage-
specific transcription regulators has been studied extensively, their functional integration with chromatin remod-
elers, one of the key enzymatic machineries that control chromatin accessibility, remains ill-defined. Here we in-
vestigate the role of Mi-2f, a SNF-2-like nucleosome remodeler and key component of the nucleosome remodeling
and histone deacetylase (NuRD) complex in early B cells. Inactivation of Mi-2p arrested differentiation at the large
pre-B-cell stage and caused derepression of cell adhesion and cell migration signaling factors by increasing chromatin
access at poised enhancers and chromosome architectural elements. Mi-2p also supported IL-7R signaling, survival,
and proliferation by repressing negative effectors of this pathway. Importantly, overexpression of Bcl2, a mito-
chondrial prosurvival gene and target of IL-7R signaling, partly rescued the differentiation block caused by Mi-2p
loss. Mi-2 stably associated with chromatin sites that harbor binding motifs for IKAROS and EBF1 and physically
associated with these transcription factors both on and off chromatin. Notably, Mi-2p shared loss-of-function cel-
lular and molecular phenotypes with IKAROS and EBF1, albeit in a distinct fashion. Thus, the nucleosome
remodeler Mi-2f promotes pre-B-cell differentiation by providing repression capabilities to distinct lineage-specific
transcription factor-based regulatory networks.
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Commitment and differentiation into the B-cell lineage
take place within the bone marrow (BM) of adult mammals
and are regulated by an orderly induction of B-cell lineage-
specific transcription factors, recombination factors, and
signaling molecules. In turn, these support the sequential
rearrangement of immunoglobulin heavy chain (Igh) and
immunoglobulin light chain (Igl) genes, formation of pre-
B-cell receptor (pre-BCR) and BCR signaling complexes
that further advance B-cell differentiation, and suppres-
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sion of transcriptional programs that promote alternative
cell fates such as myeloid. These transcriptional regu-
latory events, both positive and negative, promote B-cell
precursor survival, expansion, and differentiation and
selection of an immature B-cell repertoire that undergoes
further maturation at peripheral lymphoid organs.
IKAROS, E2A, EBF1, FOXO1, PAX5, AIOLOS, LEF1, and
IRF4 are among the transcription regulators that induce
and reinforce the molecular signatures required for early
B-cell differentiation (Kee 2009; Medvedovic et al. 2011;
Mercer et al. 2011; Welinder et al. 2011; Georgopoulos
2017). Loss of function in these transcriptional regulators
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arrests differentiation at discrete steps both prior to and af-
ter B-cell lineage commitment, indicating a nonredundant
participation of these factors in this developmental pro-
cess. Human leukemias that derive from early steps in
B-cell differentiation frequently harbor inactivating muta-
tions in these transcription regulators, highlighting their
importance in promoting progression through differentia-
tion intermediates that are potentially leukemogenic
(Mullighan 2012).

IKAROS (Ikzf1) and AIOLOS (Ikzf3), members of the
IKAROS gene family, are among the early acting transcrip-
tional regulators that induce lymphoid fate and differenti-
ation (Georgopoulos et al. 1994; Wang et al. 1996, 1998;
Georgopoulos 2017). The role of IKAROS in hematopoietic
stem cells (HSCs) and multipotent progenitors is to prime
expression of lymphoid lineage-promoting genes and at-
tenuate expression of genes implicated in self-renewal
and myeloid differentiation (Yoshida et al. 2006; Ng et al.
2009). Loss of IKAROS in the HSC compartment converts
lymphoid-primed multipotent progenitors (LMPPs) into
myeloid precursors. At subsequent stages of B-cell differ-
entiation, IKAROS and AIOLOS are required for transition
from the highly proliferative large pre-B-cell to the quies-
cent small pre-B-cell stage (Joshi et al. 2014; Schwickert
etal. 2014). Loss of IKRAROS in early B-cell precursors caus-
es a block in pre-B-cell differentiation, with a dramatic
gain in cell adhesion and self-renewal supported by aber-
rant induction of genes involved in adhesion signaling, ex-
tracellular matrix organization, and actin cytoskeleton
regulation and down-regulation of pre-B-cell signaling
and differentiation factors (Joshi et al. 2014; Schwickert
et al. 2014).

In T cells, IKAROS proteins stably associate with the nu-
cleosome remodeling and histone deacetylase (NuRD)
complex through direct binding to the ATP-dependent nu-
cleosome remodeler Mi-2p (CHD4) (Kim et al. 1999; Koi-
pally and Georgopoulos 2002; Sridharan and Smale 2007;
Zhang et al. 2012). The PHD and chromodomains of Mi-
28 can support binding of the NuRD complex to nucleo-
somes and methylated histones (Mansfield et al. 2011;
Watson et al. 2012). The presence of IKAROS in the
NuRD complex can provide additional targeting to
IKAROS DNA-binding sites and increase the chromatin
residence of the remodeler in a lineage-specific fashion.
Loss of Mi-2p interferes with the transition from double-
negative (DN) to double-positive (DP) thymocytes, alters
the production of CD4" T cells and interferes with the abil-
ity of mature T cells to proliferate (Williams et al. 2004). In
contrast, loss of IKAROS has almost the opposite effect, as
it accelerates differentiation through the DN to DP stage
and facilitates T-cell activation and proliferation in re-
sponse to TCR signaling (Avitahl et al. 1999; Winandy
et al. 1999; Harker et al. 2002; Naito et al. 2007). In
T-cell precursors, Mi-2p is enriched at IKAROS-binding
sites in the vicinity of transcriptionally active lymphoid
genes that, upon IKAROS depletion, show loss in expres-
sion and increase in NuRD remodeling and modifying ac-
tivities (Zhang et al. 2012). These observations suggest
that in the context of actively expressed genes, the colocal-
ization of Mi-2p and IKAROS may serve as a harbinger for
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gene repression at a subsequent step in differentiation, as
shown with embryonic stem cells and neurons (Whyte
et al. 2012; Yamada et al. 2014).

Here we examine the role of Mi-2p in early B-cell differ-
entiation and show that it is required for differentiation
from the pro-B to the small pre-B-cell stage. Mi-2p plays
a major role in chromatin restriction and repression of
genes supporting cell adhesion and migration but is also
involved in the positive regulation of cell growth and sur-
vival. This key role of Mi-2p in early B-cell differentiation
can be attributed to its interactions with IKAROS and
EBF1 at poised enhancers that restrict expression of gene
networks regulated by these lineage-specific DNA-bind-
ing factors.

Results

Mi-2p is required for differentiation into the small
pre-B-cell stage

The role of Mi-2p in early B-cell differentiation was ad-
dressed by analyzing mice with conditional inactivation
of the ATPase domain, starting either at the HSC
(Chd4™¥; Mx-Cre; referred to here as AChd4™>), in early
lymphoid progenitors (Chd4™; Cd2-Cre; referred to
here as AChd4%®2), or in committed pro-B-cell precursors
(Chd4™%; Cd19-Cre; referred to here as AChd4°%°) (Fig.
1A; Rickert et al. 1997; de Boer et al. 2003; Williams
et al. 2004; Yoshida et al. 2008). An increase in common
lymphoid progenitors (CLPs; Lin/"°IL-7Ra*Sca-1'¢c-Kit'°)
was detected in both AChd4™* and AChd4““? relative to
wild-type (WT) mice (Supplemental Fig. S1A; data not
shown). The identity of these early lymphoid progeni-
tors in the AChd4™* mouse model was validated by test-
ing for increased expression of B-cell differentiation
markers (i.e., II7r, Dntt, and Ebf1) and reduced expression
of myeloid differentiation genes (i.e., Mpo) (Supplemental
Fig. S1B.

The majority of B cells in the BM of AChd4?? mice ex-
pressed CD19, CD43, ¢-Kit, and IL-7Raq, cell surface mark-
ers of the pro-B-cell stage (Fig. 1A-C; Hardy et al. 1991;
Rolink et al. 1994). In contrast, the majority of WT BM B
cells were CD19*, CD437, and c¢-Kit™ and expressed CD2
and CD25, markers of the small pre-B-cell stage (Fig. 1A—
C). We further evaluated the effect of Mi-2p deletion at
the pro-B-to-small pre-B-cell transition (Fig. 1A). Due to
deregulation of BP1 expression (a marker of large pre-B
cells) in AChd4©% B-cell precursors, we used an alterna-
tive strategy to evaluate differentiation. Pre-B cells
(CD19*c-Kit*°IgM~) were subdivided into two popula-
tions based on CD2 expression (Fig. 1C; Supplemental
Fig. S1C). Small pre-B cells (CD19"c-Kit"CD2"IgM™)
were the largest of the two populations in WT, whereas
large pre-B cells (CD19*c-Kit/°CD2 " IgM~) were the ma-
jor population in AChd4“9> BM (Fig. 1C). The large pre-
B-cell-containing population was further subdivided into
large pre-B cells (CD19*c-Kit/'°CD2~CD43*) and transi-
tional to small pre-B cells (CD19"¢c-Kit~"CD2~CD437),
the combination of which we refer to as “large transi-
tional” (CD19*c-Kit/°CD43* a4 ~CD2") pre-B cells.
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Mi-2 is required for pre-B-cell differentiation
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Figure1. Mi-2fisrequired for differentiation into a small pre-B cell. (A) Schematic representation of early B-cell differentiation as defined
by stage-specific markers and the effects of Mi-2p (AChd4), IKAROS (Ik~/~, constitutive; AIKE5, conditional) or EBF1 (Ebf1~/~ constitutive;
AEDf1, conditional) inactivation. Arrows above the diagram indicate the stages in differentiation at which Mx-Cre, Cd2-Cre, and Cd19-
Cre are active. Precursors in transition from pro-B to small pre-B are marked by a blue box outline. Differentiation block is depicted by
either a red bar (acute) or a long red arrowhead (gradual), and the type of Cre responsible for the effect is shown as a superscript. A popu-
lation increase caused by mutation is shown by a red upward-pointing arrow. (Imm.B) Immature B cells; (Exh) exhaustion. (B,C ) Flow cyto-
metric analysis of BM cells from WT and AChd4°% mice with stage-specific markers (as described in A) that identify pro-B (i.e.,
CD19"CD43*c-Kit'", large pre-B (i.e., CD19*¢c-Kit*°CD43*CD2"), transitional pre-B (i.e., CD19"c-Kit"CD43~CD2 "), and small pre-B
[i.e., CD19*CD43~CD2*CD25*IgM ™| cells. AChd4°¥ CD19*c-Kit"CD2~ B-cell precursors show an intermediate expression of CD43, in-
dicating a differentiation block between large and small pre-B. (D) Absolute cell numbers for pro-B, “large transitional” (LTt) pre-B, and
small pre-B cells in two femurs and tibias from WT and AChd4°% mice. The average and standard deviation (SD) are indicated for
each population. Unpaired t-test (two-tailed) was used for statistical analysis. Twelve to 14 animals were analyzed for both WT and
AChd4“? mice. (N.S.) Nonsignificant; (*) P<0.05; (***) P <0.002.

Although the absolute number of pro-B cells HSC compartment (Supplemental Fig. SID, AChd4™¥;

(CD19*c-Kit'°CD43*) was not significantly changed in
the AChd4°? BM, the number of large transitional pre-B
cells and small pre-B cells was progressively reduced
(from fourfold to 26-fold) (Fig. 1D). A similar arrest be-
tween the pro-B and small pre-B-cell stage was observed
in the AChd4™* mouse model, which deletes from the

Yoshida et al. 2008).

In sharp contrast to the AChd4°® and AChd4™* mouse
models, deletion of Mi-2p with Cd19-Cre starting at pro-B
cells resulted in no significant arrest in small pre-B-cell dif-
ferentiation (Supplemental Fig. S1D, AChd4©??°). Thus, the
requirement for Mi-2f in pre-B-cell differentiation is
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rooted in the CLP or early pro-B cell, and subsequent Mi-2
depletion does not interfere with normal differentiation.

Mi-2p is not required for expression of the pre-BCR
complex

Productive recombination at the Igh locus (Fig. 2A) is a
prerequisite for pre-B-cell differentiation. Sequential rear-
rangements of D-J and V-DJy in early pro-B cells are re-
sponsible for the production of IgH chains that associate
with surrogate light chains to form the pre-BCR. Expres-
sion of pre-BCR signals the proliferative expansion and
differentiation of large to small pre-B cells (Fig. 1A; Schatz
2004; Herzog et al. 2009). Loss of function of the recom-
bination-activating gene Ragl causes loss of pre-BCR
signaling and a block in differentiation prior to the large
pre-B-cell stage (Spanopoulou et al. 1994).

Pro-B cells were sorted from WT and AChd4°? mice,
and lack of Chd4 (Mi-2B) expression was confirmed by
semiquantitative RT-PCR (Fig. 2B). An increase in expres-
sion of the Chd4 homolog Chd3 (Mi-2a) was seen. Germ-
line Igh transcripts were used as indicators of chromatin
accessibility and transcriptional activity. Iy transcripts
transcribed from the Ey intronic enhancer were similar
in expression between WT and AChd4°? pro-B cells,
whereas the u0 germline transcripts showed an increase
in the mutant pro-B cells (Fig. 2B).

VDJ rearrangements were tested using genomic DNA
isolated from the same samples (Fig. 2C). Dy-J;, and V-DJ
rearrangements involving the two most proximal Vj
members (V;,Q52 and V;,7183) were observed at similar
frequencies in WT and AChd4? pro-B cells (Fig. 2C).
V-DJ rearrangements to the distal V;558 family were re-
duced by twofold to threefold in AChd4°% compared
with WT pro-B cells. Nonetheless, intracellular IgM ex-
pression was comparable in WT and AChd4 % pro-B cells
and small pre-B cells, although the latter population was
greatly reduced in AChd4°9? mice (Fig. 2D).

Expression of surrogate light chains was tested as a po-
tential defect in pre-BCR complex signaling. Expression of
\5 (Igll1) and VpreB (Vpreb1) was either comparable or in-
creased in AChd4°? pro-B cells and large transitional pre-
B cells compared with WT (Fig. 2E; Supplemental Fig.
S2A). Expression of other key regulators of early B-cell dif-
ferentiation, such as Fit3, II7r, Ebf1, and Pax5 and the re-
combination enzymes Ragl, Rag2, and Dntt, were also
either unaffected or increased in the AChd4°? B-cell pre-
cursors (Fig. 2E; Supplemental Fig. S2A). AChd4°® mice
were crossed to the D23 transgenic line (AChd4°9%; D23
tg) that expresses a prerearranged Igk chain to see whether
it could rescue the differentiation block. In spite of Igk ex-
pression, AChd4°%; D23 tg pro-B cells (CD19"c-Kit™)
maintained a block in differentiation (Supplemental Fig.
S2B, CD19*¢c-Kit"CD2*).

Although Mi-2 is critical for pre-B-cell differentiation,
it is not required for Igh recombination or expression of
the pre-BCR signaling complex. Thus, Mi-2p may control
pathways that operate either downstream from or inde-
pendently of pre-BCR signaling and which are required
for pre-B-cell differentiation.
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Figure 2. Igh rearrangement is not dependent on Mi-2f. (A) Dia-
gram of Igh locus depicting proximal and distal V, D, and ] clus-
ters tested for recombination. The five Vy families are
represented by white boxes, and the D, ], and C regions are shown
by black boxes. Rearrangement of the most distal variable gene
(Vy-558) and the two most proximal (Vy-Q52 and Vi-7183) was
analyzed. The initiation sites for the y0 and Iy germline tran-
scripts are depicted. (B) Semiquantitative RT-PCR analyses for
Igh germline transcripts, Chd4, and its homolog, Chd3, in pro-B
cells from WT and AChd4°® mice. Fivefold dilutions of cDNA
were used, and samples were normalized using Gapdh expres-
sion. (C) VDJ rearrangement in WT and AChd4% pro-B cells.
(Top) Normalized genomic DNA samples from sorted pro-B pop-
ulations were analyzed for rearrangement by PCR amplification
followed by Southern blotting. Fivefold dilutions of gDNA were
used for PCR amplification. Rearrangement of D-] as well as V.
558, Vi-Q52, and V-7183 to DJ, respectively, is shown for both
WT and AChd4°?. (Bottom) The deletion of the ATPase subunit
of Mi-2p (CHD4) was verified by PCR amplification of exons 11—
23. The samples were normalized to an amplified Tkzf1 fragment.
(D) Flow cytometry for expression of intracellular IgM (ICy) in
pro-B and small pre-B cells from WT and AChd4°%? mice. Num-
bers indicate the percentage of cells in the ICu-high gate. (E) Semi-
quantitative RT-PCR analyses for early B-cell differentiation
markers (FIt3, I17r, Ebf1, and Pax5), key regulators for Ig recombi-
nation, and pre-BCR complex components (Ragl, Rag2, Dntt,
Vpreb1, and Igll1) in pro-B cells from WT and AChd4% mice.
Fivefold dilutions of cDNA were used, and the samples were nor-
malized using Gapdh expression.

Large pre-B-cell proliferation and survival
require Mi-2

Proliferation and survival of early B-cell precursors are de-
pendent on both pre-BCR and IL-7R signaling. This com-
bination of signaling pathways is critical for generating a
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large pool of small pre-B cells in which Igl rearrangement
and B-cell selection can take place.

A 30% reduction in the proliferation of AChd4 % pro-B
cells (CD19* c-Kit™™ CD43") was seen relative to WT (Fig.
3A; Supplemental Fig. S3A). Proliferation was further de-
creased (by 2.6-fold) in AChd4“? large transitional pre-B
cells (Fig. 3A). Although no significant increase in
proapoptotic (AnnexinV™*) cells was seen ex vivo (Fig. 3B;
Supplemental Fig. S3A), AChd4° pro-B and large transi-
tional pre-B cells did not survive in culture even when
grown in the presence of IL-7 and BM stroma. After 24 h
in culture, the numbers of proapoptotic and dead cells
were significantly increased in AChd4¢? pro-B-cell cul-
tures compared with WT (Fig. 3C).

Mi-2 is required for pre-B-cell differentiation

Large pre-B-cell survival and proliferation are normally
dependent on IL-7R and pre-BCR signaling that induce a
transcriptional response by activating STAT5, the PI3K-
AKT, and MAPK signaling pathways (Corfe and Paige
2012). Both IL-7R and pre-BCR components were ex-
pressed in AChd4? large transitional pre-B cells (Figs.
1B, 2; Supplemental Fig. S2A). Signaling downstream
from these receptors was tested by sorting and stimulating
large transitional pre-B cells from WT and AChd4¢%? BM
with IL-7 and anti-IgB followed by protein analysis by
Western blotting and fluorescent-activating cell sorting
(FACS). A reduction in both pSTAT5 and pAKT was seen
by both methods in AChd4°?? arge transitional pre-B cells
relative to WT, indicative of a defect in IL-7R signaling (Fig.

Figure 3. Proliferation and survival of pre-B-cell pre-
cursors are dependent on Mi-28. (A) Cell cycle analy-
ses for ex vivo WT and AChd4°?® pro-B and large
x transitional (LTr) pre-B cells sorted from WT and
AChd4°® (as defined in Fig. 1C) using propidium io-
dide (PI). Statistical analyses of the percentage of S—
G,M cycling cells for each cell type are shown.
Each data point corresponds to one experimental an-
imal. (**) P<0.002; (***) P<0.001. Unpaired t-test
(two-tailed) was used for statistical analysis. Seven
and eight animals were analyzed for pro-B cells
from WT and AChd4°% mice, respectively. Four
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mice each were analyzed for large transitional (LTr)
B cells from WT and AChd4? mice. (B) The percent-
ages of AnnexinV*PI™ apoptotic fractions of ex vivo
pro-B and pre-B from WT and AChd4°® mice are
shown. (N.S.) Nonsignificant. Unpaired t-test (two-
tailed) was used for statistical analysis. Ten and 11
mice were analyzed for B-cell precursors from WT
and AChd4°? mice, respectively. (C) The percentag-
es of apoptotic (AnnexinV*PI" [AV*PI]) or apoptotic
and dead (AnnexinV* [AV* all]) cells within pro-B
and large transitional (LTr) pre-B cells cultured in
the presence of IL-7 on OP9-GFP stroma are shown.
The majority of cells became AnnexinV* (AV*) within
24 h of culture. (D) Analysis of the IL-7R and pre-BCR
signaling in pre-B-cell precursors sorted from WT and
AChd4°? mice (AChd4) by automated Western blot-
ting. Cells were stimulated by IL-7 and anti-Igp
(CD79b) for 5 min at 37°C prior to lysis. The levels
of phospho-STAT5 and phospho-AKT signaling
events triggered by IL-7R engagement and of
phosho-ERK1/2 (MAPK) by pre-BCR were tested.
Two representative experiments are shown. (M) Mo-
lecular weight markers. (E, top) Analysis of pro-B cells
from WT and AChd4°% mice active in mitochondrial
respiration identified by positive staining with Mito-
Tracker Deep Red by flow cytometry. The percentage
of actively respiring cells is provided with mean and
standard deviation for 11 WT and AChd4°?? mice an-
alyzed. Unpaired t-test (two-tailed) was used for stat-
istical analysis. (**) P<0.001. (Bottom) The total
mitochondrial mass of pro-B cells from WT and

AChd4°® mice was estimated by staining with MitoTracker Green. Histograms from a representative experiment are shown. (F) The ox-
ygen consumption rate (OCR) for 1.5 x 10° pre-B-cell precursors sorted from WT and AChd4¢% mice (AChd4) was measured by the Mito
stress test in the Seahorse XF°24 analyzer. OCR kinetics prior to and after addition of oligomycin, carbonyl cyanide p-trifluoromethox-
yphenylhydrazone (FCCP), and rotenone and antimycin A (Rot/AA) are shown at the top. The deduced maximum and spare respiratory

capacities are shown at the bottom. (**) P <0.002; (*) P<0.05.
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3D; Supplemental Fig. S3B). In contrast, MAPK signaling,
measured by pERK phosphorylation, was increased in
AChd4°® relative to WT pre-B cells, indicating a potential
increase in pre-BCR signaling (Fig. 3D).

The effect of dysfunctional IL-7R signaling on mito-
chondrial biogenesis was evaluated as a potential cause
for the decrease in survival of AChd4? B-cell precursors.
AChd4°? pro-B cells displayed a lower total mitochon-
drial mass by MitoTracker Green but showed a relative in-
crease in actively respiring mitochondria by MitoTracker
Deep Red staining (Fig. 3E; Supplemental Fig. S3C,D).
Mitochondrial metabolism was further evaluated by mea-
suring oxygen consumption of sorted AChd4°% and WT
B-cell precursors stimulated with IL-7 and treated sequen-
tially with pharmacological agents that inhibit or stimu-
late the mitochondrial membrane electron transport
chain and ATP production. Although basal respiration
was not significantly different between AChd4¢%? and
WT pre-B cells, both maximum respiratory capacity and
spare respiratory capacity, measures of cellular fitness,
were significantly reduced (Fig. 3F). Additionally, the
extracellular acidification rate (ECAR), an indicator of
anaerobic glycolysis, was significantly reduced in the
AChd4°® compared with WT pre-B cells (Supplemental
Fig. S3E).

Taken together, these studies indicate that during the
pro-B-to-pre-B-cell transition, the IL-7R-AKT signaling
axis is dependent on Mi-2p. Dysfunctional IL-7R signaling
in AChd4©?2 large transitional pre-B cells is likely respon-
sible for defects in cellular metabolism and fitness that
contribute to diminished survival of the mutant B-cell
precursors.

Transcriptional effects of Mi-2f loss in pre-B-cell
precursors

Mi-2p is an ATP-dependent nucleosome remodeler that
modulates chromatin accessibility and, thereby, tran-
scriptional output. Comparative analysis of the transcrip-
tional profiles of pro-B and large transitional pre-B cells
revealed that they were highly correlated with each other
in both WT and AChd4°® mutant mice, supporting their
correct assignment in the B-cell differentiation hierarchy
(Fig. 4A).

Nonetheless, a number of normally repressed genes
were significantly up-regulated in AChd4°® pro-B (1024)
and large transitional pre-B (1439) cells compared with
WT (Fig. 4B; Supplemental Tables S1, S2). A smaller num-
ber of genes were down-regulated in AChd4°% pro-B (404)
and large transitional pre-B (322) compared with WT (Fig.
4B; Supplemental Tables S1, S2). Down-regulated genes
exhibited a smaller change in expression compared with
up-regulated genes in AChd4°? B-cell precursors (Fig.
4B; Supplemental Fig. S4A).

The majority of up-regulated genes were actively re-
pressed by Mi-2p in both AChd4°? pro-B and large transi-
tional pre-B cells (807 out of 1024 or 1439) (Fig. 4C). A
small subset of these genes was developmentally re-
pressed during the pro-B-to-large pre-B-cell transition
but failed to become so in the absence of Mi-2f (346 out
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of 1439) (Fig. 4C). Both of these categories of up-regulated
genes (actively and developmentally repressed) were in-
volved in cell adhesion and cell migration (Fig. 4C; Supple-
mental Fig. S4B). Pathways involved in the positive
regulation of cell death and negative regulation of cell
growth were also up-regulated in AChd4“%? pro-B and
large transitional pre-B cells (Supplemental Fig. 4B), con-
sistent with the observed defects in proliferation and sur-
vival seen in the absence of Mi-2f and IL-7R signaling. An
increase in expression of the negative regulators of IL-7R
signaling (Socs2 and Socs3) that function by inhibiting in-
duction of JAK-STAT was detected (Fig. 8A, below; Sup-
plemental Fig. 4B).

Genes that were down-regulated in AChd4°% pro-B or
large transitional pre-B cells and therefore are dependent
on Mi-2p for expression were divided into three subsets.
One subset was normally induced in large transitional
pre-B cells and consisted of regulators of pre-BCR signaling
and lymphocyte differentiation (Fig. 4D, pre-B differentia-
tion, 107; Supplemental Fig. S4B). A second subset was
specifically down-regulated in AChd4°% large transition-
al pre-B cells (94) and consisted of genes involved in cell cy-
cle and DNA metabolism (Fig. 4D, AChd4 LTr, 94;
Supplemental Fig. S4B). Loss in expression of these genes
correlated with the severe loss in proliferation seen in
AChd4©? Jarge transitional pre-B cells (Figs. 3A [2.6-fold
down], 4D [down, 94]; Supplemental Fig. S4B). The third
subset of down-regulated genes was common to both
AChd4©® pro-B and large transitional pre-B cells and
was involved in glutathione metabolism that regulates ox-
idative stress (Fig. 4D, common AChd4 pro-Band LTr pre-B
cells, 121; Supplemental Fig. S4B,C; Shah et al. 2013).

Thus, Mi-2p actively represses an extensive repertoire
of genes involved in cell adhesion, migration, cell death
and negative regulation of cell growth in pre-B-cell precur-
sors. Mi-2p is also required for expression of a small cohort
of genes that support proliferation, control oxidative
stress, and promote pre-B-cell differentiation.

Association of Mi-2f with lineage-specific
and chromosome-organizing factors

To evaluate the mechanisms by which Mi-2f regulates
transcription during B-cell differentiation, we examined
its chromatin distribution in WT large pre-B cells. Geno-
mic annotation of Mi-2f chromatin enrichment peaks in-
dicated its presence at both promoter-distal and promoter-
proximal sites (Fig. 5A). K-means clustering of histone
modifications and transcription factors at significantly
enriched Mi-2B sites categorized them into four types
of regulatory elements (Fig. 5B): poised enhancers (C3:
H3K4mel**, H3K4me2*", H3K4me3~, H3K27ac*, and
RNApII*/~), inactive enhancers (Cl: H3K4mel®,
H3K4me2*/~, H3K4me3~, H3K27ac~, and RNApII ), active
promoters (C2 and C5: H3K4mel~, H3K4me2**,
H3K4me3**, H3K27ac"", and RNApII™*), and CTCF-only
sites (C4: CTCF"*, H3K4mel~, H3K4me3~, H3K27ac™,
and RNApII~). Coenrichment of Mi-2p with B-cell lineage
transcription regulators and especially IKAROS was par-
ticularly prominent at poised enhancers (C3) (Fig. 5B).


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321901.118/-/DC1

Mi-2 is required for pre-B-cell differentiation

R-MMU-109582: Hemostasis
GO0:0030334: regulation of cell migration

-
- 5
5 8
Q
A B ¢ 5
g £
Pe:
WT_proB_2 oo E | 1024 ° 1439
WT_proB_1 2 W 3 10* N 10*
0506070808 1.0 N ©
WT_LTr preB_2 S 400 LFC € 10° LFC
€ - S
WT_LTr preB_1 £ . 12 g e .12
2| ! — [as] 2 —,
AChd4¢%_|Tr preB_1 =10 : ‘ =3 [S] 10 ‘23
o nog | o >= s e >=3
AChd4%%2_proB_1 s 10’ E 10'
AChd4%#_|Tr preB_2 3 5 S 5
AChA4_proB_2 30 404 §° 322
QU QY N N N 9 N q 2 10° 10" 10 10° 10* 6 10° 10' 10 10° 10*
LSS i < i
L EEEES & WT proB normalized mean count WT LTr preB normalized mean count
&7 BN &7 BN &\\éxg\/
F ¥ F Y
S
Y& v
O O
4 >
1
Repressed from UFEL?;C';“"’ in G0:0032101: regulation of response to external stimulus -logio(P-val)
WT proB to LTr preB A proB G0:0030029: actin filament-based process
(663) (1014) G0:0006935: chemotaxis 02346 10 20
G0:0000165: MAPK cascade
GO0:0007264: small GTPase mediated signal transduction
GO0:0007169: transmembrane receptor protein tyrosine kinase signaling pathway
G0:0098609: cell-cell adhesion
GO:0043410: positive regulation of MAPK cascade

f

Up-regulated inAChd4¢% LTr preB

GO0:0050769: positive regulation of neurogenesis

GO0:0051924: regulation of calcium ion transport

R-MMU-112316: Neuronal System

GO0:1990778: protein localization to cell periphery

GO0:0009611: response to wounding

G0:0098742: cell-cell adhesion via plasma-membrane adhesion molecules
GO0:0042063: gliogenesis

R-MMU-416482: G alpha (12/13) signalling events

G0:0060485: mesenchyme development

G0:0052696: flavonoid glucuronidation

1439
(1439 o&\\éz 6°’b<2‘&
SN
)
SR A
0@6%\,/\« ?g}\ DN
& K\
D D
’—|_|_| -log1o(P-val)
. : G0:0009894: regulation of catabolic process 02346 10 20
Induced in Down-re%:]zlated in G0:0032456: endocytic recycling
WT LTr preB AChd4°% proB G0:0051090: regulation of DNA binding transcription factor activity
(398) (405) G0:0043242: negative regulation of protein complex disassembly
mmu05145: Toxoplasmosis
G0:0001817: regulation of cytokine production
R-MMU-2029481: FCGR activation
288 0 G0:0030098: lymphocyte differentiation
R-MMU-156590: Glutathione conjugation
G0:0140013: meiotic nuclear division
R-MMU-6804116: TP53 Regulates Transcription of Genes Involved in G1 Cell Cycle Arrest
88 G0:0030330: DNA damage response, signal transduction by p53 class mediator
G0:0045786: negative regulation of cell cycle
G0:0000910: cytokinesis
GO:0006974: cellular response to DNA damage stimulus
G0:0007088: regulation of mitotic nuclear division
R-MMU-4615885: SUMOylation of DNA replication proteins
R-MMU-1640170: Cell Cycle
Down-regulated inAChd4¢% LTr preB . G0:0010564: regulation of cell cycle process
(322) GO:1903047: mitotic cell cycle process
& & Ko
Down-regulated in: &\‘}‘ 9’,\« wa‘e&z&k
FR & Fi
& e (TS
¢ @ O O
& )
(N >
» &

Figure 4. Transcriptional dependency of pre-B-cell precursors on Mi-2p. (A) Pearson correlation for gene expression profiles obtained for
WT and AChd4““ pro-B and large transitional (LTr) pre-B cells. mRNA-seq for each population was performed in duplicate. (B) Mean
read counts for significantly up-regulated and down-regulated genes in AChd4°? versus WT pro-B or large transitional (LTr) pre-B.
Data are shown for genes with a log, fold change (LFC) of >1 and false discovery rate (FDR) of <0.05. The number of up-regulated or
down-regulated genes is indicated in the top left or bottom right corner of the plot, respectively. Log, fold changes are further categorized

and color-coded as indicated. (C, left) Venn diagrams depicting the number of up-regulated genes in AChd

492 pro-B and large transition-

al (LTr) pre-B that are either developmentally repressed (346) during the pro-B-to-large transitional pre-B-cell transition in WT or actively
repressed by Mi-2p independent of differentiation (217, 683, and 410). (Right) A heat map based on significance of functional pathway
enrichment [-log(P-val)] is shown for the developmentally and actively repressed genes in AChd4°?? large transitional (LTr) pre-B cells.
(D) Venn diagrams depicting the number of down-regulated genes in AChd4°% pro-B and large transitional (LTr) pre-B that are either
normally induced during pro-B-to-large transitional pre-B-cell differentiation in WT (88 and 19) or activated by Mi-2f in a manner
that is independent of differentiation (94, 121, and 262). (Right) A heat map for pathway analysis based on significance of enrichment

[~logio(P-val)] for three of these categories is shown.
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Figure 5. Mi-2f association with B-cell lineage transcription factors and chromatin landscapes. (A) Genome annotation of Mi-2p enrich-
ment peaks in WT large pre-B cells. (B) Heat map generated by K-means clustering of reads from ChIP-seq (chromatin immunoprecipita-
tion [ChIP] combined with high-throughput sequencing) of histone modifications and nuclear factors from WT large pre-B cells centered
on Mi-2p enrichment peaks (+5 kb) (indicated by a black arrow). To determine the chromatin landscapes associated with Mi-2p enrich-
ment peaks, histone modifications associated with transcriptionally permissive or repressed chromatin (e.g., H3K4mel, H3K4me2,
H3K4me3, H3K27me3, and H3K27ac) and transcription factors (IKAROS, EBF1, and RNApII) and chromatin-organizing factors (CTCF)
were tested. Read distribution within Mi-2p enrichment peaks and size were normalized to the expected fragment size using the default
spline fit algorithm of NGS.PLOT. Of the five clusters generated, two were designated as enhancers (C1 and C3; H3K4mel**'*,
H3K4me2*'~, H3K4me3~, H3K27ac*~, and RNApII*/~), and two were designated as promoters (C2 and C5; H3K4mel -, H3K4me2**,
H3K4me3"*, and H3K27ac""). One of the clusters (C4) showed CTCF and Mi-2f enrichment but was devoid of promoter- or enhancer-as-
sociated histone modifications. (C) Analysis of Mi-2p enrichment peaks in WT large pre-B cells for association with de novo transcription
factor-binding motifs is shown. The most significantly discovered motifs, frequency (% of targets), and log; o (P-value) are shown. (D) Mi-2p
physically associates with IKAROS and EBF1 in WT large pre-B cells. (Left) Extracts from cultured large pre-B cells from Flag-Mi-2p trans-
genic mice (Zhang et al. 2012) were immunoprecipitated with anti-Flag and analyzed by Western blotting with antibodies to IKAROS,
EBF1, and Mi-2f. Arrowheads indicate the relevant protein bands. Input (10% of total lysate), flowthrough after anti-Flag bead extraction,
and anti-Flag bead eluate were used for Western blotting. (Right) Cultured large pre-B cells from WT mice were immunoprecipitated with
anti-EBFI1 or anti-IKAROS and analyzed by Western blotting with antibodies to Mi-2p, EBF1, and IKAROS. (Bottom Ieft) Cultured large
pre-B cells from WT mice were immunoprecipitated with anti-EBF1, anti-IKAROS, or anti-Mi-2p and analyzed by Western blotting with
antibodies to HDACI. (E) Evaluation of significant association between genes bound or not bound by Mi-2p in WT large pre-B cells and
genes deregulated or not deregulated in AChd4°? large transitional (LTr) pre-B cells. Data from ¥ analysis (two-sided) are shown. (F) Bar
graphs showing the frequency of association of down-regulated or up-regulated genes in AChd4°? relative to WT B-cell precursors with
Mi-2p enrichment peaks. Genes commonly deregulated in the two B-cell precursor subsets and bound by Mi-2p are indicated. Up-regu-
lated or down-regulated genes were more frequently and significantly associated with Mi-2f peaks compared with total number of genes,
as determined by the x* test. (****) P<0.0001.
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Motif analysis of Mi-2f-binding sites showed a highly sig-
nificant presence of CTCF, IKAROS, and EBF1 DNA rec-
ognition motifs, consistent with their observed
colocalization on chromatin (Fig. 5C). Both IKAROS and
EBF1 physically associated with Mi-2p off chromatin as
well. Immunoprecipitation of Mi-2p from large pre-B
cells coprecipitated abundant IKAROS and moderate
amounts of EBF1 (Fig. 5D). Immunoprecipitations of
EBF1 or IKAROS coprecipitated Mi-2p, indicating that
the NuRD complex is engaged in complexes with the
two B-cell lineage regulators (Fig. 5D). Other components
of the NuRD complex, such as HDAC1 and HDAC2, were
also coprecipitated with Mi-2p, IKAROS, and EBF1 (Fig.
5D; data not shown).

We next tested the hypothesis that genes bound by Mi-
2p are more likely to undergo a transcriptional response
upon its inactivation. The total number of annotated
genes was divided into two subsets (one that was associ-
ated with Mi-2p peaks and a second that was not), and
their transcriptional response to loss of Mi-2p was evalu-
ated. Notably, genes bound by Mi-2p were significantly
more likely to show a change in transcription upon its
depletion in both pro-B and large transitional pre-B cells
compared with genes that were not bound by Mi-2p (x*
test P-value<0.0001) (Fig. 5E; Supplemental Fig. S5A;
Supplemental Table S3). Furthermore, the majority of
genes that were either induced or repressed in AChd4
B-cell precursors had Mi-2p-binding sites in their vicinity
(induced ~49%, P<0.0001; repressed 69%-71%, P<
0.0001) (Fig. 5E).

Further evaluation of Mi-2p enrichment peaks associat-
ed with normally repressed genes that were induced upon
its loss revealed coenrichment with IKAROS and EBF1 at
sites defined as poised and inactive enhancers based on
coenrichment with histone modifications and RNApII
(Supplemental Fig. S5B, C1 and C5). Mi-2p also associated
with promoters of normally repressed genes, a subset of
which exhibited PRC2 activity (Supplemental Fig. S5B,
C3, and C2). Co-occupancy of Mi-2p and CTCF in the vi-
cinity of normally repressed genes that were induced in
AChd4©?? B-cell precursors was also detected (Supple-
mental Fig. S5B, C4). Mi-2p was also distributed at active
enhancers and promoters associated with the small num-
ber of genes that lost expression upon its inactivation
(Supplemental Fig. S5C).

Thus, Mi-2f targets enhancers, promoters, and CTCF
chromosome organization sites. The presence of Mi-2f
at these regulatory elements correlates mostly with gene
repression, although a role in promoting gene expression
is also evident.

Mi-28 restricts chromatin accessibility in pre-B-cell
precursors

A role of Mi-2p in regulating chromatin accessibility was
tested by comparing Tn5-rendering ATAC (assay for
transposase-accessible chromatin) peaks in a genome-
wide fashion in WT and Mi-2p-deficient B-cell precursors.
Pearson’s correlation analysis of ATAC-seq (ATAC and
sequencing) data obtained from three independent sorted

Mi-2 is required for pre-B-cell differentiation

pro-B and large transitional pre-B cells indicated that
these populations were highly correlated between both
the WT and AChd4°® genotypes (Supplemental Fig.
S6A). However, compared with WT, a significant change
in regions of accessibility was seen in AChd4°%? pro-B
or large transitional pre-B cells, which are referred to as
dATAC peaks (Fig. 6A, dATAC-gained and dATAC-lost).
An increase in accessibility was seen at 42000-45000
dATAC peaks in AChd4°® B-cell precursors (Fig. 6A,
dATAC-gained). A smaller number of dATAC peaks
(1091-4347) showed a reduction (Fig. 6A, dATAC-lost).
In both cases, the majority of JATAC peaks were located
at promoter-distal sites, indicating that changes in chro-
matin accessibility associated with loss of Mi-2f occurred
predominantly at nonpromoter locations (Fig. 6B; Supple-
mental Fig. S6B).

Of the gained dATAC peaks in AChd4°? pro-B or large
transitional pre-B cells, 55%-58% were observed in both
cell types, indicating a sustained Mi-2p requirement for
chromatin restriction through early B-cell differentiation
(Fig. 6C). In contrast, only 8%-32% of the dATAC peaks
lost upon Mi-2p deletion were shared between pro-B and
large transitional pre-B cells, suggesting that an Mi-2p re-
quirement for gain in chromatin accessibility was stage-
specific and progressively attenuated from pro-B to pre-B
cells (Fig. 6C).

We further evaluated the Mi-2p-dependent mechanism
of chromatin restriction by examining the nature of the
sites that gained chromatin accessibility in AChd4©?? B-
cell precursors (Fig. 6D; Supplemental Fig. S6C). Cluster-
ing of the shared dATAC-gained peaks with histone
modification and transcription factor enrichment sites in
WT large pre-B cells identified association with three types
of regulatory elements (C1, C3, and C5) (Fig. 6D). The
largest of the three dATAC-gained regulatory clusters
was associated with CTCF-only binding sites (C5:
CTCF**, H3K4mel~, H3K4me3~, H3K27ac™, and RNA-
pll7), the second was associated with poised enhancers
(C3: H3K4mel*™, H3K4me2*, H3K4me3~, H3K27ac*,
and RNApII*/~), and the third was associated with bivalent
promoters (Cl: H3K4mel~, H3K4me2*, H3K4me3*,
H3K27ac™, RNApII~, and H3K27me3") (Fig. 6D). Notably,
two of these dATAC-gained regulatory clusters enriched
for CTCF or poised enhancer-associated histone marks
(C5 and C3) were also strongly enriched for Mi-2p in WT
large pre-B cells (Fig. 6D; Supplemental Fig. S6D). The
two dATAC-gained clusters that were not enriched with
any of the here-tested histone marks or transcription fac-
tors and therefore did not identify with any known regula-
tory elements were also not enriched for Mi-2 (C2 and C4)
(Fig. 6C,D; Supplemental Fig. S6D).

The cluster of poised enhancers in WT B-cell precursors
that gained accessibility upon loss of Mi-2f was also
strongly enriched for IKAROS and EBF1 in WT large pre-
B cells (C3) (Fig. 6D; Supplemental Fig. S6E). Notably,
upon loss of IKAROS in large pre-B cells, these poised en-
hancers showed a marked increase in transcriptionally
permissive histone modifications and RNApII (Fig. 6D;
Supplemental Fig. S6E; Hu et al. 2016). Thus, loss of either
Mi-2f or IKAROS at these enhancers caused an increase in
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Figure 6. Mi-2p plays a major role in chromatin restriction in B-cell precursors. (A) Volcano plots depicting changes in ATAC peaks
(dATAC) between WT and AChd4°“ pro-B or large transitional (LTr) pre-B are shown. Log; fold change (FC) versus —log; (FDR-adjusted
P-value for peak discovery [Q-value]) are plotted. The number of gained or lost sites is shown in red or green, respectively. (B) Relative
distribution of gained and lost dATAC peaks in AChd4° large transitional (LTr) pre-B cells at the indicated genomic locations. Genomic
annotation of dATAC peaks was performed using Homer. (C) Overlap of gained or lost dATAC peaks in AChd4°%? pro-B and large tran-
sitional (LTr) pre-B cells. (D) Heat map of K-means clustering of ChIP-seq data on histone modifications and transcription factors obtained
from WT and IRAROS-deficient (Alk) large pre-B cells (Hu et al. 2016), centered on commonly gained dATAC peaks in AChd4° pro-B and
large transitional (LTr) pre-B cells relative to WT counterparts (+5 kb) (indicated by black arrows). Two of the five clusters were designated
by histone modifications as bivalent promoters (C1) and poised enhancers (C3), respectively, in WT large pre-B cells, the latter cluster of
enhancers becoming active in AChd4°% and AIKE5°% large and transitional pre-B cells. Cluster C5 was associated with CTCF enrich-
ment peaks, whereas C2 and C4 did not show any enrichment for the here-tested histone modifications or nuclear factors. (E) Evaluation
of the frequency of genes that show a common increase in chromatin accessibility (gained dATAC) with Mi-2p occupancy (bound or un-
bound) in AChd4°? pro-B and large transitional (LTr) pre-B cells. Data from y* statistical analysis (two-sided) are shown. (F) Association of
up-regulated or down-regulated genes with dATAC peaks. The number of up-regulated or down-regulated genes in AChd4°%? B-cell pre-
cursors that show a gain (orange) or loss (light blue) in dATAC peaks is shown by histogram. Up-regulated genes were significantly asso-
ciated with gained peaks, while down-regulated genes were significantly associated with lost peaks as well as gained peaks to a lesser
extent, as determined by x> test. (****) P<0.0001; (*) P<0.05; (N.S.) not significant.
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local accessibility and activity by two different measures:
a gain in dATAC peaks in AChd4?? pro-B and large tran-
sitional pre-B or an increase in transcriptionally permis-
sive histone modifications in IKAROS-deficient large
pre-B cells (Supplemental Figs. S6C, C3, SGE).

Genes bound by Mi-2f in large pre-B cells were more
likely to show an increase in chromatin accessibility
upon Mi-2p loss compared with genes that were not (x>
test P-value <0.0001) (Fig. 6E; Supplemental Table S1).
We also tested the correlation between dATAC peaks
and gene expression changes in AChd4°?? B-cell precur-
sors (Fig. 6F). Most of the up-regulated genes in both pro-
B and large transitional pre-B cells were significantly asso-
ciated with gained dATAC peaks (P-values <0.0001).
Down-regulated genes displayed a significant association
with lost dATAC peaks (P-values <0.0001) and, to a lesser
extent, gained dATAC peaks (P-values 0.018-0.027).

In summary, our studies show that Mi-2p plays a major
role in repressing gene expression and chromatin accessi-
bility during pre-B-cell differentiation. In both pro-B and
large transitional pre-B cells, genes responsive to loss of
Mi-2p were mostly up-regulated (Fig. 4B) and associated
with an increase in accessibility (Fig. 6A). Nonetheless,
a role in promoting chromatin accessibility and gene ex-
pression at a much smaller number of genes and in a
stage-specific manner was also evident.

Mi-2 interaction with B-cell lineage transcription
regulators

Given the association between Mi-28, IKAROS, and EBF1
on and off chromatin, we tested for common effects on
gene expression and function-based pathways (gene ontol-
ogy) in pre-B-cell precursors. The transcription profiles of
large pre-B cells depleted of IKAROS (AIKE5¢%) (Joshi
et al. 2014) or EBF1 (AEbf1¢?"°) (Supplemental Fig. S7;
Treiber et al. 2010) were compared with Mi-2p (AChd4°92)
large transitional pre-B cells (Fig. 7A,B; Supplemental Ta-
bles S3-S7).

A major fraction (48 %; 231 of 480) of the genes that were
significantly up-regulated in AEbf1°9!° large pre-B cells
was also significantly up-regulated in AChd4“? large tran-
sitional pre-B cells (Fig. 7A; Supplemental Tables S3, S5,
S6). Similarly, 28 % (270 of 963) of the genes significantly
derepressed in AIKE5€? large pre-B cells were also dere-
pressed in AChd4% large transitional pre-B cells (Fig.
7A; Supplemental Tables S3, S4, S6). However, very few
of the genes commonly repressed by Mi-2f and EBFI or
Mi-2p and IKAROS were repressed by all three factors
(6%,300f471)(Fig. 7A; Supplemental Table S6). Nonethe-
less, the two groups shared functional pathways, such as
chemotaxis, cell motility, cell shape, and adhesion signal-
ing (Fig. 7B). Examples of genes commonly repressed by
Mi-2p and IKAROS are Zbtb7b, Plxnbl1/3, Daaml,
Adcy6, Tead?2, and Rho]; genes commonly repressed by
Mi-28 and EBF1 are Dntt, Ragl, Ly6a, Cxcr5, Plxndl,
Socs3, Rgll, and Sema4a; and genes commonly repressed
by all three factors are Ajuba, Itga5, Dock9, P2rx7,
Myh10, and Tmem176a/b (Fig. 7E; Supplemental Table
S6; Supplemental Fig. S4B).

Mi-2 is required for pre-B-cell differentiation

In contrast to the up-regulated genes, very few of the
down-regulated genes in AChd4°% and AIKE5°% pre-B-
cell precursors were shared (9%; 24 of 322), and little over-
lap was seen in associated functional pathways (Fig. 7C,D;
Supplemental Tables S3, S4, S7). Whereas down-regulated
genes in AIKE5°9? large pre-B cells highly enriched
pathways of B-cell differentiation and function, down-reg-
ulated genes in AChd4°% large transitional pre-B cells
highly enriched cell cycle (Fig. 7D; Supplemental Fig.
S4B). Notably, many key regulators of B-cell differentia-
tion such as BInk, Ragl, Rag2, and Dntt that require
IKAROS for expression were not reduced by loss of Mi-
2B, and, in some cases, expression was increased (Supple-
mental Fig. S2A). Still, the pre-B-cell differentiation genes
II2ra, Blk, and 1133 were down-regulated in both Mi-2p
and IKAROS mutant B-cell precursors (Supplemental
Fig. S4B). A larger fraction of genes down-regulated in
AEbf1¢91° large pre-B cells was shared with AChd4¢%
large transitional pre-B cells (30%; 370of 125) (Fig. 7C; Sup-
plemental Tables S3, S5, S7). Notably, genes down-regu-
lated in either AEbf1°%"° or AChd4“% large pre-B cells
enriched pathways involved in cell cycle and DNA repair
(Fig. 7D).

Taken together, these data establish a functional coop-
eration between Mi-2p, IKAROS, and EBF1 in the repres-
sion of genes involved in cell adhesion and migration
signaling pathways (model in Supplemental Fig. S8). Mi-
2p also promotes transcription of genes involved in cell
proliferation, possibly through a specific collaboration
with EBF1 (model in Supplemental Fig. S8). The latter ef-
fectis consistent with the loss in proliferation and cell sur-
vival in pre-B-cell precursors by loss in either Mi-2p or
EBF1 but not IKAROS (Fig. 3A,B; Gyory et al. 2012; Joshi
et al. 2014).

Increase in survival partly rescues the pre-B-cell
differentiation defect

Several of the genes up-regulated by loss of Mi-2f in B-
cell precursors have been implicated in apoptosis in neu-
ronal cells, such as the tyrosine and serine/threonine
kinases encoded by Aatk and Dapkl (Fig. 8A; Supple-
mental Fig. S4B; Van Eldik 2002; Tomomura et al. 2007;
Wang et al. 2007). In addition, reduction in Jak3 and
Stat5a, positive effectors of IL-7R signaling, and gain in
expression of Socs2 and Socs3, negative regulators of
IL-7R signaling, may also contribute to the reduction in
IL-7R signaling, proliferation, and survival in AChd4 %
B-cell precursors (Figs. 3, 8A; Supplemental Fig. S8; Tho-
mis et al. 1997; Yao et al. 2006; Li et al. 2010; Malin et al.
2010.

We next evaluated whether apoptosis contributed to the
B-cell differentiation block in AChd4°%? mice by crossing
a Bcl2-overexpressing transgene to the AChd4°® line
(AChd4“?2; Vav-Bcl2) (Ogilvy et al. 1999). BcI2 is a prosur-
vival gene induced downstream from IL-7R signaling that
can overcome a number of proapoptotic factors originating
from deregulation of mitochondria metabolism (Youle and
Strasser 2008; Kosan et al. 2010; Prudent and McBride
2017). A notable rescue in differentiation was observed
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with AChd4“% pro-B (c-Kit'°CD19*CD2 IgM~| cells tran-
siting to the small pre-B (c-Kit"CD19"CD2"IgM™) cell
stage of differentiation (Fig. 8B,C). In line with the increase
in survival, preliminary studies show a recovery in mito-
chondrial mass in AChd4??; Vav-Bcl2 mice (data not
shown). Complete deletion of Chd4 in pro-B and small
pre-B cells and, to a lesser extent, immature B cells
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Fig. S8).

Figure 7. Mi-2p-IKAROS-EBFI transcrip-
tional networks in B-cell precursors (A,B)
Overlap between significantly up-regulated
and down-regulated genes in AChd4©
large transitional (LTr) pre-B cells and
AIKE5€% and AEbf1€%° large (Lg) pre-B
cells is shown. Significantly up-regulated
genes in AChd4°®, AIKE5°??, and
AEDbf1¢4° with log, fold change of >1 and
FDR of <0.05 were tested. Significantly
down-regulated genes in AChd4°* and
AIKE5°?2 with log, fold change of <—1 and
FDR of <0.05 and in AEbf1¢?"® with log,
fold change of <-0.08 and FDR of <0.1
were tested. (C) Pathway analyses for two
subsets of Mi-2p-repressed genes in B-cell
precursors: genes repressed by Mi-2p and
IKAROS and genes repressed by Mi-2p and
EBFI (A; 270 and 231, respectively). Overlap
in genes (purple) and pathways (blue) be-
tween the two subsets is shown by Circos.
(Right) A heat map for pathway analysis
based on significance of enrichment [-1log; .
(P-val)] by the two subsets of Mi-2p re-
pressed genes is shown. (D) Pathway
analyses for genes that are significantly
down-regulated in AChd4°® large transi-
tional (LTr) pre-B cells (322), AIKE5©% large
pre-B cells (596), and AEbf1°4° large pre-B
cells (126) (as in C). Overlap in genes (light
blue) and pathways (purple) between the
three sets of down-regulated genes is shown
by Circos. (Right) A heat map for pathway
analysis based on significance of gene en-
richment [-logjo(P-val)] is shown. (E) Ge-
nome browser tracks of ATAC-seq and
ChIP-seq for transcription factors and his-
tone modifications at commonly up-regu-
lated genes are shown. ATAC-seq (Tn5) is
shown for WT and AChd4°% large transi-
tional (LTr) pre-B cells. ChIP-seq is shown
for CTCF, IKAROS, and EBF1 in WT large
pre-B cells and for H3K27ac in WT and
AIKE5%% large pre-B cells. Black histograms
depict sequencing read distribution, with
red indicating a higher read depth.

(c-Kit"CD19*CD2"IgM") obtained from AChd4°%; Vav-
Bcl2 was confirmed by genotyping (Fig. 8D). Nonetheless,
the degree of differentiation rescue varied among the
AChd4®®; Vav-Bcl2 mice, indicating that loss in survival
could only partly account for the differentiation defect
and that other pathways are likely involved (Supplemental
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Figure 8. Increase in Bcl2 expression partly rescues differentiation of AChd4©?2 B-cell precursors. (A) Induction of mRNA expression for
the proapoptotic factors Aatk and Dspk1 and the suppressors of cytokine signaling Socs2 and Socs3 as well as repression of the prosurvival
IL-7R signaling effectors Jak3 and Stat5a are shown in AChd4°% pre-B-cell precursors. mRNA-seq on ex vivo isolated WT and AChd4 %
pro-B and large transitional (LTr) pre-B-cell subsets was performed in duplicates, and normalized exonic raw reads are shown. (B) Two rep-
resentative analyses of early B-cell differentiation in AChd4°?? mice with overexpression of Bcl2 transgene (AChd4°%; Bcl? tg) depicting
rescue. BM cells were depleted for erythroid, myeloid, and T cells (Ery"My T~} and stained for the B-cell differentiation markers indicated.
Numbers show the percentage of cells in each gated population (red squares). (C) The ratio between pro-B (c-Kit'°CD19*) and pre-B
(c-Kit~CD19*) for each genotype (e.g., WT, AChd4°®, Bcl2 tg, and AChd4°“*Bcl? tg) is shown. The average and standard deviation are
shown as black bar and red bars, respectively. Statistical significance between two samples is shown. (****) P<0.0001; (**) P <0.0025;
(N.S.) nonsignificant. Statistical analysis was done by ordinary one-way ANOVA. (D) Analyses of deleted Chd4 exons 11-23 in AChd4°%?;
Bcl2 tg B-cell precursors. BM CD19" cells were sorted into IgM™ (=) and IgM* (+) and subjected to genomic PCR using primers that detect

the predeletion JoxP-containing allele (loxP) or the deleted locus (A). Two independent samples are shown from WT and AChd4¢%?

Discussion

Changing access of nuclear factors to developmentally
regulated genes is a key mechanism in differentiation.
Chromatin accessibility is controlled by enzymes that un-
wind chromatin fibers, remodel nucleosomes, and modify
histones, thereby providing a landscape in which DNA-
based processes such as transcription, DNA replication,
recombination, and repair can take place. Mi-2f is an
ATP-dependent nucleosome remodeler and core compo-
nent of the NuRD complex that regulates cell identity,
proliferation, and genomic stability in a variety of cell
types (Kim et al. 1999; Williams et al. 2004; Kashiwagi
et al. 2007; Naito et al. 2007; Yoshida et al. 2008; Yamada
et al. 2014; Gomez-Del Arco et al. 2016; Chaudhuri et al.
2016; Kovac et al. 2018; Ostapcuk et al. 2018; Wilczewski
et al. 2018). Here we provide new insight into how Mi-2f

mice.

functions in some of these capacities by studying its role
and functional interactions with lineage-specific tran-
scription regulators of early B-cell differentiation.

A major role for Mi-2p in restricting chromatin in early
B-cell precursors was revealed using a high-throughput as-
say that directly measures chromatin accessibility
(ATAC-seq). Upon Mi-2p loss in B-cell precursors, an ex-
tensive gain in ATAC peaks was seen across the genome.
Notably, genes bound by Mi-2p were significantly more
likely to show an increase in chromatin accessibility
upon Mi-2B loss compared with genes that were not
bound, indicating a direct role of Mi-2f in the regulation
of local chromatin structure. The majority of gained
dATAC peaks at poised enhancers and CTCEF sites were
also bound by Mi-2f, implicating a direct role in regulat-
ing access at enhancers and chromosome architectural el-
ements. These enhancers were also occupied by IKAROS
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and EBF1, suggesting that the chromatin remodeler is tar-
geted at these sites by lineage-specific DNA-binding fac-
tors. Notably, an increase in chromatin accessibility
outside identifiable regulatory sites did not correlate
with Mi-2p presence in WT cells. The co-occupancy of
regulatory sites by Mi-2f and IKAROS, Mi-2p and EBFI,
or Mi-2p and CTCF may reflect stable recruitment of
the NuRD complex through the DNA-binding activities
of these factors, whereas the absence of transcription fac-
tors from “lone” dATAC sites may reflect transient
NuRD occupancy at these sites that is not readily cap-
tured by chromatin immunoprecipitation (ChIP). Alterna-
tively, these “lone” dATAC sites may be caused by
indirect effects of Mi-2.

At the level of transcription, two distinct roles of Mi-2f
were deduced. A predominant role was in repression of
gene expression. This appears to reflect a canonical role
for Mi-28 and the NuRD complex with nucleosome re-
modeling, facilitating histone deacetylase activity and re-
striction of chromatin access (Tong et al. 1998). Genes
repressed by Mi-2f enriched signaling pathways, support-
ing cell adhesion, actin cytoskeleton dynamics, and cell
migration but also negative regulation of cell growth.
Only a few of the Mi-2p-repressed genes were normally ex-
pressed in early B-cell precursors and repressed upon differ-
entiation, whereas the majority were not expressed in any
of these cells. This suggests that Mi-2f may provide repres-
sion of these genes from an even earlier stage prior to B-cell
lineage specification. Many of the Mi-2f-repressed genes
are involved in cell interactions with a niche microenvi-
ronment that are prevalent among progenitors of the he-
matopoietic, epithelial, and neuro-epithelial systems.

A relatively smaller number of genes that support basal
cell functions such as cell cycle and metabolism were pos-
itively and directly regulated by Mi-2f in B-cell precursors.
This may seem at odds with a role of the NuRD complex as
a repressor of chromatin accessibility. It was reported pre-
viously that other components of the NuRD complex,
such as histone deacetylases, function at active genes by
moderating histone acetylation and preventing internal
transcription initiation and runoff, thereby increasing
transcriptional output (Wang et al. 2002, 2009). A similar
positive effect on transcriptional output may be provided
by Mi-2p by facilitating histone deacetylases and restrict-
ing illegitimate entry and propagation of the basal tran-
scription machineries. Upon Mi-2f loss, the relatively
small reduction in expression of genes that are positively
regulated by the remodeler is consistent with a hypothesis
of fine-tuning rather than establishing gene expression.

A major and direct functional collaboration between Mi-
2B and B-cell lineage-specific transcriptional regulators
was established here. First, the physical association be-
tween nucleosome remodeler (e.g., Mi-2p), and lineage-
specific DNA-binding factors (e.g., IKAROS or EBFI)
both on and off chromatin indicated a common role in pro-
moting B-cell differentiation. Second, loss of either Mi-2,
IKAROS, or EBF1 arrested development at the large pre-B-
cell stage and prior to the small pre-B cell, where Igk rear-
rangement takes place (Fig. 1A). Third, a comparison of the
genes whose expression was deregulated in B-cell precur-
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sors deficient for either Mi-2, IKAROS, or EBF1 revealed
an extensive and significant overlap in genes normally re-
pressed at this stage of differentiation and induced by loss
in these factors. Although the overlap in genes repressed
by all three factors was relatively small, pathway analysis
indicated that both subsets of Mi-2B-repressed genes (e.g.,
Mi-2p and EBF1 or Mi-2p and IKAROS) supported similar
cellular and molecular functions. Thus, Mi-2f through dis-
tinct collaborations with B-cell lineage transcription fac-
tors plays an overarching role in repressing cellular
properties that are normally shed as early progenitors ac-
quire a lineage-specific differentiation phenotype. This
fits a classical model in which a lineage-specific DNA-
binding factor targets a chromatin remodeling factor to re-
strict gene expression and allow developmental progres-
sion. Poised enhancers associated with genes repressed
by Mi-2p, IKAROS, and EBFI, such as in the adhesion-re-
lated genes Ajuba, Myh10, and Itga5, were co-occupied
by the three factors, indicating a direct and shared role in
repression. Loss of either Mi-2f or IKAROS from these
enhancers caused an increase in chromatin accessibility,
histone modifications, and basal transcription factor occu-
pancy. As shown previously for IKAROS-deficient B-cell
precursors, an increase in cell adhesion signaling can inter-
fere with normal differentiation (Joshi et al. 2014).
However, the effects of Mi-2p loss or IKAROS loss in
pre-B cells differ in other ways. In contrast to IKAROS-de-
ficient large pre-B cells, which are normally proliferative
and thrive when allowed to adhere to BM stroma (Joshi
et al. 2014; Schwickert et al. 2014), Mi-2p-deficient large
pre-B cells exhibited a defect in cell cycle and survival.
A reduction in the IL-7R signaling effectors pSTAT5 and
pAKT in Mi-2p-deficient B-cell precursors indicated dys-
functional IL-7R signaling that is normally required for
B-cell precursor proliferation and survival (Nosaka et al.
1995; Park et al. 1995; Thomis et al. 1995; Malin et al.
2010). Increased mRNA expression of Socs2 and Socs3,
negative regulators of IL-7R signaling that are normally re-
pressed by Mi-2p, in combination with reduced mRNA ex-
pression of the IL-7R signaling effectors Jak3 and Stat5a,
may account for the defect in IL-7R signaling. Further-
more, a reduction in mitochondrial mass and in maximal
and spare respiratory capacity of mitochondrial oxidative
phosphorylation in Mi-2p-deficient B-cell precursors may
also contribute to a proapoptotic phenotype. In addition,
genes supporting glutathione metabolism, a major redox
pathway, were dependent on Mi-2p for expression, indi-
cating an additional layer of metabolism regulation by
Mi-2p. In line with this model, ectopic expression of
Bcl2, a mitochondrial prosurvival factor (Krishna et al.
2011; Aharoni-Simon et al. 2016), partly rescued the B-
cell differentiation defect caused by loss of Mi-2p.
Unlike IKAROS, several of the genes and many of the
pathways that were positively regulated by Mi-2p were
also positively regulated by EBF1. These were normally
genes involved in cell cycle regulation, DNA replication,
and repair. In support of a common functional role in
cell growth, loss of either Mi-2p or EBF1 caused a reduc-
tion in proliferation and survival of B-cell precursors
(Gyory et al. 2012). Although both Mi-2f and EBF1 were



required for expression of this group of genes, a stable as-
sociation of both factors at regulatory sites associated
with these genes was not observed. Further investigation
into common functional targets for Mi-2p and EBFI1 in
B-cell precursors may provide more insight into how these
factors coregulate cell cycle and survival.

In conclusion, our studies provide a new model by
which a nucleosome remodeler, through its direct engage-
ment with distinct lineage-specific DNA-binding factors,
sets up a network of negative and positive regulatory
events in gene expression that balance self-renewal, sur-
vival, proliferation, and differentiation. The combined
role of Mi-2p with IKAROS or EBF1 in the repression of
genes that support B-cell precursor interactions with the
microenvironment and with EBF1 to promote cell cycle
and survival is required for normal developmental pro-
gression through the large pre-B-cell checkpoint. Since
the role of Mi-2p as a positive regulator of B-cell prolifera-
tion and survival remains unaffected by loss of IKAROS, it
may serve as an Achilles heel to target hard-to-treat B-cell
precursor lymphoblastic leukemias that harbor IKAROS
mutations and display aberrant adhesion signaling, self-
renewal, and drug resistance.

Materials and methods
Mice

All mice were bred and maintained under specific pathogen-free
(SPF) conditions in the animal facility at Massachusetts General
Hospital. Mice were 6-20 wk of age at the time of analyses. All
animal experiments were done according to protocols approved
by the Subcommittee on Research Animal Care at Massachusetts
General Hospital and in accordance with the guidelines set forth
by the National Institutes of Health.

Antibodies

The antibodies used and their specific clones for cell surface
markers were CD3 (17A2), CD8a (53-6.7), B220 (RA3-6B2),
CD19 (1D3), CD2 (RM2-5), CD43 (S7], BP-1 (FG35.4), CD25
(PC61), c-Kit (2B8), Sca-1 (D7), IL-7Ra (A7R34), Mac-1 (M1/70),
B220 (RA3-6B2), CD49b (DX5), Gr-1 (RB6-8C5), and Terl19 and
IgM (11/41). All antibodies were purchased from BD Biosciences,
eBiosciences, BioLegend, and Tonbo Biosciences. Hybridoma su-
pernatant was used in some cases for Ter119, B220, CD19, CD8a,
and CD3a. For intracellular staining and/or Western blotting, an-
tibodies against phosphorylated Stat5 (9351), phosphorylated Akt
(4060), and phosphorylated ERK1/2 (4370) were purchased from
Cell Signaling Technologies, and GAPDH was purchased from
Millipore (AB2302). Antibodies used for immunoprecipitation
and Western blotting (IP-Western) were anti-EBF1 (R&D Systems,
AF5165), anti-IKAROS (4E9 homemade mouse monoclonal anti-
body, available from Millipore [MABE912]), anti-Mi-2p (Abcam
[3F2/4] for immunoprecipitation and 2G8 homemade mouse
monoclonal antibody, available from Millipore [06-1306], for
Western), and HDAC1 and HDAC2 antibodies (Cell Signaling
Technologies, 34589 and 57156).

B-cell progenitor and precursor purification, flow cytometry,
and cell sorting

BM cells were harvested from femurs, tibias, hips, and spines and
subjected to red blood cell lysis. For CLP staining, BM cells were
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stained with antibodies against Ter119, B220, CD19, Mac-1, Gr-
1,1gM, CD3, CD8a, TCR, and DX5 and removed with magnetic
beads conjugated to goat antirat IgG (Qiagen). For B-cell precursor
staining, BM cells were depleted with antibodies against Ter119,
Mac-1, Gr-1, IgM, CD3, CD8a, TCRp, and DX5. Total and line-
age-depleted BM cells were stained with the cell surface markers
indicated in Figure 1 and Supplemental Figure S1. Flow cytome-
try was performed using a two-laser FACSCanto (BD Biosciences)
or a three-laser MoFlo (Dako Cytomation). Cell sorting was
performed using a three-laser MoFlo or SH800 (Sony) and the ob-
tained files were uploaded to FlowJo (Tree Star) for further
analysis.

VD] rearrangement

Sorted pro-B cells were digested overnight in lysis buffer and pro-
teinase K. DNA was precipitated using isopropanol and washed
with ethanol. PCR analysis of Igh rearrangements was performed
using previously published primers and conditions (Fuxa et al.
2004). PCR cycle number was adjusted to be in the linear range.
Products were separated on 1.5% agarose gold gels and transferred
to a positively charged nylon membrane (Amersham Bioscienc-
es). Products were hybridized to radioactive end-labeled oligonu-
cleotides homologous to Jy3. Oligonucleotides were described
previously (Fuxa et al. 2004).

Semiquantitative RT-PCR

RNA was extracted from sorted cells using Trizol reagent
(GIBCO-BRL). Reverse transcription was performed using Super-
Script II (Invitrogen) primed with oligo-dT primers according to
the manufacturer’s protocol. cDNA concentrations were equal-
ized after quantitative real-time PCR using an ABI Prism 7000
or Applied Biosystems 7500 thermocycler using SYBR Green re-
agent (ABgene). The primers used spanned at least one intron.

Cell cycle analysis

Sorted pro-B and large transitional pre-B cells were fixed by 100%
ethanol overnight at —20°C and stained with 50 pg/mL propidium
iodide (PI) in the presence of 250 pg/mL RNase A for 30 min at
37°C. DNA content was measured as intensity of P in the linear
scale of flow cytometry.

Apoptosis assay

For ex vivo apoptosis assay, BM cells from WT and AChd4¢®
mice depleted with erythroid, myeloid, and T cells were stained
with cell surface markers followed by staining with AnexinV-
FITC according to the manufacturer’s protocol (apoptosis detec-
tion kit, BD Biosciences). For in vitro assay, sorted pro-B and large
transitional pre-B cells from WT and AChd4°? mice were cul-
tured in the presence of 5 ng/mL IL-7 and OP9-GFP stroma cells
overnight, harvested by trypsin-EDTA treatment, and stained
with AnnexinV and PI. Cells were analyzed by flow cytometry.

PhosFlow

Sorted pro-B and large transitional pre-B cells from WT and
AChd4“® mice were stimulated by IL-7 and anti-CD79b for
5-6 min at 37°C, fixed with PFA at the final concentration of
2% for 20 min at room temperature, washed by PBS, and perme-
ablized with 90% methanol overnight at —20°C. Fixed and per-
meabilized cells were stained by antiphospho epitope for 30
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min on ice followed by staining with a fluorescent-conjugated
secondary antibody and analyzed by flow cytometry.

MitoTracker staining

B-lineage-enriched BM cells were first stained for the cell surface
markers (CD19, c-Kit, CD2, IgM, and Lin) and then stained with
MitoTracker Green at 50-100 nM (Invitrogen Molecular Probes)
and Deep Red at 20 nM (Invitrogen Molecular Probes) according
to the manufacturer’s instructions for 30 min at 37°C. Cells
were pelleted, resuspended, and analyzed on FACSCanto.

Analyses on mitochondrial functions

Extracellular flux was measured using the Seahorse XF Mito
stress test kit (Agilent) following the manufacturer’s user guide.
Briefly, CD19"CD2 7 IgM™~ B-cell precursors were sorted from
WT and AChd4°? mice; resuspended in Seahorse XF assay medi-
um (Agilent, 102365-100) supplemented with 10 mM glucose, 1
mM sodium pyruvate, and 5 ng/mL IL-7 (pH 7.4); and seeded at
1.5x10° cells per well in XFe24 culture plates precoated with
Cell-Tak (BD Biosciences). The cells were incubated in a non-
CO, 37°C incubator for 45 min prior to the assay. Oligomycin
(1.0 uM), 1.5 uM carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone (FCCP), 0.5 uM rotenone, and 0.5 uM antimycin A
were added to the medium sequentially in the assay plates provid-
ed by the kit. Oxygen consumption rate (OCR) and ECAR were
measured using a Seahorse XFe24 analyzer (Agilent) and analyzed
using WAVE software. Maximum respiration and spare respirato-
ry capacity were calculated by the Mito stress test report
generator.

Nuclear coimmunoprecipitation

Cell pellets were suspended in buffer A (10 mM HEPES, 1.5 mM
MgCl,, 10 mM KCl, 0.34M sucrose, 10% glycerol, 0.1% NP40 at
pH 7.9) supplemented with freshly prepared complete protease
inhibitor cocktail (Roche). After incubation for 5 min on ice, nu-
clei were harvested at 6000g for 1 min at 4°C. Nuclear pellets
were washed twice in buffer A without NP40, resuspended in
buffer C (20 mM HEPES, 300 mM KCl, 1.5 mM MgCl,, 10% glyc-
erol, | mM DTT at pH 7.9), and incubated for 30 min at 4°C. Ex-
tracts were centrifuged at 18,000g for 20 min, and the supernatant
was dialyzed against 20 mM HEPES, 100 mM KCl, 1.5 mM
MgCly, and 10% glycerol (pH 7.9). Dialyzed nuclear extracts
were used for immunoprecipitation with 300-500 pg of nuclear
extracts incubated with 4 pg of factor-specific antibodies pre-
bound to Dynabeads protein G (Life Technologies) or Flag M2
magnetic beads (Sigma) and rotated overnight at 4°C. The anti-
bodies used for immunoprecipitations were anti-EBF1(R&D sys-
tems), homemade anti-IKAROS (4E9), and anti-Mi-2p (Abcam
3F2/4). The beads were washed five times with wash buffer
(20 mM HEPES, 100 mM KCI, 1.5 mM MgCl,, 10% glycerol,
0.1% NP40 at pH7.9) and resuspended in 30 pL of 2x Laemmli
SDS buffer. The samples were subjected to SDS-PAGE and West-
ern blotting.

Capillary Western blot analyses

Capillary Western analyses were performed on a Western blot
system (ProteinSimple) according to the manufacturer’s instruc-
tions. In brief, sorted B-cell precursors (CD19*CD2 IgM ™) from
WT and AChd4°? mice were lysed in RIPA buffer, and the cell
lysates were diluted to 0.5 pg/uL in sample buffer. The diluted
samples were combined with fluorescent master mix and heated
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for 5 min at 95°C. The prepared samples, blocking reagent, prima-
ry antibodies (1:50 dilution for pAKT, pStat5, and pERK1/2 and
1:200 dilution for GAPDH), secondary antibodies, and chemilu-
minescent substrate were pipetted into designated wells in the as-
say plate. The electrophoresis and immunodetection steps were
carried out in the fully automated capillary system. Data were an-
alyzed using Compass software (ProteinSimple).

Construction of mRNA sequencing libraries, gene expression,
and pathway analysis

RNA was extracted with Trizol (Invitrogen) and purified using the
PureLink RNA minikit (Ambion). The TruSeq stranded RNA
sample preparation kit was used for construction of cDNA librar-
ies for mRNA sequencing ([llumina). The amplified libraries were
multiplexed and sequenced at the Bauer Center at Harvard Uni-
versity. Alignment to the mouse mm10 assembly was conducted
by STAR (Dobin et al. 2013). Normalization and differential ex-
pression were performed using DeSeq2 through Homer imple-
mentation of the package in R. Dot plots of normalized tags for
gene subsets across WT and AChd4°? pro-B and large transition-
al pre-B-cell populations were generated with ggplot2 in R. Gene
ontology and annotation analysis of deregulated genes in
AChd4“® pro-B and large transitional pre-B cells were performed
using Metascape (http://www.metascape.org).

ChIP sequencing (ChIP-seq) libraries

ChIP for histone modifications and transcription factors was per-
formed from sorted WT and AIKE5°? large pre-B cells as de-
scribed previously (Hu et al. 2016). In addition, ChIPs for Mi-2p
and CTCF were performed with antibodies ab72418 (Abcam)
and 2899s (Cell Signaling), respectively. DNA recovered from
ChIP was used to generate libraries for sequencing. Briefly, 2.5
40 ng of DNA was end-repaired, end-adenylated, and then ligated
with Illumina TruSeq-indexed adaptors. The ligated DNA was
purified with AMPure XP beads (Beckman Coulter) and then am-
plified with KAPA HiFi DNA polymerase (KAPA Biosystems) for
eight to 13 cycles. After amplification, the library DNA was sep-
arated on a 2% agarose gel, and DNA fragments in the 200- to 500-
bp range were purified with a gel DNA recovery kit (Zymo Re-
search). The purified DNA was diluted to 10 nM and multiplexed
for sequencing at the Bauer Center Systems Biology Core at Har-
vard University. Image analysis and base calling were performed
using the Illumina HiSeq 2000 software. Raw sequencing data
sets were uploaded to DNAnexus, a cloud-based genome infor-
matics and data management platform.

ATAC-seq

We sorted 5x10* to 10x 10* pro-B and large transitional pre-B
cells from WT and AChd4°* mice and used them for ATAC-
seq. Cells were centrifuged at 500g for 5 min at 4°C, washed
with 1x PBS, resuspended in lysis buffer (10 mM Tris-HCI at
pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% Igepal CA-630), and
immediately centrifuged at 500g for 10 min at 4°C. Pellets
were resuspended in transposition reaction buffer (25 mL of 2x
Tagment buffer [[llumina, FC-121-1030], 2.5 mL of Tagment
DNA enzyme, 22.5 mL of nuclease-free H,O) for 30 min at
37°C. DNA was purified with a Qiagen MinFElute kit and ampli-
fied with Nextera PCR primers (Illumina Nextera index kit) and
NEBNext PCR master mix (New England Biolabs, M0541) for 11
cycles. Amplified DNA was purified with a Qiagen PCR cleanup
kit. Libraries were sequenced at the University of Chicago
Genomics Facility.
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Analyses for ATAC-seq and ChIP-seq data

Three biological replicates from WT or AChd4°? pro-B and large
transitional pre-B cells were used to generate ATAC-seq data. The
sequenced single-end reads were aligned to the mouse genome
(mm10) using Bowtie2 aligner with default parameters. Picard
CollectMultipleMetrics tools (Broad Institute) were used for
read-mapping analysis. When necessary, duplicated reads occur-
ring at high frequency were marked and removed using the vali-
dation stringency lenient parameter. Transcription factor peaks
and histone modification-enriched regions were identified using
findPeaks (Homer) algorithms (Zhang et al. 2008; Heinz et al.
2010) with input chromatin as control as described previously
(Hu et al. 2016).

To deduce differential ATAC peaks ({ATAC) between WT and
AChd4¢% pro-B or large transitional pre-B cells, triplicate bam fi-
les generated for each condition were first merged using samtools,
and then dATAC peaks were called using MACS2 with the WT
merged bam file as test and the AChd4° merged bam file as con-
trol and vice versa. MACS2 call peak analysis was performed with
-nomodel-shift 37 —extsize 73.

ATAC peak annotation or merging for pro-B or large transition-
al pre-B cells was performed using the Homer annotatePeaks.pl or
mergePeaks commands, respectively, with maximum distance to
merge set at 150 bp. K-means clustering of merged ATAC-seq and
ChIP-seq bam files for histone modifications and transcription
factors was performed using NGS.PLOT (Shen et al. 2014) on
dATAC peaks (AChd4©% vs. WT) commonly enriched in pro-B
or large transitional pre-B or for highly enriched Mi-2p peaks in
WT large pre-B cells.

The Homer de novo motif discovery algorithm was used to an-
alyze binding sites for frequently occurring DNA sequence (SQ)
motifs in the vicinity of highly enriched Mi-2p peaks.

For data visualization, primary sequencing data were sorted, in-
dexed, and uploaded onto a cloud-based Biodalliance genome
browser (http://www.biodalliance.org). Venn diagrams were gen-
erated using the online-based Venny tool (http://bioinfogp.cnb
.csic.es/tools/venny). The R Bioconductor package implemented
through RStudio was used for statistical analysis and for extrac-
tion and plotting of data from next-generation sequencing-gener-
ated data files.

Statistical analysis

The statistical significance between two array groups was deter-
mined by unpaired t-test or ordinary one-way ANOVA with
Prism 7 software. The statistical significance for association be-
tween two categorical variables was determined by x> test with
Prism 7 software.

Accession numbers

The sequencing data sets generated by this study have been
deposited to NCBI and are accessible through Gene Expression
Omnibus series accession number GSE130315.
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