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EBF1 primes B-lymphoid enhancers and limits the
myeloid bias in murine multipotent progenitors

Aurelie Lenaerts¥?3@®, Iwo Kucinski**®, Ward Deboutte’*®, Marta Derecka'*®, Pierre Cauchy'®, Thomas Manke'@®, Berthold Gottgens*®, and
Rudolf Grossched!!®

Hematopoietic stem cells (HSCs) and multipotent progenitors (MPPs) generate all cells of the blood system. Despite their
multipotency, MPPs display poorly understood lineage bias. Here, we examine whether lineage-specifying transcription factors,
such as the B-lineage determinant EBF1, regulate lineage preference in early progenitors. We detect low-level EBF1
expression in myeloid-biased MPP3 and lymphoid-biased MPP4 cells, coinciding with expression of the myeloid determinant
C/EBPa. Hematopoietic deletion of Ebf1 results in enhanced myelopoiesis and reduced HSC repopulation capacity. Ebf1-deficient
MPP3 and MPP4 cells exhibit an augmented myeloid differentiation potential and a transcriptome with an enriched C/EBPa
signature. Correspondingly, EBF1 binds the Cebpa enhancer, and the deficiency and overexpression of Ebf1in MPP3 and MPP4
cells lead to an up- and downregulation of Cebpa expression, respectively. In addition, EBF1 primes the chromatin of B-lymphoid

enhancers specifically in MPP3 cells. Thus, our study implicates EBF1 in regulating myeloid/lymphoid fate bias in MPPs by
constraining C/EBPa-driven myelopoiesis and priming the B-lymphoid fate.

Introduction

Hematopoietic stem and progenitor cell (HSPC) differentiation
is regulated by an interplay of cell-extrinsic and -intrinsic cues.
Hematopoietic stem cells (HSCs) are located at the apex of this
process and are characterized by their quiescence and capacity
for multi-lineage reconstitution of the entire hematopoietic
system (Domen and Weissman, 1999; Orkin and Zon, 2008).
HSCs can give rise to multipotent progenitors (MPPs) that are
further defined by their lineage potentials. MPP2 differentiates
preferentially toward erythroid and megakaryocytic line-
ages, MPP3 toward myeloid lineages, and MPP4 toward
lymphoid lineages (Cabezas-Wallscheid et al., 2014; Pietras
et al., 2015; Rodriguez-Fraticelli et al., 2018; Weinreb
et al., 2020; Sommerkamp et al., 2021). Myeloid-restricted
pre-granulocyte-macrophage (pre-GM) progenitors and, fur-
ther, restricted granulocyte/monocyte progenitors (GMPs)
represent the continuum of myeloid differentiation (Pronk
et al., 2007; Drissen et al., 2016). Common lymphoid progeni-
tors (CLPs), which include all-lymphoid progenitors (ALPs) and
B-lymphoid progenitors (BLPs), represent the continuum of
early lymphoid differentiation (Inlay et al., 2009; Jensen et al.,
2018). In recent years, the hierarchical and stepwise differen-
tiation model of hematopoiesis has been challenged by a model
of gradual restriction of lineage potential. Other than the

central role of lineage-specifying transcription factors (LS-TFs),
the restriction of lineage potential is accompanied by gradual
changes in the chromatin landscape and repression of lineage
genes (Hu et al., 1997; Miyamoto et al., 2002; Nimmo et al., 2015;
Paul et al., 2015; Palii et al., 2019; Ranzoni et al., 2021). Moreover,
we have come to appreciate the heterogeneity of the HSPC
compartment and the plasticity of lineage-biased progenitors
that exist along a spectrum of lineage specification rather than as
discrete bi-potent populations.

Enhancers associated with lineage-specific genes can be
primed in HSPCs before their gene expression in committed
cells (Heinz et al., 2010; Mercer et al., 2011; Lara-Astiaso et al.,
2014). Furthermore, LS-TFs can prime the chromatin land-
scape and/or initiate lineage-specific gene regulatory net-
works, thus directing the path of differentiation. This
function of LS-TFs is shown by their ability to impose specific
cell fates upon forced expression. For example, EBF1 over-
expression in LSKs restricts lymphopoiesis to a B-lymphoid
output (Zhang et al., 2003), whereas C/EBPo overexpression
in fibroblastic cells or B cell progenitors results in trans-
differentiation to granulocytic-monocytic cell types (Xie et al.,
2004; Fukuchi et al., 2006; Feng et al., 2008; Bussmann et al.,
2009; Di Tullio et al,, 2011). In MPPs, the relative expression
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levels of LS-TFs can determine the resulting cell fate. High levels
of PU.1 and low C/EBPa expression are inversely instructive of
monocyte versus granulocyte cell fate, whereas low levels of PU.1,
achieved through transcriptional repression by Ikaros and Gfil,
are required for B cell specification (DeKoter and Singh, 2000;
Dahl et al., 2007; Spooner et al., 2009; Zarnegar and Rothenberg,
2012). In addition to their role in the differentiation of interme-
diate progenitors, PU.1 and C/EBPa are also required to maintain
HSC quiescence and self-renewal capacity (Iwasaki et al., 2005; Ye
et al., 2013; Hasemann et al., 2014; Chavez et al., 2021).

EBF1is at the core of the B cell specification and commitment
program, as it is sufficient to rescue the developmental block
of PU.1, Ikaros, or E2A deficiency in cultured progenitors
(Pongubala et al., 2008; Reynaud et al., 2008). In addition to its
role in activating the B cell-specific gene program and sup-
pression of alternative lineage programs in collaboration with
Pax5 (Lin and Grosschedl, 1995; Mikkola et al., 2002; Medina
et al., 2004; Cobaleda et al., 2007; Treiber et al., 2010; Gyory
et al., 2012; Nechanitzky et al., 2013; Boller et al., 2016), recent
studies have shown that EBF1 can regulate the chromatin land-
scape by binding to closed chromatin regions and opening these
regions via the recruitment of remodeling complexes (Boller
et al,, 2016; Li et al., 2018; Wang et al., 2020). Furthermore, a
knockdown of EBFI in human cord blood cells was found to result
in an increased frequency of phenotypic HSCs, raising the pos-
sibility of additional functions of EBFI in early hematopoiesis
(van Galen et al., 2014).

Here, we find that hematopoietic Ebfl deletion results in a
myeloid-biased HSPC output and decreased HSC quiescence and
repopulation capacity. Furthermore, we show that EBF1 confers
accessibility upon B-lymphoid enhancers at naive chromatin
sites, specifically in myeloid-biased MPP3 progenitors. Addi-
tionally, we show that Ebfl deficiency in MPP3 and MPP4 cells is
associated with impaired EBF1-dependent repression of myeloid-
determinant C/EBPa, leading to an enhanced myeloid differen-
tiation potential of Ebfl-deficient MPPs.

Results

EBF1 is expressed at low levels in MPP3 and MPP4 cells

To examine whether EBF1 could play a role in HSPCs, we first
assessed Ebfl expression in publicly available bulk RNA-sequencing
(RNA-seq) datasets of the following cell populations: LT-HSC
(Lin~Scal*cKit* [LSK] CD34 Flt3-CD150*CD48~), MPP1 (LSK
CD34'F1t3-CD150*CD48~), MPP2 (LSK CD34'Flt3-CD150*CD48"),
MPP3 (LSK CD34*Flt3-CD150-CD48*), MPP4 (LSK CD34*
Flt3*CD150-CD48*), CLP (Lin-Scal™cKit™IL7R*FIt3*), and GMP
(Lin~Scal~cKit*CD41-CD16/32*; Sommerkamp et al.,, 2020, GEO
accession no. GSE162607). As expected, Ebfl mRNA was detected
at high level in the CLPs and was absent in the GMPs (Fig. 1 A).
Interestingly, Ebfl transcripts were detected in multiple HSPC
populations (defined by the LSK immunophenotype), albeit at
much lower levels than in CLPs. To confirm the expression of
Ebfl in HSPCs, we sorted different cell populations by flow
cytometry (Fig. S1, A and B) and analyzed their RNA for the
presence of Ebfl transcripts by quantitative reverse transcrip-
tase (qQRT)-PCR and by nested RT-PCR. Consistent with bulk
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RNA-seq results, qRT-PCR analysis of Ebfl expression, nor-
malized to expression in CLPs, showed low but consistent Ebfl
levels in MPP2, MPP3, and MPP4 cells and no expression in
T cells and Ebfif/fl Tie2¢re (KO) CLPs (Fig. 1 B). Further, nested
RT-PCR analysis showed that Ebfl expression was detectable
only in MPP3 and MPP4 cells, albeit at lower levels than in CLPs
(Fig. 1 C). In contrast to the qRT-PCR and bulk RNA-seq analysis,
Ebfl transcripts were not detected in MPP2 cells (Fig. 1 C). We
also assessed EBF1 protein expression in total cell lysates of
150,000 FACS-sorted HSPCs by immunoblot (Fig. 1 D). EBF1
expression was detected in MPP3 and MPP4 cells, albeit at much
lower levels than in CLP and splenic CD19* B cells. No EBF1 ex-
pression was detected in Ebfif"l Tie2¢® (KO) pre-pro-B (Fr. A)
cells, T cells, and HSCs (LSK Flt3-CD150*CD48"), and was hardly
detectable in MPP2 cells (Fig. 1 D). Together, these data suggest
that EBF1 is expressed at low but detectable levels in MPP3 and
MPP4 cells.

Ebf1 deficiency alters the composition of the

HSPC compartment

To elucidate the role of EBF1 in HSPCs, we generated Ebfi"t/wt
Tie2* and Ebfi Tie2° mice, hereafter called EbfI"T and
EbfIX© mice. Tie2*/C drives Cre expression in the endothelium
and adult HSCs (Jaffredo et al., 1998; Kisanuki et al., 2001; Zovein
etal,, 2008). To disentangle the effects of Ebfl deletion in HSPCs
from the effects of B cell deficiency, we analyzed B cell-deficient
Ighm™! mice, also known as muMT- mice, which lack the ex-
pression of membrane-bound IgM (Kitamura et al., 1991). The
efficiency of Ebfl and Ighm mutations was confirmed by the
absence of CD19* B cells in the bone marrow (BM; Fig. 1 E). To
assess the BM composition, we compared the absolute number
of cells within the HSPC compartment. Importantly, no signifi-
cant differences were observed in the total BM cellularity of
EbfI*© and Ighm™! mice compared to EbfI"T and Ighm™WT mice
(Fig. 1 F). Flow cytometric analysis showed a significant increase
in absolute numbers of HSCs, MPP2, and MPP3 cells in the BM of
EbfIX© mice relative to EbfIT mice, while no significant differ-
ences were observed in Ighm™! mice (Fig. 1 G). The absolute
number of lymphoid-biased MPP4 cells and CLPs showed no
significant changes in the BM of EbfiX© and Ighm™! mice com-
pared to EbfIWT mice and Ighm"T mice, respectively (Fig. 1, G and
H). CLPs contain ALPs (Lin-Scal™cKit™IL7R*F1t3*Ly6D") that
give rise to B, T, and natural killer cells, as well as BLPs
(Lin~Scal™™cKit™IL7R*Flt3*Ly6D*) that generate B cells (Inlay
et al., 2009; Jensen et al., 2018). Therefore, we also examined
their relative frequencies in EbfI*® and Ighm™! mice and found
no significant changes relative to the EbfT"T and Ighm"'T coun-
terparts, indicating that B cell deficiency does not lead to an
accumulation of BLPs (Fig. 11).

Mesenchymal stromal cell-specific Ebfl deletion elicits long-
term changes in HSC function (Derecka et al., 2020), and EBF1is
expressed in endothelial cells. To examine whether or not a
Tie2®*e-mediated deletion of Ebfl in endothelial cells may account
for the observed changes in HSPC composition, we performed
reverse adoptive transfer (AdT) assays in which lethally irra-
diated CD45.2 EbfI'WT and EbfiX© recipients were reconstituted
with 5 x 10° BM cells from CD45.1 WT mice (Fig. 1 J). We
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Figure 1. EBF1 expression in MPP3 and MPP4 populations are required for normal HSPC composition. (A) Normalized read counts of Ebfl in different
hematopoietic cell populations from public RNA-seq datasets (original data from Sommerkamp et al. (2020) [left] and GEO dataset GSE162662 [right]). Data

Lenaerts et al.

EBF1 function in multipotent progenitors

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20212437

920z Aeniged 60 uo 3senb Aq ypd- 1421202 Wel/L L1 LEvL/LEYZ1 2029/ L L6 Z/HPd-8jonie/wal/Bio-sseidnl//:dny woy pepeojumoq

3 of 26


https://doi.org/10.1084/jem.20212437

from GEO dataset GSE162662 representing CLP and GMP populations are represented on a different axis scale than data from Sommerkamp et al. (2020)
representing LT-HSC, MPP1, MPP2, MPP3, and MPP4 populations. (B) qRT-PCR of Ebfl mRNA expression relative to Actb, normalized to WT Ebfl CLP
(Lin~ScaltcKit™IL7R*Flt3*) expression. Data are represented as mean + SEM. n = 3-10. (C) Relative expression of Ebfl and Ash2l by RT-PCR. The first outer
PCR was performed with 10 cycles and the second PCR was performed with increasing cycle numbers (25, 30, 35, and 40 cycles). The product of the second
PCR was visualized on an agarose gel. Image is representative of three experiments. (B and C) cDNA was generated from 10,000 FACS sorted cells of the
indicated populations. (D) Immunoblot analysis of EBF1 protein levels in total cell extracts of 150,000 FACS sorted cells of HSC (LSK CD150*CD48"), MPP2
(LSK CD150*CD48"), MPP3 (LSK CD150-CD48"), MPP4 (LSK CD150-CD48*Flt3*), CLPs (LincKit"Scal™IL7R*Flt3*), splenic B (CD19*) cells, and Fr. A (pre-pro-
B) cells from WT EbfI mice. T (CD4*CD8*) cells and EbfI¥C Fr. A cells were used as a negative control. Histone H3 was used as a loading control. Immunoblot is
representative of three experiments. (E) Absolute number of CD19* B cells in the BM. EbfIWT and EbfI*® n = 7, Ighm"WT and Ighm™ n = 11. (F) Total BM
cellularity. EbfIVT n = 24, EbfIKO n = 14, Ighm"T and Ighm™ n = 11. (G) Boxplots showing the absolute number of HSC, erythroid-platelet biased MPP2,
myeloid-biased MPP3, and lymphoid-biased MPP4 populations in the BM. EbfIWT n = 19-23, Ebf1<C n = 14-18, Ighm"T and Ighm™* n = 8. (H) Absolute number
of CLP cells in the BM. (1) Proportion of ALP and BLP cells in the CLP population. (H and 1) EbfI%T n = 10, EbfIO n = 4, Ighm"VT and Ighm™ n = 4. (J) Schematic
of reverse AdT assays with EbfI"T and EbfI%® mice. 5 x 106 total BM cells of WT mice (CD45.1) were injected into lethally irradiated EbfIWT and Ebf1© recipients
(CD45.2). (K) Boxplots showing the frequency of CD45.1 donor cells in the BM of EbfIT and EbfI*O recipients, 16 wk after AdT. (L) Boxplots showing the
frequencies of HSCs, MPP2, MPP3, and MPP4 within CD45.1 donor cells in the BM of the EbfIWT and Ebf1%© recipients 16 wk after AdT. (K and L) Ebf1"T n = 13,
Ebf1%O n = 14. (E-L) Statistical significance was determined by Mann-Whitney U test. (B-L) Data are from >2 independent experiments. Source data are

available for this figure: SourceData F1.

observed a similar overall frequency of WT donor cells in the BM
of EbfIWT and EbfI¥© recipients (Fig. 1 K). Moreover, the fre-
quencies of WT HSCs, MPP2, MPP3, and MPP4 cells, as well as
mature B, T, and myeloid cells were similar in Ebfi%T and EbfI¥®
recipients (Fig. 1 L and Fig. S1 C). Together, these data show that
the Tie2C*-mediated deletion of Ebfl in the hematopoietic com-
partment leads to an increase in the numbers of HSCs, MPP2,
and myeloid-biased MPP3 cells, while leaving the lymphoid-
biased MPP4 cells and CLPs numbers unaffected. Importantly,
these effects were neither due to a deletion of Ebfl in the en-
dothelium of the BM niche nor caused by the lack of B cells,
confirming an HSPC-specific role of EBF1.

Ebf1 deficiency leads to reduced HSC quiescence and self-
renewal capacity

Given that HSCs are at the apex of hematopoiesis, we first ex-
plored the role of EBF1 for HSCs by extending our flow cyto-
metric analysis. EbfI<® HSCs showed increased expression of
CD41 and increased absolute numbers of CD41* HSCs in EbfIX®
mice relative to Ebfl"T mice (Fig. 2, A and B; and Fig. S1 D). CD41
expression on HSCs is indicative of a myeloid-biased output
(Gekas and Graf, 2013; Yamamoto et al., 2013; Miyawaki et al.,
2015) and active HSCs (Wilson et al., 2015). Therefore, we as-
sessed the HSC cell cycle status and detected a significantly
lower percentage of EbfIX® HSCs in GO phase and a significantly
higher percentage of EbfIXC HSCs in Gl and S/G2/M phase as
compared to Ebfi"T HSCs (Fig. 2 C). In contrast, Ighm™! HSCs
showed no increase in CD41 expression, and no difference in the
cell cycle status relative to Ighm"WT HSCs (Fig. 2, A-C; and Fig.
S1 D). We also examined the activation status of HSCs under
proliferative stress through chronic 5-fluorouracil (5-FU) treat-
ment. In line with the increased cycling of Ebfi® HSCs, the
median survival of 5-FU-treated EbfIX° mice was lower than that
of 5-FU-treated Ighm™! and WT (Ebfi"T and Ighm"T) mice
(Fig. 2 D). Together, these results indicate that Ebfi® mice have
HSCs that are less quiescent and exhaust faster.

MPP3 cells can secrete HSC-activating cytokines (Kang et al.,
2021) and, therefore, we examined whether the increase in
MPP3 numbers in EbfIX® BM could contribute to an HSC-
activating cytokine environment. To this end, we cultured Cell
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Trace Yellow (CTY)-labeled WT HSCs in media containing in-
creasing concentrations of EbfT"T or EbfIX® BM fluid and eval-
uated CTY dye dilution as an index of HSC proliferation. The
proliferation index of HSCs was unchanged regardless of the BM
fluid conditions, suggesting that the increased proliferation of
EbfIX© HSCs is not simply attributable to changes in the soluble
cytokine environment of EbfI® BM (Fig. S1 E).

Given that quiescence correlates with repopulation potential
(Passegué et al., 2005; Foudi et al., 2009; Lauridsen et al., 2018),
we also tested whether EbfIX® HSCs were functionally impaired.
In CFU assays, EbfIX©, but not Ighm™!, HSCs produced signifi-
cantly fewer colonies relative to WT HSCs (Fig. S1 F). When
assessing the type of colonies generated by EbfI*C HSCs, we find
a significant increase in uni- and bi-lineage granulocyte and
monocyte colonies, and a significant decrease in multipotent
CFU-GEMM colonies relative to Ebfl"T HSCs (Fig. S1 G). These
data suggest an impaired self-renewal capacity relative to EbfTW'T
HSCs. To assess their self-renewal capacity in vivo, we trans-
ferred 150 FACS-sorted HSCs from EbfIVT, EbfIX®, IghmWT, and
Ighm™ mice into primary WT recipients and analyzed their BM
chimerism after 16 wk (Fig. 2 E). The total donor contribution in
the BM of primary recipients was significantly lower for
transplanted EbfIX® HSCs than for EbfIWT HSCs, whereas the
total donor contribution was similar for Ighm"T and IghmT™!
HSCs (Fig. 2 F). The donor contribution of EbfiX® HSCs, in the
periphery throughout the AdT and in the BM, to T cells and
myeloid cells was also reduced, whereas the contribution to
HSCs was not significantly changed (Fig. 2 G and Fig. S1 H). As
expected, B cell reconstitution was absent for recipients of EbfIX©
and Ighm™! HSCs (Fig. 2 G and Fig. S1 H). Secondary AdT assays,
performed with 3 x 106 total BM cells from EbfIWT and EbfIX©
primary recipients, showed a further reduction in BM donor
chimerism and an enhanced multilineage reconstitution defect
(Fig. 2, H and I). To address whether EbfI"C HSCs have a de-
creased repopulating capacity due to a homing defect, we FACS-
sorted 5 x 10* CTY-labeled LSKs from Ebfi"T and EbfIX© mice as
an estimate of HSC homing capacity, injected them into WT
recipients, and evaluated the frequency CTY-positive cells in the
BM of recipients 14 h after transfer. This analysis revealed that
EbfI"T and EbfIXC hematopoietic progenitors home to the BM
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Figure 2. Reduced HSC quiescence and self-renewal capacity upon Ebfl deletion. (A) Representative contour plots showing CD41* expression on HSCs in
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ercentage of CD41* expressing cells in the HSC population. EbfI"T n = 11, EbfI*C n = 9, Ighm"T and Ighm™™!
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n = 11. (C) Percentage of HSCs within each cell cycle phase (GO, G1, G2/S/M). EbfIWT n = 16, EbfI<C n = 16, lghm"VT and Ighm™" n = 11. Data are represented as
mean + SEM. (D) Kaplan-Meier survival curve of WT, Ighm™™2, and Ebf1%© mice following 5-FU injections every 10 d. Ebf1¥T and Ighm™WT mice are represented
together as WT mice. EbfIWT n = 14, EbfI<C n = 12, Ighm™WT n = 10 and Ighm™™1 n = 12. Statistical analysis was performed using the log-rank (Mantel-Cox) test.
(E) Schematic showing primary AdT assays with EbfI"T, Ebf1O, Ighm™T, and Ighm™! mice and secondary AdT assays with EbfI"T and EbfI<© mice. Lethally
irradiated primary WT recipients (CD45.1.2) were injected with 150 HSCs from the indicated donors (CD45.2), together with 5 x 10° supportive (CD45.1) BM
cells. Lethally irradiated secondary WT recipients (CD45.1.2) were injected with 3 x 106 total BM cells from the indicated primary recipient donors. (F) Boxplots
showing frequency of CD45.2 donor cells in the BM of primary recipients, 16 wk after AdT. (G) Boxplots showing the frequencies of donor-derived cells within
HSCs, T cells (CD4*CD8*), B cells (CD19*), and myeloid cells (CD11b*) in the BM of the primary recipients 16 wk after AdT. (F and G) EbfI"T n = 23, Ebf1<O n =
25, Ighm"WT n = 23 and Ighm™? n = 26. (H) Boxplots showing frequency of CD45.2 donor cells in the BM of secondary recipients, 16 wk after AdT. (I) Boxplots
showing the frequencies of donor-derived cells within HSCs, T cells, B cells, and myeloid cells in the BM of the secondary recipients 16 wk after AdT. (H and 1)
EbfIVT n = 23, EbfIO n = 20. (J) 50,000 CTY-labeled LSK cells from EbfIWT and EbfI<C mice (CD45.2) were injected into lethally irradiated WT recipients
(CD45.1). Frequency of CTY positive cells in the BM 14 h after AdT, fold change relative to EbfIWT. EbfIVT n = 6, EbfI*® n = 5. (B, C, and F-J) Statistical

significance was determined by Mann-Whitney U test. (A-J) Data are from >2 independent experiments. HSCs defined as LSK CD150*CD48".

with similar efficiency (Fig. 2 J). Taken together, these data in-
dicate that Ebfl deletion in HSPCs leads to an impaired HSC
function. Given the lack of EBF1 expression in HSCs and MPP2
cells, the HSC phenotypes are likely indirect and secondary to
the EBF1-driven changes in MPP3 and MPP4 cells.

EBF1 confers de novo accessibility in MPP3 cells

During B-lymphoid differentiation, EBF1 activates lineage-
specific transcriptional networks and induces chromatin land-
scape changes (Hagman et al., 2011; Boller et al., 2018; Li et al.,
2018; Wang et al., 2020). Within the HSPC compartment, EBF1
expression was strongest in MPP3 and MPP4 cells (Fig. 1 D). To
understand the molecular effects of Ebfl deletion in HSPCs, we
thus analyzed the chromatin and transcriptome of MPP3 and
MPP4 cells from Ebfi"T and Ebfi° mice by bulk assay for
transposase-accessible chromatin using sequencing (ATAC-seq)
and RNA-seq, respectively. We observed a positive correlation
between MPP3/MPP4 differentially accessible (DA) ATAC peaks
overlapping with transcription start sites (TSS peaks) and the
expression of MPP3/MPP4 differentially expressed (DE) genes
(Fig. S2 A). This correlation shows that MPP3 and MPP4 chro-
matin accessibility profiles reflect the myeloid- and lymphoid-
gene expression patterns of MPP3 and MPP4 cells, respectively
(Cabezas-Wallscheid et al., 2014; Pietras et al., 2015; Rodriguez-
Fraticelli et al., 2018; Weinreb et al., 2020; Sommerkamp et al.,
2021). Next, we performed differential peak calling for Ebfi"T
versus EbfIXC MPP3 cells and EbfiWT versus EbfIX® MPP4 cells.
The most pronounced effect of the EbfI deletion was observed in
MPP3 cells, in which 49 sites had gained and 410 sites had re-
duced accessibility in EbfIX® MPP3 cells relative to EbfIVT cells
(Fig. 3 A and Table S2). Surprisingly, a minority of KO-reduced
MPP3 peaks were detected in EbfI"WT MPP4 cells (91 out of 410
peaks), but these peaks were not DA in Ebfi"T versus EbfIX®
MPP4 cells. A different set of sites showed modest changes in
accessibility between EbfIWT and EbfiX® MPP4 cells (Fig. 3 A and
Table S2). To assess whether the DA sites observed in MPP3 and
MPP4 cells were accessible in upstream progenitors, we ana-
lyzed the chromatin landscape of Ebfl"T and EbfIX® LT-HSCs.
Notably, the sites that show reduced accessibility in EbfI® MPP3
cells were not accessible in Ebfi'"T and EbfIXC LT-HSCs, whereas
the other DA sites were detected in EbfI"T and EbfiX® LT-HSCs
(Fig. 3 B). This result suggests that the sites of decreased ac-
cessibility in EbfI<C MPP3 cells are not accessible in stem cells.
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Motif enrichment analysis of ATAC peaks that were reduced
in EbfI*® MPP3 cells identified the EBF1- and TCF3 (E2A)-bind-
ing motifs as top-ranked hits, whereas other motifs, such as
Rfx4, Spic, and Stat2, predominated the peaks reduced in EbfI<©
MPP4 cells (Fig. S2 B). More than half of the peaks reduced in
EbfIXO MPP3 cells (230 out of 410 peaks) contained the canonical
EBF1 motif and digital footprinting, which determined the cu-
mulative aggregation of Tn5 signals, revealed clear footprints of
EBF1 occupancy in EbfI"T but not in EbfIX® MPP3 cells, and no
footprints of EBF1 occupancy were detected in EbfIWT MPP4 cells
(Fig. 3 C). To assess whether the limited number of sites pro-
vided sufficient depth for digital footprinting, we analyzed the
Tnb signal at predicted CTCF sites in random peaks with equal
size, which showed similar CTCF occupancy in EbfI"T and EbfIX©
MPP3 and MPP4 cells (Fig. 3 C). These data suggest a require-
ment for EBF1 occupancy at peaks reduced in EbfiX® MPP3 cells.

To assess whether forced EBF1 expression can restore acces-
sibility at these sites, we re-expressed EBF1 in EbfIX® MPP3 cells
by retroviral transduction (Fig. S2 C). We find that accessibility is
gained specifically at peaks reduced in EbfIXC MPP3 cells in the
EBF1 re-expressed cells, whereas the other DA sites are un-
changed by EBFI re-expression (Fig. 3 D). Together, these data
show that EBF1 is necessary and sufficient for de novo accessi-
bility to sites that show reduced accessibility in EbfiX® MPP3 cells.

EBF1 primes B-lymphoid accessibility in MPP3 cells

To assess a possible co-regulation by transcription factors, we
performed a co-occurrence analysis of enriched motifs in dif-
ferent DA peaks. Although PU.1 was an enriched motif in DA
peaks when using an alternative enrichment analysis (see Ma-
terials and methods), we included PU.I in the co-occurrence
analysis given its crucial role in lymphoid and myeloid differ-
entiation of MPPs (DeKoter and Singh, 2000; Pang et al., 2018).
We detected co-occurrence of PU.1 motifs with enriched motifs
in the different DA peaks, in line with its importance in hema-
topoietic progenitors (Fig. 3 E and Fig. S2 D). We observed the
strongest co-occurrence between EBF1 and TCF3 (E2A) motifs at
EBFI-dependent sites detected in MPP3 cells (Fig. 3 E), but not in
the other DA peak sets (Fig. S2 D). This co-occurrence may
represent functional cis-regulatory modules because EBF1 and
E2A synergistically cooperate to establish B-lymphoid gene ex-
pression and they often bind chromatin in close proximity to
each other (O’Riordan and Grosschedl, 1999; Lin et al., 2010).
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Figure 3. EBF1 primes the B-lymphoid fate in myeloid-biased MPP3 progenitors. (A and B) Heatmap displaying chromatin accessibility at DA peaks in
MPP3 and MPP4 cells (A) and in LT-HSCs (LSK CD34-Flt3-CD150*CD48"; B) from EbfIWT and Ebf1k© mice. Biological replicates n = 2. (A, B, and D) Peaks are
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organized into KO Reduced and KO Gained peaks, in MPP3 cells and MPP4 cells. Regions + 3 kb around the center of the peak are shown. Heatmap scale
represents RPKM. (C) Aggregation plots showing Tn5 activity in MPP3 and MPP4 cells from EbfIWT and EbfI*C conditions, at KO Reduced MPP3 peaks centered
around the EBF1 motif (top row). Median aggregation plot for 100 random sets of CCCTC-binding factor (CTCF) motifs found in the ATAC peak set (bottom
row). The shaded area depicts the SD. (D) Heatmap displaying chromatin accessibility at DA peaks in MPP3 cells from Ebf1%® mice upon EBF1 re-expression and
empty vector expression. (E) Heatmap displaying z-scores of co-occurrence counts in KO Reduced MPP3 peaks versus co-occurrence counts in all MPP3 peaks
(1,000 replicates) of enriched motifs in KO Reduced MPP3 peaks. (F) Heatmap displaying average ChIP signal for EBF1 and PU.1 ChiPs at DA peaks. The RPKM
signal is scaled over all four DA peak sets. (G) Enrichment analysis of genes associated with KO Reduced MPP3 peaks. (H) Genome tracks showing ATAC signal
and EBF1 ChiP signal at B-lymphoid related KO Reduced MPP3 peaks annotated to the Igll1 gene. (1) Absolute number of CD19* B cells at indicated time points
upon EBF1 re-expression and empty vector expression, in EbfIT and EbfIk® MPP3 and MPP4 cells. Data are from >2 independent experiments. (F and H)

Original data from Kucinski et al. (2020); Li et al. (2018).

To inspect EBF1 binding at DA peaks between Ebfi%T and
EbfIX© and MPP3 and MPP4 cells, we analyzed publicly available
EBF1 chromatin immunoprecipitation (ChIP)-seq datasets in
pro-B cells (Li et al., 2018) and in Hoxb8-FL cells (Kucinski et al.,
2020). Hoxb8-FL cells are conditionally immortalized HSPCs
that resemble MPPs by maintaining both lymphoid and myeloid
potential (Redecke et al., 2013). We find that the EBFI-dependent
peaks detected in MPP3 cells are bound by EBF1 in pro-B cells
and in Hoxb8-FL cells (Fig. 3 F), suggesting that these EBFI-
dependent sites are related to pro-B cells. Consistent with the
digital footprinting analysis, no EBF1 binding was detected in
EbfT"T/EbfI%© DA peaks of MPP4 cells. Additionally, we analyzed
the PU.1 ChIP-seq profile in Hoxb8-FL cells (Kucinski et al.,
2020) and observed PU.1 binding at peaks reduced in EbfiX®
MPP3 and MPP4 cells and at peaks gained in Ebfi*® MPP4 cells
(Fig. 3 F). This observation is in line with the importance of PU.1
in multipotent progenitors.

Gene ontology (GO) analysis of genes annotated to the
peaks reduced in EbfIX® MPP4 cells exhibited enrichment
for lymphoid-related molecular signatures (Fig. S2 E). Notably,
GO analysis of the genes annotated to peaks reduced in EbfIX®
MPP3 cells showed a specific enrichment for B-lymphoid mo-
lecular signatures, such as B cell receptor signaling and B cell
differentiation (Fig. 3 G). These genes include B-lymphoid re-
lated genes, such as Cd19 and Iglll, which show EBF1 occupancy
in pro-B cells and Hoxb8-FL progenitors at sites accessible in
EbfiWT MPP3 cells (Fig. 3 H and Fig. S2 F). Finally, we assessed
whether EBF1 re-expression in Ebf1XC MPP3 and MPP4 cells
can rescue their B cell differentiation defect. We observed that
re-expression of EBF1 in EbfIXC MPP3 and MPP4 cells allows
their differentiation into CD19* B cells (Fig. 3 I). Taken together,
these data reveal a subset of B-lymphoid-associated regions
that display an enhancer signature and EBF1-dependent ac-
cessibility in MPP3 cells.

EBF1-dependent enhancers in MPP3 cells are associated with
expression in CLPs

We turned to bulk RNA-seq of MPP3 and MPP4 progenitors to
understand the molecular consequences of Ebfl deletion in
HSPCs (Table S3). Principal component analysis (PCA) of the
transcriptomes reveals moderate Ebfl-related changes (aligned
with PC2: 8% of variance) compared to the differences between
MPP3 and MPP4 populations (PC1: 80% of variance; Fig. S3 A). In
EbfIX© MPP3 cells, we found 113 downregulated and 102 upre-
gulated genes relative to EbfIWT MPP3 cells, and in EbfIX® MPP4
cells, we identified 152 downregulated and 153 upregulated
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genes as compared to EbfT"T cells (false discovery rate [FDR]
<0.1; Fig. S3 B). By an enrichment analysis against various sig-
natures, we find that the EbfI*°-downregulated genes in MPP3
cells are enriched for B cell-identity signatures, which is in line
with the chromatin accessibility analysis, although the number
of genes is limited (Fig. 4 A). Interrogation of genes showing
reduced ATAC peaks in Ebfi® MPP3 cells with the tran-
scriptome analysis indicated that roughly half of these genes are
weakly expressed in MPP3 cells (Fig. 4 B). Moreover, we found
that impaired chromatin accessibility is not associated with DE
genes in EbfIX® versus EbfIWT MPP3 cells (Fig. 4 B). This poor
correlation between altered chromatin accessibility and gene
expression was applied to both TSS-associated and DA ATAC
peaks (Fig. S3 C). These observations were comparable for MPP4
cells (Fig. 4 B and Fig. S3 D). Thus, the genes associated with
EBF1-dependent peaks detected in MPP3 cells are weak and not
DE in MPP3 or MPP4 cells.

Using datasets of chromatin modifications in HSPC pop-
ulations (Lara-Astiaso et al., 2014), we found that ATAC peaks
reduced or gained in EbfIX® MPP4 cells were marked by
H3K27ac, H3K4mel, and H3K4me3 modifications, suggesting
that the peaks coincide with promoter regions (Fig. 4 C). Inter-
estingly, peaks reduced in EbfIXC MPP3 cells were marked by
H3K27ac and H3K4mel but not by H3K4me3 modifications,
suggesting that these chromatin regions may coincide with ac-
tive enhancers (Fig. 4 C). This observation raised the question of
whether EBFl-dependent accessible sites in MPP3 cells are
associated with genes that are expressed in further lineage-
restricted differentiation intermediates. Therefore, we interro-
gated the ATAC peak signals in EbfIWT and EbfIX® MPP3 cells
with changes in gene expression that occur between CLP and
GMP progenitors. This analysis indicated a strong association of
EBFl-dependent ATAC peaks in MPP3 cells (DA peaks) with a
gain of gene expression in CLPs relative to GMPs (Fig. 4 D). A
corresponding analysis of ATAC peaks at TSS in MPP3 cells re-
vealed a less pronounced association with the CLP-specific gene
expression, consistent with the preferential EBF1-mediated
priming of enhancers in MPP3 cells (Fig. 4 D). An association
between CLP gene expression and ATAC peak signals in EbfIVT
and EbfIX® MPP4 cells was not observed (Fig. 4 E). To further
assess the association of enhancers in MPP3 and MPP4 cells with
downstream gene expression, we generated a myeloid and
lymphoid signature using genes that are DE between GMP and
CLP progenitors. Then, we selected ATAC peaks that are anno-
tated as enhancers in MPP3 and MPP4 cells. With these means,
gene set enrichment analysis (GSEA) analysis showed that
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Figure 4. EBF1l-dependent chromatin sites in MPP3 cells are associated with expression in CLPs. (A) Selected terms are represented from enrichment
analysis of DE genes (FDR < 0.1) between EbfI"T and EbfIk® MPP3 (left) and MPP4 (right) cells. Enrichr datasets (GO_Biological_Process_2021, Pan-
glaoDB_Augmented_2021, Gene_Perturbations_from_GEO_down) were used for enrichment analysis. Biological replicates n = 4. (B) Expression analysis of
genes annotated to KO Reduced MPP3 peaks identified in ATAC analysis, in EbfI"T and EbfI® MPP3 (upper panel), and MPP4 (lower panel) cells. The x axis
represents log;o mean normalized counts of all genes. The y axis represents shrunken |log, fold change| values of all genes in EbfIWT versus EbfI<® MPP3 (upper
panel), and MPP4 (lower panel) cells, and is capped at 2. Genes in orange indicate the genes annotated to EBF1-dependent accessibility sites in MPP3 cells.
(C) Heatmap displaying average ChIP signal for chromatin marks at DA peaks. Original data from Lara-Astiaso et al. (2014). (D and E) Comparison of chromatin
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accessibility changes in MPP3 cells (D) and MPP4 (E) cells to gene expression changes in GMP versus CLP cells. The y axis represents shrunken log, fold
changes of gene expression in GMP versus CLP cells. The x axis represents log, fold changes of peak read counts in Ebf1%© versus EbfIVT MPP3 (D) and Ebf1%®
versus EbfIWT MPP4 (E) cells. Highlighted box shows positive correlation of KO Reduced MPP3 peaks and CLP gene expression. (D and E) Left: Dots represent
DA peaks in MPP3 and MPP4 cells. Right: Dots represent DE genes and ATAC peaks that overlap their TSS (TSS peaks). (F and G) GSEA results of all MPP3 (F)
and MPP4 (G) ATAC peaks predicted to be enhancers (CRUP probability >0.8), ranked by log, fold change, against a CLP-specific gene set (left) and a GMP-
specific gene set (right). Positive enrichment scores reflect enrichment of the gene set in EbfI€O cells, negative enrichment scores reflect enrichment of the
gene set in EbfIVT cells. CLP and GMP RNA-seq data analyzed in D-G was retrieved from GEO dataset GSE162662.

enhancer ATAC peaks in EbfI%T MPP3 cells were specifically
enriched for the CLP signature (Fig. 4 F), which was not ob-
served for EbfT"T MPP4 cells (Fig. 4 G). Taken together, these
results indicate that EBF1-dependent chromatin accessibility in
MPP3 cells is associated with enhancers that confer gene ex-
pression in the lymphoid lineage-restricted CLP compartment.

Ebf1 deficiency enhances the C/EBPa-driven myeloid bias of
MPP3 and MPP4 cells

The impaired lymphoid chromatin landscape of EbfIX® MPP3
cells and the enrichment of myeloid molecular signatures
(neutrophil activation) and macrophage cell-identity signatures
in the enrichment analysis of the EbfI® MPP3 and MPP4 tran-
scriptomes raised the question of whether or not these cells have
an enhanced myeloid bias. In addition, GSEA analysis found that
enhancer ATAC peaks in EbfiX® MPP3 cells were specifically
enriched for the GMP signature (Fig. 4 F), although this was not
significant for enhancer ATAC peaks in EbfIX® MPP4 cells
(Fig. 4 G). To assess whether MPP3 and MPP4 cells have an
enhanced myeloid bias upon Ebfl deletion, we evaluated their
myeloid differentiation potential in vitro by culturing them in
myeloid differentiating conditions and by evaluating CD1lb
surface expression after 10 d (Fig. 5 A). In line with their RNA-
seq profiles, Ebfik® MPP3 and MPP4 cells both showed higher
frequencies of CD11b* cells, indicating an increased myeloid
potential of these EBFl-deficient progenitors (Fig. 5 A). This
increase in myeloid potential was dependent on GM-CSF (data
not shown). However, in a CFU assay, the total number of col-
onies generated by MPP3 and MPP4 cells showed no difference
between Ebfi'"T and EbfIX© cells (Fig. S3 E).

The similar increase in the myeloid bias of EbfiX® MPP3 and
MPP4 cells contrasted the MPP3-specific EBF1 dependence of
B-lymphoid priming. To explore the common enhanced myeloid
bias of MPP3 and MPP4 cells, we found an overlap of 66 DE
genes (Fig. S3 F), and we noted that the most significantly en-
riched term associated with the upregulated genes was a sig-
nature previously connected with the downregulation of genes
upon Cebpa deletion (Fig. 4 A). Notably, many of the genes that
were inversely deregulated in EbfIX°® progenitors and Cebpa-
deficient cells, including Irf8 and Csflr, are linked to myeloid
differentiation (Fig. 5 B). We also found that more genes be-
longing to the Cebpa signature were significantly upregulated in
EbfIX© MPP3 than in EbfIX® MPP4 cells, although a similar trend
was observed in EbfiX® MPP4 cells. (Fig. 5 B). To assess whether
the upregulated genes in EbfI¥© cells are C/EBPa-bound targets,
we overlapped these genes with public C/EBPa ChIP-seq data-
sets of HSPC progenitors (LSKs) and myeloid progenitors (pre-
GM and GMP; Hasemann et al., 2014; Pundhir et al., 2018). This
analysis showed that almost all of the genes associated with the
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Cebpa signature in EbfiX® MPP3 and MPP4 cells are bound by
C/EBPu (Fig. 5 B). We also overlapped the EbfI<°/EbfI"T DE genes
of MPP3 and MPP4 cells with the C/EBPa occupancy in LSK, pre-
GMs, and GMPs and found that the DE genes were mainly asso-
ciated with C/EBPa occupancy in GMPs. Moreover, C/EBPa
occupancy was mainly associated with upregulated genes in
EbfiX© MPP3 cells and associated with downregulated genes in
EbfIX© MPP4 cells (Fig. 5 C and Fig. S3 F), suggesting the enhanced
myeloid bias directed by C/EBPa is stronger in Ebfi® MPP3 cells.
C/EBPa is essential for monocyte-neutrophil specification,
and Cebpa KO mice display a block in pre-GM progenitors
(Zhang et al., 1997; Paul et al, 2015; Pundhir et al., 2018).
Analogous to the function of EBF1 in antagonizing alternative
lineages in early B cells, C/EBPa represses non-myeloid lineages,
whereby its expression increases from pre-GM to GMP pro-
genitors and reaches the highest levels in neutrophils (Paul et al.,
2015). To estimate the direction of perturbation upon Ebfl de-
letion, we calculated a Direction of Transition (DoT) score, an-
chored at the lymphoid portion of the landscape marked by the
dotted line, for EbfI*O/EbfI"T DE genes of MPP3 and MPP4 cells
(Fig. 5 D; Kucinski et al., 2020). Analogous to term-enrichment
analysis of DE genes, the DoT score analysis uses a single-cell
RNA-seq (scRNA-seq) landscape from a publicly available LK/
LSK dataset (Dahlin et al., 2018) as a reference to visualize
similarities between cell states. Positive values in red indicate a
transition of EbfIXC conditions toward those cell fates, and neg-
ative values in blue indicate a transition of EbfiX° conditions
away from those cell fates. In line with the enrichment analysis,
the DoT score analysis showed that EbfIX® MPP3 and MPP4 cells
shift toward a neutrophil, monocyte/dendritic progenitor cell
transcriptional state (Fig. 5 D). These data suggest that Ebfl-
deficient MPP3 and MPP4 cells upregulate genes that are tar-
gets of C/EBPa in GMPs, which may account for the increased
myeloid potential of EbfIX© progenitors. To functionally examine
whether C/EBPa is responsible for the increased myeloid bias
observed in EbfIX® MPP3 cells, we performed knockdown of
Cebpa in EbfIWT and EbfI*® MPP3 cells, followed by in vitro mye-
loid differentiation assay. Upon Cebpa knockdown in EbfI<® MPP3
cells, we observed a decrease in the frequency of CD11b* cells
relative to control knockdown conditions (Fig. 5 E and Fig. S3 G).
No significant effect was observed in Ebfl"WT MPP3 cells (Fig. 5 E).
These data suggest that the increased myeloid bias observed in
EbfI*® MPP3 cells may, at least in part, be driven by C/EBPa.

Impaired B-lymphoid priming and expansion of myeloid-biased
progenitors

To obtain deeper insights into the HSPC cell states affected by
the Ebfl deletion, we performed scRNA-seq of the LK and LSK
compartments, comprising myeloid progenitors and HSPCs. We

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20212437

920z Aeniged 60 uo 1senb Aq ypd-2e¥21202 Wel/2LLLE7L/LE¥Z12028/1 LI61Z/Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq

10 of 26


https://doi.org/10.1084/jem.20212437

A B Cobpa KO signature (Fig. 4A)  © LSK  preGM  GMP RPKM
Ebf1™T o 2| | IO | B ——
Ebf1KO 10 MPP3 o1 KO &5 i- 8 'f*
10 MPP4 ] @0 Down :
e 5 — = »5
L9 10 d :
EPO,SCF,  °° S| ko f {
GMCSF M(gg)3 Up 3 =
wl : 20
QKO - —
100- G [Down ==
n E| KO £ E
2 EL Up z 15
2 of oy =2 EE
[&] - § - = = 5
& Common -
T 50 (17) KO : L
[m)] (1]
5] A | Down 1 i |
o 5 Pl 2
< MPP4 n & __ 4=
0 (6) =] | = = —=—1[|5
(¢} & O u KO = E '.'t: S
NN 3 B P
& ¢ ¢ chp : 2=
MPP3  MPP4 MPP3  MPP4 3kb  3kb C/EBPa.
D E ns 0.015
Mouse LK/LSK MPP3 DE genes MPP4 DE genes 1004 — 1 —
o
HSC | ‘ 3 o g S o
A =
o] e o2
, AR K
O ° % &
o & o 5 &
R o @ %o
1 Y
0 i 1.0 e A RS R
4 ‘ 05 ‘ %\({\060 %\0\00‘0
Intermediate 2 08 ks °
progenitors DoT DoT Ebf1VT  Ebf1KO
Z-score Z-score M PP3

Figure 5. Increased myeloid bias in Ebf1<° MPP3 and MPP4 cells is enhanced by C/EBPa. (A) Workflow of myeloid differentiation assay with cytokines
(IL3, IL6, EPO, GMCSF, SCF) of MPP3 and MPP4 (upper). Frequency of CD11b* cells after 10 d of differentiation (lower). Red lines indicate the medians. Data
obtained from four mice with following colony numbers: EbfI™ MPP3 n = 99, EbfI<C MPP3 n = 108, EbfIW™ MPP4 n = 73, EbfI“C MPP4 n = 69. (B) Heatmap
showing gene expression of DE genes associated with Cebpa KO signature identified through Enrichr enrichment analysis in Fig. 4 A. Genes are organized into
MPP3-specific, common, and MPP4-specific DE genes. Genes with an annotated C/EBPa ChIP peak are labeled in blue. Heatmap scale represents z-scores
calculated separately for MPP3 and MPP4 cells. (C) ChIP-seq analysis of C/EBPa occupancy in LSKs, preGM, and GMP. C/EBPa peaks are organized into MPP3-
specific, common, and MPP4-specific DE genes. Regions # 3 kb around C/EBPa summits are shown. Heatmap scale represents read coverage. Original data
from Hasemann et al. (2014); Pundhir et al. (2018). (D) Left: Annotated UMAP projection of a scRNA-seq landscape: mouse LK + LSK populations (Dahlin et al.,
2018) used as a reference for DoT score analysis; dashed area indicates the point of origin. DoT z-score values for DE genes between MPP3 EbfI"T versus
EbfI*® (middle) and MPP4 EbfIWT versus EbfI<© (right). Red indicates a shift toward that cell fate and blue indicates a shift away from that cell fate.
(E) Frequency of CD11b* cells after 10 d of differentiation following transfection with a control or a Cebpa siRNA pool. Red lines indicate the medians. Data
obtained from four mice with following colony numbers: sictrl EbfIVT MPP3 n = 19, siCebpa EbfIVT MPP3 n = 25, sictrl EbfI*C MPP3 n = 36, siCebpa EbfIX®
MPP3 n = 36. (A and E) Statistical significance was determined by Mann-Whitney U test. Data are from >2 independent experiments. Meg, megakaryocyte; Ery,
erythrocyte; MC, mast cell; Bas, basophil; Neu, neutrophil; Mono/DC, monocyte/dendritic cell; Ly, lymphocyte.
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analyzed 59,505 high-quality cells in four replicates per geno-
type. We integrated all data and generated a common landscape
with clustering and reduced dimensionality representation:
Uniform Manifold Approximation and Projection (UMAP; anal-
ogously to Dahlin et al, 2018; Kucinski et al., 2020). The
landscape, annotated with lineage markers and an HSC score
(Hamey and Géttgens, 2019), showed gradual progression from
the HSCs to committed myeloid progenitors (Fig. 6 A and Fig. S4,
A and B). The Ebfi'%T and EbfIXC cells did not show significant
changes in abundance across the major landscape populations
(Fig. S4 A). Ebfl was predominantly expressed in cluster 4,
corresponding to lymphoid progenitors within the LSK com-
partment (Fig. 6 B). By making use of an index-sorted scRNA-seq
HSPC dataset (Nestorowa et al., 2016), we embedded the MPP3
cells and MPP4/lympho-myeloid primed progenitor (LMPP)
cells into our landscape (Fig. 6 C). MPP4/LMPP cells were found
to be enriched on the left side of the landscape territory, which
shows elevated expression levels of lymphoid genes, including
Dntt and FIt3 (Fig. 6 C and Fig. S4 B). MPP3 cells were uniformly
distributed, with a few cells belonging to the lymphoid cluster 4
(Fig. 6, A and C). The Nestorowa et al. (2016) dataset had been
generated with the Smart-Seq2 technology, therefore, we took
advantage of its higher detection rate to observe Ebfl expression
at a higher resolution. Supporting the notion of a continuum of
progenitors and the existence of Ebfl-expressing MPP3 and
MPP4 cells, we observed Ebfl expression in the lymphoid-
progenitor cluster 4, but also low-level Ebfl expression scat-
tered in clusters upstream of lineage-restriction, such as clusters
2 and 1 (Fig. 6, A and D).

Next, we examined whether Ebfl deletion has consequences
on gene expression in clusters representing progenitors of lower
lineage restriction, in which a putative lymphoid/myeloid
choice would occur. In particular, we focused on clusters 0, 1, 2,
and 9, in which we observed lower levels of Ebfl expression than
in cluster 4. Joint differential expression analysis identified a
limited number of 17 genes, which surprisingly included 11 genes
encoding Igk light chain, Ig J chain, and other B-lymphoid
markers (Fig. 6 E and Fig. S4 C). All of these genes were found
to be downregulated to undetectable or barely detectable levels
following Ebfl deletion (Fig. 6 E). The reduction of Ig gene ex-
pression upon Ebfl deletion was detected before the activation of
the main lymphoid program, annotated by markers like Dntt,
IL7r, and Ly6d (Fig. S4, B and C), and was also detected in bulk
RNA-seq analysis of MPP3 and MPP4 cells (Table S3).

Finally, we investigated changes in gene expression for each
cluster between EbfIWT and EbfIXC cells. Appropriately, we de-
tected the majority of DE genes in cluster 4, in which Ebfl was
expressed at the highest level (Fig. 6 F). We calculated the DoT
score for the DE genes of cluster 4, anchoring the origin point in
the same cluster. We observed strong positive score values in the
myeloid and erythroid parts of the landscape, indicating a shift
toward these states and away from the lymphoid state (Fig. 6 G).
Moreover, the analysis of enriched GO terms among genes up-
regulated in cluster 4 in EbfIX° cells showed a strong enrichment
for molecular signatures related to proliferation, such as Myc,
increased metabolic pathways, E2F targets, and G2-M check-
point (Fig. S4 D). Accordingly, we detected increased expression
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of G2-M cell-cycle phase-associated genes, specifically in EbfI<©
cells of cluster 4 (Fig. 6 H and Table S4). We observed increased
expression of Myc and Myc target genes, such as Cycl and Eif3b, in
cells of the myeloid and erythroid parts of the landscape, but not
in the HSC cluster (Fig. 6 I). We also observed an increase in Myc
and Myc target gene expression in EbfIX© but not EbfIVT cells of
cluster 4, whereas a similar expression pattern was observed in
the other clusters (Fig. 6 I). The proliferative advantage of
myeloid-biased EbfIX© cells was mirrored by the significant in-
crease in the frequencies and absolute numbers of myeloid cells
in the BM of EbfIX© mice relative to EbfIWT mice (Fig. 6 ] and Fig.
S4 E). Although the frequencies of myeloid cells were also in-
creased in the BM of Ighm™! mice relative to Ighm"'T mice, the
increase was more pronounced in EbfI*® mice relative to EbfIWT
mice (Fig. 6 J).

EBF1 binds the Cebpa +37 kb hematopoietic regulatory region
The +37 kb Cebpa enhancer is responsible for hematopoietic
expression of Cebpa (Cooper et al., 2015; Guo et al., 2016). In-
terestingly, C/EBPa has been implicated in inducing Ebfl ex-
pression (Guo et al., 2018; Barberi et al., 2020). In addition, EBF1
has been shown to bind within a H3K27ac-marked predicted
regulatory region of the Cebpa gene in Hoxb8-FL cells (Kucinski
et al., 2020). To further investigate the potential regulation of
Cebpa by EBF1, we analyzed previous EBF1 ChIP-seq datasets for
EBF1 binding at the Cebpa regulatory region in pro-B cells and
Ebfl-/~ cKit* progenitors, in which a doxycycline-responsive
ectopic Ebfl gene was induced for 24 or 72 h (Li et al., 2018).
In the progenitors with induced EBF1 expression, we detected
EBF1 binding within the Cebpa regulatory region, adjacent to the
+37 kb Cebpa enhancer, whereas neither EBF1 binding nor
H3K27ac marks were found in pro-B cells (Fig. 7 A). Further-
more, Cebpa expression was decreased in pro-B cells relative to
progenitors in which EBF1 expression was induced for 24 or 72 h
(Fig. S5 A). Although the +37 kb Cebpa enhancer showed similar
accessibility in EbfIWT and EbfI® MPP3 and MPP4 cells, the
EBF1-bound site was found to reside in inaccessible chromatin,
consistent with other EBF1-repressed targets that are transiently
bound before silencing (Fig. 7 A; Li et al., 2018). We observed no
accumulation of H3K27me3 at the Cebpa regulatory region in
pro-B cells, suggesting that the regulatory region does not be-
come epigenetically silenced (Fig.7 A). Moreover, the abundance
of Cebpa transcripts, but not that of Spil/PU.1 transcripts, in-
creased in EbfIX®© MPP3 and MPP4 cells relative to EbfTVT cells
(Fig. 7 B and Fig. S5 B). Finally, overexpression of EBF1 in EbfI"™
MPP3 and MPP4 cells resulted in decreased Cebpa expression
compared to empty vector (Fig. 7 C and Fig. S5 C). Together,
these data raise the possibility that EBF1 binding at the Cebpa
regulatory region results in the downregulation of Cebpa
expression.

Accordingly, we observed an increase in Cebpa-expressing
EbfI*C cells in cluster 4 (Fig. 7 D). Corresponding to the
C/EBPa-driven myeloid differentiation observed in EbfiX® MPP3
cells, we observed an increase in the frequencies and absolute
numbers of neutrophils in the BM of EbfIX® mice relative to
EbfI"T mice (Fig. 7, E and F; and Fig. S5 D). Although an increase
in the frequencies of neutrophils was also observed in the BM of
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Figure 6. Ebfl controls lymphoid/myeloid balance in HSPCs, and its loss causes increased myeloid cells in the BM. (A and C) Annotated UMAP
projection of scRNA-seq landscape derived from EbfI"T and EbfIO LK and LSK populations. Biological replicates n = 4. (B and D) Log-normalized Ebfl
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expression for EbfI"T cells shown in A and C, respectively. (C) Cells from Nestorowa data (Nestorowa et al., 2016; colored) were embedded into the EbfIVT/
Ebf1© landscape (gray) with annotated immunophenotypic populations. (E) Log-normalized expression of Ig and lymphoid-associated DE genes in EbfI"T and
Ebf1"O cells of selected clusters. Each dot represents the mean expression per mouse (four mice in total). (F) Number of DE genes between EbfI"T and Ebf1<©
cells per cluster. (G) DoT scores calculated using DE genes in cluster 4 between EbfIWT and EbfI*© cells in the context of the LK/LSK landscape. Mean ex-
pression in cluster 4 was used as the point of origin. Red indicates a shift toward that cell fate and blue indicates a shift away from that cell fate. (H) Violin plots
showing the gene expression score of G2/M cell cycle-associated genes in EbfIWT and Ebf1%O cells in selected clusters. (I) UMAP visualization of the expression
of Myc and selected Myc target genes in EbfI™WT and EbfI¥© cells. (J) Boxplots showing the frequency of myeloid cells (CD11b*) in the BM. EbfIVT n = 18, Ebf1k©
n =16, Ighm"T and Ighm™1 n = 11. Statistical significance was determined by Mann-Whitney U test. Data are from >2 independent experiments. LK defined as
Lin-cKit* cells. ESLAM, CD45*EPCR*CD48-CD150" HSCs; Meg, megakaryocyte; Ery, erythrocyte; Neu, neutrophil; Mono/DC, monocyte/dendritic cell; Ly,

lymphocyte.

Ighm™! mice relative to Ighm"T mice, the frequencies of neu-
trophils in EbfIXC mice were significantly higher than in Ighm™™!
mice (Fig. 7, E and F). This suggests an additive effect of B cell
depletion and Ebfl deletion on neutrophil differentiation in
EbfIX® mice.

To address whether a similar Ebfl-Cebpa axis could exist in
human hematopoietic progenitors, we analyzed a public data set
of human fetal liver progenitors (Popescu et al., 2019). Consis-
tently, the HSC/MPP cluster marked by Procr expression also
contains mRNA for Ebfl and Cebpa (Fig. S5, E-G). Altogether, our
scRNA-seq and chromatin profiling analysis suggest that Ebfl
takes part in B-lymphoid enhancer priming and in an attenuation
of the myeloid fate potential driven by C/EBPa in MPP3 cells.

Discussion

The functions of lineage-determining transcription factors, in-
cluding EBF1, have been well studied at the onset of lineage
specification. However, their potential roles in generating line-
age bias of stem and progenitor cells are still largely obscure.
Here, we show that the B cell determinant EBF1 is expressed at a
low level in MPPs, MPP3 and MPP4, that have a myeloid and
lymphoid bias, respectively. We find that the deletion of Ebfl in
all hematopoietic cells results in an increased myeloid bias of
both MPP3 and MPP4 populations, which may be attributed to a
loss of EBF1 binding at the Cebpa enhancer region and the in-
creased expression of the myeloid transcription factor gene
Cebpa. In addition, we find that EBF1 is required for the de novo
accessibility and priming of B-lymphoid enhancers specifically
in MPP3 cells. This result is in line with extensive literature on
the importance of EBF1 in establishing the B-lymphoid tran-
scriptional program in pre-pro-B cells (Medina et al., 2004;
Pongubala et al., 2008; Hagman et al., 2011; Welinder et al., 2011;
Boller et al., 2018). However, it also introduces the additional
dimension that EBF1 is responsible for the priming of the
B-lymphoid fate in MPPs. Finally, we observe a diminished
functionality of HSCs in the BM Ebfl-deficient mice, which may
be an indirect consequence of the augmented myeloid potential
of MPPs and/or the enhanced myelopoiesis.

Our single-cell analysis of LK/LSK cells from EbfIi"T and
EbfIX© cells revealed relatively strong Ebfl expression in lym-
phoid progenitors (cluster 4) and weak Ebfl expression scattered
among early progenitors of the LSK clusters, in which lymphoid/
myeloid lineage bias may occur. Moreover, scRNA-seq data
suggested that EBF1 expression increases in the MPP continuum
of MPP3 and MPP4 cells. We show through multiple lines of
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evidence that as EBF1 expression increases, EBF1 plays a role in
limiting myeloid differentiation. While ATAC analysis of EbfIX®
MPP3 cells points to a loss of B lymphoid priming, we also ob-
served an enhanced myeloid signature of chromatin accessibility
that is associated with a GMP pattern of gene expression. This
augmented myeloid chromatin landscape is paralleled by the
Cebpa-dependent enhanced capacity of EbfI*® MPP3 and MPP4
cells to generate CD11b* myeloid cells in vitro. Moreover, our
scRNA-seq data indicate that the Ebfl deficiency in progenitors
of lymphoid cluster 4 results in an increase of Cebpa expression,
a myeloid fate enrichment, and an increase in proliferation,
consistent with the accumulation of mature CD11b* myeloid cells
and neutrophils in EbfIX°® mice. However, we did not observe in
increase in the total number of colonies in a CFU assay with
MPP3 and MPP4 cells from EbfI"T and EbfIXC mice. The total
number of colonies does not take into account the size or type of
the colonies generated and therefore, it is possible that other
parameters would reflect a myeloid bias in EbfI<®© MPP3 and
MPP4 cells. A role of Ebfl in cell proliferation has been previ-
ously shown in pro-B cells (Gyory et al., 2012), and Ebfl has been
implicated in participating with Myc and Max in distinct tran-
scription modules to regulate DNA replication and cell cycle
(Kucinski et al., 2020). Moreover, a hematopoietic enhancer
cluster in the Myc locus is bound and regulated by EBF1 (Bahr
et al., 2018; Ramamoorthy et al.,, 2020; Somasundaram et al.,
2021).

Insight into the molecular basis for the enhanced myeloid
basis was provided by the bulk RNA-seq analysis of MPP3 and
MPP4 cells, which showed an increased expression of a large set
of genes that have been previously identified as C/EBPa target
genes in GMPs (Ye et al., 2015). C/EBPa is a lineage-determining
transcription factor critical for the neutrophilic/monocytic cell
fate (Zhang et al., 1997; Paul et al., 2015; Pundhir et al., 2018).
Notably, the DoT-score analysis of the bulk RNA-seq data,
evaluating similarities with cell states among the scRNA-seq
landscape of WT LSK cells, indicated that EbfI"®C MPP3 and
MPP4 cells gain neutrophil-monocytic fate potential. Moreover,
the knockdown of Cebpa in EbfikC MPP3 cells suggests a de-
creased myeloid differentiation potential relative to the non-
targeting control knockdown in EbfIX® MPP3 cells. However,
we did not observe an increase in myeloid differentiation of
control knockdown EbfiX® MPP3 cells relative to control knock-
down EbfIWT MPP3 cells. Thus, further approaches will be needed
to address the Cebpa-Ebfl relationship in MPP3 cells.

The increased expression of C/EBPa target genes, together
with the binding of EBF1 to a Cebpa enhancer region upon
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Figure 7. EBF1 limits C/EBPa driven myeloid bias in MPP3 and MPP4 cells. (A) Cebpa gene body and regulatory region is displayed, showing EBF1 oc-
cupancy 24 and 72 h after EBF1 induction, in pro-B cells and Hoxb8-FL cells; H3K27ac marks in pro-B cells and Hoxb8-FL cells; H3K27me3 marks in pro-B cells
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(original data from Li et al. [2018]; Kucinski et al. [2020]). Chromatin accessibility in EbfI"T MPP3, Ebf1<0 MPP3, EbfI"T MPP4, and Ebf1*® MPP4 populations.
The +37 kb Cebpa enhancer is annotated, as well as the enhancer region predicted by CRUP. The scale of the y axis represents RPKM in ChIP-seq and ATAC-seq
tracks. (B) Normalized read counts of Cebpa in MPP3 and MPP4 populations, in EbfI"T and EbfI© conditions. (C) qRT-PCR analysis of Cebpa expression in
EbfI"T MPP3 and MPP4 cells transduced with an empty or an EBF1 vector. Cebpa mRNA expression relative to Actb was normalized to the empty vector
transduced samples. Data are represented as mean + SEM. EbfI"T and EbfI© n = 3-4. (D) Left: Annotated UMAP projection of scRNA-seq landscape derived
from EbfIWT and Ebf1¥C LK and LSK populations. Right: UMAP visualization of Cebpa expression in EbfIWT and Ebf1KC cells. (E) Representative pseudocolor plots
showing the frequency of Ly6G+ neutrophils in EbfIWT, EbfI<C, Ighm"WT, and Ighm™™ mice. (F) Boxplots showing the percentage of neutrophils in the bone
marrow. EbfIWT and Ebf1k0 n = 19, Ighm'WT and Ighm™™! n = 14. Statistical significance was determined by Mann-Whitney U test. (C and F) Data are from >2

independent experiments.

transient EBF1 induction in Ebfl~/~ progenitors and in Hoxb8-FL
cells, suggests that EBF1 may antagonize Cebpa expression in
hematopoietic progenitors (this study; Kucinski et al., 2020; Li
et al., 2018). In particular, transient EBF1 occupancy in Ebfl~/~
progenitors has been associated with alternative lineage genes
that are silenced in committed pro-B cells (Li et al., 2018). In
agreement with a transient binding of EBF1 in HSPCs, Ebfl has
been predicted as a silencer of the +37 kb Cebpa enhancer
(Bertolino et al., 2016; Repele et al., 2019). A repressive function
of EBFI in this context is also reflected by the decreased ex-
pression of Cebpa and the lack of H3K27ac marks along the Cebpa
regulatory region in WT pro-B cells. In addition, the over-
expression of EBF1 in MPP3 and MPP4 cells results in a reduc-
tion of Cebpa expression. In contrast to our findings, Cebpa
expression was not increased upon Ebfl knock-down in Hoxb8-
FL cells, which could be due to a partial depletion of EBF1 and/or
due to differences in the chromatin accessibility at the EBF1
binding site (Kucinski et al., 2020). The EBF1 binding site in the
Cebpa regulatory region is accessible in Hoxb8-FL cells, but not
in Ebfl-/~ cKit* progenitors and MPP3 and MPP4 progenitors
(this study; Kucinski et al., 2020; Li et al., 2018). Of note, while
C/EBPua is not expressed in B cells, it is expressed in lymphoid
progenitors and is required to initiate Ebfl expression in CLPs
(Guo et al., 2018; Barberi et al., 2020), indicating these tran-
scription factors function in a transcriptional regulatory net-
work. In this network, we hypothesize that EBF1 restrains the
expression of C/EBPa to regulate the balance between B lym-
phoid and myeloid potential in MPPs. According to this scheme,
changes in the concentrations of either of these counteracting
transcription factors would shift the balance of myeloid versus
lymphoid lineage bias. In support of an opposing function of
EBF1 and C/EBPa, ectopic expression of C/EBPa in committed
B cells leads to their rapid transdifferentiation to macrophages,
which includes the downregulation of EBF1 and PAX5 (Xie et al.,
2004; Laiosa et al., 2006).

Changes in the function of transcription factors by altered
gene dosage have been extensively shown for the myeloid de-
terminant PU.1 which regulates B-lymphoid versus myeloid cell
fates in a graded manner (Laslo et al., 2006). High concen-
trations of PU.1 favor the macrophage developmental pro-
gram, whereas low concentrations of PU.1 are important for
B-lymphoid development (DeKoter and Singh, 2000; Pang et al.,
2018). In this context, low levels of PU.1 are achieved by re-
pression of PU.1 by Gfil (Laslo et al., 2006). EBF1 functions also in
a dose-dependent manner as Ebfl*/~ heterozygosity results in a
diminished B-lymphoid output (Lukin et al., 201 Ahsberg
et al., 2013). The low-level expression of Ebfl in MPPs may
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involve its regulation by Ikaros and PU.1, whereas the high-level
expression of Ebfl, observed in CLPs, may be governed by ad-
ditional IL7Ra signaling and regulation by E2A and FOXO1 (Seet
et al., 2004; Dias et al., 2005; Kikuchi et al., 2005; Lin et al., 2010;
Mansson et al., 2012). Resembling the dosage-dependent func-
tion of EBF1 on B cells, low-level expression of EBF1 in MPPs
versus high-level expression in CLPs and pro-B cells may ac-
count for the disparate function of EBF1 in multipotent and B
lineage-restricted hematopoietic progenitors.

The enrichment of the myeloid GMP signature was associated
specifically with Ebfl-deficient MPP3 enhancers and not with
Ebfl-deficient MPP4 enhancers. Moreover, the set of EBFI-
dependent sites of chromatin accessibility at B-lymphoid genes
was found to be specific to MPP3 cells. Since EBF1 is expressed at
similarly low levels in both cell populations, the question arises
as to why the EBF1 dependence of B-lymphoid enhancer priming
is detected only in MPP3 progenitors. The differential chromatin
accessibility sites of Ebf1WT and Ebf1¥© MPP4 cells displayed
strong PU.1 binding and were independent of EBFI re-
expression, suggesting that other pioneer factors, such as PU.1,
could maintain accessibility at these chromatin sites. In addition,
MPP3 and MPP4 (LMPP) cells also contain similar levels of Cebpa
and Spil (PU.1) transcripts; however, they differ in the abun-
dance of ITkaros transcripts. Ikaros is an important regulator of all
lymphoid lineages, and Ikaros deficiency results in impaired
lymphoid cell differentiation at the LMPP stage (Winandy et al.,
1995; Yoshida et al., 2006). Therefore, it is possible that Ikaros
acts independently of EBF1 in regulating the lymphoid potential
in MPP4/LMPP cells. However, ectopic expression of EBF1 can
rescue the impaired B cell differentiation of Ikaros-deficient
mice (Reynaud et al,, 2008), suggesting overlapping regulatory
functions of both transcription factors.

Finally, we find that the hematopoietic deletion of Ebfl leads
to impaired HSC quiescence and activation of HSCs, along with a
diminished HSC repopulation capacity. While we observed an
increase in myeloid-biased MPP3 cells and CD11b* cells in the
BM of EbfI¥® mice, this increase was not observed in recipients
of EbfI¥® HSCs. This is likely due to the dominant effect of an
impaired self-renewal capacity compared to a shift in lineage
bias of EbfiX© HSPCs under homeostatic conditions. Although the
effects of the Ebfl deletion on HSC function are compelling and
robust, they are likely secondary to the EBF1-driven changes in
MPP3 and MPP4 cells because Ebfl expression was not detected
in HSCs. Recently, acute immune stimulation by LPS has been
shown to induce persistent changes in the myeloid potential of
exposed HSCs (de Laval et al., 2020). Moreover, the effects on
HSC functionality are not due to the absence of B cells as no

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20212437

920z Aeniged 60 uo 1senb Aq ypd-2e¥21202 Wel/2LLLE7L/LE¥Z12028/1 LI61Z/Ppd-8jonie/wal/Bio ssaidny//:dpy woy papeojumoq

16 of 26


https://doi.org/10.1084/jem.20212437

obvious changes were observed in Ighm™! mutant mice, in
which a signaling-incompetent Igu heavy chain results in an
early block of B cell differentiation (Kitamura et al., 1991).
Therefore, we favor the view that the enhanced myeloid bias
and/or expansion of the myeloid compartment in the BM leads
to the activation of HSCs. Consistent with this view, inflam-
matory signaling has been found to result in activation of HSCs
(Mirantes et al., 2014; McCabe and MacNamara, 2016; Mitroulis
et al.,, 2018; Hormaechea-Agulla et al., 2020; Bousounis et al.,
2021). However, the addition of Ebfi'T and EbfIX® BM fluid to
WT HSCs or co-culture with myeloid cells (data not shown) did
not influence HSC proliferation, suggesting that the effects of
EBF1 deficiency on HSC homeostasis may be independent of
changes in soluble cytokines.

In conclusion, our study emphasizes the importance of EBF1
in regulating myeloid/lymphoid fate bias in MPPs by constraining
C/EBPa-driven myelopoiesis and priming the B-lymphoid fate.
This expression pattern is reflected in human hematopoietic
progenitors. Upon aging, EBF1 expression decreases (Lescale et al.,
2010; Lescale et al., 2015; Riley, 2013) and hematopoiesis is
shifted toward an enhanced myeloid output (Snoeck, 2013;
Yamamoto et al., 2013; Lee et al., 2019; Dorshkind et al., 2020;
Mejia-Ramirez and Florian, 2020). This altered EBF1 expression
may be involved in aging-associated changes of lymphoid and
myeloid trajectories.

Materials and methods

Mice

Ebfl-flox mice were generated as detailed in Gyory et al. (2012).
Tie2-Cre (Kisanuki et al., 2001) and Ighm™!, also known as
muMt~/~ mice (Kitamura et al., 1991), were purchased from The
Jackson Laboratory; stock no. 008863 and 002288, respectively.
Only male heterozygous Tie2*EbfI**/fl mice were used for
breeding, as litters with female Tie2-Cre drivers demonstrated
germline Ebfl deletion. muMit*/* littermates were used as con-
trols for the Ighm strain and flox/flox or +/Cre littermates were
used as controls for the Tie2CeEbfiflox strain. C57BL/6] (CD45.1,
CD45.2, or CD45.1.2) mice were bred in-house. 8-14-wk-old
animals of both sexes were used for experiments. All mice were
maintained, bred, and analyzed on the C57BL/6] background in
the animal facility of the Max Planck Institute of Immunobiology
and Epigenetics under specific pathogen-free conditions. Ani-
mals were housed on a 14-h/10-h light-dark cycle and provided
with standard rodent chow and water ad libitum. All animal
procedures were performed in compliance and approved by
responsible Animal Welfare Committees (Regierungsprasidium
Freiburg, Nr. 35-9185.81/G-18/104, Nr. 35-9185.81/G-17/65).

Cell suspensions and flow cytometry (cell cycle staining)

Single-cell suspensions were prepared from BM (femora, tibiae,
and ilia bones) by crushing them in cold PBS-3%FCS using a
pestle and mortar followed by erythrocyte lysis using RBC lysis
buffer (BioLegend). For cell sorting, BM cells were depleted
using a magnet, enriching for the lineage-negative fraction.
Briefly, BM cells were incubated for 15 min with a biotin anti-
body cocktail (2 ml/mouse). Labeled cells were then incubated
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for 15 min with 50 pl of magnetic MojoSort Streptavidin
Nanobeads (BioLegend). In the case of HSPC collection for
Western blot, cells were prepared in cold PBS-1%BSA, and la-
beled cells were incubated with 400 pl/mouse of magnetic
washed anti rat IgG-coated Dynabeads provided in the Dyna-
beads Untouched Mouse CD4 Cells Kit (Invitrogen). Lineage-
negative cells were subsequently incubated for 30 min with
the appropriate antibody cocktail to purify HSPCs. Following cell
surface staining, intracellular staining of Ki67 and Hoechst was
performed by fixing and permeabilizing with the eBioscience
Foxp3/Transcription Factor Staining Buffer Set (eBioscience).
For the homing assay and BM fluid culture assay, cells were
labeled with 5 pM CTY (Invitrogen) for 20 min at room tem-
perature. Surface antibodies were diluted in PBS-3%FCS, in-
tracellular antibodies were diluted in permeabilization buffer
(eBioscience). Between each step, cells were washed twice with
PBS-3%FCS or permeabilization buffer and centrifuged at 400 g
at 4°C. Flow cytometry analysis was performed on an LSRFor-
tessa instrument and cell sorting on FACSAria III, FACSAria
Fusion, or FACSymphony instruments (BD Biosciences). Data
were analyzed with FlowJo Software V.10 (TreeStar). Antibodies
were purchased from BD Biosciences, BioLegend, or Invitrogen; a
list of antibodies used and population definitions can be found in
Table S1, gating strategy for HSPCs in Fig. SI.

BM AdT

Primary HSC AdT experiments were performed by injecting 150
donor HSCs (CD45.2) mixed with 500,000 supportive total BM
cells (CD45.1) into the tail vein of recipients (CD45.1.2). Sec-
ondary HSC AdT experiments were performed by injecting
3 x 106 total BM cells from primary recipients at 16 wk after AdT
into the tail vein of secondary recipients (CD45.1.2).

Reverse AdT experiments were performed by injecting
5 x 10° total BM cells from WT (CD45.1) donors into irradiated
EbfI"T and EbfI*° (CD45.2) recipient mice.

Recipient mice (8-10-wk-old) were lethally irradiated with
9.5 Gy using a y irradiator with a '¥Cs source (Biobeam GM
8000) and injected within 24 h of irradiation. One donor was
injected into two to three recipient mice, and for reverse AdT
experiments, a single WT (CD45.1) donor was used per experi-
ment. Donor hematopoietic reconstitution was monitored every
4 wk in peripheral blood by flow cytometry and sacrificed at
16-24 wk after AdT.

Homing assays were performed by injecting 50,000 sorted
LSKs from Ebfi'"T and EbfiX® (CD45.2) mice, labeled with CTY
(5 uM; Invitrogen) into recipients (CD45.1). Recipients were
sacrificed 14-16 h after injection. Spleen, peripheral blood, and
BM were analyzed for CTY donor contribution.

5-FU treatment

Mice were injected intraperitoneally with 5-FU (Sigma-Aldrich)
at 150 mg/kg every 10 d over the course of 100 days. 5-FU is
dissolved in DMSO, in 10% of the final volume, then immediately
vortexed and shaken at 850 rpm at 40°C. After the 5-FU is dis-
solved, it is filtered through 0.2 pm and resuspended to the
appropriate final volume of sterile PBS. Control mice were in-
jected with 100 ul PBS per 10 g of mouse.
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Western blots

Cells were sorted directly into cold PBS-1%BSA and the cell pellet
was frozen in liquid nitrogen before further processing. For
whole cell extracts, cells were incubated for 15 min on ice in
150 mM NacCl, 1% NP-40, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA,
0.25% deoxycholic acid, supplemented with complete protease
inhibitor cocktail (Roche). After lysis, samples were sonicated in
a water bath with 12 strokes and 50% output and incubated for
another 15 min on ice. Cell debris was then removed by cen-
trifugation at 16,000 g for 10 min at 4°C. Samples were dena-
tured at 95°C for 5 min in NuPAGE LDS Sample Buffer
(Invitrogen) before SDS-PAGE using NuPAGE 4-12% Tris-
Glycine gels (Invitrogen) and then transferred to 0.45 uM poly-
vinylidene difluoride membranes (Bio-Rad). Membranes were
blocked for 1 h at room temperature with 5% milk in PBS with
0.1% Tween (PBST). The following antibodies were used: anti-
H3 (Abcam) and anti-EBF1 (in-house), which were raised against
the first 14 amino acids of EBFI, as detailed in Roessler et al.
(2007). Primary antibody incubation was performed overnight
at 4°C, and secondary incubation with HRP conjugated anti-
rabbit antibody (Invitrogen) was performed the next day at
room temperature. Membranes were washed with PBST thrice
between each antibody incubation. Antibodies were diluted in
PBST-5% milk.

Bulk CFU assays

150 LT-HSCs, HSCs, MPP3, or MPP4 cells were cultured in
Methylcellulose Complete Media (R&D systems) in triplicate.
CFU colonies were counted after 10-12 d in culture. Cultures
were maintained at 37°C at 5% CO,.

BM fluid cultures

300 HSCs labeled with CTY (5 uM; Invitrogen) were sorted into
96-well U-bottom plates. HSCs were cultured for 48 h in
Stempro-34 SFM (Gibco) supplemented with cytokines stem cell
factor (SCF; 50 ng/ml; Peprotech) and Thrombopoietin (TPO;
10 ng/ml; Peprotech) and the indicated amount of BM fluid. BM
fluid was harvested by crushing clean bones in 400 pl cold PBS
and cells were removed by centrifugation at 400 g for 5 min.
Supernatant was collected with Microtainer SST tubes (BD Bio-
sciences) at 12,000 g for 1 min and then stored at -80°C. HSC
division was analyzed on day 2 and day 5; see Table S1 for
antibody panel.

Myeloid differentiation assay and siRNA knockdown of Cebpa

10 MPP3 and MPP4 cells were sorted into 96-well U-bottom
plates. Cells were cultured for 10 d in Stempro-34 SFM (Gibco)
supplemented with 10% StemPro Nutrient Supplement and cy-
tokines SCF (50 ng/ml; Peprotech), IL-3 (5 ng/ml; Peprotech),
Erythropoietin (EPO; 2 U/ml; BioLegend), IL-6 (10 ng/ml; Pe-
protech), and GM-CSF (10 ng/ml; Peprotech). Media with cyto-
kines were refreshed on day 6. Differentiation was assessed by
flow cytometry on days 10-12 (see Table SI for antibody panel).
Cultures were maintained at 37°C at 5% CO,. Lineage-negative
cells from EbfIWT and EbfIX® mice were transfected with Dhar-
maFECT1 (Dharmacon), with 25 nM control non-targeting or
Cebpa siRNA (D-001810-10-05, L-040561-00-0005; Dharmacon)
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together with 25 nM siGLO Green (Dharmacon). After 48-72 h,
10 MPP3 and MPP4 siGLO Green-positive cells were sorted into
96-well U-bottom plates as described above.

Retroviral expression of EBF1

Retroviral transduction was performed as previously described
(Treiber et al., 2010). Briefly, retrovirus was produced by
transient transfection of Plat-E cells with retroviral constructs
PMYs-Ebfl-IRES-EGFP or pMYs-IRES-EGFP. Lineage-negative
cells from EbfIYT and EbfIXC mice were resuspended in retro-
viral supernatant at 1-2 x 10° cells/ml and centrifuged at
2600 rpm for 2-3 h in 6-well plates (2 ml/well). After spin in-
fection, 70% of the viral supernatant was removed and cells were
cultured with Stempro-34 SFM (Gibco) supplemented with cy-
tokines SCF (50 ng/ml; Peprotech), TPO (10 ng/ml; Peprotech),
and FIt3L (10 ng/ml; Peprotech). After 40 h, GFP-positive MPP3
and MPP4 cells were sorted for B cell differentiation assay or
ATAC-seq.

B cell differentiation assay

OP9-feeder cells were grown in MEM Alpha (Sigma-Aldrich)
supplemented with 20% FCS, 1% sodium pyruvate, and 1%
penicillin/streptomycin, L-glutamine. Feeder cells were grown
until 80-90% confluent and treated with 10 pg/ml mitomycin C
(Sigma-Aldrich) for 2 h. Cells were washed four times with PBS,
detached with trypsin-EDTA (Gibco) at 37°C for 5 min, and
seeded at ~3,500 cells per well of a 48-well plate, 48 h before the
experiment. 50 MPP3 and MPP4 cells were FACS sorted into the
OP9-seeded 48-well plates. Cells were cultured in Opti-MEM
medium (Gibco) supplemented with 4% FCS, 1% penicillin/
streptomycin, L-glutamine, 50 pM B-mercaptoethanol, SCF
(10 ng/ml; Peprotech), FIt3L (10 ng/ml; Peprotech), and IL-7
(5 ng/ml; Peprotech). Media was refreshed on day 6. Differen-
tiation was assessed by FACS on days 6, 9, and 12.

ATAC-seq

Generation

ATAC-seq was performed as described in Corces et al. (2017)
with some variations. Briefly, 5,000 FACS-sorted cells were
sorted into 100 pl PBS-1%FCS and spun down at 500 g for 10 min
at 4°C and the supernatant was removed. The cell pellet was
resuspended in a lysis/transposition buffer (1 pl Tagmentase,
10 pul 2x TD buffer [Diagenode], 0.01% digitonin [Promega], and
0.3x PBS) and incubated for 30 min at 37°C at 700 rpm. Re-
actions were cleaned up with Zymo DNA Clean and Concen-
trator -5 columns (Zymo Research). The remainder of the
ATAC-seq library preparation was performed as described in
Buenrostro et al. (2013); Buenrostro et al. (2015) using Nextera
DNA UD Indexes (IDT). Libraries were cleaned up using AM-
PureXP beads (Beckman Coulter), and double-sided size selec-
tion was performed by removing large fragments that
precipitate with 0.5x volume and purifying fragments that
precipitate with 1.8x volume ratio. Two biological replicates
were used for ATAC-seq from LT-HSCs, MPP3, and MPP4 cells
from EbfIWT and EbfiX® mice. Four biological replicates were
used for ATAC-seq from MPP3 cells from Ebfi%® mice and trans-
duced with empty or EBF1 overexpression vector. ATAC-seq
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paired-end 100 bp reads were generated using the Illumina
NovaSeq 6000 system. Samples were first sequenced at shallow
depth (~5 million reads) to assess the quality before sequencing
at a depth of 50 million reads. Reads from both flowcells were
merged at the fastq level.

Analysis

The Nextera transposase adapters were trimmed from the raw
FASTQ using Cutadapt (version 2.10 [Martin, 2011]) using flags
-A CTGTCTCTTATA -a CTGTCTCTTATA. Alignments against the
mmlO reference genome (ensembl release 91) were created us-
ing the DNA-mapping module implemented in snakePipes
(version 2.5.1 [Bhardwaj et al., 2019]) using the --dedup --mapq 5
flags. Data quality was assessed using FastQC (version 0.11.9
[Andrews, 2010], MultiQC (version 1.8 [Ewels et al., 2016]), and
deepTools (version 3.3.2 [Ramirez et al., 2016]). Analysis
downstream was performed using a custom pipeline (https://
github.com/maxplanck-ie/ATACofthesnake) implemented in
snakemake (version 6.0.0 [Koster and Rahmann, 2012]). Briefly,
fragments mapping to read attracting regions (Amemiya et al.,
2019) or exceeding 150 bp (to capture nucleosome-free regions)
were filtered out using the alignmentSieve module in deepTools.
Subsequently, peaks were called using MACS2 (version 2.2.7.1
[Zhang et al., 2008]) with the settings --nomodel, --shift -75,
--extsize 150 -g 1.87e9 -q 0.01 and --keep-dup all, and a union of
peaks per cell type (MPP3 and MPP4) was created using bedtools
merge (version 2.30.0 [Quinlan and Hall, 2010]). Genes were
annotated to the closest gene using Uropa (version 4.0.0 [Kondili
et al., 2017]), allowing a 20-kb distance upstream and 10-kb
distance downstream. Count matrices were created using the
multiBamSummary module in deepTools, and differential ac-
cessible regions were called using the glmQLFit and glmQLFT
functions (with design: ~genotype) from the edgeR package
(version 3.32.0 [Robinson et al., 2010]) implemented in R (ver-
sion 4.0.3 [R Core Team, 2020]). Heatmaps were visualized
using the plotHeatmap function from deepTools after normal-
izing the alignments with the reads per kilobase per million
mapped reads (RPKM) method implemented in the bamCover-
age function from deepTools. Motif enrichment for DA peaks
was performed with the ame method (MEME-suite, version
5.0.2 [McLeay and Bailey, 2010]), using the non-redundant
vertebrate motif database from JASPAR (Fornes et al., 2019).
As control sequences, the reciprocal differential peak sets were
used. For the alternative enrichment analysis, a shuffled DA
peak set was used by using the --control --shuffle-- flag. Motif
clustering was done using the ClusterMotifs module im-
plemented in TOBIAS (version 0.12.11 [Bentsen et al., 2020]),
using flags -t 0.4, --dist_method seqcor --clust_method com-
plete. Co-motif enrichment was assessed by counting over-
lapping consensus motif occurrences in either the differential
peak set or 1,000 background sets of equal size containing a
random subsample of all peaks. Consensus motif occurrences
were considered overlapping if they were no further than 50 bp
apart. Aggregation plots were created with the TOBIAS work-
flow, using the ATACorrect and PlotAggregate functions with
default parameters. GSEA was performed using the prerank
module implemented in GSEApy (version 0.10.5 [Subramanian
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et al., 2005]). A ranked list was created by subsetting ATAC
peaks overlapping with predicted enhancer regions (see below)
and by omitting peaks without any annotated gene. A rank value
was calculated per ATAC peak by multiplying the log, fold
change with the -log;o FDR. The final list was deduplicated by
retaining the gene symbol associated with the highest log, fold
change. The CLP and GMP gene sets were created by extracting
300 significant genes with the lowest FDR value (FDR < 0.05 and
log, fold change >2 or -2). GSEA was performed using 1,000
permutations. GO was performed using clusterProfiler (version
4.0.5 [Wu et al., 2021]) implemented in R on genes annotated to
DA peak sets (KO Reduced and KO Gained, for MPP3 and MPP4
cells) with FDR < 0.1. Read coverages for track visualization were
obtained via deepTools bamCoverage using RPKM normaliza-
tion (binsize 5bp). For peak calling and visualization, replicates
were merged per condition at the bam level.

Public data integration

Publicly available data were collected for EBF1 ChIP experiments
in 24 h, 72 h, and pro-B cells samples (GSE107242 [Li et al.,
2018]), and Hoxh8-FL cells (GSE146128 [Kucinski et al., 2020]).
Publicly available data were collected for H3K27Ac ChIP ex-
periments in pro-B cells (GSE107242 [Li et al., 2018]) and in
Hoxb8-FL cells (GSE146128 [Kucinski et al., 2020]), and for
H3K4Mel, H3K4Me3, and H3K27Ac ChIP experiments in HSPC
populations (GSE59636 [Lara-Astiaso et al., 2014]). Publicly
available data were collected for C/EBPa ChIP experiments in
LSK, preGMs, and GMP cells (GSE89767, GSE43007 [Hasemann
et al,, 2014; Pundhir et al., 2018]). Alignments against the mm10
reference genome (ensembl release 91) were performed using
the DNA-mapping mode implemented in snakePipes (version
2.5.1), using the flags --trim, --dedup, --mapq 3, and --fastqc.
Subsequently, the ChIP-seq mode from snakePipes was invoked
using default parameters (pro-B cell data and Hoxb8 cell data),
with the flag --singleEnd (HSPC data) and the flag --q value 0.01
(C/EBPa data). Metagene plots were created by combining either
the input-subtracted bigwig files (pro-B cell and Hoxb8 ex-
periments) or the RPKM-normalized bigwig files (HSPC
experiments) per replicate using wiggletools (version 1.2.2
[Zerbino et al., 2014]) with the median function, followed by the
plotProfile function within deeptools. The resulting EBF1 ChIP
and histone modification ChIP profiles were subsequently scaled
between 0 and 1 per ChIP over all the regions. Enhancer pre-
diction was performed on replicate-merged bam (from histone
modification ChIPs) files using the Condition-specific Regula-
tory Units Prediction (CRUP) algorithm (version 1.0 [Ramisch
et al.,, 2019]), implemented in R (version 3.6.3) using default
parameters. Only regions with a probability >0.8 were included
for downstream analysis. Read coverages for track visualization
were obtained via deepTools bamCoverage using RPKM nor-
malization (binsize 5bp) and subsequently plotted using pyGe-
nomeTracks (3.3 [Ramirez et al, 2018]). C/EBPa ChIP was
analyzed further by unifying peaks over replicates. Genes were
annotated to the closest gene using Uropa, allowing a 20-kb
distance upstream and 10-kb distance downstream. Heatmaps
were visualized using the plotHeatmap function from deepTools
after normalizing the alignments with the RPKM method
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implemented in the bamCoverage function from deepTools
(binsize 5 bp).

RNA extraction and RT-qPCR
Total RNA was prepared using the RNA Clean & Concentrator -5
RNA isolation kit (Zymo Research) according to the manu-
facturer’s instructions and treated with DNase (Qiagen). cDNA
was synthesized with Oligo(dT),s primers using the SuperScript
II Reverse Transcriptase Kit (Invitrogen). RT-PCR was per-
formed using the GoTaq Green master mix (Promega). The ex-
ternal primers used were EbfIF: 5'-CCAGCCCGTGGAGATTGA
GAG-3’, EbfIR: 5-TCTTTCACATGGGAGGGACAATCAT-3’ and
Ash2lF: 5'-CACCTTTGGAATAGACACGTCG-3’, Ash2IR: 5'-TCC
GGCAGTGACTTGGCTGTC-3', yielding products ~1,000-1,500
bp. The first round of PCR was carried out as follows: initial
denaturation at 95°C for 2 min, followed by 10 cycles of dena-
turation at 95°C for 30 s, annealing at 62°C for 20 s, and ex-
tension at 72°C for 1.5 min, followed by a final extension at 72°C
for 5 min. The second round of amplification was carried out
using 2 ul of the first PCR product as a template and using the
primers EbfIRI: 5'-GATGAGGCGCACATAGAAATCCTGT-3' and
Ash2lFI: 5'-CTGGTCCCAGCCCTTAGGTAACC-3’, which amplify
a 150-200 bp product. The same conditions and amplification
program were followed as for the first round, except the ex-
tension time was 20 s, with an increasing number of cycles from
25 to 40 cycles. PCR products were resolved on 2% agarose gels.
qRT-PCR was performed with Tagman Gene Expression As-
says (FAM; Thermo Fisher Scientific) with Taqman Fast Ad-
vanced Master Mix (Thermo Fisher Scientific) using target
probes against Ebfl (MmO01288947_gl) or Cebpa (Mm01265914_s1)
normalized to Act2b (Mm00607939_sl Actb). Reactions were
performed in duplicate and run on a StepOne Real-Time PCR
system (Applied Biosystems).

Bulk RNA-seq

MPP3 and MPPA4 cells were sorted into 50 pl of extraction buffer.
Total RNA was prepared using the Arcturus PicoPure RNA iso-
lation kit (Applied Biosystems) according to the manufacturer’s
instructions and treated with DNase (Qiagen). Four biological
replicates were used for RNA-seq from MPP3 and MPP4 cells
from EbfIYT and EbfI*C mice. RNA-seq libraries were prepared
by the deep-sequencing facility (Max Planck Institute-Freiburg)
using NEBNext SingleCell/Low Input RNA library prep kit
(NEB). Bulk RNA-seq paired-end 100-bp reads were generated
using the Illumina NovaSeq 6000 system at a depth of 50
million reads.

Analysis

Raw FASTQ files were mapped against the mm10 reference ge-
nome using the mRNA-seq module implemented in snakePipes
(version 2.5.1 [Bhardwaj et al., 2019]), using the --trim flag.
Briefly, reads were aligned using STAR (version 2.7.3a [Dobin
et al., 2013]), followed by expression count quantification with
featureCounts (version 2.0.0 [Liao et al., 2014]). Data quality was
assessed using Deeptools QC (version 3.3.2 [Ramirez et al.,
2016]). Genes with an average expression higher than 100
counts in any condition were selected for further analysis.
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Downstream differential expression analysis was performed
using DESeq2 (version 1.28.1 [Love et al., 2014]) implemented in
R (version 4.0.0), and ashr was used for LogFoldChange
shrinkage of results (version 2.2.47 [Stephens, 2017]). Genes
were considered DE at an FDR < 0.1. MPP3 and MPPA4 cells from
EbfI"T and EbfIX© mice were analyzed together. Publicly avail-
able data collected for HSPC Ebfl expression analysis were ana-
lyzed together (Sommerkamp et al., 2020 and GSE162662).
Publicly available data collected for Ebfl and Cebpa expression
analysis from Ebfl-/~ cKit* progenitors in which a doxycycline-
responsive ectopic Ebfl gene was induced for 24 or 72 h, and pro-
B cells were analyzed together (Li et al., 2018). Normalized
counts were extracted from the appropriate DEseq2 objects. PCA
visualization was performed based on variance stabilized read
counts using the DESeq2 package. Enrichment analysis was
performed using Enrichr (Chen et al., 2013; Kuleshov et al., 2016)
against selected databases (GO_Biological Process_2021, Pan-
glaoDB_Augmented_2021, and Gene_Perturbations_from_GEO_
down). MA plots of genes associated with EBF1-dependent peaks
detected in MPP3 cells were performed with an unfiltered count
matrix to include lowly expressed genes. All figures were gener-
ated using the ggplot2 package (version 3.3.0 [Wickham, 2016]).
Heatmaps showing the Z-scores of genes were calculated sepa-
rately for MPP3 and MPP4 conditions and were generated using
the pheatmap package (version 1.0.12 [Kolde, 2019]).

scRNA-seq

An equal number of FACS-sorted LSK and LK cells were com-
bined from a female mouse and from a male mouse of each
genotype to generate the scRNA-seq library. The Chromium
Single Cell 3’ Library & Gel Bead Kit v3.1, Chromium Single Cell
3’ Chip G kit v2, and Single Index Kit T Set A (10x Genomics),
were used according to the manufacturer’s instructions. Briefly,
10,000 cells of each population/genotype were combined per
sex (total cell number ~ 20,000 per reaction) and mixed with RT
reaction mix before being added to a chromium microfluidics
chip. The chip was then placed within the chromium controller
for Gel Bead-in-Emulsion generation. Reverse transcription was
immediately performed within the oil droplets to produce bar-
coded first-strand cDNA. Silane magnetic beads are used to
purify the barcoded first-strand ¢cDNA before amplification by
PCR. Sequencing libraries were generated from cleaned, am-
plified cDNA using the Chromium Next GEM Single Cell 3’ Li-
brary kit (10x Genomics), including reagents for fragmentation,
adaptor ligation, and sample index PCR. Between each of these
steps, libraries were cleaned and size-selected using AMPureXP
beads (Beckman-Coulter). 10-wk-old Ebfi"T and EbfI*® mice
were pooled by opposite sex of the same genotype, resulting in
four biological replicates from two independent experiments.
scRNA-seq paired-end 100 bp reads were generated using the
Humina NovaSeq 6000 system at a depth of ~30,000 paired-
reads per cell.

Analysis

scRNA-seq data was analyzed using the Scanpy package (Wolf
et al., 2018). The unique molecular identifier counts matrix
(cell x genes) was obtained using the cellranger package (version
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3.1.0) with default settings. Cells with <1,200 detected genes
were excluded from further analysis. Count data were log-
normalized and each cell was analyzed for the expression of
Xist and Y-chromosome genes. Cells with Xist expression but no
Y-chromosome gene expression were assigned female and vice
versa. The small minority of cells expressing both Xist and
Y-chromosome genes were excluded from the analysis as sus-
pected doublets, and cells lacking expression of Xist and
Y-chromosome genes were excluded. Data for the remaining
59,505 cells were used to generate a common scRNA-seq land-
scape as follows. 7,000 top variable genes (excluding Ebfl, Xist,
Y-chromosome genes, and cell-cycle associated genes [as in
Dahlin et al., 2018]) were used to compute 50 PCs. Batch effects
were removed using the Harmony method (Korsunsky et al.,
2018). The corrected components were used to identify eight
nearest neighbors, which served as a basis for clustering (leiden
algorithm) and UMAP (Traag et al., 2019; McInnes et al., 2020;
https://github.com/TomKellyGenetics/leiden). Clusters were
manually annotated using commonly used marker genes (see
Dahlin et al, 2018) and the integration of Nestorowa HSPC
scRNA-Seq data (Nestorowa et al., 2016; see below). Cell cycle
scores were assigned using the score_genes_cell cycle function
in the Scanpy framework and gene sets from Macosko et al.
(2015). Differential expression was performed using the pseu-
dobulk method approach (Lun and Marioni, 2017) treating each
cluster as a cell state (Crowell et al., 2020). Pseudobulk profiles
were compared between KO and WT cells using edgeR
(Robinson et al., 2010) quasi-likelihood F-test test, including
covariates for sex and experimental batch. DE genes were called
using the thresholds: FDR of 0.1 and |log,(Fold Change)| of 0.2. To
find genes DE in the wider population of undifferentiated pro-
genitors, we performed analogous analysis for combined clusters 0,
1, 2, and 9. Enrichment analysis was performed on DE genes
separately for up- and down-regulated subsets using the En-
richr framework and GSEApy interface (Mootha et al., 2003;
Subramanian et al., 2005; Chen et al., 2013; Kuleshov et al., 2016).
DoT score was calculated as previously described (Kucinski et al.,
2020) using point of origin indicated in the respective figures.

The human fetal liver data were obtained from ArrayExpress
(E-MTAB-7407) and processed as previously described (Kucinski
etal.,, 2020). Briefly, cells expressing <1,000 genes and with 10%
counts aligned to the mitochondrial genes were filtered out.
Based on the original annotation provided by the authors, only
cells belonging to blood and endothelial populations were con-
sidered. 7,984 highly variable genes were used to compute 50
PCs, and batches with <400 cells were excluded. The remaining
cells were integrated with batch-balanced k-nearest neighbor
method (Polanski et al., 2019).

Smart-Seq2 data integration

We integrated immunophenotypically defined populations from
the Nestorowa Smart-Seq2 dataset (Nestorowa et al., 2016;
projected data) into our 10x Genomics scRNA-seq data
(reference) using the Cellproject (https://github.com/Iwo-K/
cellproject) framework. Briefly, Smart-Seq2 data were log-
normalized analogously to the 10x data and corrected to match
the expression space of the reference data using the Seurat batch
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correction method (Stuart et al., 2019). Subsequently, the ref-
erence PCA rotation matrix was used to compute PCs for the
projected data, and these were used to identify 15 nearest
neighbors between Smart-Seq2 and 10x data. Finally, we used
the nearest-neighbor regression to predict PC coordinates in the
Harmony-corrected PCA space (basis for our integrated land-
scape) and fitted Smart-Seq2 data into the reference UMAP
coordinates.

Statistical analysis

Data are presented as boxplots or medians, as indicated in the
figure legends. Details of statistical tests and the exact replicate
numbers are reported in the figure legends and/or figures. Ex-
cept for sequencing analysis, all statistical analyses were per-
formed using Prism 8 software (GraphPad).

Code availability

All code used for data analysis in this manuscript are available
at https://github.com/AurelieLen/EBF1_MPPs. ATAC analysis
available at https://github.com/maxplanck-ie/ATACofthesnake.
DoT score available at https://github.com/Iwo-K/dotscore.
Cellproject available at https://github.com/Iwo-K/cellproject.

Online supplemental material

Fig. S1 shows data related to Fig. 1 and Fig. 2. Fig. S2 shows data
related to Fig. 3. Fig. S3 shows data related to Fig. 4 and Fig. 5.
Fig. S4 shows data related to Fig. 6. Fig. S5 shows data related to
Fig. 7. Table S1 contains a list of antibodies, reagents, and flow
cytometry staining panels used in the study. Table S2 contains a
list of the DA peak sets identified from bulk ATAC-seq of MPP3
and MPP4 cells from EbfIYT and EbfIXC mice. Table S3 contains a
list of differentially regulated genes and normalized read counts
identified from bulk RNA-seq of MPP3 and MPP4 cells from
EbfI"T and Ebfi%© mice, as well as the DEseq2 results table of the
comparison of MPP3 and MPP4 cells from EbfI"T mice. Table S4
contains a list of genes used for the gene sets G2-M and S- cell
cycle phase, related to Fig. 6 H.

Data availability

Data sets generated in this study are available as a superseries in
the GEO database under accession code GSE189078. Individual
series can be obtained as follows: GSE188884 (RNA-seq),
GSE189049 (ATAC-seq), and GSE189051 (scRNA-seq). All other
data supporting the findings of this study are available at DOI:
10.5281/zenodo.6962483.
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Figure S1. Extended characterization of HSC functionality upon Ebfl deficiency. Related to Figs. 1 and 2. (A) Gating strategies for HSC, MPP2, MPP3, and
MPP4 cells. (B) Gating strategies for CLP, ALP, and BLP cells. Representative plots are shown for EbfI"T and Ebf1k® mice. (C) Frequencies of myeloid cells
(CD11b*), B cells (CD19*), and T cells (CD4* CD8*) within CD45.1 donor cells in the BM of the EbfI"T and EbfI*© recipients 16 wk after AdT. EbfI"T n = 13, Ebf1<©
n = 14. (D) Absolute number of CD41* HSCs in the BM. EbfIVT n = 11, EbfI*® n = 9, Ighm"WT n = 11, and Ighm™™" n = 14. (E) 300 WT CTY-labeled HSCs were
cultured in TPO and SCF, with increased concentrations of BM fluid collected from EbfIWT and EbfI© mice. Division index (CTY mean fluorescence intensity
[MFI1] from day n/CTY MFI from day 0) at day 2 and day 5, of CTY-labeled HSCs cultured with different BM fluid concentrations from EbfI"™ and EbfI%® mice,
n = 6-8. (F) CFU assay performed with 150 sorted HSCs plated in triplicate in methocult. Total number of colonies formed after 10-12 d of plating. Biological
replicates EbfI"T and EbfI%® n = 2, Ighm"T and Ighm™ n = 3. (G) CFU assay performed with 150 sorted LT-HSCs (LSK CD34-Flt3-CD150*CD48") plated in
triplicate in methocult. Colony identification after 10-12 d of plating. Biological replicates Ebf1T and Ebf1C n = 5. (H) Frequency of CD45.2 donor-derived cells
in the peripheral blood within T cells (CD4* CD8*; **** P < 0.0001; ***, P = 0.0004; **, P = 0.0013), myeloid cells (CD11b*; ***, P = 0.0002; ****, P < 0.0001;
**, P =0.0010; **, P = 0.0024) and B cells (CD19*; **, P = 0.0060; ****, P < 0.0001), during the AdT. Data are represented as mean + SEM. EbfI"" n = 33 and
EbfI*® n = 40, Ighm"WT n = 17, and Ighm™? n = 19. (C-H) Statistical significance was determined by Mann-Whitney U test. Data are from >2 independent
experiments.
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Figure S2. Chromatin accessibility changes in Ebfl-deficient MPP3 and MPP4 cells. Related to Fig. 3. (A) Comparison of chromatin accessibility changes
to gene expression changes in MPP3 versus MPP4 cells, in EbfI"T conditions. The y axis represents log, fold changes of gene expression, and the x axis
represents log, fold changes of peak read counts in MPP3 versus MPP4 cells in EbfI"T conditions. Left: Dots represent ATAC peaks that overlap their TSS (TSS
peaks). Right: Dots represent DA peaks between MPP3 versus MPP4 cells in EbfIVT conditions. Biological replicates for RNA-seq n = 4. Biological replicates for
ATAC-seq n = 2. (B) Sequence logos of top ranked enriched motifs underlying the DA peaks in MPP3 and MPP4 cells from EbfIT and Ebf1%© mice. P values are
depicted in red, percentages in blue reflect the fraction of hits found in the peak set, percentages in black reflect the fraction of hits found in the background
set. (C) Immunoblot analysis of EBF1 protein levels in total cell extracts of 150,000 FACS-sorted cells of lineage-negative GFP* cells transduced with empty
vector or EBF1 vector, biological replicates for ATAC-seq used in Fig. 3 D (n = 4). EbfI"™ MPP3 cells and CLPs (Lin-cKit"Scal™IL7R*Flt3*) were used a positive
control. T (CD4*CD8*) cells and Ebf1%° Fr. A cells were used as a negative control. Histone H3 was used as a loading control. (D) Heatmaps of co-occurrence
counts in KO Gained MPP3 peaks and KO Reduced and KO Gained MPP4 peaks of enriched motifs in these DA peak sets versus co-occurrence counts in all
MPP3 and MPP4 peaks (1,000 replicates), respectively. Co-occurrence counts with z-scores >5 are displayed. (E) Enrichment analysis of genes associated with
KO Reduced MPP4 peaks. (F) Genome tracks showing ATAC signal and EBF1 ChiP signal at B-lymphoid related KO Reduced MPP3 peaks annotated to the Cd19
gene. Original data from Li et al. (2018); Kucinski et al. (2020). Source data are available for this figure: SourceData FS2.
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Figure S3. Role of Ebfl deficiency in myeloid-biased transcriptome. Related to Figs. 4 and 5. (A) PCA of bulk RNA-seq data from MPP3 and MPP4 cells of
EbfI"T and EbfIX© conditions; based on DE genes. n = 4 biological replicates. (B) MA plots of MPP3 and MPP4 cells comparing EbfI"T and EbfI¥° tran-
scriptomes. Dots in blue represent genes with an FDR <0.1. The y axis represents shrunken log, fold change (FC), capped at |log, FC| 2, and the x axis
represents logyo basemean. (C and D) Comparison of chromatin accessibility changes to gene expression changes in MPP3 (C) and MPP4 (D) cells upon Ebfl
deletion. The y axis represents shrunken log, fold changes of gene expression and the x axis represents log, fold changes of peak read counts in Ebf1"T versus
EbfI*® MPP4 cells. Left: Dots represent DA peaks in MPP3 (C) and MPP4 (D) cells. Right: Dots represent DE genes and ATAC peaks that overlap their TSS (TSS
peaks). (E) CFU assay performed with 150 sorted MPP3 and MPP4 cells plated in triplicate in methocult. Total number of colonies formed after 10-12 d of
plating. Biological replicates EbfI"VT and EbfI<C n = 6. Statistical significance was determined by unpaired t test. (F) Heatmap showing gene expression of DE
genes in MPP3 and MPP4 cells, between Ebf1T and Ebf1*C conditions. Genes are organised into MPP3-specific, common, and MPP4-specific DE genes. Genes
with an annotated C/EBPa ChiP peak (original data from Hasemann et al. [2014]; Pundhir et al. [2018]) are labeled in blue. Heatmap scale represents z-scores
calculated separately for MPP3 and MPP4 cells. (G) qPCR analysis of Cebpa expression in EbfI"T and Ebf1€® MPP3 cells transfected with a control or a Cebpa
SiRNA pool. Cebpa mRNA expression relative to Actb was normalized to the control transfected samples. Data are represented as mean + SEM. EbfIVT and
EbfI*® n = 4. (E and G) Data are from >2 independent experiments.
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Figure S4. Characterization of the scRNA-seq landscape in EbfIWT and Ebf1X© LSK and LK cells. Related to Fig. 6. (A) scRNA-seq landscape derived from
EbfIT and Ebf1*° LK and LSK populations, annotated for LSK and LK cells (top) and EbfI"T and Ebf1¥° cells (bottom). (B) UMAP visualisation of the HSC score
and the expression of lineage marker genes used for the identification of cell clusters (Procr, Dntt, Elane, Kif1, Pf4, Flt3, Ly6d). (C) UMAP visualisation of the
expression of I[7r and Ig genes in EbfI"T and EbfI*© cells. (D) GO enrichment analysis of the upregulated genes in cluster 4, between EbfI"T and Ebf1¥° cells.
(E) Boxplots showing the absolute number of myeloid cells (CD11b*) in the BM. EbfI¥T n = 18, EbfI*C n = 16, Ighm"VT and Ighm™ n = 11. Statistical significance
was determined by Mann-Whitney U test. Data are from >2 independent experiments.
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Figure S5 Extended analysis of the Ebfl-Cebpa regulatory relationship. Related to Fig. 7. (A) Normalized read counts of EbfI (left) and Cebpa (right) in Ebfl
=/~ pre-pro-B cells 24 and 72 h after EBF1 induction, and pro-B cells (original data from Li et al. [2018]). (B) Normalized read counts of Spil (PU.1) in MPP3 and
MPP4 cells in EbfIWT and EbfI<© populations. (C) gRT-PCR analysis of Ebfl expression in EbfI¥T MPP3 and MPP4 cells transduced with an empty or an EBF1
vector. EbfI mRNA expression relative to Actb was normalized to the empty vector transduced samples. Data are represented as mean + SEM. EbfI"T and
Ebf1*© n = 3-4. (D) Boxplots showing the absolute number of neutrophils (Ly6G*) in the BM. EbfIWT n = 13, Ebf1¥© n = 14, Ighm*WT and Ighm™™? n = 11. Statistical
significance was determined by Mann-Whitney U test. (C and D) Data are from >2 independent experiments. (E) Annotated UMAP projection of scRNA-seq
landscape derived from human fetal liver progenitors. (F) UMAP visualization of the expression of Procr in human fetal liver progenitors. Box indicates selected
clusters (HSC/MPP, Ly/B progenitors, and Neu/Mono/DC progenitors) shown in G. (G) UMAP visualization of the expression of Ebfl and Cebpa in selected
clusters of human fetal liver progenitors. (E-G) Original data from Popescu et al. (2019). Meg, megakaryocyte; Ery, erythrocyte; Bas, basophil; Neu, neutrophil;
Mono, monocyte; DC, dendritic cell; Ly, lymphocyte; prog, progenitors; pDC, plasmacytoid DC.
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Provided online are four tables. Table S1 contains a list of antibodies, reagents, and flow cytometry staining panels used in the
study. Table S2 contains a list of the DA peak sets identified from bulk ATAC-seq of MPP3 and MPP4 cells from EbfIWT and Ebf1X°
mice. Table S3 contains a list of differentially regulated genes and normalized read counts identified from bulk RNA-seq of MPP3
and MPP4 cells from EbfI"T and Ebf1¥© mice, as well as the DEseq2 results table of the comparison of MPP3 and MPP4 cells from
EbfI™WT mice. Table S4 contains a list of genes used for the gene sets G2-M and S- cell cycle phase, related to Fig. 6 H.
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