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SUMMARY

The hierarchical organization of hematopoietic stem cells (HSCs) governing adult hematopoiesis has been
extensively investigated. However, the dynamic epigenomic transition from fetal to adult hematopoiesis re-
mains incompletely understood, particularly regarding the involvement of epigenetic factors. In this study, we
investigate the roles of BRD9, an essential component of the non-canonical BAF (ncBAF) complex known to
govern the fate of adult HSCs, in fetal hematopoiesis. Consistent with observations in adult hematopoiesis,
BRD9 loss impairs fetal HSC stemness and disturbs erythroid maturation. Intriguingly, the impact onmyeloid
lineage was discrepant: BRD9 loss inhibited and promoted myeloid differentiation in fetal and adult models,
respectively. Through comprehensive transcriptomic and epigenomic analysis, we elucidate the differential
roles of BRD9 in a context- and lineage-dependent manner. Our data uncover how BRD9/ncBAF complex
modulates transcription in a stage-specific manner, providing deeper insights into the epigenetic regulation
underlying the transition from fetal to adult hematopoiesis.

INTRODUCTION

Hematopoiesis is a continuous process where hematopoietic

stem cells (HSCs) are positioned at the top of the hierarchy,

giving rise to lineage-committed progenitors, including

myeloid progenitors (which develop into monocytes, neutro-

phils, basophils, eosinophils, erythrocytes, and megakaryo-

cytes) and lymphoid progenitors (which differentiate into

T cells, B cells, and natural killer cells).1,2 This hierarchical

model, established through cell surface marker analysis, col-

ony formation assays, and transplantation assays, explains

how blood cells mature in the adult bone marrow (BM)3–5

and provides foundational insights for anemia and leukemia

treatments. However, recent discoveries suggest that the he-

matopoietic process in the fetus differs from that in adults.

The fetal hematopoietic process consists of multiple waves

in mice6: (1) primitive hematopoiesis arises from the E7.5

yolk sac, generating short-lived erythrocytes and megakaryo-

cytes. (2) The second, or pro-definitive, wave originates from

the E8.25 yolk sac. Erythro-myeloid progenitors (EMPs) from

this wave colonize the fetal liver (FL) and establish blood cir-

culation until birth. (3) Definitive hematopoiesis begins in the

E10.5 aorta-gonad-mesonephros (AGM) region, where the

first HSCs are formed. These HSCs soon migrate to the fetal

liver for expansion and maturation before permanently colo-

nizing the BM to support adult hematopoiesis. A recent para-

digm shift has emerged in understanding the formation and

transition of this hematopoietic hierarchy,7 presenting new

biological propositions that require further investigation.

The mechanisms underlying the differences between adult

and fetal hematopoiesis have attracted significant research in-

terest. Recent studies have explored the three-dimensional

(3D) genome organization of adult and fetal HSCs to uncover

these mechanisms. Dynamic chromatin changes occur during

the transition from fetal to adult stages.8 However, the specific

chromatin remodelers involved in this process still need to be

clarified. SWI/SNF complexes, ATP-dependent chromatin re-

modelers, play critical roles in gene regulation by modulating

chromatin architecture and DNA accessibility.9–12 These com-

plexes are categorized into three subcomplexes: canonical
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BAF (cBAF), polybromo BAF (PBAF), and the newly identified

non-canonical BAF (ncBAF, also known as GBAF), each with

unique functions.13–17 Previous researches have demonstrated

the crucial roles of BAF complex members in fetal hematopoie-

sis. For example, mice lacking the PBAF-specificmember ARID2

exhibit impaired long-term hematopoietic reconstitution,18

and the pan-BAF catalytic subunit BRG1 is essential for fetal

erythroid maturation and hemoglobin production.19 Additionally,

the cBAF-specific ARID1A regulates the pool size of FL HSCs.20

The Smarca2 gene, which encodes the pan-BAF catalytic sub-

unit BRM, is upregulated as fetal-to-adult switching due to

increasing enhancer-promoter interactions.8 Despite these find-

ings related to the BAF complex, the precise genetic contribu-

tions of ncBAF components to fetal hematopoiesis and the

fetal-to-adult transition remain unclear, necessitating detailed

investigations.

Bromodomain containing 9 (BRD9) is a unique member of

the ncBAF complex.16,21 Besides its critical roles in mouse

and human pluripotent stem cells, we have previously shown

that BRD9 is essential for normal adult hematopoiesis16,22 and

that BRD9 is substantially downregulated due to mRNA

degradation from mis-splicing by mutations in the spliceoso-

mal protein, SF3B1.23,24 Post-natal BRD9 loss impairs HSC

stemness, significantly inhibits B cell development and

promotes myeloid differentiation. BRD9-deficient mice exhibit

a myelodysplastic syndrome (MDS) phenotype with aged

HSCs. These are linked to BRD9’s role in chromatin regula-

tion, particularly in myeloid-related genome locus, further

underscoring the ncBAF complexes’ function in 3D chromatin

regulation and normal stem cell biology.17 In this study, we

explored the role of BRD9 in fetal hematopoiesis. While

BRD9 knockout (KO) in fetal hematopoietic cells similarly im-

pairs the stemness of HSCs, it uniquely inhibits myeloid differ-

entiation, contrary to observations in adult hematopoiesis.

Comprehensive transcriptomic and chromatin analysis high-

lighted the differential roles of BRD9 in lineage commitment

during fetal versus adult hematopoiesis, providing deeper in-

sights into the time- and context-dependent functions of

ncBAF in blood production.

RESULTS

Generation and characterization of Vav1-iCre; Brd9fl/fl

mouse model
To investigate how BRD9 contributes to fetal hematopoiesis, we

generated the Vav1-iCre; Brd9fl/fl mouse, which allows blood-

specific and conditional KO of Brd9 in hematopoietic compart-

ments from embryonic day 9.5 (E9.5)25–27 (Figure 1A). Following

the mating of Brd9fl/+ males with Vav1-iCre; Brd9fl/+ females,

Vav1-iCre;Brd9fl/fl micewere born at the expectedMendelian ra-

tio, indicating that Brd9 deletion in hematopoietic cells is not

essential for fetal development (Figures 1B and S1A). To further

investigate the function of BRD9 in embryos, we harvested fetal

liver (FL) from E14.5 fetuses because this time point is consid-

ered to be when hematopoiesis is at its peak in the liver.28

In this newly generated KO model, we confirmed almost unde-

tectable levels of Brd9 mRNA and protein in E14.5 FL lineage-

negative cells (Lin� cells: CD3ε�, CD4�, CD8a�, CD19�,
NK1.1�, Gr-1�, and Ter-119�) and the expected recombination

of floxed allele (Figures 1C, S1B, and S1C). There were no signif-

icant alterations in fetus and FL weight or in FL cellularity in the

KO group (Figure S1D). Similarly, no apparent defects were

observed in E14.5 fetuses or P7 pups (Figures S1E and S1F).

We next sought to evaluate how Brd9 deletion affects the

compartment of fetal hematopoietic stem and progenitor

cells (HSPCs). FACS analysis was performed using cell

surface markers to define the following hematopoietic pro-

genitors fractions29–31: megakaryocyte-erythroid progenitors

(MEP, CD34�FcgR�LK[Lin-c-Kit+]), common myeloid progeni-

tors (CMP, CD34+FcgR� LK), granulocyte-monocyte progenitors

(GMP, CD34+FcgR+ LK) and common lymphoid progenitors

(CLP, Lin�Sca-1intc-KitintCD127+CD135+); MPP/HSC frac-

tions: MPP2 (CD135�CD150+CD48+ LSK [Lin�Sca-1+c-Kit+]),
MPP3 (CD135�CD150�CD48+ LSK), MPP4 (CD135+CD150-

LSK), ST-HSC (CD135�CD150�CD48� LSK), and LT-HSC

(CD135�CD150+CD48� LSK). We observed a significant reduc-

tion in LT-HSCs and a simultaneous increase in ST-HSCs in the

KO group, although there was no significant change in the overall

frequency of LSK cells (Figure 1D). Among other progenitors,

Figure 1. Generation and characterization of Vav1-iCre; Brd9fl/fl mouse model

(A) Schematic representation of Vav1-iCre;Brd9fl/fl fetal liver (FL) experiments. Day 0.5 of pregnancy (E0.5) was defined as themorning on the day of a vaginal plug

confirmation. Lin� cells were isolated from E14.5 FL by MACS selection.

(B) Offspring genotype frequency. Mating pairs were Brd9fl/+ male mice and Vav1-iCre; Brd9fl/+ female mice (Offspring n = 121).

(C) Western blot analysis for murine BRD9 and ACTB in E14.5 FL Lin� cells derived from Brd9fl/fl (Control) fetus and Vav1-iCre; Brd9fl/fl (Brd9 KO) fetuses

(Representative images of three independent experiments).

(D) Flow cytometric analysis of E14.5 FL cells to evaluate the frequency of stem and progenitor fraction, including LSKs (Lin�c-Kit+Sca-1+ cells), LT-HSCs

(CD150+CD48�CD135- LSKs), and ST-HSCs (CD150�CD48�CD135- LSKs). n = 5 fetuses for each group, independent samples; data are represented as

mean ± s.e.m. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05); the p values were calculated by two-tailed unpaired t test.

(E) Frequency of erythroid progenitors (S0-S5) in Control and Brd9 KO FL cells. n = 5 fetuses for each group, independent experiments, data are represented as

mean ± s.e.m. *p < 0.05, **p < 0.01; ns, not significant (p > 0.05); the p values were calculated by two-tailed unpaired t test.

(F) Colony formation assay (CFA) of E14.5 FL Lin� cells. Colonies were scored 10 days after plating inmethylcellulose inM3434 for myeloid colonies. CFU-GEMM,

CFU-GM, CFU-E were counted separately. Scale bar: 5mm. Control n = 3, Brd9 KO n = 6 independent experiments; data are represented as mean ± s.e.m. The

p values were calculated by two-tailed unpaired t test.

(G) Myeloid colony output from E14.5 FL Lin� cells transduced with BRD9 wild-type (WT) and bromodomain-deleted mutant (dBD) cDNA. Colonies were scored

10 days after plating in methylcellulose (MethoCult M3434) to assess myeloid colony formation. n = 3 independent experiments for each group; data are rep-

resented as mean ± s.e.m. *p < 0.05, ****p < 0.0001; the p values were calculated by two-tailed unpaired t test.

(H) Myeloid colony output of wild-type E14.5 FL Lin� cells treated with DMSO or the indicated concentrations of I-BRD9. Colonies were scored 10 days after

plating in methylcellulose (MethoCult M3434). n = 3 independent experiments for each group; data are represented as mean ± s.e.m. *p < 0.05, **p < 0.01,

***p < 0.001; the p values were calculated by two-tailed unpaired t test.
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althoughMPPs were comparable between the groups, we found

significantly reduced frequencies of MEP and a trend toward

decreased numbers of myeloid and erythroid progenitors,

including CMP, GMP, andMEP (Figures S2A and S2B). Addition-

ally, in line with our previous findings showing a significant

decrease in erythroid commitment signatures in adult KO

HSPCs,22 BRD9 loss disturbed erythroid maturation in KO FL

samples. This was reflected by an increase in early erythroid

stages (S1 and S2) and a decrease in more mature stages (S4

and S5), as estimated by CD71/Ter-119 positivity32 (Figure 1E).

In the myeloid mature fractions, we noted a comparable number

of CD11b+ cells in the Brd9 KO samples (Figure S2C).

Our previous study demonstrated the pivotal roles of BRD9 in

adult hematopoiesis. Specifically, BRD9 loss in adult hematopoi-

esis results in two distinct effects: a reduction in phenotypic

LT-HSCs and altered lineage development, characterized by

impaired B cell maturation with decreased pre-B cells and later

stages, as well as enhanced neutrophil production, resulting in

myeloid skewing.22 To evaluate whether BRD9 loss in fetal

hematopoiesis affects colony output, Lin� cells from E14.5 FL

were seeded in methylcellulose with cytokine cocktails (IL-3,

IL-6, SCF, and EPO) that promote myeloid differentiation. Inter-

estingly, we observed a significant decrease in various types of

myeloid colonies (CFU-GEMM, CFU-GM, and CFU-E) in the

KO group (Figure 1F). To assess colony output from specific pro-

genitor populations, we plated FACS-sorted MEP, CMP, and

GMP cells, revealing a significant reduction in colony formation

(Figure S2D). Next, to further validate the role of BRD9 in myeloid

colony development, we re-expressed full length of BRD9 (wild-

type, WT) as well as bromodomain-deleted BRD9 mutant (dBD)

in both Control and Brd9 KO E14.5 FL Lin� cells.23 Interestingly,

BRD9 WT, not dBD, rescued the impaired colony output caused

by Brd9 KO, indicating that BRD9’s function is essential in a bro-

modomain-dependent manner (Figure 1G). Next, we assessed

the effects of pharmacologically inhibiting the BRD9 bromodo-

main using I-BRD9, a potent and selective BRD9 inhibitor. We

observed a dose-dependent reduction in myeloid colony forma-

tion from wild-type E14.5 FL Lin� cells treated with I-BRD9

(Figure 1H).

Since BRD9 is a component of the ncBAF complex, we inves-

tigated whether these effects were due to the functional impair-

ment of ncBAF. To address this, we transduced E14.5 FL Lin�

cells with shRNAs targeting Brd9 or Gltscr1 and observed a sig-

nificant reduction in colony formation in both the shBrd9 and

shGltscr1 groups (Figures S2E and S2F), suggesting a direct

involvement of the ncBAF complex in the observed phenotype.

These results indicate that while Brd9 KO in fetal hematopoietic

cells does not affect fetal development, its deficiency signifi-

cantly impairs the hematopoietic process, particularly in the

myeloid and erythroid lineages.

Brd9 deletion profoundly impairs the stemness of FL
HSCs
Considering the notable alteration in the HSC fraction, we next

examined whether Brd9 deficiency impairs the long-term

reconstitution ability using a limiting dilution assay (LDA).

E14.5 Lin� FL cells derived from control (Brd9fl/fl) or Brd9 KO

(Vav1-iCre; Brd9fl/fl) were transplanted via tail injection into

lethally irradiated B6.SJL (CD45.1+) recipients under three

conditions: 400K cells/recipient, 200K cells/recipient, and

50K cells/recipient (Figures 2A and 2B). With the dilution of

transplanted Lin� FL cells, the number of surviving recipients

significantly decreased in the KO group (Figure 2B). These results

indicate the impaired capacity ofBrd9KOE14.5 FL cells to recon-

stitute in an adult BM environment. The estimated stem cell fre-

quency33,34 in the Brd9 KO group is approximately one-tenth

that of the control group, with frequencies of 1 in 824,419 cells

and 1 in 87,867 cells, respectively (Figure 2C). This finding is

further supported by the additional transplantation using LSK

and LK cells. Lethally irradiated recipients transplanted with

KO LK cells died significantly earlier (Figure S3A). When 3K LSK

cells, which are more enriched for HSCs, were transplanted,

nearly half of the KO group did not survive beyond two weeks,

in contrast to the prolonged survival observed in the control group

(Figure S3A). Intriguingly, in the survived recipients transplanted

with FL Lin� cell, we observed reduced frequencies and numbers

of CD45.2+ donor-derived LT-HSCs and ST-HSCs in the KO

group, accompanied by a concomitant increase in theMPP3 frac-

tion (Figures 2D and S3B–S3D), and a dramatic decrease in

B cells (B220+) and an increase inmyeloid lineages (CD11b+Gr-1+

neutrophils and CD11b+Gr-1- monocytes) in the peripheral blood

(PB) and the spleen (Figures S4A and S4B). Additionally, genomic

recombination and the undetectable levels of Brd9 mRNA

were confirmed in recipients transplanted with KO FL cells

(Figures S4C and S4D), further reinforcing the differential

behavior influenced by the hematopoietic microenvironment.

The observed phenotypes of the engrafted FL HSC in the adult

BM were consistent with our recent findings using adult Mx1-

Cre; Brd9fl/fl mice, which allow for conditional, time-controlled,

and efficient deletion of Brd9 in postnatal hematopoietic cells.23

Collectively, these results suggest that Brd9 deficiency signifi-

cantly impairs the reconstitution ability of E14.5 FL HSPCs.

Despite losing their stemness, the engrafted KO FL cells exhibit

a strong preference for myeloid lineage differentiation in adult

BM circumstances.

Brd9 KO altered chromatin state and transcription,
leading to disturbed HSC and myeloid program
Given the broad, multi-lineage disturbances associated with

BRD9 loss in the hematopoietic system, we hypothesized that

these defects originate from HSPCs. We, therefore, sought to

evaluate the altered transcriptional program in HSPCs. RNA-

seq analysis was performed on FACS-purified FL Lin� cells of

E14.5 control (Brd9fl/fl) and KO (Vav1-iCre; Brd9fl/fl) fetus. Con-

trary to our previous findings in the adult HSPCs,22 the transcrip-

tomic analysis revealed a larger number of genes downregulated

in the KO group compared to those upregulated (370 genes vs.

12 genes, applying adjusted p < 0.05 and |log2FC| > 1), resulting

in distinct principal components (Figures 3A and S5A). Gene

ontology (GO) analysis and gene set enrichment analysis

(GSEA) indicated negative enrichment for pathways related to

stemness of fetal HSCs and myeloid development (Figures 3B

and S5B), consistent with the observed phenotypes such as

impaired stemness and myeloid development in Brd9 KO FL

cells. Notably, critical genes related to HSCs35 (Kit, Slamf1,

Cd48, and Vav3) and myeloid lineage (Camp,36 Mpo,37
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Prss57,38Elane,39 andSpi40) were downregulated in theBrd9KO

group (Figures 3C and S5C), while erythroid-related genes and

lymphoid-related genes showed no consistent alteration. The

downregulated genes in the KO group were enriched in path-

ways related to neutrophil degranulation, innate immune system,

and Toll-like receptor signaling pathway regulation (Figure S5D).

Transcription factors (TFs) associated with downregulated

genes included CEBPA, SPI, and MYB, which were consistent

with the GSEA results (Figures 3B and S5D). Given that a large

portion of differently expressed genes (DEGs) were downregu-

lated in the KO group and that BRD9 is regarded as an essential

component of the ncBAF complex, one of the mammalian

A

DC

B

Figure 2. Brd9 deletion profoundly impairs the stemness of FL HSCs
(A) Schema for the transplant experiment. FL cells were derived from E14.5 control and Brd9 KO fetus (CD45.2+). Isolated single cells were proceeded to MACS

selection to harvest Lin� cells. B6.SJL (CD45.1+) recipient mice were injected with FL Lin� cells after lethal irradiation (4.5Gy 3 2).

(B) Kaplan-Meier survival analysis of Limiting dilution assay (LDA). Recipient mice transplanted with control or Brd9 KO FL Lin� cells of different cell numbers

(400K cells/mouse, 200K cells/mouse, 50K cells/mouse). Recipient n = 5 mice for each group. The p values were calculated by log rank test.

(C) Estimated stem cell frequency calculated by LDA plot. The amount of initially transplanted cells (x axis) is plotted against the log fraction of non-responders

corresponding to recipients not able to survival (y axis). The slope of the line represents the log-active cell fraction. The dash lines and the table display confidence

intervals for estimated stem cell frequency. Recipient n = 5 mice for each group. The p values were calculated via ELDA.

(D) Representative FACS plots and frequency of BM cells from recipients transplanted with Control or Brd9 KO E14.5 FL cells, MPP3s (CD150�CD48+CD135-

LSK), MPP2 (CD150+CD48+CD135- LSK), LT-HSCs and ST-HSCs in CD45.2+ population. Control n = 4mice,Brd9 KO n = 4mice, independent experiments, data

are represented as mean ± s.e.m. **p < 0.01, ***p < 0.001 the p values were calculated by two-tailed unpaired t test.
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SWI/SNF complexes, we speculated that BRD9 loss in FL cells

may reduce chromatin accessibility, leading to transcriptional

repression. To investigate the hypothesis, ATAC-seq was per-

formed using FL Lin-c-Kit+ cells from E14.5 Brd9fl/fl control and

Vav1-iCre; Brd9fl/fl fetuses. While 18,486 peaks overlapped be-

tween the control and KO groups, the number of KO-specific

peaks (3,776) was nearly half of that of control-specific peaks

(6,814) (Figure 3D). Homer motif analysis41 revealed erythroid
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Figure 3. Brd9 KO altered chromatin state and transcription, leading to disturbed HSC and myeloid program

(A) Volcano plot of differential mRNA expression inBrd9KOgroup (n= 4 fetuses), comparedwith control group (n = 3 fetuses) in E14.5 FL Lin�. Upregulated genes

inBrd9 KO are highlighted in red and downregulated ones in blue, applying adjusted p < 0.05 and |log2FC| > 1. The x axis represents log2 fold change (FC) values,

the y axis represents -log10 of adjusted p values.

(B) GSEA enrichment plot for dysregulated genes in RNA-seq of Brd9 KO vs. control. NES: normalized enrichment score, FDR: false discovery rate.

(C) Heatmap showing the expression (Z scores) of the representative genes related to HSC, myeloid, lymphoid and erythroid development on control andBrd9 KO.

(D) The genomic overlap of ATAC-seq peaks from control and Brd9 KO. n = 1 for each group.

(E) Transcriptional factor motif analysis of comparing specific ATAC-seq peaks between control and Brd9 KO groups. The p values were calculated using

binomial distribution in HOMER.
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A

D

CB

Figure 4. Characterization of Brd9 KO FL cells at a single-cell level

(A) Schema of scRNA-seq experiment. E14.5 FL was harvested from control fetus or Brd9 KO fetus and proceeded to single cell isolation. Lin-c-Kit+ (LK) cells

were sorted by FACS sorter and proceeded to the 10 x Chromium library for scRNA-seq.

(B) Identification of distinct clusters based on uniform manifold approximation and projection (UMAP) plot containing 14,688 E14.5 FL LK cells from control and

Brd9 KO. The cell types were assigned based on the expression of hematopoietic lineage marker genes listed in (C). Abbreviation: LMP, lympho-myeloid

progenitors; CLP, common lymphoid progenitors; DC, dendritic cells; pGM, pre-granulocyte/macrophage progenitors; PreNeu, neutrophil precursors;

(legend continued on next page)
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GATA-related motifs (GATA1, GATA2, and GATA6) specifically

detected in the control group, while CTCF-related motifs

(CTCF and BORIS) were enriched in the Brd9 KO group (Fig-

ure 3E). To ensure reproducibility, we performed a duplicate

ATAC-seq using the same sampling strategy. The Homer motif

analysis of the overlapping ATAC peaks within each group

closely mirrored the results observed in the previous experiment

(Figure S5E). In contrast to our findings that the ATAC signals of

super-enhancers (SE) and typical enhancers (TE) were signifi-

cantly increased in adult KO HSPCs,22 the fetal KO counterparts

displayed a modest alteration in ATAC signals at both SE and TE

regions, as estimated by H3K27Ac signals7 (Figure S5F). Collec-

tively, in the FL, Loss of Brd9 impairs pathways involved in

myeloid differentiation and stemness, likely affected by reduced

chromatin accessibility, and this occurs through mechanisms

distinct from those observed in adult BM.

Characterization of Brd9 KO FL cells at a single-cell
level
To decipher the effects of Brd9 deletion on lineage commitment

identity and priming of HSPCs, we performed single-cell RNA-

seq (scRNA-seq) targeting 10,000 Lin�c-Kit+ cells from control

and KO E14.5 FL (Figure 4A). Uniform manifold approximation

and projection (UMAP) analysis integrating both models re-

vealed the expected stem and progenitor clusters, including first

definitive hematopoietic stem cells (preHSC/HSC), lympho-

myeloid progenitors (LMP), CLP, dendritic cells (DC), pre-granu-

locyte/macrophage progenitors (pGM), neutrophil precursors

(PreNeu), neutrophils (Neu), monocyte precursors (Mono P),

monocytes (Mono), mast cell/basophil/eosinophil progenitors

(MBE P), megakaryocyte-erythroid progenitors (MEP), megakar-

yoblasts/megakaryocytes (Mkb/Mkc), erythroid cells (Ery1-6),

primitive erythrocytes (EryP)42,43 (Figure 4B). Representative

genemarkers shown in Figure 4Cwere used to define and distin-

guish cell populations (Table S1).42,43 Notably, stemness-related

genes such as Hlf, Mecom, Hoxa9, Adgr4, and Gimap1 were

used to define PreHSC/HSC. Given our interest in myeloid-

related phenotypes, myeloid progenitors were defined as pGM

(high expression of Cd34, Slco3a1, Klk8, H2afy, and Vav3) and

PreNeu (high expression of Cebpe, Trem3, Alas1, Mpo, and

Fkbp11). Genes expressed in mature neutrophils such as

Camp, Elane, Fcnb, S100a9, and S100a8 were used to define

neutrophil (Neu) population. In line with the bulk RNA-seq anal-

ysis (Figures 3A–3C), which indicated the downregulation of

myeloid-associated genes, the frequencies of the pGM,

PreNeu, and Neu fraction robustly decreased in the KO group,

as shown in Figure 4D.

Brd9 KO determines the cell fate of HSPCs in FL
As for the detailed investigation into each fraction, we first

noticed that myeloid progenitors (pGM, PreNeu, and Neu) were

less abundant in the Brd9 KO group, as shown in the highlighted

UMAP (Figures 5A and 4D). We calculated DEGs in each progen-

itor fraction and discovered links between DEGs and specific

pathways. For example, DEGs downregulated in KO PreNeu

were enriched in myeloid-related pathways, such as neutrophil

degranulation, and involved TFs essential for myeloid develop-

ment, including MYB, MYC, TAL1, BRD4, MECOM, and SPI1

(Figure 5B). To further understand the cell fate of myeloid pro-

genitors in the Brd9 KO, we utilized CellRadar44 analysis of

DEGs upregulated in control and KO PreNeu/pGM. As shown

in Figure 5C, while control PreNeu and pGM were more

restricted toward preGM and GMP, Brd9 KO cells lacked clear

direction in myeloid differentiation. Detailed examination of

scRNA-seq data revealed significant downregulation of key

myeloid markers such as Elane, Ccl9,45 and Prss5738 in KO

PreNeu (Figure 5D). Regarding erythroid progenitors, we

focused on the mechanism underlying the maturation distur-

bance (Figure 1F). The KO sample displayed an increase in

early-stage progenitors (Ery2 and Ery3) and a reciprocal

decrease in later-stage progenitors (Ery6 and EryP), indicating

a maturation block in the middle of the process (Figure 5E).

Genes involved in later erythroblast stages, such as Hemgn46,47

and Hbb-bt, were downregulated in Brd9 KO (Figure 5F). In the

CellRadar analysis, we discovered that upregulated DEGs from

total erythroid-lineage cells (Ery1-6 and EryP) in the KOgroup ex-

hibited fewer characteristics of CFU-E (Figure 5G). These find-

ings from scRNA-seq further connect the phenotypic alterations

in myeloid and erythroid lineages with transcriptional changes at

a single-cell level, elucidating the broad impact of BRD9 loss on

hematopoietic differentiation.

BRD9 behaves oppositely in the myeloid differentiation
of fetal HSPCs compared to adult HSPCs
We have elucidated the broad impact of BRD9 loss on hemato-

poietic differentiation in FL so far. Our next question is what differ-

ence BRD9 loss makes on hematopoiesis in FL and adult BM. To

show the discrepant results on phenotypes between KO FL and

KO adult BM, we integrated four scRNA-seq data (control/KO

FL HSPCs and previously deposited control/KO adult BM

HSPCs22) and compared four groups in the UMAP analysis (Fig-

ure 6A). We also conducted RNA velocity analysis using

cellDancer48 to infer cellular state transitions by evaluating the

transcription dynamics of premature (unspliced) and mature

(spliced) mRNA, and cell velocities were superimposed on the

UMAP space (Figure 6B). Although RNA velocity analysis

indicates that the directional flows toward each lineage were

preserved under Brd9 KO conditions in both the FL and

adult BM, the cellular fractions of specific cell types were

altered. Compared to adult BM HSPCs, FL HSPCs are more

committed to erythroid lineage with fewer myeloid or lymphoid

progenitors, consistent with the fetus’s need for more red

blood cells to support rapid development49 (Figure 6A). As we

previously reported,22 in Brd9 KO adult BM, the frequency of

Neu, neutrophils; mono P, monocyte precursors; MBE P, Mast cell/basophil/eosinophil progenitors; MEP, megakaryocyte-erythroid progenitors; Ery1-6,

erythroid cells; EryP, primitive erythrocytes.

(C) Dot plot showing the average expression of selectedmarker genes in each hematopoietic cluster. The size of dots represents the fraction of cells expressing a

given gene. The cluster-wise mean expression value is shown by Z score and dots are colored based on this value.

(D) The cellular frequency of non-erythroid clusters in control and Brd9 KO groups. Dash lines display myeloid population change between control and Brd9 KO.
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transcriptionally-definedPreHSC/HSCs and erythroid-committed

progenitors were reduced, while the myeloid-committed progen-

itors increased, compared to control adult BM22 (Figure 6A). How-

ever, most of these changes were not reproduced in the Brd9 KO

FL: the disturbance in erythroidmaturation was relatively modest,

and myeloid maturation was weakened in the Brd9 KO FL (Fig-

ure 6A). Specifically, the number of cells along the differentiation

velocities toward the myeloid lineage decreased in the Brd9

KO FL compared to the control FL, particularly among the

pGM, PreNeu, and neutrophil fractions (Figure 6B). Overall, the

scRNA-seq data were consistent with the phenotypes observed

in vivo (Figure 1 and Xiao et al; 22) and highlighted a discrepancy

in myeloid development between FL and adult BM. This is

further corroborated by flowcytometric analysis, which showed

a reducedCMP (CD34+FcgR� LK) frequency in KO FL, in contrast

to an increased CMP frequency in KO BM (Figure 6C).

Given that BRD9 is a pivotal chromatin regulator at least for

adult hematopoiesis,22 we compared control vs. KO ATAC-seq

data in adult BM and FL to reveal the differential effects of

BRD9 loss on chromatin states. Contrary to the reduction of

ATAC peaks observed in biologically replicated FL samples

(Figures 3D, 6D, and S5E), we reported enhanced ATAC peaks

in KO adult BM when compared to control adult BM.22 Thus,

altered ATAC-seq peaks in each comparison (control vs. KO

FL and control vs. KO adult BM) were subjected to GREAT anal-

ysis50 to investigate the affected pathways. Notably, the path-

ways enriched at closed chromatin in Brd9 KO FL were discrep-

antly found in those at open chromatin in KO BM, including

pathways related to erythropoiesis, myeloid development, and

activation (Figure 6E). These findings were consistent with the

suppressed and enhanced peaks located at neighboring

myeloid-associated genes, such as Spi1, Itgam, and Fcna in

KO FL and KO BM, respectively (Figures 6F, S6A, and S6B).

Collectively, BRD9 deletion differentially alters the cell fate of

HSPCs between FL and adult BM. Specifically, myeloid differen-

tiation was impeded in Brd9 KO FL but accelerated in Brd9 KO

adult BM, highlighting the unique and context-dependent effects

of BRD9 on chromatin regulation.

To investigate the mechanism underlying the differential ef-

fects of BRD9 in fetal versus adult hematopoiesis, we integrated

current RNA/ATAC data with publicly available three-dimen-

sional genome folding data in fetal and adult wild-type HSCs

(e.g., enhancer-promoter (EP) loops, Chen et al.8). This resource

demonstrated how dynamic EP interactions contribute to

phenotypic differences between FL (E14.5) and adult BM

HSCs through the analysis of H3K27Ac/H3K4me1 ChIP-seq,

ATAC-seq, and Capture-C methods, identifying FL- and BM-

specific EP interactions. Given that upregulated genes were pre-

dominant in Brd9 KO BM cells,22 while downregulated genes

were more prevalent in Brd9 KO FL cells, we integrated DEGs

in adult and fetal Brd9 KO HSCs with the reported FL- or BM-

specific EP loops in a wild-type background. This analysis led

to the identification of EP loop-associated DEGs (EP-DEGs) spe-

cific to Brd9 KO in BM or FL (Figures S7A and S7B). Notably, the

FL-specific downregulated EP-DEGs (89 genes) were signifi-

cantly enriched for the pathways and TFs involved in myeloid

development.

Furthermore, previous studies, including ours,16,17,22,51 have

shown that BRD9 colocalizes with CTCF. Given that CTCF bind-

ing has been reported to both promote and repress gene expres-

sion by functioning as a genomic insulator,52,53 we speculate

that Brd9 KO may regulate the fundamental chromatin looping

via CTCF, modulating EP interactions and constructing specific

gene networks in a context-dependent, FL- and BM-specific

manner. To explore this, we examined the differential ATAC

peaks caused byBrd9 KO of ±100 kb from the transcription start

site (TSS) of EP-DEGs in FL and BM (Figure S7). In Brd9 KO FL,

the predominantly closed ATAC peaks associated with downre-

gulated EP-DEG were enriched for GATA family motifs, which is

consistent with the disrupted phenotypes of HSPC and myeloid/

erythroid lineage (Figures S7A and 1D–1H). Conversely, in KO

BM, the opened ATAC peaks associated with upregulated EP-

DEGs were enriched for myeloid/erythroid-related motifs,

including Fli1 andPU.1, aswepreviously reported (FigureS7B).22

Interestingly, despite the opposite effects of Brd9 KO on global

gene expression, bothBrd9KO FL and BM exhibited enrichment

of the CTCF motif in ATAC peaks associated with EP-DEGs

(Figures S7A and S7B).

DISCUSSION

Our current study elucidates the pivotal roles of BRD9 in fetal he-

matopoiesis, with a detailed comparative analysis against adult

hematopoiesis. We focused on the E14.5 developmental stage

in the fetus, a critical period when HSCs are at their peak in the

FL,28 and Vav1-driven iCre recombinase is optimally expressed

to facilitateBrd9 deletion.25–27Brd9KO resulted in a pronounced

impairment of myeloid development in the fetus, as evidenced

by diminishedmyeloid colony-forming capacity and the downre-

gulation of key myeloid-related genes. Notably, several essential

genes involved in myeloid differentiation, including Elane,

Camp, and Mpo, exhibited significant downregulation in KO

models (Figure S5C). Our integrated analysis of RNA-seq and

ATAC-seq revealed fetal-specific dynamics in transcription and

Figure 5. Brd9 KO determines the cell fate of HSPCs in FL

(A) The estimated myeloid progenitor clusters (pGM, PreNeu, and Neu) are highlighted in UMAP between control and Brd9 KO groups.

(B) Enrichr pathway analysis shows downregulated pathways and transcription factors in PreNeu cluster, compared between control and Brd9 KO group.

(C) CellRadar plots of upregulated DEGs between control and Brd9 KO in PreNeu and pGM.

(D) The violin plots of myeloid-related genes (Elane, Ccl9, and Prss57) mRNA expression in the indicated cluster, where 209 and 129 cells belong to control and

Brd9 KO, respectively. Boxplot and kernel density plot of log2 expression values are shown. The p values were obtained by negative binomial test and adjusted

using the Benjamini-Hochberg correction. In the box-and-whisker plots, the 0th, 25th, 50th, 75th, and 100th percentiles and mean (dashed lines) are shown.

(E) The estimated cellular frequency in erythroid clusters in control and Brd9 KO groups.

(F) The expression of the genes related to erythroid maturation (Hemgn and Hbb-bt) is shown to display the difference of FL clusters between control and

Brd9 KO.

(G) CellRadar plots of upregulated DEGs between control and Brd9 KO in erythroid cells (Ery1-6 and EryP).

10 iScience 28, 112010, March 21, 2025

iScience
Article

ll
OPEN ACCESS



A

D

E

F

C

B

Figure 6. BRD9 behaves oppositely in the myeloid differentiation of fetal HSPCs compared to adult HSPCs

(A) Identification of hematopoietic clusters based on UMAP space displaying LK cells derived from E14.5 FL and Adult BM, grouped by control and Brd9 KO.

(B) The cell velocities derived from CellDancer on cell types in E14.5 FL and Adult BM, grouped by control and Brd9 KO.

(C) FACS analysis of common myeloid progenitors (CMP, CD34+FcgR� LK) derived from E14.5 FL and adult BM, grouped by control and Brd9 KO, respectively.

FL control n = 4 fetuses, FL Brd9 KO n = 3 fetuses, Adult BM control n = 8 mice, Adult BM Brd9 KO n = 8mice independent experiments, data are represented as

mean ± s.e.m. **p < 0.01; ns, not significant (p > 0.05) The p value relative to control was calculated by two-tailed unpaired t-test.

(D) Scatterplots displaying differential ATAC-seq signals calculated by log2(ATAC-signal+0.25) between control and Brd9 KO in FL and Adult BM. ATAC-seq

signals of control and Brd9 KO at consensus peaks from duplicated samples in FL were calculated by geometric mean. Each dot represents an individual peak in

the unified peak set. The upregulated peaks (red) and the downregulated ones (blue) are determined with a fold-change threshold 1.5.

(legend continued on next page)
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genome accessibility that were absent in adult BM. This aligns

with previous reports indicating that chromatin state undergoes

dynamic changes during the transition from fetal to adult

stages.8 For instance, a common BAF complex member

Smarca2 gains epigenetic modifications during this process,

leading to higher expression in adult BM HSCs.8 Further studies

are warranted to elucidate the detailed mechanisms by which

genomic and epigenomic networks switch from fetal to adult

hematopoiesis.

In addressing the relative myeloid deficiency observed in Brd9

KO fetuses, we extended our analysis to the earlier stage of

HSPCs. Brd9-deficient fetal HSCs demonstrated diminished

stem cell capacity (Figure 2C), consistent with the flow cytometric

analysis showing reduced LT-HSC frequency inBrd9KO FL. Spe-

cifically, we observed an increase in ST-HSCs in primary FL but a

decrease in this fraction within engrafted FL cells (Figures 1D and

2D). Similarly, the MEP fraction showed an opposite trend in

FACS analysis, suggesting that BRD9’s context-dependent roles

initiates before HSCs commit to MEPs. This necessitates further

investigation into the differences between FL and adult BM envi-

ronments, such as stem cell niches.

In addition tomyeloid population disturbances, erythroid matu-

ration is notably affected inBrd9KOFL cells. Analysis of erythroid

progenitors, using CD71 and Ter-119markers, revealed thatBrd9

KO leads to an increase in immature S1 and S2 fractions and a

decrease in more differentiated S4 and S5 fractions (Figure 1E).

This trend was corroborated by scRNA-seq data (Figure 5E).

Intriguingly, genes associated with hemoglobin production were

significantly impacted by Brd9 deletion. RNA-seq analysis

showed upregulation of adult-type hemoglobin genes (Hbb-bs,

Hbb-bh1, Hba-a1, Hba-a2) and downregulation of fetal-type he-

moglobin genes (Hbb-g) in Brd9 KO models (Figure 3C). This is

consistent with previous studies indicating that the transition

from fetal to adult hemoglobin, occurring between E11.5 and

E13.5 in mice, is regulated by various TFs, such as GATA1,

NFE2, KLF1, and TAL1.54,55GATA1, for instance, has been shown

to recruit BRG1 and the BAF complex to drive epigenetic alter-

ations, thereby regulating erythroid differentiation.19 Considering

BRG1 is a commonmember of entire BAF complex,56 the specific

involvement of BRD9, a unique member of the ncBAF complex,21

in this process remains to be elucidated. To gain deeper insights

into BRD9’s differential roles between FL and adult BMHSCs, we

conducted an integrated analysis of RNA-seq, ATAC-seq (Fig-

ure 3) and previously described FL- and BM-specific enhancer-

promoter (EP) loop data.8 As shown in Figure S7, we speculate

that BRD9 regulates essential gene networks involved in differen-

tiation in a context-dependentmanner, specific to either FL or BM

(Figure S7).While the BRD9-CTCF-mediated EP loop emerged as

a shared mechanism for reshaping chromatin three-dimensional

landscapes, further investigation is required to fully comprehend

the transition from FL to BM hematopoiesis.

In summary, our research underscores the critical role of BRD9

in fetal hematopoiesis. Brd9 deficiency not only compromises FL

HSC stemness and myeloid development but also disrupts

erythroid maturation. The differential roles of BRD9 in fetal versus

adult hematopoiesis highlight the necessity of establishing a

distinct framework for fetal hematopoiesis to enhance our under-

standing of pediatric blood diseases. Future investigations should

aim to delineate the heterogeneous components of hematopoie-

sis and context-dependent roles of chromatin regulators.

Limitations of the study
Our findings indicate a shared impairment of HSCs in both FL

and BM, along with differential effects of BRD9 on myeloid pro-

genitor commitment between these two environments. It is still

uncertain whether the distinct behavior of BRD9 arises from var-

iations in its chromatin binding and cooperative partners or from

differences in the hematopoietic microenvironment. While we

have conducted extensive analysis of chromatin accessibility

and transcriptomics at the single-cell level, the underlying mech-

anisms governing BRD9’s direct involvement in each stage of

myeloid differentiation remain to be elucidated. Additionally,

the technical limitations of colony formation assays and the

transplantation of FL cells into adult BM complicate the assess-

ment of BRD9’s direct role in lineage commitment and terminal

differentiation in the FL, particularly given the scarcity of mature

myeloid cells. Employing detailed lineage tracing with barcoding

systems and fluorescent reporter systems could provide valu-

able insights and alternative perspectives to enhance our under-

standing of these processes. For the HSPC analysis, we did not

differentiate between male and female fetuses. Consequently,

this study cannot rule out the potential influence of sex on the

observed outcomes.
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1. Laurenti, E., and Göttgens, B. (2018). From haematopoietic stem cells to

complex differentiation landscapes. Nature 553, 418–426. https://doi.

org/10.1038/nature25022.

2. Haas, S., Trumpp, A., and Milsom, M.D. (2018). Causes and Conse-

quences of Hematopoietic Stem Cell Heterogeneity. Cell Stem Cell 22,

627–638. https://doi.org/10.1016/j.stem.2018.04.003.
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G., and Bryder, D. (2023). Temporal multimodal single-cell profiling of

native hematopoiesis illuminates altered differentiation trajectories with

age. Cell Rep. 42, 112304. https://doi.org/10.1016/j.celrep.2023.112304.

44. Bagger, F.O., Sasivarevic, D., Sohi, S.H., Laursen, L.G., Pundhir, S., Søn-

derby, C.K., Winther, O., Rapin, N., and Porse, B.T. (2016). BloodSpot: a

database of gene expression profiles and transcriptional programs for

healthy and malignant haematopoiesis. Nucleic Acids Res. 44, D917–

D924. https://doi.org/10.1093/nar/gkv1101.

45. Hara, T., Bacon, K.B., Cho, L.C., Yoshimura, A., Morikawa, Y., Copeland,

N.G., Gilbert, D.J., Jenkins, N.A., Schall, T.J., andMiyajima, A. (1995). Mo-

lecular cloning and functional characterization of a novel member of the

C-C chemokine family. J. Immunol. 155, 5352–5358.

46. Dong, X.M., Zhao, K., Zheng, W.W., Xu, C.W., Zhang, M.J., Yin, R.H., Gao,

R., Tang, L.J., Liu, J.F., Chen, H., et al. (2020). EDAG mediates Hsp70 nu-

clear localization in erythroblasts and rescues dyserythropoiesis in myelo-

dysplastic syndrome. FASEB J. 34, 8416–8427. https://doi.org/10.1096/fj.

201902946R.

47. Zheng, W.W., Dong, X.M., Yin, R.H., Xu, F.F., Ning, H.M., Zhang, M.J., Xu,

C.W., Yang, Y., Ding, Y.L., Wang, Z.D., et al. (2014). EDAG positively

regulates erythroid differentiation andmodifies GATA1 acetylation through

recruiting p300. Stem Cell. 32, 2278–2289. https://doi.org/10.1002/

stem.1723.

48. Li, S., Zhang, P., Chen, W., Ye, L., Brannan, K.W., Le, N.T., Abe, J.I.,

Cooke, J.P., and Wang, G. (2024). A relay velocity model infers

14 iScience 28, 112010, March 21, 2025

iScience
Article

ll
OPEN ACCESS

https://doi.org/10.1038/s41467-018-07528-9
https://doi.org/10.1038/s41467-018-07528-9
https://doi.org/10.1186/s13045-018-0567-7
https://doi.org/10.1182/blood.2021014308
https://doi.org/10.1182/blood-2010-03-273862
https://doi.org/10.1182/blood-2010-03-273862
https://doi.org/10.1038/s41467-019-09891-7
https://doi.org/10.1038/s41467-019-09891-7
https://doi.org/10.1038/s41467-023-44081-6
https://doi.org/10.1038/s41586-019-1646-9
https://doi.org/10.1016/j.ccell.2016.08.013
https://doi.org/10.1182/blood-2016-05-714568
https://doi.org/10.1016/s0168-9525(00)89107-6
https://doi.org/10.1016/s0168-9525(00)89107-6
https://doi.org/10.1242/dev.01558
https://doi.org/10.1242/dev.01558
https://doi.org/10.1016/s0301-472x(02)00881-0
https://doi.org/10.1016/s0301-472x(02)00881-0
https://doi.org/10.1016/j.cell.2005.05.026
https://doi.org/10.1016/j.stem.2013.05.014
https://doi.org/10.1016/j.stem.2013.05.014
https://doi.org/10.1038/nature25168
https://doi.org/10.1016/j.exphem.2020.05.005
https://doi.org/10.1016/j.exphem.2020.05.005
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.3390/cells8101177
https://doi.org/10.1016/j.stem.2015.04.004
https://doi.org/10.1007/s11033-012-1997-x
https://doi.org/10.1189/jlb.1204697
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1126/science.289.5482.1185
https://doi.org/10.1038/sj.cdd.4400534
https://doi.org/10.1038/sj.cdd.4400534
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.3390/jdb11020015
https://doi.org/10.1016/j.celrep.2023.112304
https://doi.org/10.1093/nar/gkv1101
http://refhub.elsevier.com/S2589-0042(25)00270-6/sref45
http://refhub.elsevier.com/S2589-0042(25)00270-6/sref45
http://refhub.elsevier.com/S2589-0042(25)00270-6/sref45
http://refhub.elsevier.com/S2589-0042(25)00270-6/sref45
https://doi.org/10.1096/fj.201902946R
https://doi.org/10.1096/fj.201902946R
https://doi.org/10.1002/stem.1723
https://doi.org/10.1002/stem.1723


cell-dependent RNA velocity. Nat. Biotechnol. 42, 99–108. https://doi.org/

10.1038/s41587-023-01728-5.

49. Palis, J., and Segel, G.B. (1998). Developmental biology of erythropoiesis.

Blood Rev. 12, 106–114. https://doi.org/10.1016/s0268-960x(98)90022-4.

50. McLean, C.Y., Bristor, D., Hiller, M., Clarke, S.L., Schaar, B.T., Lowe, C.B.,

Wenger, A.M., and Bejerano, G. (2010). GREAT improves functional inter-

pretation of cis-regulatory regions. Nat. Biotechnol. 28, 495–501. https://

doi.org/10.1038/nbt.1630.

51. Alpsoy, A., Utturkar, S.M., Carter, B.C., Dhiman, A., Torregrosa-Allen,

S.E., Currie, M.P., Elzey, B.D., and Dykhuizen, E.C. (2021). BRD9 Is a Crit-

ical Regulator of Androgen Receptor Signaling and Prostate Cancer Pro-

gression. Cancer Res. 81, 820–833. https://doi.org/10.1158/0008-5472.

CAN-20-1417.

52. Huang, H., Zhu, Q., Jussila, A., Han, Y., Bintu, B., Kern, C., Conte, M.,

Zhang, Y., Bianco, S., Chiariello, A.M., et al. (2021). CTCF mediates

dosage- and sequence-context-dependent transcriptional insulation by

forming local chromatin domains. Nat. Genet. 53, 1064–1074. https://

doi.org/10.1038/s41588-021-00863-6.

53. Kubo, N., Ishii, H., Xiong, X., Bianco, S., Meitinger, F., Hu, R., Hocker, J.D.,

Conte, M., Gorkin, D., Yu, M., et al. (2021). Promoter-proximal CTCF bind-

ing promotes distal enhancer-dependent gene activation. Nat. Struct. Mol.

Biol. 28, 152–161. https://doi.org/10.1038/s41594-020-00539-5.

54. Wang, X., and Thein, S.L. (2018). Switching from fetal to adult hemoglobin.

Nat. Genet. 50, 478–480. https://doi.org/10.1038/s41588-018-0094-z.

55. Kang, Y., Kim, Y.W., Yun, J., Shin, J., and Kim, A. (2015). KLF1 stabilizes

GATA-1 and TAL1 occupancy in the human beta-globin locus. Biochim.

Biophys. Acta 1849, 282–289. https://doi.org/10.1016/j.bbagrm.2014.

12.010.

56. Wong, A.K., Shanahan, F., Chen, Y., Lian, L., Ha, P., Hendricks, K., Ghaf-

fari, S., Iliev, D., Penn, B., Woodland, A.M., et al. (2000). BRG1, a compo-

nent of the SWI-SNF complex, is mutated in multiple human tumor cell

lines. Cancer Res. 60, 6171–6177.

57. Kim, D., Paggi, J.M., Park, C., Bennett, C., and Salzberg, S.L. (2019).

Graph-based genome alignment and genotyping with HISAT2 and

HISAT-genotype. Nat. Biotechnol. 37, 907–915. https://doi.org/10.1038/

s41587-019-0201-4.

58. Liao, Y., Smyth, G.K., and Shi, W. (2014). featureCounts: an efficient

general purpose program for assigning sequence reads to genomic fea-

tures. Bioinformatics 30, 923–930. https://doi.org/10.1093/bioinformat-

ics/btt656.

59. McCarthy, D.J., Chen, Y., and Smyth, G.K. (2012). Differential expression

analysis of multifactor RNA-Seq experiments with respect to biological

variation. Nucleic Acids Res. 40, 4288–4297. https://doi.org/10.1093/

nar/gks042.

60. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15,

550. https://doi.org/10.1186/s13059-014-0550-8.

61. Chen, E.Y., Tan, C.M., Kou, Y., Duan, Q., Wang, Z., Meirelles, G.V., Clark,

N.R., andMa’ayan, A. (2013). Enrichr: interactive and collaborative HTML5

gene list enrichment analysis tool. BMC Bioinf. 14, 128. https://doi.org/10.

1186/1471-2105-14-128.

62. Kuleshov, M.V., Jones, M.R., Rouillard, A.D., Fernandez, N.F., Duan, Q.,

Wang, Z., Koplev, S., Jenkins, S.L., Jagodnik, K.M., Lachmann, A., et al.

(2016). Enrichr: a comprehensive gene set enrichment analysis web server

2016 update. Nucleic Acids Res. 44, W90–W97. https://doi.org/10.1093/

nar/gkw377.

63. Xie, Z., Bailey, A., Kuleshov, M.V., Clarke, D.J.B., Evangelista, J.E., Jen-

kins, S.L., Lachmann, A., Wojciechowicz, M.L., Kropiwnicki, E., Jagodnik,

K.M., et al. (2021). Gene Set Knowledge Discovery with Enrichr. Curr. Pro-

toc. 1, e90. https://doi.org/10.1002/cpz1.90.

64. Mootha, V.K., Lindgren, C.M., Eriksson, K.F., Subramanian, A., Sihag, S.,

Lehar, J., Puigserver, P., Carlsson, E., Ridderstråle, M., Laurila, E., et al.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD3ε (Clone 145-2C11, conjugated to Biotin) BioLegend Cat#100304; RRID: AB_312669

Anti-CD4 (Clone GK1.5, conjugated to Biotin) BioLegend Cat#100404; RRID: AB_312689

Anti-CD8a (Clone 53-6.7, conjugated to Biotin) BioLegend Cat#100704; RRID: AB_312743

Anti-CD19 (Clone 6D5, conjugated to Biotin) BioLegend Cat#115504; RRID: AB_313639

Anti-NK1.1 (Clone PK136, conjugated to Biotin) BioLegend Cat#108704; RRID: AB_313391

Anti-Gr-1 (Clone RB6-8C5, conjugated to Biotin) BD Pharmingen Cat#51-01212J; RRID: AB_10053179

Anti-Ter-119 (Clone TER-119, conjugated to Biotin) BD Pharmingen Cat#51-09082J; RRID: AB_10053179

Anti-Ter-119 (Clone TER-119, conjugated to APC-Cy7) BD Pharmingen Cat#560509; RRID: AB_1645230

Anti-CD48 (Clone HM48-1, conjugated to APC-Cy7) BioLegend Cat#103432; RRID: AB_2561463

Anti-IL7r (Clone A7R34, conjugated to APC-Cy7) BioLegend Cat#135040; RRID: AB_2566161

Anti-CD3ε (Clone 145-2C11, conjugated to APC-Cy7) BioLegend Cat#100330; RRID: AB_1877170

Anti-Gr-1 (Clone RB6-8C5, conjugated to APC) BD Pharmingen Cat#553129; RRID: AB_398532

Anti-c-Kit (Clone 2B8, conjugated to APC) BD Pharmingen Cat#553356; RRID: AB_398536

Anti-B220 (Clone RA3-6B2, conjugated to PE/Cyanine7) BioLegend Cat#103222; RRID: AB_313005

Anti-Sca-1 (Clone D7, conjugated to PE/Cyanine7) BioLegend Cat#108114; RRID: AB_493596

Anti-Streptavidin (conjugated to PerCP/Cyanine5.5) BioLegend Cat#405214

Anti-CD11b (Clone M1/70, conjugated to PerCP/Cyanine5.5) BioLegend Cat#101228; RRID: AB_893232

Anti-CD71 (Clone RI7217, conjugated to FITC) BioLegend Cat#113806; RRID: AB_313567

Anti-Sca-1 (Clone D7, conjugated to FITC) BioLegend Cat#108106; RRID: AB_313343

Anti-c-Kit (Clone 2B8, conjugated to FITC) BD Pharmingen Cat#553354; RRID: AB_394805

Anti-CD45.2 (Clone 104, conjugated to FITC) BD Pharmingen Cat#553772; RRID:

AB_395041

Anti-CD135 (Clone A2F10.1, conjugated to PE) BD Pharmingen Cat#553842; RRID: AB_395079

Anti-Streptavidin (conjugated to BV605) BioLegend Cat#405229

Anti-CD150 (Clone TC15-12F12.2, conjugated to BV605) BioLegend Cat#115927; RRID: AB_11204248

Anti-CD34 (Clone RAM34, conjugated to eFluor450) Invitrogen Cat#48-0341-82; RRID: AB_2043837

Anti-CD16/32 (Clone 2.4G2, conjugated to APC-R700) BD Pharmingen Cat#565502; RRID: AB_2739269

Anti-biotin (Clone Bio3-18E7.2, conjugated to microbeads) Miltenyi Biotec Cat#130-090-858

Anti-FITC microbeads Miltenyi Biotec Cat#130-048-701; RRID: AB_244371

Anti-BRD9 Abcam Cat#ab259839

Anti-Actin Sigma-Aldrich Cat#1978; RRID: AB_476692

Bacterial and virus strains

E. coli DH5a Competent Cells Takara Cat#9057

Chemicals, peptides, and recombinant proteins

Mouse IL-3 Recombinant Protein PeproTech Cat#213-13-100UG

Mouse IL-6 Recombinant Protein PeproTech Cat#216-16-100UG

Mouse SCF Recombinant Protein PeproTech Cat#250-03-100UG

ACK lysis buffer homemade N/K

I-BRD9 Selleck Cat#S7835

Critical commercial assays

Methocult M3434 STEMCELL

Technologies

Cat#03434

StemSpan SFEM STEMCELL

Technologies

Cat#09600

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lymphoprep STEMCELL

Technologies

Cat#07801

IMDM Sigma-Aldrich Cat#I3390-500ML

FBS Biowest Cat#S1600-500

MACS LS columns Miltenyi Biotec Cat#130-042-401

RNeasy mini kit Qiagen Cat#74104

ATAC-seq kit Active Motif Cat#53150

Qubit dsDNA HS Assay Kit Invitrogen Cat#Q32851

RetroNectin Recombinant Human Fibronectin Fragment Takara Cat#T100B

Verso cDNA Synthesis Kit Thermo Scientific Cat#AB1453B

Deposited data

Bulk RNA-seq This study GEO: GSE269210

Bulk ATAC-seq This study GEO: GSE269210

Single cell RNA-seq This study GEO: GSE269210

Experimental models: Organisms/strains

C57BL/6J Japan SLC, Inc. N/A

Vav1-iCre; Brd9fl/fl mouse This study N/A

C57BL/6J (CD45.1) Japan SLC, Inc. N/A

Oligonucleotides

Brd9 genotyping primer:

PNDEL1 (50-TGTGCCTAACAGGCTCACAA)

Xiao et al.22 N/A

Brd9 genotyping primer:

PNDEL2 (50-AGCAGGACTTTACCTCTCCCT)

Xiao et al.22 N/A

Brd9 recombination PCR primer:

LOX1 (50- AGTGACCTCAAGATTGCATGTTGG)

Xiao et al.22 N/A

Brd9 recombination PCR primer:

PNDEL2 (50- AGCAGGACTTTACCTCTCCCT)

Xiao et al.22 N/A

RT-PCR primer:

Brd9 exon5 Fw (50-ATCCTATGGACTTTGGCACG)

Xiao et al.22 N/A

RT-PCR primer:

Brd9 exon6 Rv (50-CTGGTCTATTGTACGTCATCGC)

Xiao et al.22 N/A

Vav1-iCre genotyping primer Fw (50-CAGGTTTTGGT

GCACAGTCA)

This study N/A

Vav1-iCre genotyping primer Rv (50-GGTGTTGTAGT

TGTCCCCACT)

This study N/A

RT-PCR primer:

Gltscr1 Fw (50-TGACACCTATTCAAGTGGTGGG)

This study N/A

RT-PCR primer:

Gltscr1 Rv (50-CACCGAGTTCCCGTTGAGTG)

This study N/A

shBrd9#1 (50-TTTATT ATCATTGAATACCCAG) Xiao et al.22 N/A

shBrd9#2 (50-TTTATTTCTTCTTTCATCTTTG) Xiao et al.22 N/A

shGltscr1#1 (50-CGGTGGAGGATGAACTATATC) Vector Builder N/A

shGltscr1#2 (50-GACAATTCTTGCCTAAGTTAT) Vector Builder N/A

Recombinant DNA

pMIGII-BRD9 WT Inoue et al.23 N/A

pMIGII-BRD9 dBD Inoue et al.23 N/A

Software and algorithms

ELDA: Extreme Limiting Dilution Analysis Hu et al.33 https://bioinf.wehi.edu.au/software/elda/index.html

HISAT2 v2.2.1 Kim et al.57 https://daehwankimlab.github.io/hisat2/

featureCounts v2.0.6 Liao et al.58 https://bioconductor.org/packages/release/bioc/

html/Rsubread.html

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All animal procedures were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals and approved

by the Institutional Animal Care and Use Committees of the Foundation for Biomedical Research and Innovation (FBRI, Japan). Also,

all mouse experiments were performed in strict accordance with protocols approved by the FBRI Institutional Animal Care and Use

Committee (Study approval numbers: 22-10 and 24-08). All animals were housed at FBRI using a 12-h light/12-h dark cycle at an

ambient temperature of 72�F ± 2�F (�21.5�C ± 1�C) with 30–70% humidity. All mice used in this study are in C57BL/6J Jms back-

ground. To obtain fetal livers (FL), mating pairs were setup between 10-week-old Brd9fl/fl male mice and 10-week-old Vav1-iCre;

Brd9fl/fl female mice. Mouse pregnancy was checked by vaginal plug and the day confirmed was counted as E0.5. Fetal livers

were obtained on E14.5. In the analysis of experiments, male and female fetuses were not differentiated. In transplantation assay,

both 10-week-old male and female CD45.1+ recipient mice were used for analysis. Detailed mouse numbers used for each analysis

are reported in the related figure legends. For transplant recipients, we employed both male and female mice across a distinct series

of transplant experiments. The analysis revealed no significant differences in outcomes based on the sex of the mice. Consequently,

we integrated the data from both groups in the results section.

Generation of Vav1-iCre; Brd9fl/fl mice
Brd9 floxed allele contains the LoxP cassette and the targeted region is �2.4 kb including exons 4–6 corresponding its bromodo-

main.21 Brd9 floxed mice were genotyped by PCR with primers PNDEL1 (TGTGCCTAACAGGCTCACAA) and PNDEL2

(AGCAGGACTTTACC TCTCCCT) using the following parameters: 94�C for 2 min, flowed by 30 cycles of 94�C for 45 s, 60�C for

30 s, and 72�C for 1 min, and then 72�C for 7 min. The Brd9 floxed and WT alleles were detected as 505 bp and 626 bp bands,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

edgeR v4.0.16 McCarthy et al.59 https://bioconductor.org/packages/release/bioc/

html/edgeR.html

DESeq2 v1.46.0 Love et al.60 https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

Enrichr Chen et al.61–63 https://maayanlab.cloud/Enrichr/

GSEA v4.2.3 Mootha et al.64,65 https://www.gsea-msigdb.org/gsea/index.jsp

Trimmomatic v0.39 Bolger et al.66 https://github.com/usadellab/Trimmomatic

Bowtie2 v2.4.4 Langmead et al.67 https://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Picard v2.26.2 Broad Institute https://broadinstitute.github.io/picard/

deepTools v3.5.1 Ramı́rez et al.68 https://deeptools.readthedocs.io/en/develop/

index.html

MACS2 v2.2.7.1 Zhang et al.69 https://pypi.org/project/MACS2/

HOMER v4.11 Heinz et al.41 http://homer.ucsd.edu/homer/index.html

GREAT analysis McLean et al.50 http://great.stanford.edu/public/html/index.php

IGV v2.16.2 Robinson et al.70 https://igv.org/doc/desktop/

Cell Ranger v7.1.0 and v7.2.0 10x Genomics https://www.10xgenomics.com/jp/support/

software/cell-ranger/downloads

Seurat v5.0.1 Hao et al.71 https://satijalab.org/seurat/

R v4.0.3, v4.2.3 and v4.3.3 R Core Team https://www.R-project.org

Loupe Browser v7.0.1 10x Genomics https://www.10xgenomics.com/jp/support/

software/loupe-browser/downloads

CellRadar Bagger et al.44 https://karlssong.github.io/cellradar/

cellDancer v1.1.7 Li et al.48 https://guangyuwanglab2021.github.io/

cellDancer_website/

velocyto v0.17.17 La Manno et al.72 https://velocyto.org/velocyto.py/

scVelo v0.2.5 Bergen et al.73 https://scvelo.readthedocs.io/en/stable/

index.html

ARTool v0.11.1 Kay et al.74 https://depts.washington.edu/acelab/proj/art/

Biorender BioRender https://BioRender.com

GraphPad Prism v10 Graphpad Software https://www.graphpad.com
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respectively. Brd9fl/fl mice were mated with Vav1-iCre mice for several generations to obtain Vav1-iCre; Brd9fl/fl mice. Successful

recombination of Brd9 was validated by PCR with primers LOX1 (AGTGACCTCAAGATTGCATGTTGG) and PNDEL2

(AGCAGGACTTTACCTCTCCCT). Total RNA was isolated using RNeasy Mini kit (Qiagen). For cDNA synthesis, total RNA was

reverse transcribed to cDNA with Verso cDNA Synthesis Kit. Brd9 expression was investigated by qRT-PCR with primers Brd9

exon5 Fw (ATCCTATGGACTTTGGCACG) and Brd9 exon6 Rv (CTGGTCTATTGTACGTCATCGC).

METHOD DETAILS

Isolation of mouse fetal liver, bone marrow and spleen cells
On E14.5, the pregnant mouse was sacrificed, and fetuses were separated from the uterus and placed in ice-cold phosphate-buff-

ered saline (PBS) with 1% fetal bovine serum (FBS). A single cell suspension from the fetal liver wasmechanically homogenizedwith a

23-gauge needle. Mononuclear cells were harvested by performing density gradient centrifugation (Lymphoprep, STEMCELL Tech-

nologies) and then proceeded to sequent experiments. Bone marrow (BM) and spleen cells were harvested from adult mice aged

more than 20 weeks. Freshly dissected femora and tibiae were isolated, and BM was flushed with a 3 mL insulin syringe into PBS

supplemented with 1% FBS. The BM was spun at 500g by centrifugation and Red blood cells (RBCs) were lysed in ammonium

chloride-potassium bicarbonate (ACK) lysis buffer for 5 min. After centrifugation, cells were resuspended in PBS plus 1% FBS,

passed through a cell strainer, and counted. Spleen was dissected from a mouse and smashed through a 40 mm cell strainer to har-

vest single cells. RBCs were lysed in ACK lysis buffer for 5 min. After centrifugation, cells were resuspended in PBS plus 1% FBS,

passed through a cell strainer, and counted.

Flow cytometry, FACS sorting and Western blot analysis
Fluoroprobe conjugated and biotinylated antibodies used in this study are listed in key resources table. The cells were stained in PBS

with 1%FBS unless otherwise stated. Through the whole procedure, the staining buffer was kept ice-cold, and the cells were stained

for 30 min at 4�C in the dark. In case when the primary biotinylated antibodies were used, a secondary staining was performed with

streptavidin-BV605 or PerCP-Cy5.5. Following biotin-conjugated antibodies were used to label lineage positive cells: anti-CD3ε,

anti-CD4, anti-CD8a, anti-CD19, anti-NK1.1, anti-Gr-1, anti-Ter-119. HSPCs were stained with antibodies against Sca-1, c-Kit,

CD135, CD150, CD48, CD34, CD16/32, CD127. For evaluating erythroid maturation, cells were firstly labeled with biotin-conjugated

antibodies against B220, Gr-1, CD3ε and fluorescence-conjugated antibodies against CD71 and Ter-119. Then cells were second-

arily stained with streptavidin-PerCP-Cy5.5. For splenocytes FACS analysis, splenocytes were labeled with antibodies against

CD45.2, Gr-1, CD11b, B220, CD3ε. Antibodies against BRD9 (abcam; ab259839; 1:1000) and Actin (Sigma-Aldrich, A1978,

1:5000) were used in Western blot analysis.

Colony formation assay
Lineage negative (Lin�) population was selected by MACS depletion. In detail, single cells were suspended in PBS with 1% FBS

containing the following primary biotin-conjugated antibodies: anti-CD3ε, anti-CD4, anti-CD8a, anti-CD19, anti-NK1.1, anti-Gr-1,

anti-Ter-119. Anti-biotin microbeads (Miltenyi Biotec, #130-090-858) were used as secondary antibodies. Negative selection was

performed to enrich Lin� cells. Lin� cells were resuspended in IMDM/2% FBS medium and cell number was counted. Lin� cells

were seeded at a density of 1000 cells/replicate into cytokine-supplemented methylcellulose medium (Methocult M3434,

STEMCELL Technologies). Colonies propagated in culture were scored at day 7–10.

I-BRD9 treatment
E14.5 FL cells were isolated from wild-type C57BL/6J pregnant mouse. Lin� cells were obtained through the Lineage Cell Depletion

kit (Miltenyi Biotec). Lin� cells were cultured at a density of 13 105/mL in StemSpan SFEMmedia containing 10 ng/mL mouse inter-

leukin (IL)-3, 10 ng/mL mouse IL-6, and 20 ng/mL mouse stem cell factor (SCF). Cells were divided into four groups and treated with

different concentrations of I-BRD9 (DMSO as control, 100 nM, 1 mM, and 10 mM). After 5 days of treatment, cells were reseeded at

equal numbers into cytokine-supplemented methylcellulose medium (Methocult M3434, STEMCELL Technologies) with the respec-

tive concentrations of I-BRD9. Colonies were scored after 7–10 days of culture.

Retroviral transduction
E14.5 FL cells were isolated fromwild-type C57BL/6J pregnant mouse (for shRNA knock-down) orBrd9fl/fl (Control) pregnant mouse,

as well as Vav1-iCre; Brd9fl/fl (Brd9 KO) pregnant mouse (for BRD9 addback). Lin� cells were obtained through the Lineage Cell

Depletion kit (Miltenyi Biotec). The cells were then subjected to retroviral transduction using Retronectin. Cells derived from wild-

type C57BL/6J mice were transduced with viral supernatants containing shBrd9 or shGltscr1, while cells from Control and Brd9

KO were transduced with viral supernatants containing empty vector, full-length BRD9 cDNA (BRD9 WT), or bromodomain-dead

mutant BRD9 cDNA (dBD). All vectors were labeled with GFP. Cells were incubated in StemSpan SFEM media supplemented

with 10 ng/mL mouse IL-3, 10 ng/mL mouse IL-6, and 20 ng/mL mouse SCF. Within 48 h, GFP-positive cells were FACS-sorted

and reseeded in equal numbers into cytokine-supplemented methylcellulose medium (Methocult M3434, STEMCELL Technologies).

Colonies were scored after 7–10 days of culture.
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Transplantation assay and limiting dilution assay
E14.5 Lin� FL cells and LK/LSK FL cells were harvested as above described and transplanted via tail vein injection into lethally

irradiated (4.5 Gy3 2) CD45.1+ recipient mice. LK cells were transplanted at 70K cells per recipient mouse, and LSK cells at 3K cells

per mouse. To perform the limiting dilution assay, recipients were transplanted with different cell numbers, which were 50K cells/

mouse, 200K cells/mouse and 400K cells/mouse, respectively. The analysis of the limiting dilution assay was performed on

https://bioinf.wehi.edu.au/software/elda/index.html.

Bulk RNA-seq
For sorted E14.5 FL cells (live Lin� cells), RNA was extracted using RNeasy columns (Qiagen) according to manufacturer’s instruc-

tions. RNA was then Poly(A)- selected, and stranded Illumina libraries were prepared using TruSeq Stranded mRNA Library Prep Kit.

The libraries were sequenced with illumina NovaSeq 6000 at a depth of�30 M 23 151 bp reads per sample. For differential expres-

sion analysis, sequenced reads were mapped to mm10 using HISAT2.57 Gene counts were calculated with featureCounts58 and

differentially expressed genes were identified with Adjusted p value <0.05 by edgeR 4.0.16.59 Variance stabilizing transformed

gene counts was used for principal component analysis.60 With differentially expressed gene sets, gene ontology (GO) and gene

set enrichment analysis (GSEA) pathway analysis was performed by Enrichr61–63 and GSEA software.64,65

ATAC-seq
ATAC-seq library preparation was performed on FACS-sorted Lin-c-Kit+ E14.5 FL HSPCs (150,000 cells per sample) using the ATAC-

seq kit from Active motif (#13150). The QC of DNA libraries was analyzed on an Agilent Technologies 2100-Bioanalyzer, using a High

Sensitivity DNA chip. The libraries were quantified using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). The ATAC-Library

was sequenced with a NovaSeq 6000 platform (Illumina) at a depth of �39 M 23 150 bp read pairs per sample. Reads were quality

filtered according to the standard Illumina pipeline, de-multiplexed and FASTQ files were generated. The adapter sequences were

removed from the ATAC-seq FASTQs using Trimmomatic (0.39)66 with the options ILLUMINACLIP: NexteraPE-PE.fa:2:30:10

LEADING:30 TRAILING:30 SLIDINGWINDOW:4:15 MINLEN:50 on the PE mode. The cleaned FASTQs were aligned using Bowtie2

(2.4.4)67 to themouse reference genomemm10with the parameters -X 2000 –no-discordant –no-mixed –dovetail –very-sensitive and

the duplicated reads were removed using picard (2.26.2) MarkDuplicates with REMOVE_DUPLICATES = true. BigWig files were

generated from the bam files using bamCoverage68 with the parameters –ignoreDuplicates –normalizeUsing RPGC –effectiveGeno-

meSize 2000000000 –binSize 1 –ignoreForNormalization chrX. Peaks were called using macs2 (2.2.7.1)69 callpeak with -f BAMPE -g

mm –nomodel –keep-dup-all parameters. Then, peaks were merged using mergePeaks41 -d given and a venn diagram was drawn.

Motifs for Control and KO specific peakswere searchedwith findMotifsGenome.pl program41 withmm10 -size given parameters. For

analysing duplicated samples, consensus peaks were identified using mergePeaks -d given and signal intensities of consensus

peaks were calculated by geometric mean. With signal intensities calculated using multiBigwigSummary68 BED-file, differential

peaks were determined with a fold-change threshold 1.5 and analyzed with GREAT.50 For comparing ATAC peaks of FL and

bone marrow (BM) HSPCs, bigWig files were generated from FASTQs used in our previous work (GSE203315)22 and visualized

with IGV.70 To identify super-enhancer (SE) and typical enhancer (TE), H3K27Ac and Input ChIP-seq FASTQs derived from FL

HSC were obtained from GSE119200, and processed in the similar way22 except that we adjusted the parameters on SE mode,

for expample, ILLUMINACLIP:TruSeq3-SE.fa:2:30:10 LEADING:30 TRAILING:30 SLIDINGWINDOW:4:15 MINLEN:30 on the SE

mode were used as trimmomatic parameters.

Single cell RNA-seq library preparation
Single cell RNA-seq libraries of FACS-sorted Lin-c-Kit+ E14.5 FL HSPCs were prepared according to the manufacturer’s protocol

using the 10x Genomics Chromium Next GEM Single cell 30 Kit v3.1 and Dual Index Kit. The libraries were sequenced with

NovaSeq 6000 (Illumina) at a depth of 450M reads per sample. Raw sequencing data were demultiplexed and converted to the stan-

dard FASTQ files by executing cellranger mkfastq (7.1.0, 10x Genomics). For analyzing Lin�Kit+ BMHSPCs, FASTQs (GSE203321)22

were also analyzed. Gene counts of each sample were generated by cellranger count (7.2.0, 10xGenomics) withmm10-2020A as the

reference dataset. For each sample, over 7000 cells were retrieved, where 50000mean reads and 5000median genes were obtained

per cell. The filtered feature barcode matrices were analyzed using Seurat (5.0.1) R package71 on R (4.2.3) (https://www.R-projec-

t.org; 2022). After calculating QC metrics, low quality cells not meeting the following criteria were removed: 3000 % nCount_RNA

<120000 (FL) or 8000 (BM), 1000 % nFeature_RNA <9000 (FL) or 8250 (BM), and 0 % percent.mt < 7. As a result 29591 cells

were retained. NormalizeData function with normalization.method = ‘‘LogNormalize’’ and scale.factor = 10000 was performed.

Then, FindVariableFeatures with selection.method = ‘‘vst’’ nfeatures = 3000 and ScaleData function with vars.to.regress = ‘‘per-

cent.mt’’ was applied for the fist scaling. Cell cycle scoreswere calculated byCellCycleScoring functionwith cc.genes.updated.2019

cell cycle genes, where differences of cell cycle scores (CC.Difference) between S phase and G2M phase were obtained, and

ScaleData function with vars.to.regress = c (‘‘percent.mt’’, ‘‘CC.Difference’’) was applied for the second scaling. Finally, each

data were integrated through executing IntegrateLayers function with method = ‘‘CCAIntegration’’ normalization.method =

‘‘LogNormalize’’ dims = 1 : 100. Principal component analysis (PCA) was performed with the integrated data followed by

FindNeighbors, FindClusters and uniform manifold approximation and projection (UMAP) dimensional reduction. Cell clusters and

UMAP coordinates were exported from the Seurat object and imported into the Loupe Browser file created by cellranger aggr for
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following analyses and visualization. Cell types were manually assigned to each cluster, and percentages of cell types were

calculated. Differentially expressed genes compared Brd9 KO to Control on each cell type were determined using FindMarkers

with non-parametricWilcoxon rank-sum test and p value <0.01. Gene ontology (GO) analysis was performed by Enrichr.61–63 Normal-

ized expressions of cell type specific genes were visualized by DotPlot function.

CellRadar (using data fromHemaExplorer,44 https://karlssong.github.io/cellradar/) was used to investigate lineage affiliation and to

create a radar plot using marker genes (adj p value <0.05 calculated with Loupe Browser) in related clusters.

RNA Velocities were estimated using cellDancer (1.1.7) following to the instruction.48 Briefly, loom file was generated from the bam

file of each sample using velocyto (0.17.17)72 run and adata file of each sample was exported from the integrated Seurat object. The

loom files and adata files were processed with scVelo (0.2.5)73 by applying scv.pp.filter_and_normalize and scv.pp.moments func-

tions. The processed data were further analyzed with cellDancer by applying cdutil.adata_to_df_with_embed, cd.velocity and

cd.compute_cell_velocity functions. The estimated cell velocities were visualized using cdplt.scatter_cell function.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using HOMER (version 4.11), MACS2 (version 2.2.7.1), cellranger (version 7.2.0), R (version 4.0.3,

4.2.3, and 4.3.3), ARTool (version 0.11.1, https://github.com/mjskay/ARTool),74 GraphPad Prism (version 10), edgeR (version 4.0.16)

and GSEA (version 4.2.3) software. Statistical significance was calculated using two-tailed unpaired t-test, log rank test, negative

binomial test (adjusted using the Benjamini-Hochberg correction), two-sidedWilcoxon rank-sum test, Tow-way ANOVAwith Aligned

Rank Transform, GSEA, binomial distribution in HOMER, ELDA, GREAT, Enrichr, and indicated in the figure legend. Statistical sig-

nificance was set as *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001; ns: not significant (p > 0.05). The number of mice in each

group and the number of replicates for each experiment are indicated in the legends of the main and supplemental figures. All error

bars represent mean ± s.e.m.
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