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SUMMARY

Hematopoietic aging is characterized by chronic inflammation associated with myeloid bias, hematopoietic 
stem cell (HSC) accumulation, and functional HSC impairment. Yet it remains unclear how inflammation 
promotes aging phenotypes. Nuclear factor κB (NF-κB) both responds to and directs inflammation, and 
we present an experimental model of elevated NF-κB activity (‘‘inhibitor of κB deficient’’ [IκB – ]) to dissect 
its role in hematopoietic aging phenotypes. We find that while elevated NF-κB activity is not sufficient for 
HSC accumulation, HSC-autonomous NF-κB activity impairs their functionality, leading to reduced bone 
marrow reconstitution. In contrast, myeloid bias is driven by the IκB – proinflammatory bone marrow milieu, 
as observed functionally, epigenomically, and transcriptomically. A single-cell RNA sequencing (scRNA-seq) 
HSPC labeling framework enables comparisons with aged murine and human HSC datasets, documenting an 
association between HSC-intrinsic NF-κB activity and quiescence but not myeloid bias. These findings delin-

eate separate regulatory mechanisms that underlie the three hallmarks of hematopoietic aging, suggesting 
that they are specifically and independently therapeutically targetable.

INTRODUCTION

Hematopoietic aging phenotypes include chronic inflamma-

tion, bias of hematopoietic output toward myeloid lineages 

and away from lymphoid fates, and hematopoietic stem cell 

(HSC) dysfunction. 1,2 Aged HSCs accumulate in number yet 

display increased quiescence and impaired responses to 

regenerative cues. 2–4 Furthermore, HSCs and their multipotent 

progenitor (MPP) progeny (together, hematopoietic stem and 

progenitor cells [HSPCs]) display myeloid bias during diverse 

physiologic and pathologic inflammatory responses. 1,5 While 

chronic inflammation is tightly linked with hematopoietic aging, 

whether it is a driver or consequence of myeloid bias, HSC 

functional decline, or HSC accumulation remains unclear.

Nuclear factor κB (NF-κB) is a ubiquitous regulator of inflamma-

tion but is also downstream of inflammatory stimuli with roles 

in development, stress responses, and cancer. 6–8 Interestingly, 

there is increased NF-κB activity in aged HSCs. 9 The NF-κB 

signaling system, composed of IκB kinase (IKK) signal integration

complexes, inhibitor of κB (IκB) negative regulators, and NF-κB 

transcription factor (TF) dimers, is activated by tissue damage 

and inflammatory molecules (e.g., damage-associated molecular 

patterns [DAMPs], pathogen-associated molecular patterns 

[PAMPs], and cytokines), culminating in NF-κB nuclear transloca-

tion and gene transcription. 6 Key transcriptional targets include 

cytokines (e.g., Tnf and Il1a), chemokines (e.g., Ccl5), and growth 

factors (e.g., Csf3), in addition to cell cycle, apoptosis, and cell 

stress pathway components. 6 Furthermore, the NF-κB system 

participates in the control of other signaling pathways, such as 

mitogen-activated protein kinase (MAPK), phosphatidylinositol

3 (PI3)-kinase, transforming growth factor beta (TGF-β), Wnt, 

and type I interferon, that also impact hematopoiesis. 10 Both 

HSCs and their niches are altered in hematopoietic aging, yet 

there remains controversy regarding the contributions of each 

compartment to aging phenotypes. 1,11 The diverse functions of 

NF-κB across tissue types raise the question of whether NF-κB-

mediated signaling within both HSCs and their niches may each 

contribute to hematopoietic aging.
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While perturbations of the NF-κB system have shown its impor-

tance in hematopoiesis, existing models each have critical limita-

tions. 12 Mice with IKK and NF-κB-inducing kinase (NIK) muta-

tions show bone marrow failure, but importantly, both IKK and 

NIK have pleiotropic targets outside the NF-κB pathway. 10,12,13 

Nfkb1 − /− mice display features of premature aging; however, 

the biological consequences may be due to dysregulated NF-

κB, type I interferon, or dysregulated MAPK signaling. 14 Relb − /− 

mice have a complex inflammatory, autoimmune, and immuno-

deficiency phenotype that is so severe that they are not suitable 

for aging studies. 15 In contrast, NF-κB activation achieved by 

reducing IκB-mediated sequestration of NF-κB dimers in the 

cytoplasm is a direct and NF-κB system-specific approach. 

Knockout mice for Nfkbia encoding IκBα show granulocytosis 

but die shortly after birth, while Nfkbia +/− heterozygous mice 

show no phenotype due to compensation by other IκB family 

members, 16 limiting the utility of these mice for in vivo studies. 

Here, we present a genetic model of inflammatory NF-κB dys-

regulation termed IκB – (Nfkbia +/− Nfkbib − /− Nfkbie − /− ) to study 

the causal relationship between inflammation, myeloid bias, 

HSC accumulation, and HSC functional impairment in hemato-

poietic aging. We demonstrate the utility of this model as young 

IκB – mice display myeloid bias and an inflammatory bone 

marrow milieu, similar to aged wild-type (WT) mice. Transplanta-

tion experiments in conjunction with epigenomic and transcrip-

tomic analyses reveal inflammatory milieu-directed myeloid bias 

that is separable from HSC-intrinsic NF-κB activity, quiescence, 

and functional impairment. Together, these findings delineate 

separate roles for inflammatory NF-κB signaling in the bone 

marrow milieu and within HSCs in driving different aspects of ag-

ing-associated hematopoietic decline.

RESULTS

Experimentally elevated NF-κB drives myeloid-biased 

hematopoiesis, similar to aging

To assess NF-κB control in hematopoietic progenitors of aged 

mice, we used an mVenus-RelA reporter previously generated 

in our laboratory. 17 In this mouse, the mVenus fluorescent signal 

indicates the abundance of RelA protein, which is the NF-κB 

subunit most critical for inflammatory responses. 8 In young 

mice (2–3 months), we found that HSPC subsets, as phenotypi-

cally delineated by Pietras and colleagues 18 (Figure S1A), 

vary in NF-κB RelA abundance, with megakaryocyte-erythroid-

biased MPP2 cells showing the highest expression, while the 

lowest is seen in short-term HSCs (ST-HSCs; also proposed to 

represent an MPP rather than a true stem cell 19 ) (Figures 1A, 

1B, and S1B). Upon aging (18–22 months), RelA protein is 

increased in long-term HSC (LT-HSC), ST-HSC, myeloid-biased 

MPP3, and lymphoid-biased MPP4 subsets (Figures 1A, S1B, 

and S1C).

To test whether elevated NF-κB activity may be a sufficient 

driver of aging-associated myeloid bias, HSC functional impair-

ment, and HSC accumulation, we bred mice harboring knockout 

alleles for genes encoding IκB family members, resulting in a 

compound IκB-deficient strain termed IκB – (Nfkbia +/− Nfkbib − /− 

Nfkbie − /− ). 16,20,21 This combination of genetic perturbations re-

sults in reduced cytoplasmic sequestration of NF-κB dimers,

leading to the increased nuclear presence of NF-κB and target 

gene expression. Accordingly, young IκB – mice showed signifi-

cant increases in soluble bone marrow inflammatory mediators 

over young WT controls. Indeed, the cytokine profile was 

remarkably similar to the inflammatory milieu observed in aged 

WT mice (Figure 1C).

Bone marrow cellularity was similar between young IκB – mice 

and controls; however, the total number of HSPCs was increased 

in IκB – (Figure 1D). This was predominantly due to an increased 

abundance of megakaryocyte/erythroid-biased MPP2s and 

myeloid-biased MPP3s, without a change in the number of 

lymphoid-biased MPP4s (Figure 1D). ST-HSCs were reduced in 

IκB – mice, while LT-HSC abundance was unchanged compared 

to young WT controls (Figure 1D). These HSPC subset differ-

ences were appreciated as both absolute cell numbers 

(Figure 1D) and as the percentage of composition of the HSPC 

compartment (Figure S1D). Aged mice showed similar increases 

in MPP2s and MPP3s as IκB – , and additional changes were 

noted, including a reduction in total bone marrow cellularity, a 

decrease in MPP4s, and an increase in LT-HSCs (Figures 1D 

and S1D), consistent with established literature in aged mice. 1,2 

LT-HSC expression of CD150 has been associated with lineage 

biases. CD150 high myeloid-biased HSCs (myHSCs) accumulate 

with aging, 22 which we also observed in our aged murine cohort 

but not in IκB – mice (Figure S1E), consistent with the lack of HSC 

accumulation in this model.

Mature granulocytosis was observed by histology and flow cy-

tometry in both young IκB – and aged WT mice compared with 

young WT controls (Figures S1F and S1G). In the peripheral 

blood, young IκB – mice showed fewer circulating B cells (further 

explored by Y.-S. L., V. Alonso, Y.L., Y. Tang, A.S., A. Mehta, J. 

King, M. Paing, N. Salomis, H. Grimes, et al., unpublished data), 

increased myeloid cell subsets, and no difference in T cell abun-

dances (Figures S1H and S1I). These findings were similar to, 

though more pronounced than, those observed in aged WT 

mice (Figure S1I) and indicate myeloid bias among mature im-

mune effector cells.

Together, these results indicate that experimentally driving 

ubiquitous proinflammatory NF-κB signaling is sufficient for 

myeloid-biased hematopoiesis as in aged mice but does not 

lead to aging-associated HSC accumulation.

Hematopoietic-cell-extrinsic NF-κB activity is sufficient 

to drive myeloid bias

The striking abundance of soluble inflammatory mediators in 

IκB – and aged bone marrow (Figure 1C) raises the possibility 

that they may be responsible for driving myeloid bias. These sol-

uble factors may be produced by either hematopoietic cells or 

non-hematopoietic cells. To distinguish between these possibil-

ities, we generated bone marrow chimeric mice by transplanting 

WT donor bone marrow into IκB – recipients or WT controls 

(Figure 2A). This strategy allowed us to measure how elevated 

NF-κB activity in the radio-resistant, hematopoietic cell-

extrinsic compartment affects WT donor cells. Transplant recip-

ients of both genotypes showed excellent chimerism 15 weeks 

post-transplant (>97%; Figures 2B and S2A), when donor HSCs 

show stable hematopoietic reconstitution. 23,24 Experimental 

hematopoietic-extrinsic NF-κB dysregulation in IκB – recipients
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resulted in unchanged bone marrow cellularity and total 

HSPC numbers between recipient genotypes (Figure 2C); 

however, myeloid-biased MPP3s were increased among WT 

donor cells from IκB – recipients measured by absolute number 

(Figure 2C) and as a proportion of the entire HSPC compartment 

(Figure S2B) compared to controls. A minor increase was 

also noted in MPP2s, and ST-HSC numbers showed a down 

trend (p = 0.05) (Figures 2C and S2B), revealing similar though

weaker effects on these populations compared with non-trans-

planted IκB – mice. Bone marrow mature granulocytosis was 

seen by histology and flow cytometry (Figures S2C and S2D), 

and peripheral blood immunophenotyping showed increased 

myeloid cells (Figure S2E), indicating myeloid bias among 

mature immune effector cells. Concordantly, bone marrow su-

pernatant showed increased protein levels of the myeloid 

growth factors CSF3 and eotaxin 25 (Figures S2F). These results

Figure 1. IκB – mouse model of NF-κB dysregulation has an inflamed bone marrow and myeloid-biased hematopoiesis, similar to aged mice

(A) mVenus-RelA fluorescence normalized to cell counts in the indicated HSPC subsets; representative of n = 4–5.

(B) Quantification of RelA hi young WT cells; statistics compare LT-HSC to other HSPC subsets.

(C) Secreted protein in bone marrow supernatant measured by Luminex, normalized to mean of WT young samples, per assay plate; n = 4–7.

(D) Total bone marrow, total HSPC, and HSPC subset cell numbers by flow cytometry; n = 5–12.

Unpaired Student’s two-tailed t test p values: *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figure S1.
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Figure 2. Hematopoietic-extrinsic inflammatory signals are sufficient to drive myeloid-biased hematopoiesis

(A) Primary transplant schematic.

(B) Bone marrow chimerism at 15 weeks. D, donor; R, recipient.

(C) Donor marrow, HSPC, and HSPC subset cell numbers.

(D) Secondary transplant schematic.

(legend continued on next page)
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indicate that myeloid bias of stably engrafted WT donor cells in 

IκB – recipients was similar to that in non-transplanted IκB – mice. 

Therefore, NF-κB activity restricted to the radio-resistant 

compartment is sufficient for myeloid bias.

We next tested the durability of milieu-directed myeloid bias 

upon re-transplantation into a WT bone marrow milieu. Second-

ary transplantation of WT marrow conditioned in IκB – primary 

recipients for 15 weeks into young WT secondary recipients 

(Figures 2D, 2E, and S2G) led to a remarkable resolution of 

MPP3 and bone marrow granulocyte bias after 16 weeks 

(Figures 2F and S2H–S2J). Together, these experiments 

demonstrate that HSC-extrinsic NF-κB activity is sufficient to 

drive myeloid-biased hematopoiesis. However, NF-κB-driven 

inflammatory signals in the milieu must be persistent to maintain 

myeloid bias in the bone marrow, as HSPC myeloid bias is 

reversible upon return into a non-dysregulated bone marrow 

milieu.

The inflamed bone marrow milieu directs epigenomic 

reprogramming of HSCs

We next asked whether epigenomic changes may underlie the 

HSPC myeloid bias induced in WT cells by the inflamed IκB – 

bone marrow milieu. We performed the assay for transposase 

accessible chromatin with sequencing (ATAC-seq) in flow-cy-

tometry-sorted LT-HSC (HSC), MPP2, MPP3, and MPP4 popu-

lations from WT-to-WT or WT-to-IκB – bone marrow chimeric 

mice (Figure S3A), identifying 13,910 consensus peaks of acces-

sible chromatin among 3 biological replicates. We confirmed 

that peaks were appropriately larger for regions expected to 

be open in all samples (e.g., Gapdh) than for regions expected 

to be closed in all samples (e.g., Pbpb) and that peaks showed 

appropriate cell-type specificity (e.g., Pf4 in MPP2s) (Figure 3A).

To identify differentiation-associated changes in chromatin 

accessibility for each progenitor lineage, we used differential 

accessibility analysis between each MPP subset vs. HSCs, 

performed separately for cells from WT and IκB – recipients 

(Figures S3B and S3C). In these differentially accessible regions 

(DARs), we then assessed TF motif enrichment in megakaryo-

cyte/erythroid-biased (Mk/Er) MPP2s, myeloid-biased (My) 

MPP3s, and lymphoid-biased (Ly) MPP4s (Figure 3B). 26–29 In 

contrast to WT-recipient controls, IκB – -recipient MPP3 vs. 

HSC DARs showed little enrichment for CCAAT/enhancer-bind-

ing protein (C/EBP) motifs (Figure 3B), which was surprising 

given the myeloid-biased phenotype in IκB – -recipient mice 

and C/EBP’s prominent role in myeloid differentiation. 27,30 

While this analysis related DARs of MPPs vs. HSCs within the 

same recipient genotype, we next directly compared IκB – - vs. 

WT-recipient DARs for each HSPC subset to identify changes 

in chromatin accessibility driven by the inflammatory milieu 

(Figures S3D and 3C). This analysis revealed a dramatic enrich-

ment of C/EBP motifs among IκB – -recipient HSCs and moder-

ate enrichments in MPP3 and MPP4 populations (Figure 3C). 

A similar pattern was noted for PU.1 (Figure S3E), which in-

structs both myeloid and early lymphoid programs, 31 but not 

for megakaryocyte/erythroid-associated nor lymphoid-specific 

TF motifs (Figure 3C). We then performed Gene Ontology (GO) 

analysis on the top 25 enriched TF motifs in IκB – - vs. WT-recip-

ient DARs (Figures S3B and S3D). The top TF motifs showed 

significant enrichment in GO terms related to transcriptional 

regulation for all populations, as expected; furthermore, multi-

ple terms related to myeloid development and differentiation 

were significantly enriched, particularly in HSCs and MPP4s 

(Figure S3F).

We next identified specific chromatin regions associated with 

the myeloid lineage that become prematurely accessible in WT 

HSCs transplanted into an inflamed IκB – milieu. Among 595 

myeloid-specific DARs in WT recipients (defined as more acces-

sible in WT-recipient MPP3s vs. HSCs), a distinct cluster of 115 

DARs showed higher peak counts in IκB – -recipient HSCs than 

controls (Figures S3B and 3D). C/EBPα and C/EBPβ have well-

established roles in steady-state and emergency myelopoiesis, 

respectively, and C/EBPδ is implicated in granulocyte specifica-

tion and function. 27 Furthermore, C/EBPα and C/EBPβ are 

pioneer factors that can open heterochromatin, thereby facili-

tating changes in transcriptional programs, either independently 

of or synergistically with PU.1. 32 Thus, we asked whether these 

myeloid-associated DARs may overlap with bona fide C/EBP 

binding events, which were defined from publicly available chro-

matin immunoprecipitation with sequencing datasets of differ-

entiated myeloid cells. 33–35 Indeed, we found that the 115 

myeloid regions prematurely accessible in IκB – -recipient HSCs 

showed a high overlap with C/EBP binding events, as did total 

WT-recipient myeloid-specific MPP3 vs. HSC DARs (595), while 

negative control WT-recipient HSC-specific DARs (434) did not 

(Figure 3E), confirming that newly accessible regions in HSCs 

from an IκB – milieu are enriched in bona fide C/EBP binding 

sites. Regions with high C/EBP overlap also showed higher 

peak counts, indicating increased chromatin accessibility at 

these C/EPB binding sites (Figure 3F). Together, these findings 

identify inappropriate or premature accessibility for C/EBPs 

and their binding in HSCs in an inflammatory IκB – milieu as a 

form of epigenomic reprogramming.

The inflamed bone marrow milieu redirects the gene 

expression program of HSCs

Next, we asked whether WT HSPCs from an inflammatory IκB – 

milieu may also show transcriptional features of myeloid bias. 

We performed single-cell RNA sequencing (scRNA-seq) on 

flow-cytometry-sorted HSPCs from WT-to-WT or WT-to-IκB – 

bone marrow chimeric mice (Figure S4A). To identify HSPCs 

that relate to the individually sorted subsets in our ATAC-seq 

analysis, we developed a logistic-regression-based cell labeling 

model. This model generated HSPC subset labels from bulk-

sorted LT-HSC, ST-HSC, MPP2, MPP3, and MPP4 microarray 

data, which were then filtered by an independent bulk-sorted 

scRNA-seq dataset, both of which used the same phenotypic

(E) Bone marrow chimerism at 16 weeks.

(F) Donor bone marrow, HSPC, and HSPC subset cell numbers.

(A–C) n = 9–11, 3 transplant batches. (D–F) n = 7, one transplant batch. Unpaired Student’s two-tailed t test p values; *p < 0.05, **p < 0.01, and ***p < 0.001. See 

also Figure S2.
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Figure 3. In an inflammatory milieu, HSCs undergo chromatin reorganization that results in increased accessibility for myeloid-priming 

C/EBP transcription factors

ATAC-seq analysis from hematopoietic-extrinsic primary transplants.

(A) Peak tracks corresponding to regions expected to be open (Gapdh), closed (Pbpb), or population specific (Pf4); representative of n = 3.

(B) Transcription factor (TF) motif enrichment among more accessible differentially accessible chromatin regions (DARs) in the specified MPP population vs. 

HSCs for each recipient genotype (inset schematic).

(C) TF motif enrichment in more accessible DARs in IκB – recipients vs. WT recipients (inset schematic) for each population.

(D) z scored CPM-normalized peak counts in the more accessible 595 DARs in WT-recipient MPP3 vs. WT-recipient HSCs; n = 3.

(E) Overlap between published C/EBP binding events and ATAC-seq DARs accessible in WT-recipient HSCs but not WT-recipient MPP3s (‘‘WT HSCs’’), in WT-

recipient MPP3s but not WT-recipient HSCs (‘‘WT MPP3s’’), or in WT-recipient MPP3s and IκB – -recipient HSCs but not WT-recipient HSCs (‘‘IκB – HSCs and WT 

MPP3s’’).

(F) CPM-normalized peak counts in ‘‘IκB – HSC and WT MPP3’’ regions overlapping with C/EBP binding events for the indicated populations and all replicates. 

Statistics in (B) and (C) are Benjamini-Hochberg (BH)-adjusted p values calculated via Homer zero or one occurrence per sequence (ZOOPS) scoring; statistics in

(F) were calculated with Wilcoxon rank-sum test. See also Figure S3.
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cell surface markers as our ATAC-seq sorting strategy. 18,36 In 

test scRNA-data, cell-type labels were assigned as one of the 

five HSPC cell types that showed the highest transcriptomic 

correspondence between test and reference data (Figure S5). 

Labeling our hematopoietic-extrinsic transplant scRNA-seq 

data resulted in more MPP3-labeled cells from IκB – recipients 

than WT-recipient controls (Figures 4A, 4B, and S4B–S4D), 

consistent with flow cytometry phenotyping. We first evaluated 

the expression of genes nearest the accessible C/EBP binding 

events identified in Figures 3D–3F. These transcripts were 

increased among the differentially expressed genes (DEGs) 

from positive control WT-recipient MPP3s vs. LT-HSCs, as ex-

pected (Figure 4C, x axis), and were also higher in LT-HSCs from 

IκB – recipients vs. controls (Figure 4C, y axis), confirming the 

increased transcription of most C/EBP target genes in HSCs 

conditioned in an inflamed environment. We next sought to 

perform transcript abundance analysis while retaining single-

cell resolution. To do so, we calculated rank-based single-cell 

gene set enrichment scores, 37 yielding a scoring metric that in-

dicates how highly expressed a set of genes is within each cell. 

For ATAC-accessible C/EBP target genes, C/EBP target single-

cell gene set scores were higher in IκB – -recipient HSCs than 

controls (Figure 4D), consistent with the DEG-based analysis. 

These findings confirmed increased transcript abundance for 

genes in C/EBP binding regions that were prematurely acces-

sible in HSCs from an inflamed IκB – milieu.

We next evaluated broader transcriptional features of myeloid 

bias. Expression of 31 myeloid lineage- and maturation-associ-

ated genes 38 encoding myeloid TFs, growth factor receptors, 

and functional proteins (Table S1) was increased in LT-HSC 

from IκB – vs. WT recipients in both DEG (Figure 4E) and single-

cell gene set scoring (Figure 4F) approaches. Furthermore, 

myeloid-associated genes showed higher single-cell scores 

among IκB – -recipient MPPs than WT-recipient controls 

(Figure 4F). To confirm our findings with an orthogonal, non-

overlapping gene set, we used 49 CSF3R-response genes 

from the NCI Cytosig database, 39 including Ctsb, Nampt, and 

Timp1 (Table S1). Concordantly, single-cell gene set scores 

were higher for CSF3R-response genes in HSCs and non-

MPP3 progenitors from IκB – recipients (Figure 4G). Lymphoid-

associated transcripts were evaluated using a gene set of 11 

lymphoid lineage-associated genes, 40 including Dntt, Rag1, 

and Ikzf1 (Table S1). Lymphoid scores were unchanged in 

HSCs and were reduced in MPP3s and MPP4s from IκB – recip-

ients compared to WT recipients (Figure 4H). Together, these 

three myeloid-associated, CSF3R-responsive, and lymphoid-

associated gene sets contain <100 genes; however, our cell-

type labeling model incorporates expression data of 7,563 genes 

to resolve lineage-associated features among transcriptomically 

similar stem and progenitor cells. Thus, we next examined the 

distributions of cell-type assignment probabilities from our label-

ing model. This revealed that among MPP3-labeled cells, IκB – -

recipient cells had higher MPP3 assignment probabilities than 

controls (Figure S4E). Conversely, among MPP4-labeled cells, 

IκB – -recipient MPP4s had lower MPP4 assignment probabilities 

(Figure S4E). Together, these findings identify transcriptional 

myeloid bias in LT-HSCs and MPPs conditioned in the inflamma-

tory IκB – milieu.

Milieu-directed transcriptional bias of HSCs in aged 

mice and humans

To determine whether transcriptional signatures of HSCs in an in-

flammatory milieu occur in naturally aged individuals, we evalu-

ated publicly available scRNA-seq datasets from murine HSPCs 

and human CD34-positive cells. 41–44 We applied our cell labeling 

model to each dataset to ensure fair comparisons between them 

(Figures 5A, 5B, and S6A) and confirmed the suitability of our la-

beling method for human data using species-specific reference 

genes 45 (Figure S6B). In the absence of chromatin accessibility 

data, we computationally inferred TF activity from scRNA-seq us-

ing the decoupleR tool that leverages independent gene regulato-

ry and transcriptomic databases. 46 Comparing scRNA-seq DEGs 

of aged vs. young LT-HSCs from mice and humans, we found a 

combination of increased myeloid TF activity and reduced 

lymphoid TF activity, 47,48 pointing to an overall myeloid-biased 

TF repertoire (Figure 5C). To assess transcriptional myeloid poten-

tiation and lymphoid decline in a single metric, a bias score was 

calculated as the difference between the CSF3R-response (or 

myeloid-associated) single-cell gene set enrichment score and 

the lymphoid-associated score. The resultant CSF3R-bias scores 

were strongly increased in LT-HSCs from all aged datasets 

(Figure 5D), and myeloid-bias scores were increased in 3 of 4 da-

tasets (Figure 5E). Slight differences between these scores may 

reflect early vs. later events in myeloid commitment, as LT-

HSCs from hematopoietic-extrinsic transplantation experiments 

had higher scores for CSF3R responses than for myeloid-associ-

ated genes (Figures 4F and 4G). These findings indicate transcrip-

tional myeloid bias in aged HSCs from mice and humans, similar 

to murine HSCs from an inflamed IκB – milieu.

Aged HSCs show transcriptomic signatures of 

quiescence or myeloid bias but not both

HSCs remain in quiescence, a poised, reversible G0 state, until 

they receive an activation cue to enter the cell cycle. 3 This results 

in a long-lived pool of HSCs that can maintain multilineage he-

matopoietic potential throughout the lifespan, while progenitor 

proliferation contributes to the bulk of hematopoietic output. 1 

Importantly, quiescence is now recognized as a spectrum rather 

than a binary on/off state, and increased quiescence has been 

associated with aging and HSC accumulation, though the mech-

anism remains unclear. 1,50 Aged HSCs were more abundant than 

young HSCs in all 3 scRNA-seq datasets that had no further cell 

sorting or selection (Mitchell et al., 41 Hé rault et al., 42 and Ainciburu 

et al. 43 datasets; Figure S6C), consistent with age-associated 

HSC accumulation 4,51 (Figure 1E). To explore the depth of quies-

cence in aged HSCs, we calculated single-cell gene set scores us-

ing 73 genes with well-established roles in quiescence, including 

Ccnd3, Ezh1, and Cdc42 (Table S1). 49,52 Indeed, aged LT-HSCs 

showed higher quiescence scores than young LT-HSCs for all da-

tasets with HSC accumulation (Figure 5F). Thus, both transcrip-

tional myeloid bias and increased quiescence signatures are 

consistently observed in aged HSCs from mice and humans. 

We next leveraged the single-cell resolution of these data 

to examine the relationship between transcriptomic myeloid 

bias and quiescence states. On a per-cell basis, we surprisingly 

observed no correlation between myeloid bias and quiescence 

scores (Figure S6D). We then asked how highly quiescent
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Figure 4. HSPCs in an inflammatory milieu show a myeloid-biased transcriptional state

(A and B) scRNA-seq cells from hematopoietic-extrinsic primary transplants labeled by cell identity assignment (A) or by recipient genotype (B), plotted in 

principal-component analysis (PCA) space defined by expression of 115 genes with known functions in hematopoiesis.

(C and D) Expression of genes corresponding to ‘‘IκB – HSC and WT MPP3’’ DARs that overlap with C/EBP binding events (as in Figures 3E and 3F) expressed as 

population-level differentially expressed genes (DEGs) (x axis shows positive control WT-recipient MPP3s vs. LT-HSCs, and y axis shows experimental LT-HSCs 

from IκB – recipients vs. controls) (C) or expressed as rank-based single-cell gene set enrichment scores (D).

(E and F) Expression of 31 myeloid-associated genes 38 by population DEGs (x axis shows positive control WT-recipient MPP3s vs. LT-HSCs, and y axis shows 

experimental LT-HSCs from IκB – recipients vs. controls) (E) or as single-cell gene set scores (F).

(G and H) Single-cell set scores for CSF3R-response genes 39 (G) and lymphoid-associated genes 40 (H).

(C and E) BH-adjusted color scale p values correspond to y axis DEGs. (D–F) Wilcoxon rank-sum test p values; bold typeface indicates an increase in mean vs. 

control. See also Figures S4 and S5 and Table S1.
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Figure 5. Aged HSCs from mice and humans show transcriptional myeloid bias and quiescence signatures

(A and B) scRNA-seq cells from previously published datasets projected onto PCA space from the transplant dataset, labeled by cell identity assignment (A) or 

age (B).

(C) TF activity estimation 46 in transplant (T), Mitchell et al. 41 (M), Hé rault et al. 42 (H), Ainciburu et al. 43 (A), and Zhang et al. 44 (Z) datasets.

(D–F) CSF3R bias (CSF3R response-lymphoid-associated genes) (D), myeloid bias (myeloid-associated-lymphoid-associated) genes (E), and quiescence gene 49 

set score (F) among LT-HSCs, z scored for each dataset. Wilcoxon rank-sum test p values.

See also Figure S6 and Table S1.
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HSCs differ from myeloid-biased HSCs, performing DEG analysis 

between aged LT-HSCs with high quiescence scores (top 25 th 

percentile, pooled among datasets to increase statistical power) 

and those with high myeloid bias scores. In aged quiescence high 

vs. myeloid high LT-HSCs, there was significant downregulation in 

terms of cell cycle and mitotic division, as expected (Table S2). 

The top upregulated GO terms were for cell signaling, migration, 

and morphogenesis, pointing to aging-associated cytoskeletal 

changes 53 (Table S3). Intriguingly, the GO immune response 

term was also significantly enriched (BH-adjusted p = 1.9 × 

10 − 9 ). Thus, the aged HSC pool shows heterogeneity with distinct 

transcriptional programs of myeloid bias and quiescence.

HSC-intrinsic NF-κB activity correlates with quiescence 

but not myeloid bias

As NF-κB controls immune responses, we examined whether 

NF-κB-response genes are differentially expressed in highly 

quiescent vs. myeloid-biased HSCs. Indeed, NF-κB-response 

genes 54 were 3.1-fold more abundant among the upregulated 

DEGs from highly quiescent HSCs (Figure 6A). Further, single-

cell NF-κB gene set enrichment scores using sets of 270 murine 

and 248 human NF-κB-responsive genes, 54 including Nfkbia, 

Ccl5, and Il1b, were increased in aged LT-HSCs vs. young con-

trols (Figure 6B). Two orthogonal approaches demonstrated a 

relationship between NF-κB and quiescence scores in aged 

HSCs but found no relationship between NF-κB and myeloid 

bias scores, either by calculating Spearman correlation between 

single-cell scores (Figures 6C–6E) or by determining the percent-

age of overlap between high-scoring cells (Figure 6F). Notably, 

the positive correlation between NF-κB and quiescence was 

consistent regardless of HSC age (Figure 6E), suggesting a 

consistent biological relationship independent of aging, though 

both signatures are potentiated in HSCs from aged individuals. 

We next evaluated the relationships between transcriptional 

myeloid bias, NF-κB activity, and quiescence in scRNA-seq data 

from our hematopoietic-extrinsic IκB – transplantation studies. 

Intriguingly, IκB – -recipient LT-HSCs showed unchanged NF-κB 

scores compared to controls (Figure 6G) despite their myeloid-

biased transcriptomic and epigenomic states (Figures 3 and 4). 

This distinction underscores the separation of HSC-intrinsic NF-

κB activity from milieu-directed myeloid bias. Furthermore, LT-

HSCs from IκB – recipients showed reduced quiescence scores 

(Figure 6G), consistent with the lack of HSC accumulation observed 

in these mice. Positive per-cell correlations between NF-κB and 

quiescence, but not between NF-κB and myeloid bias/CSF3R 

bias, were similar to those seen in young and aged HSCs 

(Figure 6E). These findings demonstrate that the transcriptional 

programs supporting NF-κB activity, myeloid bias, and quiescence 

are all increased in HSCs upon aging. However, on a per-cell basis, 

HSC-intrinsic expression of NF-κB target genes is associated with 

higher quiescence signatures but not myeloid bias. The per-cell re-

lationships between these transcriptional programs are conserved 

in murine and human HSCs across the age span.

Hematopoietic-intrinsic NF-κB activity drives functional 

HSC impairment

In addition to the close transcriptional relationship between NF-

κB activity and quiescence, we also observed that NF-κB RelA

protein is more abundant in quiescent LT-HSCs vs. more prolif-

erative ST-HSCs in mVenus-RelA reporter mice (Figures 1A and 

1B). Quiescent G0 cells lack expression of the Ki67 antigen, 55 

and we found that IκB – LT-HSCs contain a higher proportion of 

Ki67-negative G0 cells than WT controls (Figure 7A). This in-

crease in G0 proportion is not attributable to a concomitant in-

crease in apoptosis, as Annexin V staining is reduced in IκB – 

LT-HSCs compared to WT (Figure S7A). These results support 

the transcriptomic evidence of an association between NF-κB 

activity and HSC quiescence.

We then tested whether experimentally elevating NF-κB within 

HSCs impacts their functional reconstitution capacity using a 

transplantation approach. NF-κB activity alters Cxcr4 expression 

(Figure 4C), 56 a critical chemokine for HSC homing; therefore, 

competitive transplantation between IκB – and WT HSCs may 

show differences in niche homing and occupancy that could 

overshadow quiescence-mediated phenotypes. Thus, we per-

formed IκB – hematopoietic-intrinsic transplantation experiments 

in a non-competitive manner. Primary bone marrow transplanta-

tion of IκB – donor cells into WT recipients revealed reduced 

engraftment compared to WT donor controls at 16 weeks (pe-

ripheral blood chimerism 94% in WT donors vs. 69% in IκB – 

donors; bone marrow chimerism 99% in WT donors vs. 88% in 

IκB – donors; Figures 7B, 7C, and S7B). Immunophenotyping 

confirmed that the reduction in circulating B cells in IκB – mice 

is mediated through a hematopoietic-intrinsic mechanism 

(Figures S7C and S7D). Bone marrow cellularity did not differ be-

tween mice receiving WT- vs. IκB – donor marrow; however, an in-

crease in total HSPCs was noted in IκB – donor marrow, driven by 

increases in MPP2s, MPP3s, and MPP4s and opposed by 

reduced ST-HSCs (Figures 7D and S7E). In contrast to non-trans-

planted IκB – mice, LT-HSC numbers were significantly lower in 

IκB – donor marrow vs. WT controls (Figure 7D). HSPCs and 

maturing hematopoietic cells can both release and respond to 

proinflammatory cytokines and other paracrine signals. 57 Thus, 

transplanted IκB – hematopoietic cells and their mature progeny 

may secrete mediators that promote an inflammatory milieu 

and/or remodel their niches. Therefore, HSPC expansion and 

ST-HSC reduction common to both IκB – hematopoietic-intrinsic 

transplants and non-transplanted IκB – mice may be attributable 

to either hematopoietic-intrinsic effects or to responses to he-

matopoietic-derived inflammatory mediators. In contrast, the 

reduction in LT-HSC numbers, which is unique to IκB – donor 

cell transplants and not seen in non-transplanted IκB – mice, sug-

gests that LT-HSC-autonomous NF-κB activity limits their expan-

sion or maintenance and can be opposed by NF-κB activity in the 

non-hematopoietic compartment.

We further tested IκB – HSC function by stressing their 

repopulation capacity upon secondary transplantation, result-

ing in a marked engraftment compromise of IκB – donor cells 

compared to WT controls (peripheral blood chimerism 92% in 

WT donors vs. 39% in IκB – donors; bone marrow chimerism 

98% in WT donors vs. 54% in IκB – donors; Figures 7E, 7F, 

S7F, and S7G). In addition, bone marrow cellularity and HSPC 

numbers were reduced (Figure 7G). Among HSPCs, LT-HSCs 

and ST-HSCs were both significantly reduced in number, and 

no lineage bias among MPP subsets nor bone marrow granulo-

cytosis was observed (Figures 7G, S7H, and S7I). These
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findings demonstrate durable hematopoietic impairment 

16 weeks following secondary transplantation. The lack of 

HSPC expansion or bone marrow myeloid bias upon secondary 

transplantation of IκB – donor marrow further supports that he-

matopoietic-autonomous NF-κB activity is insufficient for dura-

ble myeloid bias. Together, these observations indicate that 

elevated hematopoietic-intrinsic NF-κB drives functional HSC 

impairment with reduced long-term bone marrow reconstitution

Figure 6. In HSCs, NF-κB signatures correlate with quiescence but not myeloid bias

(A) DEGs between cells in the top 25 th percentile for quiescence score (‘‘quiescence high ’’) vs. top 25 th percentile for myeloid bias (‘‘myeloid high ’’), combined for all 

old LT-HSCs across datasets; BH-adjusted p values.

(B) NF-κB-response gene scores among LT-HSCs in aging datasets, z scored for each dataset.

(C) LT-HSC single-cell correspondence between quiescence and NF-κB-response gene set scores; inset: Spearman correlation value.

(D) LT-HSC single-cell correspondence between NF-κB-response gene and myeloid bias scores; inset: Spearman correlation value.

(E) Spearman correlations between single-cell gene scores for all datasets.

(F) For aged LT-HSCs at specific percentile thresholds (x axis), percentage of cells that reach both NF-κB high and quiescence high (square) or both NF-κB high and 

myeloid high (circle) thresholds; the dashed line indicates the expected values if no relationship between NF-κB score and the comparator score is observed.

(G) NF-κB-response and quiescence gene set scores among LT-HSCs from primary hematopoietic-extrinsic transplant dataset.

(B and G) Wilcoxon rank-sum test p values; bold typeface indicates an increase in the mean vs. control. See also Figure S6 and Tables S2 and S3.

Cell Reports 44, 116193, September 23, 2025 11

Article
ll

OPEN ACCESS



Figure 7. Experimentally elevated NF-κB activity within HSCs impairs bone marrow reconstitution capacity

(A) Representative Ki67 distribution in WT and IκB – LT-HSCs (left) and quantification of Ki67-negative G0 LT-HSCs (right); n = 3–7.

(B) Primary transplant schematic.

(C) Bone marrow chimerism at 15 weeks. D, donor; R, recipient.

(D) Donor bone marrow, HSPC, and HSPC subset cell numbers.

(E) Secondary transplant schematic.

(legend continued on next page)
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capacity and is mechanistically separable from progenitor 

myeloid bias.

DISCUSSION

By establishing the IκB – model of elevated NF-κB activity, we 

enabled the identification of distinct roles of NF-κB in hemato-

poietic aging: in producing an inflammatory milieu that drives 

HSC epigenomic reprogramming and myeloid bias and within 

HSCs in promoting their quiescence and limiting functional 

bone marrow reconstitution. In contrast, HSC accumulation ap-

pears independent of NF-κB. These findings demonstrate that 

while myeloid bias and HSC dysfunction co-occur in aging, 

they are mechanistically separable and are coordinated by NF-

κB in different cellular compartments.

A strength of the IκB – model is its broad applicability to diverse 

states of inflammation. HSPCs, mature hematopoietic cells, and 

niche cells are all sources of inflammatory mediators in ag-

ing. 58,59 Chronic inflammation may originate systemically from 

the microbiota, in association with infection, cancer, autoim-

mune/inflammatory disease, and others. 60 Despite variation in 

the quality, strength, and cellular sources of inflammatory medi-

ators between aging individuals, the phenotypes of myeloid bias, 

HSC dysfunction, and HSC accumulation are remarkably consis-

tent. By targeting NF-κB, a central regulatory node that integrates 

acute and chronic inflammatory signals, the IκB – mouse is a 

robust model with broad relevance. IκB – mice display myeloid 

bias and HSC dysfunction similar to aged mice. In contrast, this 

model demonstrates that systemically elevated NF-κB activity 

is insufficient to drive the HSC accumulation seen in aging. 

Indeed, HSC pool size varies considerably between other models 

of systemic inflammation that display myeloid bias, 1 suggesting 

that HSC accumulation may require additional perturbations 

such as DNA damage, metabolic derangements, or others. 61 In 

future studies, models such as IκB – may be useful to interrogate 

diverse chronic inflammatory states affecting HSCs beyond ag-

ing, such as myeloid neoplasia, bone marrow failure, iatrogenic 

immunomodulation, and more. 62,63

NF-κB activity exerts different effects in different cell types, 6,8 

and our findings clarify the functional pleiotropism of NF-κB in 

HSCs vs. their environments. Appreciating this diversity in NF-

κB-mediated functions sheds new light on the seemingly con-

tradictory effects attributed to several cytokines and growth 

factors on hematopoiesis. Tumor necrosis factor (TNF) is 

elevated in the bone marrow of both IκB – and aged mice. Yet, 

TNF signaling (mediated through NF-κB) can restrict HSC prolif-

eration/reconstitution and promote HSC expansion and myeloid 

bias. 64–66 Our findings raise the possibility that reduced bone 

marrow reconstitution capacity following acute TNF may be 

mediated by HSC-intrinsic responses, while myeloid bias 

following chronic TNF exposure may be mediated through the 

milieu. Interleukin (IL)-1 signaling is similarly appreciated to pro-

mote myeloid bias through a niche-mediated mechanism. 41

Colony-stimulating factors produced by the niche are NF-κB 

inducible, and an endothelial cell NF-κB-CSF3 axis is recog-

nized in emergency myelopoiesis. 67,68 Concordantly, we found 

increased CSF3 in aged and IκB – -recipient bone marrow and 

higher CSF3R transcriptional responses in aged and IκB – -recip-

ient HSCs. However, while niche-derived acute CSF3 in emer-

gency myelopoiesis is a potent inducer of myeloid differentia-

tion and HSC mobilization, chronic CSF3 signaling is instead 

associated with HSC-autonomous quiescence and functional 

decline in a TLR/MyD88-dependent manner. 69 TLR/MyD88 

signaling is mediated in large part through NF-κB, 10 and thus, 

our findings may reconcile these apparently opposing effects 

of CSF3 signaling in acute vs. chronic settings. Thus, our find-

ings delineating the pleiotropic roles of NF-κB signaling in 

HSCs and their environments clarify the complex roles of cyto-

kines and growth factors in hematopoiesis.

In aging, inflammation and myeloid bias co-occur, leading to 

initial assumptions that these phenotypes were co-driven in a 

cell-intrinsic manner. 70 In support of this view, aged LT-HSCs 

harbor cell-autonomous transcriptional programs of myeloid 

bias and respond to inflammatory cues. 58,71–73 However, there 

is mounting evidence for myeloid bias mediated by the sympa-

thetic nervous system, vascular networks, mesenchymal lineage 

cells, and others. 74–77 Our own recent work described milieu-

directed myeloid bias in aging, IκB – mice, and myeloid neo-

plasms that requires both differentiation bias and progenitor pro-

liferation using mathematical models of early hematopoiesis. 78 

Here, our studies demonstrate that an inflamed bone marrow 

milieu is sufficient for phenotypic, transcriptomic, and epige-

nomic myeloid bias of LT-HSCs. By identifying milieu-directed 

inflammation as a driver of HSC-intrinsic epigenomic and tran-

scriptomic reprogramming, our findings reconcile the prior 

data in support of both HSC-extrinsic and HSC-autonomous 

mechanisms of myeloid bias.

HSC epigenomic programming directs the cell fates of their 

progeny. 79 We identified premature or inappropriate epige-

nomic and transcriptomic myeloid signatures in HSCs underly-

ing milieu-directed myeloid bias. A cell labeling methodology 

enabled comparisons across omics modalities, datasets, and 

species to generate these insights. In an inflamed niche, 

HSCs showed increased C/EBP motif accessibility. This is 

consistent with a lipopolysaccharide (LPS)-induced inflamma-

tion model, 80 yet our findings further demonstrate that HSC ep-

igenomic reprogramming is directed by an inflammatory milieu 

rather than via HSC-autonomous responses. Lineage-primed 

MPPs are immediate HSC progeny that can transdifferentiate, 

with phenotypic megakaryocyte/erythroid-primed MPP2s and 

lymphoid-primed MPP4s contributing to myeloid output in in-

flammatory and regenerative contexts. 18 We identified potenti-

ated C/EBP and PU.1 TF accessibility in MPP4s, raising the 

possibility that HSC epigenomic reprogramming may be herita-

ble and contribute to apparent MPP transdifferentiation. This 

would be in line with previous studies showing that C/EBP

(F) Bone marrow chimerism at 16 weeks.

(G) Donor bone marrow, HSPC, and HSPC subset cell numbers.

(B–D) n = 3–4, one transplant batch. (E–G) n = 5, one transplant batch. Unpaired Student’s two-tailed t test p values. *p < 0.05, **p < 0.01, and ***p < 0.001. See 

also Figure S7.
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ectopic overexpression and high PU.1 favor myeloid cell fates 

over lymphoid. 27 We establish that increased C/EBP activity 

occurs in a natural setting of MPP differentiation bias, clarifying 

that the previous overexpression data are physiologically rele-

vant. Secondary hematopoietic-extrinsic transplantation ex-

periments further show that phenotypic progenitor myeloid 

bias is reversible upon re-transplantation to a non-NF-κB-dys-

regulated milieu, despite HSC epigenomic reprogramming. 

While our work and that of others have shown reversibility of 

phenotypic myeloid bias, 72,80 it will be of interest in future 

studies to test the effect of long-term exposure to an inflamed 

milieu on the HSC epigenome and hematopoietic output. Our 

results support HSCs as an important reservoir of immunolog-

ical memory that is modifiable by milieu-derived signals, further 

pointing to the bone marrow niche as a potential therapeutic 

target for disordered hematopoiesis.

We show that hematopoietic-intrinsic NF-κB activity is associ-

ated with stem cell quiescence and diminished bone marrow 

reconstitution, similar to aging and inflammatory challenges. 1,81 

While paracrine mediators of HSC quiescence and maintenance 

are produced by local niches, 82 our findings raise the possibility 

of an additional HSC-intrinsic mechanism of quiescence regula-

tion. Previously, NF-κB pathway activation via lymphotoxin β re-

ceptor (LTβR) agonism or IKK-activating mutations provided 

conflicting evidence regarding its impact on HSC quies-

cence. 83,84 However, unlike the IκB – model, these prior models 

modulate pathways other than NF-κB, such as MAPK, auto-

phagy, and others. 10,13 Here, we observed that HSC NF-κB ac-

tivity and quiescence signatures are positively correlated across 

the age span, and both are potentiated in aging. IκB – HSCs also 

showed a higher proportion of Ki67-negative G0 cells. These 

findings are compatible with the steady-state dependence of 

HSCs on NF-κB signaling 85 and the sensitivity of aged HSCs to 

elevated NF-κB signaling that limits their self-renewal. 86 Per-

cell transcriptomic analyses reveal heterogeneity within the 

HSC pool, enabling new appreciation that transcriptional pro-

grams of myeloid bias are independent of HSC-intrinsic inflam-

matory NF-κB responses and further supporting the framework 

of milieu-directed myeloid bias.

Phenotypic HSC heterogeneity in the expression of CD150 

separates CD150 high myHSCs that accumulate in aging from 

CD150 low lymphoid-biased HSCs (lyHSCs). 22 While IκB – mice 

showed no difference in myHSC vs. lyHSC abundances, Sema-

phorin 4A mediates HSC inflammatory stress in a non-cell-

autonomous manner. 87 Thus, non-NF-κB-driven mechanisms 

may control myHSC vs. lyHSC phenotype specification. As 

myHSCs have been proposed as a target to improve suppressed 

lymphoid development and viral responses in aging, 72 further 

work examining the regulation of HSC heterogeneity in steady-

state, aging, and stress conditions will be important.

Our findings establish that inflammation-driven myeloid bias 

and HSC dysfunction are separable phenomena and raise the 

possibility that distinct NF-κB functions within HSCs and their 

cellular milieu may balance niche-derived emergency hematopoi-

etic signals with HSC-driven quiescence and preservation. This 

suggests that HSCs and their environments should be considered 

independently when developing therapeutic strategies to improve 

hematopoiesis in the setting of immune dysregulation.

Limitations of the study

Here, we show that NF-κB responses in hematopoietic cells vs. in 

their milieu drive different aspects of hematopoietic aging. Some 

limitations are noted. First, irradiation of recipient mice for trans-

plantation induces inflammation, which may have diminished the 

sensitivity of detecting mutant-specific effects. Second, these 

studies do not delineate the contribution of different milieu cell 

types, which will require new mouse models and may be the 

goal of future studies. Third, NF-κB-driven HSC dysfunction, 

including increased quiescence, is challenging to functionally 

assess, as the transcriptomic hallmarks are detected using 

destructive sequencing assays. Limiting-dilution HSC transplan-

tation experiments may be useful in future studies.
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92. Robinson, J.T., Thorvaldsdó ttir, H., Winckler, W., Guttman, M., Lander, 

E.S., Getz, G., and Mesirov, J.P. (2011). Integrative Genomics Viewer. 

Nat. Biotechnol. 29, 24–26. https://doi.org/10.1038/nbt.1754.

93. Mi, H., Muruganujan, A., and Thomas, P.D. (2013). PANTHER in 2013: 

modeling the evolution of gene function, and other gene attributes, in 

the context of phylogenetic trees. Nucleic Acids Res. 41, D377–D386. 

https://doi.org/10.1093/nar/gks1118.

94. Zheng, G.X.Y., Terry, J.M., Belgrader, P., Ryvkin, P., Bent, Z.W., Wilson, 

R., Ziraldo, S.B., Wheeler, T.D., McDermott, G.P., Zhu, J., et al. (2017). 

Massively parallel digital transcriptional profiling of single cells. Nat. 

Commun. 8, 14049. https://doi.org/10.1038/ncomms14049.

95. Friedman, J., Hastie, T., and Tibshirani, R. (2010). Regularization Paths 

for Generalized Linear Models via Coordinate Descent. J. Stat. Softw. 

33, 1–22. https://doi.org/10.18637/jss.v033.i01.

96. Butler, A., Hoffman, P., Smibert, P., Papalexi, E., and Satija, R. (2018). 

Integrating single-cell transcriptomic data across different conditions, 

technologies, and species. Nat. Biotechnol. 36, 411–420. https://doi. 

org/10.1038/nbt.4096.

97. Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M.N., and 

Sergushichev, A. (2021). Fast gene set enrichment analysis. preprint at 

bioRxiv. https://doi.org/10.1101/060012.

98. Castanza, A.S., Recla, J.M., Eby, D., Thorvaldsdó ttir, H., Bult, C.J., and 
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104. Vierna, J., Wehner, S., Hö ner zu Siederdissen, C., Martı́nez-Lage, A., and 

Marz, M. (2013). Systematic analysis and evolution of 5S ribosomal DNA 

in metazoans. Heredity 111, 410–421.

18 Cell Reports 44, 116193, September 23, 2025

Article
ll

OPEN ACCESS

https://doi.org/10.1084/jem.20181505
https://doi.org/10.1084/jem.20181505
https://doi.org/10.1101/2024.11.12.622506
https://doi.org/10.1101/2024.11.12.622506
https://doi.org/10.1016/j.ygeno.2021.04.026
https://doi.org/10.1016/j.ygeno.2021.04.026
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1371/journal.pcbi.1003118
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1093/nar/gks1118
https://doi.org/10.1038/ncomms14049
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1101/060012
https://doi.org/10.1038/s41592-023-02014-7
https://doi.org/10.1038/s41592-023-02014-7
https://doi.org/10.1093/bioinformatics/bti525
https://doi.org/10.1172/JCI85740
https://doi.org/10.1172/JCI80046
https://doi.org/10.3791/53936
https://doi.org/10.1126/science.abc0269
http://refhub.elsevier.com/S2211-1247(25)00964-7/sref104
http://refhub.elsevier.com/S2211-1247(25)00964-7/sref104
http://refhub.elsevier.com/S2211-1247(25)00964-7/sref104


STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies
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PE/Cy7 anti-mouse Ly-6G/Ly-6C (Gr-1) Antibody BioLegend Cat# 108416; RRID:AB_313381
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APC anti-mouse CD150 (SLAM) Antibody BioLegend Cat# 115910; RRID:AB_493460

Brilliant Violet 711 TM anti-mouse CD117 (c-Kit) Antibody BioLegend Cat# 105835; RRID:AB_2565956

Brilliant Violet 421 TM anti-mouse Ki-67 Antibody BioLegend Cat# 652411, RRID:AB_2562663

Brilliant Violet 510 TM Streptavidin BioLegend Cat# 405234; N/A

Brilliant Violet 711 TM Streptavidin BioLegend Cat# 405241; N/A

TotalSeq-B barcode antibodies Hashtag#1 BioLegend Cat# 155831; RRID:AB_2814067

TotalSeq-B barcode antibodies Hashtag#2 BioLegend Cat# 155833; RRID:AB_2814068

Chemicals, peptides, and recombinant proteins

DAPI (4 ′ ,6-Diamidino-2-Phenylindole, Dilactate) Invitrogen Cat# D3571; RRID:AB_2307445

eBioscience TM Fixable Viability Dye eFluor TM 506 Invitrogen Cat# 50-246-097; N/A

Critical commercial assays

Luminex mouse 32-plex assay EMD Millipore Cat# MCYTMAG-70K-PX32; N/A

MagniSort TM Mouse Hematopoietic Lineage Depletion Kit Invitrogen Cat# 8804-6829-74; RRID:AB_2575269

Foxp3/Transcription Factor Fixation/Permeabilization 

Buffer Set

eBioscience Cat# 00-5523-00; N/A

Annexin V Apoptosis Detection Kit eFluor TM 450 eBioscience Cat# 88-8006-74; RRID:AB_2575164

Chromium Next GEM Single Cell 3 ′ GEM, 

Library & Gel Bead Kit v3.1

10X Genomics Cat# PN-1000121; N/A

Illumina Tagment DNA Enzyme and Buffer Small Kit Illumina Cat# 20034197; N/A

Nextera DNA Library Preparation Kit (24 samples) Illumina Cat# FC-121-1030; N/A

MinElute PCR Purification Kit (50) Qiagen Cat# 28004; N/A

Library Quant Kit (Illumina, Universal) KAPA Biosystems Cat# KK4824; N/A

Deposited data

Murine HSPC subset bulk ATAC-sequencing data This manuscript GEO: GSE264569

Murine HSPC single-cell RNA sequencing data This manuscript GEO: GSE261946

Murine ChIP for C/EBPα Jakobsen et al. 33 GEO: GSM1347229

Murine ChIP for C/EBPβ Link et al. 34 GEO: GSM2974656
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Mice

Young (2–3 months) and aged (18–22 months) male and female C57Bl/6 and B6.SJL-Ptprc a Pepc b /BoyJ (CD45.1) mice were ob-

tained from The Jackson Laboratory and our own breeding colony. Previously described Nfkbia ± mice 16 were bred with Nfkbib − /− 

and Nfkbie − /− strains 20,21 to generate ‘‘IκB – ’’ Nfkbia +/− Nfkbib − /− Nfkbie − /− . mVenus-RelA mice were previously described. 17 Female 

and male mice were used; no overt differences between sexes were noted and thus sex was not considered as a biological variable. 

Animals were maintained and experiments conducted in accordance with protocols approved by the UCLA Institutional Animal Care 

and Use Committee.

Flow cytometry and cell sorting

Peripheral blood and bone marrow cells collected, processed, stained with fluorochrome-conjugated antibodies, and HSPC cell 

populations identified as previously described. 18,100–102 Ki67 staining performed following fixation and permeabilization (eBioscience

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Murine ChIP for C/EBPδ Comoglio et al. 35 GEO: GSM2663838

Murine HSPC subset sorted bulk microarray data Pietras et al. 18 GEO: GSE68529

Murine HSPC subset sorted single-cell RNA sequencing data Rodriguez-Fraticelli et al. 36 GEO: GSE90742

Murine HSPC single-cell RNA sequencing data Mitchell et al. 41 GEO: GSE169162

Murine HSPC single-cell RNA sequencing data Hé rault et al. 42 GEO: GSE147729

Human CD34-positive single-cell RNA sequencing data Ainciburu et al. 43 GEO: GSE180298

Human CD34-positive subset sorted single-cell RNA 

sequencing data

Zhang et al. 44 GEO: GSE137864

Mus musculus Genome assembly GRCm38/mm10 NCBI, UCSC https://www.ncbi.nlm.nih.gov/datasets/

genome/GCA_000001635.2/

https://genome.ucsc.edu/

cgi-bin/hgGateway?db=mm10

Experimental models: organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664; RRID: IMSR_JAX:000664

Mouse: B6.SJL-Ptprc a Pepc b /BoyJ The Jackson Laboratory JAX: 002014; RRID: IMSR_JAX:002014

Mouse: RelA-mVenus (C57BL/6J background) Adejala et al. 17 N/A

Mouse: Nfkbib − /− Nfkbie − /− Nfkbia +/− 

(C57BL/6J background)

This manuscript N/A

Software and algorithms

FlowJo TreeStar v10.8.1; N/A

R https://www.r-project.org v4.3.2; N/A

ChIP-R Newell et al. 88 v1.1.0; N/A

EdgeR Robinson et al. 89 v3.3.6 (scRNA-seq), v4.0.9 (ATAC-seq); N/A

HOMER Motif Analysis Heinz et al. 90 v4.10.3; N/A

GenomicsRanges Lawrence et al. 91 v1.54.1; N/A

Integrative Genomics Viewer Robinson et al. 92 v2.9.4; N/A

PANTHER GO Analysis Mi et al. 93 https://pantherdb.org

Cellranger Zheng et al. 94 V7.0; N/A

glmnet Friedman et al. 95 v4.1-7; N/A

Seurat Butler et al. 96 v4.4.0; N/A

decoupleR Badia-i-Mompel et al. 46 v2.8.0; N/A

Fgsea Korotkevich et al. 97 v1.2.0; N/A

msigdb Castanza et al. 98 v7.5.1; N/A

bioMart Durinck et al. 99 v2.5.0; N/A

Code, including HSPC labeling and 

scRNA-sequencing analysis

This manuscript Zenodo: https://doi.org/10.5281/zenodo.10828398
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Cat # 00-5523-00), and Annexin V staining performed with Apoptosis detection kit (eBioscience Cat# 88-8006-74), both per manu-

facturer protocols. For cell sorting, lineage-positive cells were pre-depleted using Invitrogen MagniSort Mouse Hematopoietic Line-

age Depletion Kit (Invitrogen, Cat#8804-6829-74) per the manufacturer protocol, with lineage-biotin antibody cocktail at 100μL/10 

million cells, and SA-magnetic beads at 20μL/10 million cells. Flow cytometry performed with a LSRFortessa X-20 (BD Biosciences). 

Flow sorting performed with FACS AriaIII Cell Sorters (BD Biosciences). Cells counted via CytoFlex (Beckman Coulter). Analysis per-

formed using FlowJo v10.8.1 (TreeStar).

Cell quantification from flow cytometry

To calculate cell number, the percentage of the gated population was multiplied by the absolute cell counts. 100 To calculate HSPC 

composition, the percentage of the gated population was calculated by dividing the number of cells within a subset (e.g., LT-HSC) by 

the total number of HSPCs (Lin – /Sca1 + cKit hi ).

Histology and microscopy

Mouse sterna were formaldehyde-fixed and paraffin-embedded per standard histological protocols, then sectioned and stained with 

H&E. Analysis performed by a board-certified Hematopathologist (J.J.C.), and photographed using a BX43 microscope, DP27 cam-

era and cellSens Standard 3.2 (all Olympus).

Luminex

Bone marrow from bilateral femurs was collected via centrifugation 102 in 200μL PBS; cells were resuspended in the supernatant and 

re-pelleted at 5000g for 3mins at 4C. Supernatants were immediately collected and stored at − 80C. At the time of assay, samples 

were thawed, spun at 13,000xg for 10 min at 4C, and low-input format mouse 32-plex Luminex (EMD Millipore) was performed per 

manufacturer’s protocols.

Bone marrow transplantation

Bone marrow transplantation was performed as previously described. 101 Briefly, recipient mice were lethally irradiated with a Cesium 

irradiator (1100 rads); 24 h later, 3–5 million total donor bone marrow cells pooled from 2 to 3 donor mice were injected retro-orbitally, 

resulting in a minimum of 750 combined HSCs per recipient mouse, which is above the threshold for consistent chimerism in non-

competitive transplants. 24 Animals were maintained in sterile cages with sterilized food and autoclaved water for two weeks following 

irradiation. Thereafter, animals were maintained in autoclaved cages. Peripheral blood chimerism was evaluated at the specified time 

points by retro-orbital bleed.

ATAC-seq

Cell isolation and library preparation

CD45.1 donor LT-HSC, MPP2, MPP3 and MPP4 populations were sorted from WT or IκB – recipients 13–15 weeks after transplan-

tation, with 650-10,000 cells/population. Nuclei isolation, transposase reactions, and library preparation were performed as previ-

ously described, 103 separately for n = 3 pairs of chimeric mice.

Sequencing and pre-processing

Libraries were multiplexed and single-end sequenced with a length of 75bp on the NextSeq500 High Output sequencing system. 

Read trimming, alignment, filtering, duplicate removal, peak calling and browser track preparation were performed as previously 

described. 103 Consensus peaks (13910) were identified between biological replicates using ChIP-R v1.1.0. 88

Analysis

Differential accessibility analysis was performed in R v4.3.2 with EdgeR v4.0.9 using TMM normalization, glmQLFit and glmTreat 

arguments. 89 TF accessibility analysis and peak annotations were performed using Homer v4.10.3. 90 ChIP datasets C/EBPα 33 

(GEO: GSM1347229), C/EBPβ 34 (GEO: GSM2974656) and C/EBPδ 35 (GEO: GSM2663838). ATAC-seq and ChIP-seq peak overlaps 

identified using GenomicsRanges v1.54.1. 91 Consensus peaks visualized using Integrative Genomics Viewer v2.9.4. 92 For compar-

ison to scRNA-seq, peaks were assigned to the nearest gene. GO analysis performed using PANTHER 93 accessed via AmiGO2 

(amigo.geneontology.org; pantherdb.org).

scRNA-seq

Cell isolation and library preparation

CD45.1 donor HSPCs (Lin – /Sca1 + cKit hi ) were sorted from WT or IκB– recipients 15 weeks after transplantation. ∼30,000 HSPCs were 

incubated with TotalSeq-B barcode antibodies Hashtag#1 (WT recipient, Biolegend Cat#155831) and #2 (IκB – recipient; Biolegend 

Cat#155833 respectively) per manufacturer’s protocol, then pooled for sequencing. Single cell transcriptome and barcode libraries 

were generated using Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 (10X Genomics).

Sequencing and pre-processing

Libraries were paired-end sequenced with a length of 50bp on the NovaSeqSP system. Read counts were quantified using Cellranger 

v7.0. 94 Standard quality-control criteria based on minimum UMI, percent mitochondrial counts, and potential doublets were applied. 

Principal component analysis (PCA) was calculated from 115 hematopoietic genes (Table S1).
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HSPC labeling model

Microarray reference data from flow-sorted LT-HSC, ST-HSC, MPP2, MPP3 and MPP4 18 was filtered by reference flow-sorted 

scRNA-seq data 36 identifying13522 reference probes mapping to 11644 reference scRNA-seq genes with nonzero counts in >1% 

of cells. A logistic regression model using glmnet v4.1-7 95 was built by subsampling 1% of filtered reference probes for 1000 itera-

tions imposing an L1 lasso penalty, and limited to non-negative values to identify positive marker genes. The mean of the iterations 

was calculated yielding a final labeling coefficient matrix of 8511 probes mapping to 7563 genes. To apply the labeling model, the final 

coefficient matrix was multiplied by the scRNA-seq genes by cells matrix, yielding scores for all 5 cell types across every cell in the 

dataset. Cell-type probabilities were calculated by dividing each cell type score by the sum of all 5 scores within a single cell; the 

predicted cell identity was then set to the highest probability. For human datasets, ribosomal genes were excluded. 104

Analysis

Principal components were calculated using 115 genes with established roles in hematopoiesis. DEG analysis (Figure 4) performed 

using Seurat v4.4.0. 96 Single cell gene set enrichment scores calculated as normalized mean rank for each gene set and z-scored by 

dataset. 37 TF activity estimated using decoupleR v2.8.0. 46 Aged DEG pseudobulk analysis performed by summing single cell counts 

in EdgeR v3.3.6 with glmFit and glmLRT, and experiments as a covariate. 89 Fgsea v1.2.0 used to generate GO ranked by logFC and 

collapsePathways, with terms from msigdb v7.5.1. 97,98 Human to mouse genes mapped with bioMart v2.5.0. All gene lists available in 

Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical testing methodologies are specified for each analysis in the relevant figure legend. T-tests were performed in Excel (Micro-

soft). Wilcoxon Rank Sum tests, KS tests of the distribution, and Spearman correlations were performed in R v4.3.2. ATAC-seq TF 

enrichment analyses employed ZOOPS scoring in Homer v4.10.3. BH adjusted p-values for Figure 4 DEG performed using Seurat 

v4.4.0. BH adjusted p-values for Figure 6 generated in EdgeR v3.3.6 with glmFit and glmLRT, and experiments as a covariate. Where 

unreported, p-value is >0.05.
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