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G E N E T I C S

Dual mechanism of inflammation sensing by the 
hematopoietic progenitor genome
Vu L. Tran1, Peng Liu2, Koichi R. Katsumura1, Alexandra A. Soukup1, Audrey Kopp1,  
Zamaan S. Ahmad1, Ashley E. Mattina1, Marjorie Brand1, Kirby D. Johnson1, Emery H. Bresnick1*

Genomes adapt dynamically to alterations in the signaling milieu, including inflammation that transiently or per-
manently disrupts genome function. Here, we elucidate how a progenitor cell genome senses and responds to 
inflammation when the developmental and transcriptional regulator GATA2 is limiting, which causes bone mar-
row failure in humans and mice and predisposes to leukemia in humans. GATA2low murine progenitors are hyper-
sensitive to inflammatory mediators. We discovered that the hematopoietic transcription factor PU.1 conferred 
transcriptional activation in GATA2low progenitors in response to Interferon-γ and Toll-Like Receptor 1/2 agonists. 
In a locus-specific manner, inflammation reconfigured genome activity by promoting PU.1 recruitment to chroma-
tin or tuning activity of PU.1-preoccupied chromatin. The recruitment mechanism disproportionately required 
IKKβ activity. Inflammation-activated genes were enriched in motifs for RUNX factors that cooperate with GATA 
factors. Contrasting with the GATA2-RUNX1 cooperativity paradigm, GATA2 suppressed and RUNX1 promoted 
PU.1 mechanisms to endow the progenitor genome with inflammation-sensing capacity.

INTRODUCTION
Inflammation is vital for healing, yet dysregulated and/or excessive 
inflammation is deleterious to cells (1). Inflammatory cytokines 
and chemokines activate cell-surface receptors, instigating genomic 
and non-genomic mechanisms that control cellular biology and 
physiology (1). Given the numerous inflammatory mediators and 
effectors that affect chromatin and transcription, and inflammation 
promoting bone marrow failure and leukemia (2–5), it is instruc-
tive to consider how genomes sense and respond to inflammation. 
Although inflammation activates common transcription factors, 
e.g., Nuclear Factor κB (NF-κB) and Activator Protein-1 (AP-1), 
there are many unanswered questions regarding how inflammation 
affects genome function.

We discovered that reducing the levels of GATA2, a hematopoi-
etic transcription factor essential for hematopoietic stem and pro-
genitor cell (HSPC) development, activates genes encoding diverse 
inflammatory components (6–9). Although GATA2 is not recog-
nized as an inflammation-regulated transcription factor, oncogenic 
Ras/Mitogen-Activated Protein Kinase induces GATA2 phosphory-
lation, increasing its transcriptional regulatory activity (10, 11). In 
GATA2-deficient murine fetal progenitors (GATA2low), expression 
of genes encoding Interferon-γ (IFN-γ) receptor and Toll-Like Re-
ceptor 1/2 (TLR1/2) and TLR2/6 is up-regulated, and their agonists 
induce transcriptional responses considerably greater than in wild-
type progenitors (6, 8). Reexpressing GATA2 in GATA2low progeni-
tors reduces the elevated expression of inflammatory components 
(6–8). Pathogenic variants are defective in lowering the elevated 
inflammation-dependent transcriptional response (7, 9, 12). Human 
GATA2 heterozygous genetic variation causes an immunodeficiency 
disorder termed GATA2 Deficiency Syndrome involving a bone 
marrow failure and acute myeloid leukemia (AML) predisposition 

(13, 14). Gata2 heterozygous mice and compound heterozygous 
mice with a human disease variant and enhancer-deleted allele, 
modeling epigenetic silencing of the normal allele, are relatively nor-
mal in the steady state, yet chemotherapy or inflammation induces 
bone marrow failure (15–17). As inflammation promotes bone mar-
row failure and leukemia (18, 19), a leukemia predisposition variant 
combined with genome hypersensitivity to inflammation may have 
critical pathogenic implications.

Analogous to GATA2 deficiency, bone marrow granulocyte mac-
rophage progenitors (GMPs) lacking the hematopoietic factor RUNX1 
generate neutrophils with elevated IFN-α and TLR4 signaling (20, 21). 
Germline RUNX1 deficiency creates Familial Platelet Disorder with 
a predisposition to myeloid malignancy (22, 23). RUNX1 occupies 
loci encoding multiple components of these pathways, and RUNX1 
loss increases accessibility of these loci (21). The E26 Transformation-
Specific (ETS)-domain factor ETS Variant 6 (ETV6) functions as a 
repressor to control HSPC function during stress hematopoiesis 
(24). Germline ETV6 variants create a predisposition for acute lym-
phoblastic leukemia and thrombocytopenia (25). An inhibitory 
ETV6 germline variant (R355X) elevates inflammatory gene expres-
sion in bone marrow of a mouse model (24). HSPC functional de-
fects can be associated with up-regulated inflammatory components 
and may render cells hypersensitive to inflammatory mediators.

In GATA2low primary and ER-HOXB8–immortalized (hi-) mu-
rine fetal progenitors, GATA2 deficiency elevates activity of the ETS 
transcription factor PU.1 to induce a myeloid and B lineage gene 
expression program, including inflammatory genes (7). GATA2 and 
PU.1 can be antagonistic, and balancing their activities ensures nor-
mal hematopoiesis (26, 27). Genetic ablation of a Gata2 allele pro-
motes AML instigated by another ETS factor ETS-Related Gene 
(ERG) in a transgenic mouse model, and GATA2 opposes ERG (28). 
Although multiple lines of evidence support GATA2-ETS antago-
nism, the importance of this mechanism for HSPC genome sensing 
of inflammation is unknown.

To understand how transcription factor levels establish genome 
sensing and responsiveness to inflammation, we leveraged a system 
in which deletion of a Gata2 enhancer 77 kb upstream (−77) of the 
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promoter down-regulates GATA2 by ~75% in progenitors, includ-
ing common myeloid progenitors (CMPs) and GMPs (6–8,  29). 
Herein, we elucidated the mechanism underlying hypersensitivity of 
GATA2low progenitors to inflammation by using GATA2low progen-
itors that express ~50% less PU.1 and analyzing how these factors 
and IFN-γ–TLR1/2 signaling target the genome. The genome-sensing 
mechanism involved inflammation-induced GATA2 and PU.1 re-
cruitment to chromatin at a gene cohort and constitutive GATA2 
and PU.1 occupancy at another cohort. Contrasting with a GATA2-
RUNX1 cooperativity paradigm, their opposing activities dictated 
PU.1-dependent genome responses to inflammation, and they dif-
ferentially conferred responses to qualitatively distinct inflammato-
ry signals.

RESULTS
TLR signaling contribution to GATA2-deficient 
hematopoietic progenitor levels and activities
GATA2 deficiency in primary and immortalized fetal myelo-erythroid 
progenitors up-regulates genes encoding IFN-γ and TLR signaling 
pathway components, conferring hypersensitivity to inflammation 
(6, 8). Hypersensitivity is associated with reduced granulocytic pro-
genitors (GPs) and increased monocytic progenitors (MPs) with 
retention of monocytic differentiation ex vivo (6, 29, 30). The tran-
scription factor IFN Regulatory Factor 8 (IRF8) functions downstream 
of IFN-γ signaling to promote monocytic differentiation (31, 32). Ge-
netic ablation of Irf8 in Gata2 −77−/− embryos counteracted the dis-
proportionately high monocytic differentiation (30). Because GATA2 
deficiency elevates IFN-γ– and TLR-induced transcription (8), we 
asked whether attenuating the elevated TLR signaling of GATA2low 
progenitors mimics Irf8 ablation to normalize lineage output. As My-
eloid Differentiation Primary Response 88 (MYD88) is an adaptor 
crucial for canonical permutations of TLR1/2 and TLR2/6 signaling 
(33, 34), we ablated Myd88 to attenuate TLR signaling in vivo. We gen-
erated −77+/−;Myd88−/− mice and, with two mating schemes, gener-
ated −77+/+, −77−/−, Myd88−/−, and −77−/−;Myd88−/− embryonic day 
14.5 (E14.5) embryos to analyze signaling and progenitors (Fig. 1A).

−77−/−;Myd88−/− embryos were anemic with reduced liver size 
and cell numbers, resembling −77−/− embryos (Fig. 1, B and C). In 
−77−/− fetal livers, Irf8, Tlr1, Tlr2, and Tlr6 expression was elevated 
as described (Fig. 1D) (6–8). Myd88 loss in −77−/− embryos did not 
affect Gata2 expression or up-regulated Irf8, Tlr1, Tlr2, and Tlr6 
expression. Myd88 ablation abrogated elevated TLR1/2 agonist 
(Pam3CSK4)–induced activation (without or with IFN-γ) of TLR 
and IFN-γ target genes Tumor Necrosis Factor (Tnf) and C-X-C 
Motif Chemokine Ligand 10 (Cxcl10) in GATA2low Lin− progenitors 
(Fig. 1E). Because Myd88 ablation blocked TLR1/2-activated tran-
scription in −77−/− progenitors, we asked whether this reversed the 
GP:MP imbalance. Using CD115 expression, Ly6C+ GMPs were 
parsed into GP and MP populations (fig. S1, A and B) (30, 31). Un-
like IRF8 loss, MYD88 loss did not reverse the GP:MP imbalance 
(Fig. 1F).

Because −77−/− and Myd88−/− embryos had smaller livers, we 
tested whether MYD88 loss reduced total progenitor numbers. 
GATA2 deficiency increased CMP in fetal liver 1.8-fold (P = 0.0081). 
MYD88 loss decreased CMP 2.2-fold (P = 0.024) (Fig. 1G). CMP 
levels were comparable in −77−/−;Myd88−/− and wild-type litter-
mates. Relative to wild-type embryos, megakaryocytic-erythroid 
progenitors (MEPs) in −77−/− livers were 12-fold lower (P < 0.0001). 

MYD88 loss reduced MEPs 3.3-fold (P < 0.0001). MEPs were 37-fold 
(P  <  0.0001) lower in −77−/−;Myd88−/− versus wild-type. Thus, 
MYD88 contributes to establishment and/or maintenance of MEPs in 
GATA2low fetal liver. MYD88 loss, with or without −77 ablation, re-
duced the GMP population relative to wild type (2.3-fold, P = 0.0087, 
and 1.8-fold, P = 0.0031, respectively). Ly6C− GMPs were unaffected 
by −77 deletion but decreased upon MYD88 loss (2.3-fold, P = 0.012). 
Among the Ly6C+ GMPs, GP numbers decreased 2.8-fold (P  = 
0.0002) and 2.1-fold (P  =  0.0028) upon GATA2 deficiency and 
MYD88 loss, respectively. GP levels decreased an additional 7.1-fold 
(P < 0.0001) in −77−/−;Myd88−/− versus wild-type. Although MYD88 
loss reduced MPs 2.9-fold (P = 0.0121), −77−/−;Myd88−/− MPs were 
comparable to wild-type and slightly less than −77−/−. These studies 
indicated that compromising TLR signaling reduced GPs and MPs 
without normalizing the imbalanced GP to MP ratio of GATA2low 
fetal livers (Fig. 1H), differing from the ramifications of disrupting 
IFN-γ function via IRF8 loss.

To determine whether compromised TLR signaling affects −77−/− 
progenitor function, progenitor activity was quantified with sorted 
E14.5 fetal liver CMPs and GMPs in a colony-forming unit (CFU) 
assay. By comparison to −77+/+ CMPs, −77−/− and Myd88−/− CMPs 
produced fewer (1.9-fold, P = 0.0097, and 2.0-fold, P = 0.007, re-
spectively) CFU-G colonies (Fig.  2A). CFU-G generation from 
−77−/−;Myd88−/− CMPs was even lower (5.2-fold, P  <  0.0001) 
(Fig. 2A). These results were concordant with reduced GPs detected 
by flow cytometry (Fig. 1G). Thus, GATA2 and MYD88 collectively 
increased CMP-derived CFU-G. −77 deletion abrogated GMP-derived 
CFU-G, and MYD88 loss did not further affect CFU-G or elevated 
CFU-M (Fig. 2B). GATA2 deficiency abrogated CMP-derived CFU-
GEMM, and MYD88 loss did not affect CFU-GEMM (Fig. 2A). In-
dividual or dual ablation of Gata2 −77 and Myd88 did not affect 
CMP- or GMP-derived CFU-GM (Fig.  2). Analyses with the 
−77−/−;Myd88−/− model, combined with our prior Irf8−/− analysis, 
revealed differential importance of distinct inflammatory mecha-
nisms (IFN-γ versus TLR pathways) for the lineage output of GAT-
A2low fetal livers.

Distinct GATA2 and PU.1 activities confer 
inflammation-induced transcriptional responses
Although GATA2, IRF8, and MYD88 control critical aspects of my-
eloid progenitor development and/or function, our analyses de-
scribed above revealed functional differences between IRF8 and 
MYD88, and mechanistic relationships are unresolved. GATA2 defi-
ciency elevates activity of the hematopoietic transcription factor PU.1 
to promote myeloid and B-lineage expression programs without af-
fecting PU.1 levels (7). IRF8 and transcription factors activated by 
IFN-γ and TLR signaling, such as NF-κB, and AP-1, can co-occupy 
chromatin with PU.1 (35–37). Analysis of GATA2low progenitor tran-
scriptomes revealed that genes activated by MYD88-dependent in-
flammatory signaling harbor motifs for signal-dependent factors and 
lineage-determining factors, including ETS motifs bound by PU.1 
(8). We hypothesized that PU.1 functions in inflammatory mecha-
nisms involving GATA2, IRF8, and MYD88.

To establish whether PU.1 is essential, contributory, or not re-
quired for IFN-γ– and TLR1/2-mediated genomic responses, we 
used GATA2- and PU.1-deficient (hi-77−/−;Spi1URE−/−) fetal pro-
genitors (Fig. 3A). Expression of Spi1, encoding PU.1, is controlled 
by a −14-kb enhancer [upstream regulatory element (URE)] (38, 39). 
Spi1 URE deletion reduced Spi1 expression (Fig.  3B) 3.8-fold 
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Fig. 1. Myd88 ablation does not normalize the disproportionately high monocytic to granulocytic progenitor ratio of GATA2low mouse embryos. (A) Strategy for at-
tenuating TLR signaling. Embryonic day 14.5 (E14.5) fetal livers from two timed mating schemes (−77+/− and −77+/−;Myd88−/−) were harvested, and lineage-depleted pro-
genitors were isolated and treated with IFN-γ (1 ng/ml), Pam3CSK4 (100 ng/ml), or both for 4 hours. In parallel, fetal livers were harvested for flow cytometry to quantify the 
cellular composition and GP versus MP ratios. (B) Representative E14.5 embryos obtained from the mating schemes in (A). (C) Total cellularity of E14.5 fetal livers. (D) The ex-
pression of select genes was quantitated using RT-qPCR. (E) The responsiveness of Tnf and Cxcl10 to IFN-γ and Pam3CSK4 was quantitated using RT-qPCR. Statistics in (C) and 
(D) were one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test and in (E) were multiple unpaired t tests. (F) Quantitation of MP and GP frequency 
within the Ly6C+ GMP population in E13.5 to E14.5 fetal liver obtained from eight litters. (G) Quantitation of progenitor populations in E14.5 fetal livers obtained from seven 
litters. Error bars for all plots represent means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; Welch’s unequal variance t tests. (H) Model depicting Irf8, but not Myd88, ablation re-
verses the GP:MP imbalance resulting from Gata2 −77 enhancer deletion. Although the levels of GPs and MPs were reduced by Myd88 ablation, the ratio was not altered.
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(P  <  0.001) and PU.1 (Fig.  3C) 2.1-fold (P  <  0.0001). Although 
Gata2 mRNA was unaffected, GATA2 protein increased 1.8-fold 
(P = 0.0084) in hi-77−/−;Spi1URE−/− versus hi-77−/− cells. hi-77−/− 
and hi-77−/−;Spi1URE−/− progenitors were treated with vehicle, IFN-γ, 
TLR1/2 agonist Pam3CSK4, or both agents for 4 hours, and RNA se-
quencing (RNA-seq) analysis was conducted (Fig. 3A). As an addi-
tional control, hi-77+/+ were treated with or without both agents. 
Principal components analysis revealed reproducible RNA-seq data 
from four biological replicates (fig. S2A).

To determine the PU.1 contribution to TLR1/2-regulated tran-
scription, we compared Pam3CSK4-induced differentially expressed 
genes (DEGs) between hi-77−/− and hi-77−/−;Spi1URE−/− progeni-
tors. Pam3CSK4 activated 33 genes in hi-77−/− cells, and lowering 
PU.1 ablated responses of 27 of these genes (Fig. 3D). Gene Ontology 
(GO) revealed that these PU.1-activated genes are linked to inflam-
matory response, cellular response to lipopolysaccharide (LPS), and 
negative regulation of Inhibitor of Nuclear Factor κB (IκB) kinase/
NF-κB signaling (fig.  S2B). Although six TLR-regulated genes re-
tained regulation in hi-77−/−;Spi1URE−/− progenitors, the magnitude 
of Pam3CSK4-induced expression was lower in hi-77−/−;Spi1URE−/− 
versus hi-77−/− cells (Fig. 3D). PU.1 is, therefore, essential for TLR1/2-
induced transcription in GATA2low progenitors.

Contrasting with TLR responses, reducing PU.1 in GATA2low 
progenitors did not alter responses of 115 IFN-γ–activated genes, 
87% of which were induced to a similar magnitude in hi-77−/− and 
hi-77−/−;Spi1URE−/− cells (Fig.  3E). Twenty-nine genes lost re-
sponsiveness to IFN-γ in hi-77−/−;Spi1URE−/− versus hi-77−/− cells, 
reflecting their dependence upon PU.1 concentration (Fig.  3E). 
IFN-γ repressed a small number of genes in hi-77−/− and hi-
77−/−;Spi1URE−/− cells (fig.  S2C). GO analysis revealed that the 
PU.1-activated genes are linked to negative regulation of biological 
processes, innate immune response, viral genome replication, and 

RNA polymerase II transcription (fig. S2D). IFN-γ signaling acti-
vated 38 genes in hi-77−/−;Spi1URE−/− cells that were not activated 
in hi-77−/− cells (Fig.  3E). Lowering PU.1 impaired transcrip-
tional responses of certain, but not all, IFN-γ–activated genes in 
GATA2low progenitors.

Because lowering PU.1 in hi-77−/− cells decreased TLR1/2- and 
attenuated IFN-γ–mediated transcription, we hypothesized that hi-
77−/−;Spi1URE−/− progenitors might respond to IFN-γ and TLR1/2 
agonist similarly to IFN-γ alone. Reducing PU.1 decreased respons-
es of 69 genes and conferred responsiveness of 42 genes that were 
not activated in hi-77−/− cells (Fig. 3F). Although TLR signaling did 
not repress genes, the combined signaling repressed two-fold (in 
hi-77−/−;Spi1URE−/−) to four-fold (in hi-77−/−) more genes versus 
IFN-γ signaling alone (fig. S2E). Reducing PU.1 did not alter the 
responsiveness of 148 genes to inflammation (Fig.  3F). Among 
these genes, 33 (22%) were induced to a greater extent, and 24 (16%) 
induced less in hi-77−/−;Spi1URE−/− versus hi-77−/− progenitors 
(fig. S2F). To test whether altered TLR1/2 and IFN-γ responses re-
flect dysregulation of the respective receptors, we quantified recep-
tor mRNA levels. Lowering PU.1 abrogated up-regulated Tlr1 and 
Tlr2 expression without affecting Ifngr1 and Ifngr2 (Fig. 3G). Thus, 
inflammation-activated genes in GATA2low progenitors can be sen-
sitive or insensitive to PU.1. Furthermore, the defective responses 
are associated with reduced Tlr1 and Tlr2 expression.

Our prior study revealed synergistic IFN-γ and TLR responses to 
induce cytokine/chemokine expression and production in GATA2low 
progenitors (8), but the mechanisms were not elucidated. To de-
termine whether PU.1 mediates synergistic responses in GATA2low 
progenitors, we asked whether reducing PU.1 disrupts synergism. 
Among 217 IFN-γ– and Pam3CSK4-activated genes, 178 genes were 
regulated synergistically (Fig. 4A). GATA2 repressed the response 
of 79 of these genes. Parsing the genes based on PU.1-mediated 
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Fig. 3. Genome sensing of inflammatory stimuli in GATA2low progenitors. (A) Strategy for gene expression analysis in ER-HOXB8–immortalized (hi) fetal liver myeloid 
progenitors. Wild-type (hi-77+/+), GATA2low (hi-77−/−), and GATA2/PU.1low (hi-77−/−;Spi1URE−/−) progenitors were treated with vehicle, IFN-γ (1 ng/ml), Pam3CSK4 (100 ng/
ml), or both for 4 hours (n = 4 biological replicates). Total RNA was isolated for RNA-seq. (B) RT-qPCR analysis of Gata2 and Spi1 expression (n = 4 to 6 biological replicates). 
(C) Left: Representative Western blot of GATA2 and PU.1 expression. β-Actin was used as a loading control. Right: Densitometric analysis of band intensities normalized to 
β-Actin (n  =  4). Mr is the apparent molecular mass in kDa. Statistics in (B) and (C): One-way ANOVA with Tukey’s multiple comparisons test. *P  <  0.05; **P  <  0.01; 
***P < 0.001. (D) Left: Overlap of activated differentially expressed genes (DEGs) in hi-77−/− and hi-77−/−;Spi1URE−/− cells in response to Pam3CSK4. A DEG had |log2(fold 
change)| ≥ 1, adjusted P-value <0.05, and transcripts per million (TPM) ≥ 1 in all replicates in at least one of the two conditions compared. Right: Heatmap depicting ex-
pression of activated DEGs in response to Pam3CSK4 and presented as z-scores of TPMs. Representative genes are indicated. (E) Left: Overlap of activated DEGs in hi-77−/− 
and hi-77−/−;Spi1URE−/− cells in response to IFN-γ. Right: Heatmap depicting expression of activated DEG in response to IFN-γ and presented as z-scores of TPMs. (F) Left: 
Overlap of activated DEGs in hi-77−/− and hi-77−/−;Spi1URE−/− cells in response to IFN-γ and Pam3CSK4. Right: Heatmap depicting expression of activated DEGs upon 
combinatorial signaling and presented as z-scores of TPMs. Each section of the heatmaps in (D) and (E) corresponds to each section of Venn diagrams in the same order. 
(G) TLR gene (Tlr1 and Tlr2) and IFN-γ receptor subunit (Ifngr1 and Ifngr2) expression in GATA2low and GATA2/PU.1low progenitors.
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activation, repression, or insensitivity revealed cohorts with unique 
behaviors (Fig. 4B).

Tumor Necrosis Factor Receptor Superfamily Member 5 (Cd40 
or Tnfrsf5), which was highly activated by inflammation in hi-77−/− 
versus hi-77+/+ cells, exemplifies a GATA2-repressed, PU.1-activated 
gene that responds synergistically to the two factors. In a proteomic 

study, the ligand of CD40 receptor (CD40L) was detected in serum 
of patients with GATA2 Deficiency Syndrome (14). Reducing PU.1 
by ~50% attenuated Cd40 expression to levels resembling hi-77+/+ 
cells (Fig.  4B). By contrast, the IFN-activated, GATA2-repressed 
gene Ifi204 was elevated further in hi-77−/−;Spi1URE−/− versus hi-
77−/− cells, indicating a PU.1-dependent repression mechanism 
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Fig. 4. Molecular determinants of inflammation-activated transcriptional responses. (A) GATA2-repressed genes that were activated synergistically in hi-77−/− cells 
by IFN-γ and Pam3CSK4 were parsed into PU.1-activated, PU.1-repressed, and PU.1-insensitive cohorts. The synergistic genes were defined as inflammation-activated DEGs 
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(Fig. 4B). Members of the Guanylate-binding protein (Gbp) family 
are IFN-inducible genes encoding proteins that protect cells from 
pathogens (40, 41). GATA2 represses, and IFN-γ and TLR synergis-
tically induce Gbp genes. Gbp5 encodes an activator of NLRP3 in-
flammasome assembly (41), and, resembling Cd40, PU.1 promotes 
the transcriptional response (Fig. 4B). PU.1 repressed Gbp6, which 
was expressed in hi-77−/−;Spi1URE−/− cells greater than hi-77−/− 
cells (Fig. 4B). Reducing PU.1 did not affect inflammation-induced 
Gbp2 and Gbp7 expression (Fig. 4B). Inflammation responsiveness 
of these genes was also detected in primary Lin− progenitors from 
−77+/+ and −77−/− E14.5 fetal livers (Fig. 4C). These studies dem-
onstrated that PU.1 mediates a subset of inflammation-induced 
transcriptional responses in GATA2low progenitors.

Mechanisms underlying genome sensing of inflammation
How does PU.1 mediate IFN-γ– and TLR-regulated genomic re-
sponses in GATA2low progenitors? PU.1 might occupy inflammation-
regulated loci independent of inflammation, with signal-dependent 
steps occurring post–chromatin occupancy. Alternatively, PU.1 might 
be excluded from loci in the steady state, and inflammation might 
promote PU.1 chromatin occupancy. We tested these models using 
cleavage under target and tagmentation (CUT&Tag) (42, 43) to 
establish GATA2 and PU.1 chromatin occupancy in hi-77+/+, 
hi-77−/−, and hi-77−/−;Spi1URE−/− cells without or with inflammation 
(Fig. 5A). H3K4me3 was used to detect active promoters (44, 45), 
with immunoglobulin G (IgG) as a negative control. To establish 
whether GATA2 deficiency affects GATA2 and PU.1 chromatin oc-
cupancy, we compared the average of normalized CUT&Tag signals 
from −2 kb upstream of the transcription start site (TSS) to 1 kb 
downstream of the 3′-end of the gene at 217 inflammation-induced 
DEGs with hi-77+/+, hi-77−/−, and hi-77−/−;Spi1URE−/− cells. GATA2 
occupancy was detected in hi-77+/+ cells and reduced in GATA2low 
hi-77−/− cells (fig. S3A). Lowering PU.1 in hi-77−/− restored GATA2 
occupancy to levels resembling wild type. Thus, PU.1 restricts 
GATA2 occupancy. PU.1 occupancy was indistinguishable in all cell 
types (fig. S3A).

To determine whether inflammation influences PU.1 chromatin 
occupancy in GATA2low progenitors, we compared PU.1 CUT&Tag 
median signals at 217 inflammation-activated loci in hi-77−/− pro-
genitors without or with inflammation (Fig. 5B). Because the PU.1 
CUT&Tag signals were highest near the TSS (fig. S3A), we analyzed 
PU.1 occupancy from 1 kb upstream to 1 kb downstream of the 
TSS. This analysis revealed that inflammation increased PU.1 occu-
pancy at 53 loci (Fig. 5, B and C). By averaging PU.1 signals from four 
biological replicates, the range of signals at these loci in inflammation-
treated hi-77−/− progenitors was higher than the unstimulated 
control (Fig. 5D). Among 217 inflammation-activated loci, PU.1 oc-
cupied 87 genes, and inflammation did not affect occupancy (Fig. 5, 
B to D). PU.1 occupancy was undetectable at 77 loci regardless of 
inflammation, suggesting that PU.1 regulates transcription at these 
loci indirectly, or occupancy cannot be detected (Fig. 5, B and D, and 
fig. S3B). We also conducted the analysis using ranges from 0.5, 1, 2, 
and 5 kb surrounding the TSS. The 0.5- and 2-kb interval analyses 
revealed results resembling the 1-kb interval (fig. S3C). The 5-kb in-
terval analysis revealed smaller PU.1 CUT&Tag signals with a re-
duced signal to noise. However, this analysis also identified genes 
with inflammation-induced versus inflammation-independent PU.1 
occupancy. Using these gene cohorts, we asked whether inflammation 
influences GATA2 occupancy. By comparing the median of GATA2 

CUT&Tag signals between unstimulated versus inflammation-treated 
hi-77+/+ cells, inflammation increased GATA2 occupancy at most 
genes with inflammation-increased PU.1 occupancy (Fig. 5, B and D, 
and fig. S4A). Similarly, GATA2 preoccupied most genes with PU.1, 
and inflammation increased GATA2 occupancy.

As Cd40 and Gbp5 exemplify inflammation-induced genes acti-
vated synergistically by IFN-γ and TLR1/2 (Fig.  4, B and C), we 
tested how inflammation affected GATA2 and PU.1 occupancy at 
these loci. In the steady state, GATA2 and PU.1 did not occupy Cd40 
and Gbp5 (Fig. 5E). Inflammation induced GATA2 and PU.1 occu-
pancy at the promoters in hi-77+/+ and hi-77−/− progenitors (Fig. 5, 
C and E). The ~75% reduction in GATA2 resulting from −77 en-
hancer deletion (hi-77−/−, Fig. 3C) increased PU.1 occupancy relative 
to hi-77+/+, and the ~50% PU.1 reduction in hi-77−/−;Spi1URE−/− 
(Fig. 3C) reduced PU.1 occupancy to resemble wild-type (Fig. 5E). 
H3K4me3 was enriched at active promoters, complementing the 
Cd40 and Gbp5 expression data. Inflammation increased H3K4me3 
in hi-77+/+ and hi-77−/− cells, and lowering PU.1 reduced H3K4me3 
in response to inflammation (Fig. 5E). Inflammation is, therefore, 
required for GATA2 and PU.1 to occupy an inflammation-activated 
gene cohort (Fig. 5F).

Ccl3 and Cd69 exemplify inflammation-activated genes pre-
bound by PU.1 (Fig. 5C). Ccl3 encodes Macrophage Inflammatory 
Protein-1 alpha, which is elevated in patients with myeloprolifera-
tive neoplasm (46, 47), and Cd69 encodes a membrane protein im-
portant in lymphocytes (48, 49). In the steady state, GATA2 and 
PU.1 occupied Ccl3 and Cd69 promoters, and inflammation did not 
affect GATA2 and PU.1 occupancy in wild-type progenitors (Fig. 5E). 
GATA2 deficiency reduced GATA2 and elevated PU.1 occupancy at 
these loci, and lowering PU.1 restored GATA2 and PU.1 occupancy 
to wild-type levels (Fig. 5E). GATA2 deficiency elevated PU.1 occu-
pancy at the Ccl3 promoter, and lowering PU.1 decreased PU.1 oc-
cupancy to levels resembling wild-type. Thus, GATA2 and PU.1 
occupy select inflammation-activated loci independent of inflam-
mation, and inflammation-activated transcription occurs post–
chromatin occupancy at these loci (Fig. 5G).

What attributes distinguish the two modes of GATA2 and PU.1 
function vis-à-vis inflammation-induced transcription? Comparing 
the magnitude of inflammation-induced transcription at genes ex-
hibiting inflammation-induced PU.1 occupancy with PU.1-prebound 
genes revealed that genes regulated to the greatest extent exhibited 
inflammation-induced PU.1 occupancy (Fig. 5C and fig. S4B). By 
contrast, most PU.1-prebound genes were less responsive to inflam-
mation (Fig. 5C and fig. S4B). We hypothesized that chromatin at 
prebound loci is accessible, and these loci are active in the basal state 
without inflammation, although inflammation increased transcrip-
tion. Chromatin at loci in which inflammation increases PU.1 oc-
cupancy would be inaccessible in the basal state, and these loci 
would require inflammation for transcription. To test this hypothe-
sis, we analyzed chromatin accessibility in hi-77+/+ and GATA2low 
progenitors using our previously described Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-seq) data (GSE201968) 
(7). Comparing accessibility of the top 10 genes [based on RNA-seq 
log2(fold change)] with inflammation-induced PU.1 occupancy to 
the top 10 PU.1-prebound genes revealed 9 of the 10 genes in the for-
mer group had closed chromatin in GATA2low progenitors (ATAC-
seq signals < 0.5 in four replicates); the sole exception was Cd40 
(Fig.  6A). By contrast, 9 of the 10 PU.1-prebound genes (except 
Ifi47) exhibited open chromatin in the basal state in GATA2low 
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Fig. 5. Locus-specific mechanisms of inflammation-sensing in GATA2low progenitors. (A) Schematic depicting the chromatin occupancy analysis. hi-77+/+, hi-77−/−, 
and hi-77−/−;Spi1URE−/− cells were stimulated with vehicle or IFN-γ (1 ng/ml) and Pam3CSK4 (100 ng/ml) for 4 hours. Cells were cross-linked with 0.1% formaldehyde for 
2 min before CUT&Tag analysis with antibodies against GATA2 (n = 4), PU.1 (n = 4), or H3K4me3 (n = 2). IgG with hi-77+/+ served as a negative control. (B) Comparison of 
median PU.1 (left) and GATA2 (right) CUT&Tag signals at 217 DEGs in untreated versus inflammation-activated hi-77−/− and hi-77+/+ cells, respectively. DEGs were colored 
by their cluster identities. The median signal is the median of signals from 1 kb upstream to 1 kb downstream of the transcription start site (TSS) of each DEG (n = 4). 
(C) Heatmaps depicting PU.1 CUT&Tag signals in untreated versus inflammation-treated hi-77+/+ (WT), hi-77−/− (Glow), and hi-77−/−;Spi1URE−/− (GPlow) progenitors. A total 
of 217 DEGs were clustered as inflammation-activated and inflammation-independent and ranked by their log2(fold change) on the basis of RNA-seq data of hi-77−/− (in-
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progenitors (Fig. 6A). The average ATAC-seq signal from the top 10 
genes exhibiting inflammation-induced PU.1 occupancy was signifi-
cantly (P = 0.0002) lower than the top 10 genes with inflammation-
independent PU.1 occupancy (Fig.  6B). The top 10 genes with 
inflammation-induced PU.1 occupancy were not expressed in the 
steady state (fig. S4C) and had increased H3K4me3 upon inflamma-
tion (fig. S5). By contrast, the top 10 PU.1-prebound genes were ex-
pressed at varying levels in the basal state (fig. S4C). Among them, 9 
of 10 had H3K4me3 in the uninduced state, and inflammatory sig-
naling did not further increase H3K4me3 (fig. S5). Ccl3 and Cd69 
promoters were active in the basal state, and inflammation did not 
affect H3K4me3 at these loci (Fig.  5E). Inflammation increased 
H3K4me3 at Cd40 and Gbp5 promoters, correlating with increased 
GATA2 and PU.1 occupancy upon inflammation (Fig. 5E and fig. S5). 
Thus, genes with inflammation-induced GATA2 and PU.1 occupan-
cy are inaccessible in the steady state, and inflammation increases 
occupancy to activate transcription. At other loci, GATA2 and PU.1 
preoccupied active genes, and inflammation further increased tran-
scription. Many PU.1-prebound genes are located distally on chro-
mosomes, and some reside in clusters, e.g., Ccl loci on chromosome 
11 (fig.  S6). Several Gbp family members exhibit inflammation-
induced PU.1 occupancy and cluster on chromosome 3. The sex 
chromosomes are devoid of inflammation-activated genes, save 
5430427O19Rik, encoding TLR Adaptor Interacting with Endolyso-
somal SLC15A4 protein (50).

Because chromatin at PU.1-prebound genes without inflamma-
tion was more accessible than at genes with inflammation-induced 
PU.1 occupancy, presumably, other transcription factors and chro-
matin regulators are also prebound before inflammation. Genes with 
inflammation-induced PU.1 occupancy might require inflammation-
activated transcription factors, e.g., NF-κB, for inflammation-
dependent factor loading, while PU.1-prebound genes might not 
require inflammation-activated transcription factors for PU.1 occu-
pancy, chromatin transitions, and/or activation. We asked whether 
antagonizing inflammation-induced NF-κB activation compromises 
the regulation of one or both gene cohorts. BMS-345541 binds IκB 
kinase (IKKβ) with a dissociation constant (Kd) of 130 nM while 
having a very low affinity for other kinases (Kd > 1000 nM) (51, 52). 
GATA2low progenitors were treated with increasing concentrations 
of BMS-345541 for 1 hour, followed by IFN-γ and Pam3CSK4 for 
4 hours. hi-77+/+ cells, with or without IFN-γ and Pam3CSK4, served 
as negative controls. Genes exhibiting inflammation-induced PU.1 
occupancy (Cd40, Gbp5, and Iigp1) were very sensitive to BMS-
345541 at 1 and 5 μM, whereas PU.1-prebound genes (Ccl3, Cd69, 
and Tnf) were insensitive to BMS-345541 at these concentrations 
(Fig. 6, C and D). As another IKKβ inhibitor, IKK16 (53), also distin-
guished the inflammation-activated gene cohorts (fig. S7), IKKβ ac-
tivity is disproportionately important for the gene cohort requiring 
inflammation for PU.1 chromatin occupancy.

Inflammation reveals opposing functions of 
hematopoiesis-regulatory proteins
Our comparison of transcriptomes from progenitors with normal 
and reduced GATA2 levels revealed genes activated by inflamma-
tion in GATA2low progenitors are enriched in motifs that bind 
signal-dependent transcription factors and RUNX motifs (8). To 
determine whether GATA2 antagonizes other transcription factors 
to regulate inflammation-induced transcription, we used Multiple 
Expectation Maximizations for Motif Elicitation (MEME) (54) to 

perform motif enrichment analysis at promoters and introns of 
inflammation-activated genes from our RNA-seq data (Fig.  7A). 
IFN-γ signaling uses members of the Signal Transducer and Acti-
vator of Transcription family and IRF family (55–59), while TLR 
signaling uses NF-κB to regulate transcription (60). Motifs that 
bind these factors were enriched at inflammation-activated genes 
(Fig. 7B and fig. S8, A and B). RUNX motifs were absent from pro-
moters of genes activated in hi-77+/+ and enriched in GATA2low 
progenitors. RUNX motifs were not enriched at genes activated in 
hi-77−/−;Spi1URE−/− progenitors (Fig.  7B). Find Individual Motif 
Occurrences (61) analysis revealed that, among 217 inflammation-
activated DEGs in hi-77−/− cells, 70 genes harbored RUNX motifs 
in promoters. Motifs for the TAL-related factor NHLH1 (HEN1), 
DMRTB1, hairy-related factor BHLHE40 (BHE40), ETS factor 
ELK1, and NF-κB subunits were also enriched (Fig. 7B). RUNX1, 
RUNX2, and RUNX3 motifs were enriched in introns of hi-77+/+, 
hi-77−/−, and hi-77−/−;Spi1URE−/− cells in response to inflamma-
tion. ELK1 and HEN1 motifs were enriched in introns of hi-77−/−, 
but not hi-77+/+ and hi-77−/−;Spi1URE−/− cells (Fig. 7B). The pro-
genitors expressed Runx1, but not Elk1, Hen1, Runx2, and Runx3.

Because RUNX1 and GATA2 can co-localize on chromatin, it is as-
sumed that they function collectively (62–64). However, inflammation-
activated genes harboring RUNX motifs were not induced in 
progenitors expressing normal GATA2 levels; the response was 
considerably stronger in GATA2low progenitors, and RUNX motifs 
were not enriched when both GATA2 and PU.1 were reduced. We 
hypothesized that, in GATA2low progenitors, RUNX1 functions in the 
inflammation-dependent activation mechanism. We tested whether 
RUNX1 in GATA2low progenitors is required for IFN-γ– and TLR-
mediated transcription by using CRISPR-Cas9 to ablate the common 
exon 2 of three Runx1 isoforms in hi-77−/− cells, which abrogated 
RUNX1 mRNA and protein (Fig. 7, C to F). RUNX1 loss did not 
affect Gata2 or Spi1 expression (Fig. 7E). We treated hi-77+/+, hi-
77−/−, and hi-77−/−;Runx1−/− cells with IFN-γ and Pam3CSK4 for 
4 hours and quantified the responsiveness of inflammation-activated 
genes. The GATA2-repressed chemokine genes Ccl3 and Ccl4 and 
cytokine gene Tnf were prebound by PU.1 and highly elevated in 
hi-77−/− versus hi-77+/+ in response to signaling. RUNX1 loss at-
tenuated activation of these genes to levels resembling hi-77+/+ cells 
(Fig.  7G). Ccl5 resides in a cluster with Ccl3 and Ccl4, and its 
inflammation-induced expression in hi-77−/−;Runx1−/− cells was 
also reduced to a wild-type level. This behavior resembled reducing 
PU.1 in GATA2low progenitors (fig. S9A). By contrast, the respon-
siveness of PU.1-prebound gene Cd69 was not affected by RUNX1 
loss (Fig. 7G). Inflammation-induced activation of Cd40 and Iigp1, 
whose PU.1 occupancy was inflammation-inducible, in hi-77−/− 
cells was unaffected when RUNX1 was deleted (Fig. 7G). However, 
Cmpk2, which encodes Cytidine/Uridine Monophosphate Kinase 2, 
exhibits inflammation-induced PU.1 chromatin occupancy, and 
RUNX1 loss attenuated its induction (Fig.  7G). On the basis of 
RUNX1 chromatin occupancy from CUT&RUN data obtained with 
murine bone marrow GMPs (21), RUNX1 occupied the Ccl3 pro-
moter, Ccl4 (−3.7 kb), Ccl5 (−19.9 kb), Tnf (+1.3 kb), and Cmpk2 
promoter and its −9-kb site (fig. S9B). RUNX1 occupancy was un-
detectable at Cd40 and Iigp1, while RUNX1 occupied the Cd69 pro-
moter, intron 1, and  −9.2-kb site (fig.  S9C). Thus, loci exhibiting 
strong inflammation-induced transcription in GATA2low progeni-
tors were either sensitive or insensitive to RUNX1 loss. Because the 
inflammation response is high in GATA2low cells and requires 
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RUNX1, GATA2 and RUNX1 exert opposing functions at these 
loci, which is not predictable from the co-localization, cooperativ-
ity paradigm.

Different molecular mechanisms governing progenitor 
genome sensing of qualitatively distinct 
inflammatory pathways
Prior studies revealed that RUNX1 loss in murine bone marrow 
GMP generated neutrophils with elevated TLR4 (20, 21). Our re-
sults revealed that RUNX1 loss in GATA2low progenitors attenuated 
responses to IFN-γ and TLR1/2 signaling at certain loci, which 
raised the question of whether GATA2 and RUNX1 are required for 
genome sensing of the same or different TLR signals. We tested this 
using CRISPR-Cas9 to ablate Runx1 exon 2 in wild-type cells to 

generate hi-Runx1−/−, which abrogated Runx1 mRNA expression 
(Fig. 8, A and B). RUNX1 loss reduced Gata2 expression by ~50% in 
both clonal lines without affecting Spi1 expression (Fig.  8B). hi-
77+/+, hi-77−/−, and hi-Runx1−/− progenitors were treated with 
TLR1/2 agonist Pam3CSK4 or TLR4 agonist LPS for 4 hours, and 
expression of inflammation-activated genes was quantified. GATA2 
deficiency elevated Ccl3 and Ccl4 expression in the steady state ver-
sus wild-type, while RUNX1 loss reduced their expression (Fig. 8C). 
Thus, opposing activities of GATA2 and RUNX1 establish the tran-
scription state of these loci. In response to TLR1/2 and TLR4, the six 
genes were elevated in GATA2low cells. RUNX1-null cells were non-
responsive to the TLR1/2 agonist with all genes tested. However, 
RUNX1 loss increased expression of these genes in response to 
TLR4 agonist, with exceptions of Ccl3 and Ccl4 (Fig. 8C). GATA2 
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and RUNX1 are, therefore, differentially dedicated to controlling ge-
nome states that establish TLR1/2 versus TLR4 signaling, respectively.

To elucidate mechanisms underlying the differential sensitivity to 
TLR agonists, we compared the consequences of GATA2 or RUNX1 
loss for Tlr1, Tlr2, and Tlr4 expression. GATA2 deficiency elevated 
Tlr1 21-fold (P < 0.0001) and Tlr2 2.7-fold (P < 0.0001) without af-
fecting Tlr4 expression relative to wild type (Fig. 8D). While RUNX1 
loss did not affect Tlr1 and Tlr2 expression, it increased Tlr4 expres-
sion 14- and 16-fold (P < 0.0001) in both clonal lines (Fig. 8D), con-
sistent with the prior report of RUNX1 suppressing Tlr4 expression 
in neutrophils (20). The differential regulation of Tlr genes by 
GATA2 and RUNX1 may establish differential TLR1/2 versus TLR4-
induced transcriptional responses.

DISCUSSION
Inflammation sensing by genomes reconfigures gene activity, en-
abling cells to adapt to microenvironment changes. For cells har-
boring a pathogenic genetic variant that amplifies the impact of 
inflammation on the genome, in principle, the exacerbated response 
may trigger pathogenesis. Although inflammatory mediators acti-
vate signal-dependent transcription factors, e.g., NF-κB or AP-1, 
that assemble complexes on enhancers and promoters, there are 
many unanswered questions on how qualitatively or quantitatively 
distinct permutations of inflammation impact genomes. Further-
more, the panoply of cytoplasmic and nuclear effectors that mediate 
inflammation-induced genome state changes is incompletely de-
fined. Elucidating the mechanisms has high significance from fun-
damental and translational perspectives. We provide evidence for a 
genome-sensing paradigm involving antagonistic interactions between 
transcription factors not considered to be effectors of inflammation. 
This mechanism involved GATA2-PU.1 antagonism and GATA2-
RUNX1 antagonism that occurred upon inflammation.

Our genomic analysis revealed inflammation-activated transcrip-
tional mechanisms that differed at distinct genetic loci. Inflammation 
induced PU.1 occupancy at certain, but not all, inflammation-
activated loci. Activation of loci with inflammation-induced PU.1 re-
cruitment was exquisitely sensitive to pharmacological inhibitors of 
IKKβ kinase that phosphorylates IκB, leading to its destruction. The 
disproportionate IKKβ requirement for inflammation-activated tran-
scription of loci exhibiting PU.1 recruitment versus loci with PU.1 oc-
cupancy preceding inflammation illustrates a critical locus-specific 
molecular step in inflammation sensing. IKKβ is required preferen-
tially at inactive loci with closed chromatin that require PU.1 recruit-
ment. By contrast, loci with prebound PU.1 and open chromatin were 
considerably less sensitive to IKKβ inhibitors. These loci were tran-
scriptionally active without inflammation, and inflammation further 
activated transcription. These results define a dual mechanism of in-
flammation sensing by the genome of GATA2low progenitors (Fig. 9), 
which was unpredictable from inflammation-induced transcription-
al paradigms involving NF-κB and AP-1. In murine bone marrow–
derived macrophages, TLR4 signaling induced NF-κB chromatin 
occupancy and nucleosome remodeling at inflammation-activated 
loci with inaccessible chromatin in the basal state (65). At loci acces-
sible loci in the basal state, inflammation-activated genes harbored 
ETS motifs, although the specific ETS factor was not described. As 
our study analyzed regulatory complexes at and near promoters, it 
will be instructive to compare the results to analyses of broader ge-
nomic regions.

Through its HSPC-intrinsic activities, GATA2 is a vital determi-
nant of hematopoiesis (66, 67). Unlike transcription factors in which 
collaborating factors and coregulators are well established, factors 
and coregulators co-localize with GATA2 on chromatin, but the 
functional ramifications are unclear. An ensemble of transcription 
factors (GATA2, SCL/TAL1, RUNX1, FLI1, ERG, LYL1, and LMO2) 
termed the heptad complex co-localize and may function coopera-
tively (62, 64, 68). Although GATA2-occupied sites with multifactor 
occupancy are often enriched with motifs that bind heptad factors, 
previously, we demonstrated a reciprocal enrichment of WGATAR 
versus ETS and RUNX motifs at GATA2-repressed loci (7). Herein, 
we demonstrated that RUNX motifs were only enriched at promot-
ers of inflammation-activated genes in GATA2low progenitors and 
not when PU.1 was reduced. Lowering RUNX1 in GATA2low pro-
genitors revealed opposing activities of GATA2 and RUNX1 to con-
fer inflammation-activated transcription in a locus-specific manner, 
which was unpredictable from existing paradigms.

It is instructive to consider the implications of opposing versus 
cooperative molecular functions of GATA2 and RUNX1 and, more 
broadly, how inflammation creates or enables mechanisms not oper-
ational in a “normal” context. With a cooperativity model, perturba-
tions of factors in a complex would yield common consequences. 
Pathogenic GATA2 and RUNX1 variants share the consequence of 
creating bone marrow failure and leukemia predisposition, yet GATA2 
and RUNX1 aberrations yield diseases with distinct clinical pheno-
types. While GATA2 genetic variants cause GATA2 Deficiency Syn-
drome with monocyte, dendritic cell, B cell, and natural killer cell 
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Fig. 9. Model for hematopoietic progenitor genome sensing of inflammation. 
The hematopoietic progenitor genome uses a dual PU.1-dependent mechanism to 
sense and respond to inflammation. A gene cohort has inaccessible chromatin in 
the steady state, and inflammation increases chromatin accessibility and occupan-
cy of the hematopoietic transcription factors GATA2 and PU.1 to activate transcrip-
tion via an IKKβ-dependent mechanism. At another inflammation-activated gene 
cohort, GATA2 and PU.1 occupancy precede inflammation, and this mechanism is 
not compromised by IKKβ inhibition. RUNX1 co-occupies chromatin with GATA2 
and PU.1, yet GATA2 and RUNX1 differentially control inflammation-activated tran-
scription, and transcriptional responses involving distinct TLR signaling pathways 
activated by unique pathogen-associated molecular patterns (82).
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cytopenias (69–73), RUNX1 variants cause RUNX1 Familial Platelet 
Disorder (22, 23, 74, 75). As GATA2 regulates megakaryopoiesis 
(76), the differential phenotypes do not reflect the simple model that 
RUNX1, but not GATA2, has megakaryopoiesis-regulatory activity. 
Conceptually resembling GATA2low progenitors, in which inflamma-
tion hyperactivates cytokine/chemokine gene expression, RUNX1 
loss elevates transcriptional responses to inflammation in neutro-
phils (20, 21). Unexpectedly, our study revealed that GATA2 and 
RUNX1 are vital for transcriptional responses to distinct inflamma-
tory pathways: GATA2 for TLR1/2 and RUNX1 for TLR4.

Our study used GATA2low fetal progenitors, and GATA2 loss el-
evates inflammatory genes in primary and immortalized fetal pro-
genitors (6, 8). In an AML mouse model harboring a compound 
NrasG12D/+;p53R172H/+ mutation, GATA2 was reduced in bone mar-
row HSPCs versus wild type, which correlated with up-regulated 
inflammatory genes, e.g., Tlr1 and Il6ra (77). These results comple-
ment our finding that GATA2low fetal progenitors elevate expression 
of inflammatory genes via PU.1-dependent and IKKβ-dependent or 
IKKβ-independent mechanisms, rendering progenitors hypersensi-
tive to inflammatory mediators.

In summary, our study elucidated how the hematopoietic pro-
genitor genome senses and responds to inflammation. GATA2 defi-
ciency derepresses PU.1 activity, and inflammation induces PU.1 
chromatin occupancy at a target gene cohort, while PU.1 constitu-
tively occupies another cohort. Introducing IKKβ into GATA2 
mechanisms and demonstrating that inflammation creates an an-
tagonistic relationship between two hematopoiesis-promoting tran-
scription factors, GATA2 and RUNX1, adds mechanistic depth to 
unravel how pathogen-instigated inflammation and inflammation 
of chronic disease alter HSPC functions. This mechanistic frame-
work will enable studies to assess whether remodeling genome func-
tion yields adaptations that confer environmental protection and/or 
create vulnerabilities that trigger and/or accelerate progression of 
blood disease predisposition states.

MATERIALS AND METHODS
Mouse models and husbandry
The generation of Gata2 −77+/− mice was previously described 
(29). Myd88−/− mice were purchased from the Jackson Laboratory 
(009088). These mice were crossed to generate Gata2 −77+/−;Myd88−/− 
mice for timed matings. The animal protocol was approved by the 
Institutional Animal Care and Use Committee at the University of 
Wisconsin-Madison with the approval number M005602, following 
the regulations from the Association for Assessment and Accredita-
tion of Laboratory Animal Care International. Timed matings were 
performed using 8- to 18-week-old female mice.

Cell culture
hi-77+/+, hi-77−/−, and hi-77−/−;Spi1URE−/− progenitor lines were 
previously generated and described (7). hi-77−/−;Runx1−/− and hi-
Runx1−/− progenitor lines were generated in this study using 
CRISPR-Cas9 tool. hi- cells were cultured in OPTI-MEM (31985-070, 
Thermo Fisher Scientific) supplemented with 10% fetal bovine 
serum (FBS; 100-106, GeminiBio), 1% penicillin-streptomycin 
(SV30079.01, Cytiva), 1% stem cell factor (SCF)–conditioned me-
dium, 30 μM 2-mercaptoethanol (M3148, Sigma-Aldrich), 1 μM 
β-estradiol, and G418 (500 μg/ml; 400-111P-001, Gemini Bio). For 
cellular response analysis, ~200,000 cells were treated with vehicle 

[0.1% bovine serum albumin (A30075, Research Products Interna-
tional) in 1× phosphate-buffered saline (PBS)], IFN-γ (1 ng/ml; 
315-05, PeproTech), TLR1/2 agonist Pam3CSK4 (tlrl-pms; 100 ng/ml; 
InvivoGen), or TLR4 agonist LPS (100 ng/ml; L2630, Sigma-Aldrich) 
for 4 hours. IKKβ inhibitors are from Selleckchem [BMS-345541 
(S8044)] or a gift from S. Miyamoto (UW-Madison) [IKK16 (S2882)]. 
Data were pooled from at least two clonal lines for each cell (hi-77+/+, 
hi-77−/−, and hi-77−/−;Spi1URE−/−) or presented as two separate 
clonal lines (hi-77−/−;Runx1−/− and hi-Runx1−/−).

CRISPR-Cas9 gene editing
Guide sequences were designed by IDT tools (www.idtdna.com). 
CRISPR RNAs (crRNAs) [100 pmol; Integrated DNA Technologies 
(IDT)] were mixed with 200 pmol of trans-activating CRISPR RNA 
(tracrRNA) and incubated at 37°C for 30 min. Cas9 (8 μg; Aldev-
ron) was added to the mixture and incubated at 37°C for 15 min. 
hi-77 cells (2 × 105) were resuspended in 20 μl of P3 buffer with 22% 
supplement (Lonza) and added to RNP complex. Electroporation 
was conducted with the EO-100 program on Nucleofector 4D (Lonza). 
After 72 hours, cells were seeded into 96-well plates (0.5 cells per 
well), cultured, and transferred to 24-well plates. Genotype the 
clones using polymerase chain reaction (PCR) assay. For homozy-
gous mutant clones, the genomic DNA fragment including the de-
leted sequence was amplified by GoTaq DNA polymerase, cloned 
into the pBluescript vector, and sequenced.

Primary fetal progenitor cell isolation
The protocol was described previously (78). Gata2 −77+/− and Gata2 
−77+/−;Myd88−/− male and female mice were used for timed matings, 
and the presence of vaginal plug marked day 0.5. Pregnant females 
were sacrificed on day 14.5 with CO2. Embryos were isolated on ice 
into Iscove's Modified Dulbecco’s Medium, IMDM (12440-053, Gibco), 
containing 10% FBS. Genotyping was performed using fetal tails. The 
fetal livers were harvested into 1 ml of 1× PBS and 10% FBS. Cells 
were dissociated and counted using Trypan Blue (25-900-CI, Corn-
ing). Lineage depletion was performed using biotinylated-antibodies 
(CD3e, CD11b, CD19, CD45R, GR-1, CD71, and Ter119) (BioLegend) 
and MojoSort Streptavidin Nanobeads (BioLegend). Lineage-negative 
progenitors were cultured in IMDM containing 20% FBS, 4% SCF-
conditioned medium, 4% interleukin-3–conditioned medium, and 
1% penicillin-streptomycin. A total of 20,000 to 100,000 cells were 
treated with IFN-γ (1 ng/ml), TLR1/2 agonist Pam3CSK4 (100 ng/ml), 
or both agents for 4 hours to analyze gene responsiveness.

Flow cytometry and cell sorting
The cellular composition of E14.5 fetal liver was quantified using 
Attune (Thermo Fisher Scientific) flow cytometers, and CMPs and 
GMPs were sorted using FACSAria (BD Biosciences) as previ-
ously described (30). Unless specified, most antibodies were from 
BioLegend. Fluorescein isothiocyanate–conjugated B220 (103206), 
TER-119 (116206), CD3 (100306), CD5 (11-0193-85, Thermo Fisher 
Scientific), CD11b (101206), CD11c (117306), CD49b (108906), 
Ly6G (127606), and Sca1 (108106) antibodies were used for lineage 
exclusion. Other antibodies were Blue Violet (BV) 605–conjugated 
CD16/CD32 (563006, BD Biosciences), BV711-conjugated Ly6C 
(128017), phycoerythrin-conjugated CD115 (135506), eFluor 660–
conjugated CD34 (50-0341, Thermo Fisher Scientific), peridinin 
chlorophyll-efluor710–conjugated CD135 (461351, Thermo Fisher 
Scientific), and phycoerythrin-Cy7–conjugated cKit (105814). Cells 

http://www.idtdna.com
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were washed with ice-cold PBS containing 10% FBS and resuspend-
ed in 4′,6-diamidino-2-phenylindole (100 ng/ml) buffer for live-
dead detection.

Gene expression analysis
The protocol was previously described (8). Cells were harvested and 
centrifuged at 2500 rpm for 5 min at 4°C to remove the supernatant. 
Cell pellets were dissociated in 50 μl of residual supernatant before 
adding 1 ml of TRIzol (Invitrogen). For a low number of cells (20,000 
to 50,000), cells were kept overnight in the cold room to facilitate 
TRIzol digestion. Otherwise, cells were incubated in TRIzol for 
10 min at room temperature. Total RNA was treated with deoxyri-
bonuclease I (DNase I) (Invitrogen) for 15 min at room temperature, 
and DNase I was deactivated with EDTA at 65°C for 10 min. RNA 
was converted into cDNA in the mixture of primer cocktail [con-
taining random hexamer and oligo(dT) primers], 5× First Strand 
Buffer, dithiothreitol, deoxyribonucleotide triphosphates dNTP, 
RNAsin, and MMLV reverse transcriptase (Invitrogen). cDNA was 
analyzed for genes of interest by real-time quantitative PCR (qPCR) 
using ViiA 7 Real-Time PCR cyclers (Applied Biosystems). Quanti-
ties were determined using standard curves and normalized to 18S 
control. Primer sequences were provided in table S1.

Western blot analysis
Following the published protocol (8), we harvested one million cells 
by centrifuging at 2500 rpm for 5 min at 4°C, washing with 1 ml of 
ice-cold PBS, resuspending in 50 μl of ice-cold PBS and 50 μl of 2× 
SDS sample buffer [50 mM tris, 2% β-mercaptoethanol, 2% SDS, 
0.04% bromophenol blue, and 10% glycerol (pH 6.8)], and boiling 
for 10 min at 95°C. An equivalent of 100,000 cells was analyzed on 
8% resolving gels by SDS–polyacrylamide gel electrophoresis, and 
proteins were transferred to a polyvinylidene difluoride membrane. 
Membranes were blocked with 5% milk in Tris-buffered saline con-
taining Tween 20 (TBS-T) and incubated with primary antibodies 
overnight with gentle agitation in the cold room. GATA2 antibody 
was described previously (79). PU.1 (2258) and β-actin (3700) anti-
bodies were from Cell Signaling Technology, and RUNX1 (sc-365644) 
antibody was from Santa Cruz Biotechnology. Proteins were de-
tected and quantified with chemiluminescence (FEMTO Super-
signal, Pierce) using LI-COR imaging instrument, and densitometry 
analysis was performed with Image Studio.

RNA sequencing
hi-77−/− and hi-77−/−;Spi1URE−/− progenitors were treated with ve-
hicle (0.1% bovine serum albumin in 1× PBS), IFN-γ, Pam3CSK4, or 
both agonists, and hi-77+/+ progenitors were treated with or without 
both agonists for 4 hours. Four independent treatments for each 
condition were conducted. Total RNA was isolated using TRIzol and 
purified using the RNeasy MinElute Cleanup Kit (74204, Qiagen). 
The RNA library was prepared with Illumina TruSeq Stranded Total 
RNA (ribosomal RNA reduction) and sequenced using Illumina 
NovaSeq 6000 by the UW-Madison Gene Expression Center. Read 
alignment was performed by STAR (version 2.5.2b) to the mouse 
genome (version mm10). Gene expression levels were quantified by 
RSEM (version 1.3.0), and differential expression was determined 
with edgeR (version 3.36.0). A DEG was defined as having |log2(fold 
change)| ≥ 1, adjusted P < 0.05, and transcripts per million ≥ 1 in all 
the replicates in at least one of the two conditions. DEGs were di-
vided into activated, which had higher expression in the numerator 

versus the denominator condition, and repressed, which had lower 
expression in the numerator versus the denominator condition. Mo-
tif analysis was conducted as previously described (8) with AME 
from MEME (version 5.3.3) on promoters and introns of DEGs. The 
promoters were defined as from 1 kb upstream of the TSS to 100 
base pairs (bp) downstream of the TSS. The promoters and introns 
of protein-coding or lncRNA-expressing genes on chromosomes 1 
to 19, X, or Y, were analyzed. Chromosome M was excluded. The 
promoters of IFN-γ/Pam3CSK4-activated DEGs in hi-77−/− progen-
itors were scanned for RUNX motifs with FIMO from MEME. Gene 
Expression Omnibus GEO accession number is GSE279155.

Cleavage under target and tagmentation
CUT&Tag was conducted as described (42, 43, 80). Concanavalin A 
magnetic beads (BP531, Bangs Laboratories) were activated by 
washing twice in binding buffer [20 mM Hepes (pH 7.9), 10 mM 
KCl, 1 mM CaCl2, 1 mM MnCl2, and 0.1% bovine serum albumin 
(BSA)]. hi-77 progenitors were gently cross-linked with 0.1% form-
aldehyde for 2 min and quenched with 75 mM glycine. Cells were 
washed twice in 1.5 ml of wash buffer [20 mM Hepes (pH 7.5), 
150 mM NaCl, 0.83 mM spermidine, 0.1% BSA, and one Roche cOm-
plete Protease Inhibitor EDTA-free tablet] and resuspended in 1 ml 
of wash buffer. For four antibodies, 600,000 cells in 1 ml of final 
volume of wash buffer were mixed with 40 μl of activated bead sus-
pension and rotated for 30 min at room temperature. On a mag-
netic rack, wash buffer was replaced with 600 μl of antibody buffer 
[wash buffer and digitonin (0.1 μg/ml) and 2 mM EDTA] and ali-
quoted into four tubes (150 μl each). Affinity-purified rabbit poly-
clonal anti-GATA2 antibody (1.2 μg) (79,  81), anti-PU.1 mouse 
antibody (1.2 μg; Santa Cruz Biotechnology, sc-390405), H3K4me3 
rabbit antibody (1 μg; Abcam, ab213224), or rabbit IgG isotype-
matched control (1 μg; Invitrogen, 10500C) was added to each tube. 
Tubes were rotated overnight at 4°C. After a quick spin, tubes were 
replaced on a magnetic stand, and antibody buffer was replaced with 
150 μl of Dig-Wash buffer [wash buffer and digitonin (0.1 μg/ml)] 
containing secondary antibody (1:100 dilution) for either rabbit or 
mouse antibody. After an hour on a Nutator at room temperature, 
cells were washed three times with dig-wash buffer. Resuspended 
cells in 150 μl of Dig-300 buffer [20 mM Hepes (pH 7.5), 300 mM 
NaCl, 0.83 mM spermidine, digitonin (0.1 μg/ml), 0.1% BSA, and 
one Roche cOmplete Protease Inhibitor EDTA-free tablet] contain-
ing pA-Tn5 preloaded with MEDS adapters (1:250 dilution). After 
nutating at room temperature for 1 hour, cells were washed three 
times with Dig-300 buffer. Added 300 μL tagmentation buffer (Dig-
300 wash and 10 mM MgCl2) and nutated tubes at 37°C for 1 hour. 
Cells were isolated by centrifugation, and 10 μl of 0.5 M EDTA was 
added to stop tagmentation, followed by addition of 3 μl of 10% SDS 
and 3 μl of proteinase K (20 mg/ml; New England Biolabs NEB, no. 
P8107S). Cells were incubated at 37°C overnight on a thermomixer 
at 600 rpm. DNA was purified by phenol-chloroform extraction and 
ethanol precipitation. DNA (1.31 μl) was analyzed by reverse tran-
scription (RT)–qPCR in a 25-μl reaction containing 10 μM i5 and i7 
primers and PowerUp SYBR Green Master Mix. Libraries were pre-
pared with the NEB Next HiFi 2× PCR Master Mix (M0514S) fol-
lowing the manufacturer’s protocol. The number of PCR cycles was 
determined on the basis of RT-qPCR. Sample concentration was 
determined using Qubit 1× dsDNA HS Assay (Thermo Fisher Sci-
entific, Q33231). The quality of the library was assessed using Bio-
analyzer High Sensitivity DNA Analysis (Agilent). Samples were 
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pooled and sequenced on NovaSeq 6000 using 50 bp paired-end se-
quencing at about 10 million reads per sample. CUT&Tag FASTQ 
files were processed by removing the adapter “CTGTCTCTTATA-
CACATCT” using the Cutadapt software (version 4.5) and aligned 
to the mouse genome (version mm10) by Bowtie2 (version 2.5.1). 
Duplicated fragments were marked and removed by Picard (version 
3.1.1). The CUT&Tag raw data were deposited to GEO with the ac-
cession number GSE279156.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 10 (Graph-
Pad, San Diego, CA, USA). The graphs were presented as means ± 
SEM. Outliers were identified using the Grubbs or Robust Regres-
sion and Outlier Updated Test (ROUT) test. The statistical tests and 
the number of biological replicates for each experiment are indicat-
ed in the figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Table S1
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