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PU.1 enforces quiescence and limits hematopoietic
stem cell expansion during inflammatory stress
James S. Chavez1, Jennifer L. Rabe1, Dirk Loeffler2, Kelly C. Higa3, Giovanny Hernandez1, Taylor S. Mills1,8, Nouraiz Ahmed2,
Rachel L. Gessner1, Zhonghe Ke1, Beau M. Idler1, Katia E. Niño1, Hyunmin Kim4, Jason R. Myers5, Brett M. Stevens1,
Pavel Davizon-Castillo9, Craig T. Jordan1, Hideaki Nakajima6, John Ashton5, Robert S. Welner7, Timm Schroeder2, James DeGregori1,3,8,9,
and Eric M. Pietras1,8

Hematopoietic stem cells (HSCs) are capable of entering the cell cycle to replenish the blood system in response to
inflammatory cues; however, excessive proliferation in response to chronic inflammation can lead to either HSC attrition or
expansion. The mechanism(s) that limit HSC proliferation and expansion triggered by inflammatory signals are poorly
defined. Here, we show that long-term HSCs (HSCLT) rapidly repress protein synthesis and cell cycle genes following
treatment with the proinflammatory cytokine interleukin (IL)-1. This gene program is associated with activation of the
transcription factor PU.1 and direct PU.1 binding at repressed target genes. Notably, PU.1 is required to repress cell cycle and
protein synthesis genes, and IL-1 exposure triggers aberrant protein synthesis and cell cycle activity in PU.1-deficient HSCs.
These features are associated with expansion of phenotypic PU.1-deficient HSCs. Thus, we identify a PU.1-dependent
mechanism triggered by innate immune stimulation that limits HSC proliferation and pool size. These findings provide insight
into how HSCs maintain homeostasis during inflammatory stress.

Introduction
Hematopoietic stem cell (HSC) quiescence promotes lifelong
blood regeneration and is controlled by a complex regulatory
network, including cell-intrinsic transcription factors and epi-
genetic modifiers (Pietras et al., 2011), organelle homeostasis
mechanisms (Hinge et al., 2020; Liang et al., 2020), and signals
generated from the bone marrow (BM) niche (Morrison and
Scadden, 2014). At least some portion of the HSC pool can be
briefly forced out of quiescence to facilitate blood system re-
generation by stressors such as infection (Prendergast and
Essers, 2014), chronic stress (Heidt et al., 2014), and myeloa-
blative injury (Harrison and Lerner, 1991), demonstrating that
HSCs can replenish cells lost to disruptions in BM homeostasis
(King and Goodell, 2011). However, tight regulation of cell cycle
activity is crucial for maintaining the long-term functional in-
tegrity of the HSC pool (Matsumoto et al., 2011; Pietras et al.,
2011). This is particularly true under inflammatory stress con-
ditions, where increased proliferative activity can lead to func-
tional attrition and/or aberrant expansion of the HSC

compartment, including in the contexts of chronic infection
and/or genetic mutation associated with BM failure and mye-
loid oncogenesis (Essers et al., 2009; King et al., 2011; Matatall
et al., 2016; Pietras, 2017; Pietras et al., 2014; Rodrı́guez et al.,
2021; Takizawa et al., 2017; Walter et al., 2015; Zambetti et al.,
2016; Zhang et al., 2016). Highly enriched HSC fractions can
limit proliferative activity andmaintain long-term engraftment
capacity even under a variety of inflammatory stress conditions
(Bujanover et al., 2018; Hernandez et al., 2020; Pietras et al.,
2014; Pietras et al., 2016; Rabe et al., 2020; Wilson et al., 2008;
Zhao et al., 2019), implying the existence of mechanism(s) that
prevent excessive HSC cell cycle entry.

HSC can directly respond to pathogens and physiological
danger signals via direct sensing (Takizawa et al., 2017) and/or
paracrine proinflammatory cytokines produced by damaged
and/or infected cells, such as IFNs (Ehninger et al., 2014; Essers
et al., 2009; Matatall et al., 2016), G-CSF (Schuettpelz et al.,
2014), TNF (Etzrodt et al., 2019; Yamashita and Passegué,
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2019), and IL-1 (Hemmati et al., 2019; Weisser et al., 2016). IL-1
consists of two cytokines (IL-1α and IL-1β) with different ex-
pression patterns that share a common receptor complex and
elicit similar responses (Dinarello, 2018). IL-1 is produced in
response to a wide variety of physiological stress conditions,
including aging; chronic inflammatory disease; myeloablative
treatments, such as radiation and/or chemotherapy; obesity; and
cellular senescence (Dinarello, 2018; Laberge et al., 2015). It may
also contribute to hematological malignancy and is highly ex-
pressed in cells from patients with myelodysplastic syndrome
(MDS), myeloproliferative neoplasia, and acute myelogenous
leukemia (Ågerstam et al., 2016; Barreyro et al., 2018; Carey
et al., 2017; Ezaki et al., 1995; Zhang et al., 2016). Previous
work from our group demonstrates that acute IL-1 exposure
drives myeloid cell overproduction in vivo via precocious acti-
vation of the master myeloid transcription factor PU.1 (Pietras
et al., 2016) in HSC. Interestingly, this effect is transient, as HSCs
reenter quiescence following chronic exposure to IL-1. These
findings imply the existence of a braking mechanism that limits
HSC cell cycle entry in response to chronic inflammatory stress
(Pietras et al., 2016; Rabe et al., 2020).

We recently found that quiescent HSCs downregulate nu-
merous protein synthesis and cell proliferation genes in a mouse
model of chronic rheumatoid arthritis (Hernandez et al., 2020).
Interestingly, activation of this gene program relies, at least in
part, on IL-1 signaling (Hernandez et al., 2020). In the present
study, we further explore the relevance of this gene program to
HSC function during chronic inflammation using a mousemodel
of chronic IL-1 stimulation (Pietras et al., 2016). We show that
IL-1 signaling is sufficient to rapidly induce repression of a broad
set of cell cycle and protein synthesis genes in HSCs, in turn
limiting cell cycle activity. We find that repression of these
genes in HSCs is associated with PU.1 expression, and chromatin
immunoprecipitation sequencing (ChIP-seq) analysis shows that
PU.1 directly binds these target genes. Strikingly, PU.1 deficiency
leads to derepression of cell cycle and protein synthesis genes,
licensing HSCs to increase protein synthesis activity and enter
the cell cycle in response to IL-1 stimulation. Together, these
data support a model in which PU.1 enforces HSC quiescence in
response to inflammatory stress by limiting protein synthesis
and cell cycle activity, thereby preventing aberrant expansion of
the HSC pool.

Results
Chronic IL-1 induces repression of cell cycle and protein
synthesis genes in long-term HSCs (HSCLT)
We previously found that HSCs maintain a largely quiescent
state during chronic inflammatory stress driven by IL-1 and
chronic inflammatory arthritis (Hernandez et al., 2020; Pietras,
2017; Pietras et al., 2014; Rabe et al., 2020). To address the
mechanism(s), we analyzed gene expression by RNA sequencing
(RNA-seq) in the HSC-enriched SLAM (signaling lymphocytic ac-
tivation molecule) fraction (SLAM cells; LSK/Flk2−CD48−CD150+)
isolated from the BM of mice treated with or without IL-1β for 20 d
to model chronic inflammatory stress (Fig. 1 A; Pietras et al., 2016;
Rabe et al., 2020). We found >1,400 differentially expressed genes

(DEGs; Padj < 0.05; Fig. 1 B and Table S1). Gene ontology (GO)
analysis identified cell activation, immune response, leukocyte ad-
hesion, and defense response gene programs among upregulated
DEGs (Fig. S1 A and Table S2). Using a custom Fluidigm quantitative
RT-PCR (qRT-PCR) array, we validated increased expression of key
genes in these pathways, including Itgam (Mac-1), Cdk6, Flt3, Il1r1,
and Pdgfrb (Fig. S1 B). Strikingly, downregulated DEGs were en-
riched for ribosome biogenesis, rRNA processing, transfer RNA
processing, and translation GO categories (Fig. 1 C and Table S2),
while Ingenuity Pathway Analysis (IPA) and Gene Set Enrichment
Analysis (GSEA) likewise identified multiple cell proliferation and
mRNA translation pathways inhibited by IL-1 (Fig. 1, D and E; and
Table S2), which were likewise validated by qRT-PCR (Fig. S1 C).
These data were strikingly reminiscent of Myc pathway down-
regulation we observed in SLAM cells from mice with collagen-
induced arthritis (CIA; Hernandez et al., 2020), and comparison
with our prior GSEA analyses of SLAM cells fromCIAmice revealed
significant overlap in translation and ribosome gene signature en-
richment between datasets (Fig. S1 D), suggesting repression of
translation pathways inHSCs is not exclusively a property of in vivo
IL-1 stimulation and can be observed in physiological models of
chronic inflammatory disease.

We previously showed that HSCLT-enriched SLAM cells
(defined as LSK/Flk2−CD48−CD150+CD34−EPCR+; Fig. S1 E)
overlap phenotypically with deeply quiescent CD49blo reserve
HSCs (Zhao et al., 2019) and remain almost exclusively in a
quiescent (G0) cell cycle state, despite chronic IL-1 exposure
(Rabe et al., 2020). Cell cycle and protein synthesis genes were
likewise repressed in chronic IL-1–exposed HSCLT (Fig. 1 F), and
we confirmed reduced Myc expression in HSCs by intracellular
flow cytometry staining (Fig. 1 G and Fig. S1 F). Myc levels in
phenotypic MPP4 (LSK/Flk2+) were not significantly impacted
by chronic IL-1, suggesting that not all progenitor cells repress
Myc to the same extent in response to IL-1 (Fig. S1 F). Since
chronic IL-1 exposure reduced expression of protein synthesis
genes, we also measured the impact of chronic IL-1 exposure on
protein synthesis rates in HSCLT by in vivo puromycin (puro)
incorporation assays (Fig. 1 H). Consistent with prior work
(Signer et al., 2014), puro incorporation rates in HSCLT, SLAM
cells, and MPP4 were all similar (Fig. S1 G), and chronic IL-1
exposure did not impact the HSCLT protein synthesis rate
(Fig. 1 H and Fig. S1 G). Lastly, we confirmed our prior published
findings that HSCLT were quiescent after chronic IL-1 exposure
(Fig. 1, I–K; Rabe et al., 2020). Taken together, these data suggest
that repression of cell cycle and protein synthesis genes is as-
sociated with homeostatic protein synthesis and cell cycle ac-
tivity in HSCLT during chronic inflammatory stress.

IL-1–induced gene repression is rapid and independent of
HSCLT divisional history
Since IL-1–repressed genes primarily appear to regulate mech-
anisms associated with cell proliferation, we first assessed
whether this gene program was also activated in response to
acute IL-1 exposure (a single IL-1 injection; Fig. 2 A). Consistent
with prior investigations, we found that a single injection of
IL-1 rapidly induced robust cell cycle activity in the SLAM
compartment (Fig. 2, B and C). Concurrently, we observed a
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Figure 1. Chronic IL-1 induces repression of cell cycle and protein synthesis genes. (A) Experimental design for RNA-seq studies (n = 4–7 pools of SLAM
cells from mice treated for 20 d ± IL-1β). Pools were generated from three independent cohorts of mice. (B) Volcano plot of DEGs (Padj ≤ 0.05) in IL-1–exposed
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limited, though significant, induction of cell cycle activity in
phenotypic HSCLT after acute IL-1 exposure (Fig. 2, B and C).
Strikingly, Fluidigm analysis of HSCLT revealed that, while
genes such as Ccna2 and Mki67 were upregulated, consistent
with increased cell cycle activity in this compartment (Fig. 2 D),
Myc and other protein synthesis genes downregulated under
chronic IL-1 conditions were rapidly repressed even under
acute IL-1 conditions (Fig. 2 E). Given this finding, we next
asked whether downregulation of these genes was triggered
exclusively in HSCLT that had entered the cell cycle following
IL-1 exposure. Hence, we used Col1a-TetO::H2B-GFPmice (Foudi
et al., 2009) to distinguish undivided phenotypic HSCLT from
phenotypic HSCLT with accumulated divisional history fol-
lowing chronic IL-1 exposure (Fig. 2 F). We induced H2B-GFP
transgene for 2 wk with doxycycline chow (Säwén et al., 2016)
followed by a 1-wk rest and subsequent chase period of 20 d
with or without IL-1 injection. Consistent with our cell cycle
analysis showing acute induction of HSCLT cell cycle activity,
we observed an increase in H2B-GFP dilution in phenotypic
HSCLT from IL-1–treated mice (Fig. 2, G and H). These data were
indicative of roughly a single extra division in some, but not all,
HSCLT. We therefore assessed whether IL-1 repressed Myc and
Ccnd1 exclusively in HSCLT that had divided or vice versa. No-
tably, qRT-PCR analysis of GFPhi (undivided) versus GFPlo

(divided) HSCLT (Fig. S1, H and I) showed that Myc and Ccnd1
were repressed equally in HSCLT regardless of divisional his-
tory (Fig. 2 I). Likewise, both GFPhi and GFPlo HSCLT subsets
also upregulated IL-1 target genes, including Spi1 (PU.1), Itgam,
and Flt3 equally, suggesting proliferative history did not impact
sensitivity to IL-1 (Fig. 2 I). Taken together, our data indicate
that IL-1 rapidly induces repression of Myc and other cell cycle
and protein synthesis genes in a manner independent of divi-
sional history.

IL-1–induced gene repression is associated with increased PU.1
levels
To investigate how IL-1 represses cell cycle and protein synthesis
genes in HSCLT, we reanalyzed our IPA data and noticed that it
had identified SPI1 (PU.1) pathway activation in IL-1–exposed
SLAM cells (Fig. 1 D), consistent with our prior published find-
ings (Etzrodt et al., 2019; Pietras et al., 2016; Rabe et al., 2020).
Interestingly, PU.1 can also restrict proliferation in hematopoi-
etic stem and progenitor cells (HSPCs), likely a mechanism to

promote PU.1 accumulation during myeloid differentiation
(Fukuchi et al., 2008; Kueh et al., 2013). We reasoned this
mechanism could also serve to restrict HSC activation by IL-1. To
establish a relationship between PU.1 and IL-1–mediated re-
pression of cell cycle and protein synthesis genes, we first
compared our RNA-seq dataset with publicly available datasets
in which PU.1 was overexpressed in thymocytes (Hosokawa
et al., 2018; Gene Expression Omnibus [GEO] accession no.
GSE93755) and in which Myc and Mycn were conditionally de-
leted in HSCs, leading to reduced proliferative activity (Laurenti
et al., 2008; GEO accession no. GSE12467). GSEA analysis re-
vealed that cell cycle and protein synthesis genes repressed in
these datasets were likewise repressed in SLAM cells from IL-
1–exposed mice (i.e., enriched in −IL-1 SLAM cells; Fig. 3 A). We
also identified a common signature of cell cycle and protein
synthesis genes, includingMyc itself, repressed in all three RNA-
seq datasets (Fig. 3 B and Table S3).

We then generated PU.1-EYFP::GFP-Myc dual-reporter mice
using previously published PU.1-EYFP and GFP-Myc reporter
mouse strains (Fig. 3 C; Hoppe et al., 2016; Huang et al., 2008;
Kirstetter et al., 2006). As these reporters consist of fluorescent
fusion proteins knocked into the endogenous loci, we could di-
rectly read out in the same cells the correlation between PU.1
and Myc expression. We observed lineage-specific expression
patterns of PU.1 and Myc in HSPCs from these mice, with
granulocyte-macrophage progenitors (LK/CD41−/FcgR+; Pronk
et al., 2007) expressing high levels of PU.1, whereas pheno-
typic CFU-erythroid (LK/CD41−/FcgR−/CD150−/CD105+) expressed
high Myc levels but low PU.1 levels (Fig. S1, J and K). Consistent
with our prior work, chronic IL-1 increased PU.1 expression and
the frequency of PU.1hi SLAM cells (Fig. 3, C and D; Pietras et al.,
2016). Notably, GFP-Myc levels decreased significantly in PU.1hi

SLAM cells following chronic IL-1 exposure (Fig. 3 E), which we
independently validated by staining for Myc protein in PU.1hi

HSCLT (Fig. S2, A and B). These data support a model in which IL-
1–induced PU.1 represses Myc. To assess whether increased PU.1
expression was associated with repression of other genes identi-
fied by our RNA-seq study, we performed Fluidigm qRT-PCR
analysis on PU.1hi and PU.1lo SLAM cells isolated from mice trea-
ted with or without IL-1 for 20 d (Fig. S2 A). Expectedly, Spi1(PU.1)
was further upregulated in PU.1hi SLAM cells by IL-1, whereasMyc
and several cell cycle and protein synthesis genes repressed by IL-1
were specifically downregulated in PU.1hi SLAM cells (Fig. S2 C).

SLAM cells (LSK/Flk2−/CD48−/CD150+) from A showing log2 fold change (FC) versus −log10 P value significance. See also Table S1. (C) GO category enrichment
of downregulated DEGs in IL-1–exposed SLAM cells from A, expressed as −log10 P value. See also Table S2. (D) IPA showing enriched upstream regulators of
DEGs in IL-1–exposed SLAM cells from A. See also Table S3. (E) GSEA analysis of significantly downregulated DEGs. GSEA plots show negative enrichment of
translation and Myc pathway genes in IL-1–exposed SLAM cells from A. See also Table S4. (F) Experimental design for Fluidigm qRT-PCR analyses and in-
tracellular FACS staining of HSCLT (LSK/Flk2−/CD48−/CD150+/CD34−/EPCR+) from mice treated for 20 d with or without IL-1β (left), and quantification by
Fluidigm qRT-PCR array of cell cycle and protein synthesis gene expression in HSCLT (n = 8/group). Data are expressed as log10 fold expression versus −IL-1β. Box
represents upper and lower quartiles with line representing median value. Whiskers represent minimum and maximum values. Data are representative of two
independent experiments. (G) Intracellular flow cytometry analysis of Myc protein levels in HSCLT (n = 10 −IL-1β; 8 +IL-1β). Data are expressed as fold change of
MFI versus −IL-1β. Individual values are shown with bars representing mean values. Data are compiled from three independent experiments. (H) Intracellular
flow cytometry analysis of puro incorporation in HSCLT (n = 9 −IL-1β; 10 +IL-1β). Data are expressed as fold change of MFI versus −IL-1β. Individual values are
shown with bars representing mean values. Data are compiled from three independent experiments. (I) Experimental design for cell cycle analyses of SLAM cells
and HSCLT from mice treated for 20 d with or without IL-1. (J) Representative flow cytometry plots showing cell cycle distribution in SLAM cells and HSCLT from
I. (K) Quantification of cell cycle phase distribution in SLAM cells and HSCLT from I (n = 5/group). Data are representative of three independent experiments. *,
P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U test or ANOVA with Tukey’s test in K. Error bars represent SD. See also Fig. S1.
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Figure 2. IL-1–induced gene repression is rapid and independent of HSCLT divisional history. (A) Experimental design for cell cycle analyses of SLAM cells
and HSCLT from mice treated for 1 d with or without IL-1β. (B) Representative flow cytometry plots showing cell cycle distribution in SLAM cells and HSCLT

from A. (C) Quantification of cell cycle phase distribution in SLAM cells and HSCLT from A (n = 10/group). Data are compiled from three independent ex-
periments. (D) Quantification by Fluidigm qRT-PCR array of cell cycle gene expression in HSCLT from mice treated for 1 d with or without IL-1β (n = 8/group).
Data are expressed as log10 fold expression versus −IL-1β. Box represents upper and lower quartiles with line representing median value. Whiskers represent
minimum and maximum values. Data are representative of two independent experiments. (E) Quantification of IL-1–repressed protein synthesis and cell cycle
genes from Fluidigm qRT-PCR array in D. Data are representative of two independent experiments. (F) Experimental design for analysis of divisional history in
HSCLT using H2B-GFPmice treated for 20 d with or without IL-1β. (G) Representative FACS plots showing analysis of HSCLT divisional history via GFP dilution
from H2B-GFPmice treated for 20 d with or without IL-1β. (H) Quantification of divisional history of mice in F based on GFP dilution (n = 5–6/group). Data are
compiled from two independent experiments. (I) Quantification by Fluidigm qRT-PCR array of IL-1–repressed genes in GFPhi and GFPlo HSCLT from H2B-GFP
mice in F (n = 8/group). Data are expressed as log10 fold expression versus −IL-1β. Box represents upper and lower quartiles with line representing median
value. Whiskers represent minimum andmaximum values. Data are representative of two independent experiments. (J)Quantification of IL-1 target genes from
Fluidigm qRT-PCR array in I. Data are representative of two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U test or
ANOVA with Tukey’s test in C, H, I, and J. Error bars represent SD. See also Fig. S1.
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Figure 3. IL-1–induced gene repression is associated with high PU.1 levels. (A) GSEA enrichment of significantly downregulated genes in publicly available
datasets versus RNA-seq analysis of SLAM cells from mice treated with or without IL-1β for 20 d. Data show downregulated genes as negatively enriched in
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Likewise, known IL-1/PU.1 target genes, such as Itgam, Flt3, and
Il1r1, were elevated in PU.1hi SLAM cells and further upregulated
by IL-1 treatment (Fig. S2 C). Our data also showed that PU.1hi

SLAM cells expressed lower levels of Mk/E genes like Gata1 than
PU.1lo SLAM cells, consistent with lineage-related anticorrelations
between PU.1 and Gata-1 (Fig. S2 D). Furthermore, IL-1 exposure
enriched for HSC genes in PU.1hi SLAM cells (Fig. S2 E), suggesting
that the frequency of HSCLT in the PU.1hi phenotypic gate in-
creases following IL-1 exposure. Consistent with PU.1-mediated
repression of cell cycle and protein synthesis genes, in vivo
chronic IL-1 exposure decreased cell cycle activity in PU.1hi SLAM
cells, whereas IL-1 triggered increased cell cycle activity in the
PU.1lo SLAM fraction (Fig. 3 G and Fig. S2 F). To link all of these
findings back to phenotypic HSCLT under chronic IL-1 conditions,
we assessed PU.1-EYFP and Myc-GFP levels after 20 d of IL-1
treatment. As predicted by our data, phenotypic HSCLT expressed
elevated levels of PU.1-EYFP, whereas GFP-Myc levels were re-
duced (Fig. 3, H and I). We observed a similar pattern of cell cycle
activity and gene expression after acute (1 d) in vivo IL-1
stimulation, with relatively limited induction of cell cycle
activity in PU.1hi SLAM cells that coincided with repression of
genes, including Myc, Ccnd1, and Rpl9 (Fig. S2, G and H), and
increased expression of PU.1-EYFP in HSCLT (Fig. S2 I). Alto-
gether, our data show that elevated PU.1 expression is asso-
ciated with repression of cell cycle and protein synthesis
genes in SLAM cells and HSCLT.

Direct IL-1 stimulation in vitro induces PU.1 and restricts HSCLT

cell cycle entry
We next assessed whether IL-1 could directly restrict cell cycle
activity following IL-1 stimulation of HSCLT in vitro. Notably,
cell cycle entry was delayed in HSCLT cultured for 24 h with IL-1
(Fig. 4 A). To address the linkwith PU.1, we next analyzed HSCLT

division kinetics with or without IL-1 using live single-cell
imaging of cultured PU.1-EYFP HSCLT (Fig. 4 B). Consistent
with our cell cycle analyses, IL-1 significantly delayed—but did
not halt—the initial cell division of cultured HSCLT (Fig. 4 C),
consistent with our prior single-cell tracking studies in SLAM
cells (Pietras et al., 2016). PU.1-EYFP levels were also rapidly and

significantly increased in HSCLT cultured with IL-1 before the
first cell division, also consistent with previous observations for
TNF (Fig. 4 D; Etzrodt et al., 2019). To more clearly delineate the
relationship between PU.1 level and division kinetics, we per-
formed unsupervised hierarchical clustering analysis of PU.1-
EYFP expression patterns across time from first observation
until cell division for all our tracked HSCLT with or without IL-1
(Fig. 4 E). Hierarchical clustering analysis identified five clusters
based on PU.1-EYFP reporter expression dynamics in individual
HSCLT (Fig. 4, E and F), with cluster 1 representing cells with low
or nearly absent PU.1-EYFP reporter activity. Notably, HSCLT

with low PU.1 expression levels (cluster 1) had significantly
shorter division kinetics than HSCLT with higher PU.1 expres-
sion levels (clusters 2–5). To address the impact of IL-1, we next
separated cells by treatment condition and analyzed the distri-
bution of clusters in each. Strikingly, IL-1 treatment significantly
reduced the number of rapidly dividing PU.1lo HSCs in cluster 1,
with these cells instead distributing into clusters 2–5 (Fig. 4 G).
We also assessed whether increased PU.1 expression was suffi-
cient to delay HSCLT cell division by analyzing the division ki-
netics of transgenic PU.1-ERT HSCLT, which activate exogenous
PU.1 upon induction with tamoxifen (4-OHT; Fukuchi et al.,
2008). As expected, PU.1 activation enforced a delay in HSCLT

division kinetics similar to the effects of IL-1 (Fig. S3 A). Taken
together, these data indicate a positive correlation between PU.1
levels and cell cycle progression.

IL-1 treatment also rapidly repressed cell cycle and protein
synthesis genes in HSCLT after 12 h in culture (Fig. 4, H and I),
with a corresponding increase in Spi1. Given the broad down-
regulation of protein synthesis genes, we assessed whether re-
duced protein synthesis is sufficient to limit HSCLT cell cycle
entry. We thus compared the impact of IL-1 versus omacetaxine
(Oma), which binds the ribosomal A-site and inhibits protein
synthesis (Gandhi et al., 2014), on HSCLT cell cycle entry
(Fig. 4 J). Like IL-1, Oma effectively limited HSC cell cycle entry
and reduced total Ki-67 protein expression (Fig. 4 K). Since re-
duced Ki-67 levels may be related to translation inhibition and
not cell cycle changes, we independently read out cell cycle
progression based on the frequency of cells with >2N DNA

SLAM cells frommice treated for 20 d with or without IL-1β. See also Table S5. (B) Venn diagram showing intersections between gene sets in A. A partial list of
common genes is depicted at the right of the diagram. See also Table S6 for complete list of genes. (C) Left: Experimental design for analysis of PU.1-EYFP::GFP-
Myc mice treated with or without IL-1β for 20 d. Right: Representative FACS plots showing gating strategy to identify PU.1lo and PU.1hi SLAM cells based on
PU.1-EYFP expression levels in these mice. (D) Representative FACS plots (left) and quantification (right) showing PU.1-EYFP expression levels in PU.1lo and
PU.1hi SLAM cell fractions from C (n = 3 −IL-1β; 5 +IL-1β). PU.1-EYFP negative control is shown in gray. Individual values are shownwith bars representingmean
values. Data are representative of two independent experiments. (E) Representative FACS plots (left) and quantification (right) showing GFP-Myc expression
levels in PU.1lo and PU.1hi SLAM cell fractions from C (n = 3 −IL-1β; 5 +IL-1β). GFP-Myc negative control is shown in gray. Individual values are shown with bars
representing mean values. Data are representative of two independent experiments. (F) Quantification by Fluidigm qRT-PCR array of cell cycle and protein
synthesis gene expression in PU.1hi and PU.1lo SLAM cells from mice treated with or without IL-1β for 20 d (n = 8/group). Data are expressed as log10 fold
expression versus −IL-1β. Box represents upper and lower quartiles with line representing median value. Whiskers represent minimum and maximum values.
Data are representative of two independent experiments. (G) Representative FACS plots (left) and quantification (right) of cell cycle distribution in PU.1hi SLAM
cells from mice treated with or without IL-1β for 20 d (n = 3/group) using Ki-67 and DAPI. Data are compiled from two independent experiments. (H) Rep-
resentative FACS plots (left) and quantification (right) showing PU.1-EYFP expression levels in HSCLT frommice in C (n = 3 −IL-1β; 5 +IL-1β). PU.1-EYFP negative
control is shown in gray in FACS plots. Individual values are shown with bars representing mean values. Data are representative of two independent ex-
periments. (I) Representative FACS plots (left) and quantification (right) showing GFP-Myc expression levels in PU.1lo and PU.1hi SLAM cell fractions from mice
in C. GFP-Myc negative control is shown in gray in FACS plots. Individual values are shown with bars representing mean values. Data are representative of two
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U test or ANOVA with Tukey’s test in D–G. Error bars represent SD. See
also Figs. S1 and S2.
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Figure 4. Direct IL-1 stimulation in vitro induces PU.1 and restricts HSCLT cell cycle entry. (A) Representative FACS plots (left) and quantification (right)
of cell cycle distribution in HSCLT cultured for 24 h with or without IL-1β (n = 6/group). Data are compiled from three independent experiments. (B) Ex-
perimental design for single-cell tracking studies of PU.1-EYFP HSCLT cultured with or without IL-1β. Time to first cell division was tracked via microscopy.
(C) Graph showing kinetics of first cell division in HSCLT from B (n = 194 −IL-1β; 139 IL-1β). Data are compiled from three independent experiments. (D) PU.1-
EYFP levels in HSCLT before first cell division (n = 137 −IL-1β; 192 +IL-1β). Data are compiled from three independent experiments. Box shows upper and lower
quartiles with line showing median value, and whiskers upper and lower 10th percentile and individual dots represent outliers. (E) Hierarchical clustering
analysis of PU.1-EYFP expression over time from the start of observation until the first division in PU.1-EYFP HSCLT cultured with or without IL-1 (Euclidean
distance with Ward linkage; n = 557 −IL-1β; 489 +IL-1β). Data are compiled from three independent experiments. (F) Quantification of PU.1-EYFP level (as
arbitrary units [AU]; left) and time to division (right) of HSCLT cultured with or without IL-1β in E. Individual values (representing means from cells cultured
either with or without IL-1β in an experiment) are shown with bars representing mean values (n = 6). Data are compiled from three independent experiments.
(G) Distribution of HSCLT from E in different clusters based on culture with or without IL-1β. Data are compiled from three independent experiments.
(H) Experimental design for Fluidigm qRT-PCR array analysis of HSCLT cultured with or without IL-1β for 12 h. (I) Quantification by Fluidigm qRT-PCR array of
cell cycle and protein synthesis gene expression in HSCLT from F (n = 8/group). Data are expressed as log10 fold expression versus −IL-1β. Box represents upper
and lower quartiles with line representing median value. Whiskers represent minimum and maximum values. Data are representative of two independent
experiments. (J) Experimental design for cell cycle analysis of HSCLT cultured with or without IL-1β and with or without 100 nM Oma for 24 h. (K)
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content (i.e., S/G2/M phases) based on DAPI alone. We observed
a significant reduction in IL-1 and/or Oma-treated HSCLT in S
phase or beyond, consistent with slowed cell cycle activity
(Fig. 4 L). Oma and IL-1 also reduced the forward scatter (FSC)
profile of cultured HSCs, consistent with previous observations
correlating cell size and biosynthetic activity (Fig. S3 B; Iritani
and Eisenman, 1999; Scognamiglio et al., 2016). Collectively,
these data indicate that IL-1 directly and rapidly represses cell
cycle and protein synthesis genes, thereby limiting HSCLT cell
cycle entry in vitro.

PU.1 directly binds cell cycle and protein synthesis genes
repressed by IL-1
Given the association between high PU.1 levels and IL-1–induced
repression of translation and cell cycle genes, we asked whether
PU.1 directly interacts with these genes. We therefore analyzed
genome-wide PU.1 binding using ChIP-seq analysis of HSC-
enriched LSK/Flk2−/CD150+ cells (Fig. 5 A). Relative to whole-
cell extract (WCE) controls, we identified 52,127 unique and
specific PU.1 peaks located throughout the genome, with sig-
nificant enrichment at 59-GGAA-39–containing consensus motifs
within 200 bp of the peak sites (Fig. 5, B and C; and Table S4).
Notably, the vast majority of IL-1 DEGs (586/694 IL-1 up; 599/
771 IL-1 down) had PU.1 peaks located predominantly in intronic
or intergenic regions within ± 20 kb of the gene transcription
start site (TSS), likewise within 200 bp of 59-GGAA-39–
containing consensus motifs (Fig. 5, D–F; Fig. S4, A–C; and Table
S4). GO analysis of IL-1–repressed genes associated with
PU.1 ChIP-seq peaks revealed expected enrichment for rRNA
processing, cell proliferation, and translation categories (Fig. 5 G
and Table S5). We next analyzed PU.1 peaks associated with the
Myc gene and found several located within ±20 kb of the TSS
itself, including a peak located within the gene body near the
junction of intron 2/exon 3 (Fig. 5 H) and several located in the
39 intergenic space (Table S4). The intronic Myc peak was also
present in two independent published macrophage datasets
(Heinz et al., 2010; GEO accession no. GSE21512). Indeed, PU.1
peaks identified in our ChIP-seq dataset corresponded closely
with peaks in these two datasets (Table S4). Conversely, IL-
1–induced genes with PU.1 peaks were enriched for cell adhe-
sion, immune response, and other expected gene categories (Fig.
S4 D and Table S5), including the PU.1 target gene Itgam, which
contained several peaks located both in the gene body as well as
in the 59 intergenic region, including a site near the TSS/pro-
moter as previously characterized and a major peak that may
represent an enhancer site (Fig. S4 E). Interestingly, we also
noted that a subset of IL-1–downregulated genes with PU.1 were
also significantly enriched for Myc motifs within 1 kb of their
TSS relative to upregulated or unchanged genes (Fig. 5 I and
Table S4), further underscoring the negative regulatory rela-
tionship between PU.1 and Myc target genes. We also used an
in vitro luciferase reporter assay to demonstrate that PU.1 can

directly repress activity of the human Myc promoter (Fig. S4 F),
in line with prior studies indicating that PU.1 can be recruited to
the Myc promoter in complex with histone deacetylase proteins
(Kihara-Negishi et al., 2001). To further characterize the dy-
namics of PU.1 interactions with IL-1 target genes, we reanalyzed
published ChIP-seq data (Heinz et al., 2010; GEO accession no.
GSE21512) generated in PU.1−/− fetal liver hematopoietic pro-
genitor cells expressing a 4-OHT–inducible PU.1 transgene (PU-
ER cells) at different time points postinduction (Heinz et al.,
2010). These cells constitutively express a low level of PU.1
from the transgene, with 4-OHT rapidly inducing PU.1 protein
activation (Walsh et al., 2002). We found that activation of the
PU.1 transgene leads to reduced Myc expression and a small but
significant cell cycle delay in PU-ER cells, suggesting that, de-
spite the difference in cell type and origin, the response to PU.1
expression in this system resembles key features of IL-1–treated
HSCLT (Fig. S4, G and H). In the PU-ER cell ChIP-seq dataset, a
small fraction (177 total) of IL-1–repressed genes were consti-
tutively bound by low levels of PU.1 present in the absence of
4-OHT (0 h). Interestingly, those genes were unrelated to cell
cycle or protein synthesis (Fig. 5, J and K). The number of IL-
1–repressed genes bound by PU.1 increased significantly and
rapidly with 4-OHT treatment, with top GO categories of these
genes now including ribosome biogenesis and rRNA processing
(Fig. 5, J and K). We observed a similar pattern of expression for
IL-1–upregulated genes, though in this case inflammatory re-
sponse genes were already bound by PU.1 at 0 h (Fig. S4, J and K;
and Table S5) and transgene-inducible peaks centered around
cell adhesion andmitotic cell division gene categories (Fig. S4 K),
with the latter centered around genes required for late cell cycle
stages rather than quiescence exit. Taken together, these data
support a model in which PU.1 represses gene expression by
directly binding a broad set of cell cycle and protein synthesis
genes. They also suggest that, at reduced levels, PU.1 does not
bind the majority of IL-1–repressed cell cycle and protein
synthesis genes.

PU.1-deficient HSCLT overexpress cell cycle and protein
synthesis genes
To further explore the impact of reduced PU.1 expression on
HSCLT function, we analyzed PU.1KI/KImice, which express∼30%
of normal PU.1 levels in SLAM cells due to a deactivating point
mutation knocked into the 14-kb upstream Spi1 autoregulatory
binding motif (Staber et al., 2013). As SLAM cells from these
mice exhibit derepression of cell cycle genes, including Ccnd1,
E2f, and Cdk1, we first compared our RNA-seq data to published
gene expression microarray data from PU.1+/+ and PU.1KI/KI

SLAM cells (Staber et al., 2013; GEO accession no. GSE33031).
Expectedly, several cell cycle and protein synthesis genes re-
pressed by IL-1, includingMyc, were significantly upregulated in
PU.1KI/KI SLAM cells (Fig. 6 A). We therefore assessed gene ex-
pression in HSCLT from PU.1KI/KI mice and PU.1+/+ littermate

Representative FACS plots (left) and quantification (right) of cell cycle distribution in HSCLT from H (n = 3/group). Data are from one experiment. (L) Proportion
of HSCLT with >2N DAPI signal from H. Individual values are shown with means (horizontal line). *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U
test or one-way ANOVA with Tukey’s test in F, G, K, and L. Error bars represent SD. See also Fig. S3.
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Figure 5. PU.1 directly binds cell cycle and protein synthesis genes repressed by IL-1. (A) Experimental design for ChIP-seq experiment (n = 2/group).
(B) Heatmap showing PU.1 ChIP-seq peak intensities versus WCE control at TSS ± 1 kb. (C) Transcription factor binding site motif enrichment at ChIP-seq peak
sites. (D) Pie chart comparing IL-1–downregulated genes identified in SLAM cells by RNA-seq analysis in Fig. 1 and presence of PU.1 peaks at or near these
genes (TSS ± 20 kb). (E) Pie chart showing PU.1 peak locations in IL-1–downregulated genes. (F) Transcription factor binding site motif enrichment at
PU.1 ChIP-seq peak sites in IL-1–downregulated genes (TSS ± 20 kb). (G) GO category enrichment of IL-1–downregulated DEGs containing PU.1 peaks in C.
Representative genes from the indicated categories are shown to the right. Data are expressed as −log10 P value. (H) UCSC genome browser rendering of a PU.1
peak location in Myc gene body. Tracks show PU.1 ChIP-Seq and WCE control, with corresponding peak locations and intensities in thioglycollate-elicited
primary mouse macrophage (ThioMac) and BM-derived macrophage (BMDM) PU.1 ChIP-seq datasets from GSE21512. (I)Myc and PU.1 motif enrichment (motif
score) at TSS ± 1 kb in IL-1–downregulated, –upregulated, or unchanged genes containing PU.1 peaks. Box shows upper and lower quartiles with line showing
median value, and whiskers upper and lower 10th percentile and individual dots represent outliers. ***, P ≤ 0.001 based on Wilcoxon rank sum test.
(J) Comparison of IL-1–downregulated genes in SLAM HSCs with genes containing PU.1 peaks within TSS ± 20 kb in PU-ER cells with or without 4-OHT. Based
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controls treated with or without IL-1 for 20 d by Fluidigm qRT-
PCR array (Fig. 6 B).We confirmed a significant reduction of Spi1
gene expression in PU.1KI/KI HSCLT (Fig. 6 D). Cdk1, E2f1, and Myc
were overexpressed in PU.1KI/KI HSCLT, consistent with prior
characterizations of PU.1-deficient HSCs under homeostatic
conditions (Fig. 6, E and F; Rosenbauer et al., 2004; Staber et al.,
2013). We observed increased expression of several cell cycle
and protein synthesis genes, including Ccne1, Ccna2, andMki67 in
PU.1KI/KI HSCLT (Fig. 6, E and F). Chronic IL-1 exposure further

increased expression of these genes in PU.1KI/KI HSCLT (Fig. 6, E
and F). On the other hand, IL-1–mediated repression of other
target genes, such asMyc, Rpl9, Eif3a, and Fbl, was attenuated or
absent in PU.1KI/KI HSCLT (Fig. 6, E and F). We observed broadly
similar patterns of aberrant gene expression in PU.1KI/KI HSCLT

after acute IL-1 treatment in vivo (Fig. S5 A). These data suggest
that PU.1 is required to limit the expression of cell cycle and
protein synthesis genes both at steady state and under inflam-
matory stress.

on PU.1 ChIP-seq datasets in GSE21512. (K) GO category enrichment of IL-1–downregulated DEGs containing PU.1 peaks in PU-ER cell ChIP-seq dataset at 0 h
+4-OHT versus combined 1–48 h +4-OHT. Top three GO categories are shown. Data are expressed as −log10 P value. See also Fig. S4.

Figure 6. Aberrant cell cycle and protein synthesis gene expression in PU.1-deficient HSCLT. (A) Venn diagram comparing genes downregulated by IL-1 in
SLAM cells (Fig. 1) and genes upregulated in PU.1KI/KI SLAM cells. (B) Experimental design of Fluidigm qRT-PCR array analyses of HSCLT from PU.1+/+ and
PU.1KI/KI mice treated with or without IL-1β for 20 d. (C) Heatmap with hierarchical clustering analysis (Pearson correlation with average linkage) of gene
expression data from HSCLT in B. (D) Quantification by Fluidigm qRT-PCR array of Spi1 gene expression in HSCLT from B. Data are expressed as log10 fold
expression versus −IL-1β. Box represents upper and lower quartiles with line representing median value. Whiskers represent minimum and maximum values.
Data are representative of two independent experiments. (E) Quantification of cell cycle and protein synthesis gene expression by Fluidigm qRT-PCR array
analysis in D. (F) Quantification of cell cycle gene expression by Fluidigm qRT-PCR array analysis in D. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by ANOVA with
Tukey’s test. See also Fig. S5.
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Chronic IL-1 induces aberrant cell cycle activity and expansion
of PU.1KI/KI HSCLT

We next assessed how the molecular deregulations in PU.1KI/KI

HSCLT impacted the properties of these cells under inflamma-
tory stress (Fig. 7 A). Consistent with our qRT-PCR data, IL-
1–exposed PU.1KI/KI HSCLT expressed higher relative levels of
Myc than PU.1+/+ HSCLT (Fig. 7 B). Chronic IL-1 also triggered
exuberant protein synthesis activity in PU.1KI/KIHSCLT (Fig. 7 C).
To assess the functional consequences, we assessed cell cycle
activity in PU.1+/+ and PU.1KI/KI HSCLT. Strikingly, IL-1 triggered
increased cell cycle activity in PU.1KI/KI HSCLT (Fig. 7 D). We
independently confirmed IL-1–dependent activation of aberrant
protein synthesis and cell cycle activity in HSCLT from condi-
tional SCL-Cre-ER::PU.1Δ/Δ mice treated with or without IL-1 for
20 d (Fig. S5, B–D). In addition, consistent with our qRT-PCR
analyses after acute IL-1 stimulation (Fig. S5 A), we found ab-
normally high cell cycle activity and Myc expression in PU.1KI/KI

HSCLT after single IL-1 injection (Fig. S5, E–G). Given that IL-1
triggered increased protein synthesis and cell cycle activity in
PU.1-deficient HSCLT, we reasoned this could lead to aberrant
expansion of the phenotypic HSCLT pool. We first addressed this
question by monitoring HSCLT expansion using an expedient
system in which PU.1KI/KI HSCLT were cultured 1:1 with CD45.1+

Boy/J HSCLT. Notably, PU.1KI/KI HSCLT grew poorly in culture
(Fig. S5 I); however, addition of IL-1 significantly potentiated the
expansion of these cells (Fig. S5 I). In fact, immature c-Kit+/
Sca-1+ progenitors derived from PU.1KI/KI HSCLT rapidly domi-
nated the cultures relative to Boy/J competitor cells (Fig. S5, I
and J). These data suggested that IL-1 might trigger expansion of
PU.1KI/KIHSCLT in vivo. Hence, we assessed the number of HSCLT

in the BM of PU.1+/+ and PU.1KI/KI mice treated with or without
IL-1 for 20 d. As anticipated, IL-1 triggered aberrant expansion of
phenotypic HSCLT exclusively in the BM of PU.1KI/KI mice (Fig. 7
E). Notably, this phenotype was not confined to the BM, as we
also observed significant expansion of phenotypic SLAM cells in
the spleens of IL-1–treated PU.1KI/KI mice (Fig. 7, F and G). Taken
together, these data demonstrate that aberrant protein synthesis
and cell cycle activity are emergent properties of PU.1-deficient
HSCLT that can be triggered by IL-1 and result in the expansion
of phenotypic HSCLT in the BM and extramedullary sites
(Fig. 7 H). Altogether, these data show that PU.1 is required to
limit HSCLT cell cycle activity, thereby restricting HSCLT ex-
pansion during chronic inflammatory conditions.

Discussion
Here, we show that IL-1 exposure represses a broad set of genes
regulating HSCLT cell cycle and protein synthesis activity. We
show that this gene program is linked to restricted HSCLT cell
cycle entry and thus underwrites the quiescent phenotype of
HSCs under chronic inflammatory stress. Notably, PU.1 is a
crucial driver of this program, with PU.1 itself binding the ma-
jority of target genes repressed by IL-1. Strikingly, our data
demonstrate this molecular state leaves PU.1-deficient HSCLT

poised to exit quiescence and support aberrant expansion of the
phenotypic HSCLT pool when triggered by IL-1. Our data thus
identify a PU.1-driven molecular mechanism enforcing HSC

quiescence during inflammatory stress and support a model in
which PU.1 serves as a critical limitingmechanism that regulates
HSC cell cycle activity and pool size in this context.

We find that the IL-1/PU.1 axis represses cell cycle and pro-
tein synthesis gene expression and limits HSCLT proliferative
activity under all conditions studied, including in vitro culture
and in vivo treatment of mice under both acute and chronic
conditions. The activating versus suppressive functions of the
IL-1/PU.1 axis may at first appear paradoxical. Indeed, previous
reports indicate that acute IL-1 administration in vivo triggers
cell cycle activity in the SLAM compartment (Hemmati et al.,
2019; Pietras et al., 2016; Weisser et al., 2016), which we reca-
pitulate here. On the other hand, our H2B-GFP and cell cycle
analyses show that only a limited fraction of phenotypic HSCLT

enter the cell cycle following IL-1 challenge in vivo, particularly
relative to the larger SLAM compartment, which is known to
contain HSC-like CD41hi SLAM cells that can rapidly enter the
cell cycle in response to acute inflammatory stress (Haas et al.,
2015). Likewise, BrdU label-retention experiments show that,
while stressors such as LPS can trigger proliferation in HSC-
enriched cells, a sizeable fraction of these cells nonetheless re-
tains the BrdU label (Takizawa et al., 2017; Wilson et al., 2008),
and that a subset of CD49blo HSCs that overlap phenotypically
with the EPCR+/CD34− HSCLT fraction used here (Rabe et al.,
2020) can remain dormant even following 5-fluorouracil mye-
loablation (Zhao et al., 2019). These data all support a model in
which HSCLT engage mechanisms to limit cell cycling in re-
sponse to inflammatory stress. Our findings that PU.1-deficient
HSCLT cycle excessively following IL-1 stimulation indicate that
PU.1 is indeed one of these mechanisms. In this context, it is
worth noting that published BM chimera studies show that
in vivo HSC proliferation in response to IL-1 can be triggered
independently of IL-1 receptor (IL-1R) on HSCs themselves (Cain
et al., 2011; Ueda et al., 2009) and may rely on IL-1R–induced
G-CSF production in the BM niche. Hence, the proliferative ef-
fect of IL-1 on HSCLT may in fact be the result of indirect
mechanisms related to rapid mobilization of granulocytes from
the BM, whereas direct IL-1 signaling triggers PU.1-dependent
cell cycle restriction. Detailed studies using BM chimera models
can further clarify the direct versus indirect effects of IL-1 on
HSCLT proliferation in vivo.

We also previously reported that IL-1 activates precocious
myeloid differentiation in HSCs (Pietras et al., 2016), and in the
present study we see induction of myeloid genes in HSCLT;
however, we demonstrate that IL-1 also activates a PU.1 program
that restricts HSC cell cycle activity and expansion by repressing
a broad set of cell cycle and protein synthesis genes. We made
similar observations in HSCs from mice with CIA (Hernandez
et al., 2020). Repression of cell cycle and protein synthesis genes
by PU.1 may therefore be a common mechanism triggered in
HSCs by at least a subset of inflammatory stimuli, including
some TLRs, which share downstream signaling pathways with
IL-1. On the other hand, analysis of HSCs from PU.1-EYFP mice
treated acutely with TLR3 and -4 ligands polyriboinosinic: pol-
yryibocyticylic acid and LPS, respectively, show that PU.1 is
induced via a TNF-dependent mechanism (Etzrodt et al., 2019;
Yamashita and Passegué, 2019). Furthermore, cytokines such as
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IFN do not robustly activate PU.1 expression in a direct fashion
(Etzrodt et al., 2019), suggesting that other mechanism(s) may
enforce HSC quiescence under chronic IFN stimulation, such as
activation of p53 and/or themRNA translation-blocking activity of
several IFN-stimulated genes (Li et al., 2015; Pietras et al., 2014).

It is important to note that, while PU.1 is commonly charac-
terized as a lineage differentiation factor, its role as a regulator
of cell proliferation has also been extensively studied (Delestré
et al., 2017; Fukuchi et al., 2008; Oikawa et al., 1999; Solomon
et al., 2017; Ziliotto et al., 2014). The connection between cell

Figure 7. Chronic IL-1 induces aberrant cell cycle activity and expansion of PU.1-deficient HSCLT. (A) Experimental design for analyses of HSCLT from
PU.1+/+ and PU.1KI/KI mice treated for 20 d with or without IL-1β. (B) Intracellular flow cytometry analysis of Myc protein levels in HSCLT from PU.1+/+ and
PU.1KI/KI mice treated with or without IL-1β for 20 d (n = 4–9/group) Data are expressed as fold change of MFI versus −IL-1β. Individual values are shown with
bars representing mean values. Data are compiled from two independent experiments. (C) Intracellular flow cytometry analysis of puro incorporation in HSCLT

from PU.1+/+ and PU.1KI/KI mice treated with or without IL-1β for 20 d (n = 4 PU.1+/+; 5 PU.1KI/KI). Data are expressed as fold change of MFI versus −IL-1β.
Individual values are shown with bars representing mean values. Data are from one experiment. (D) Quantification of cell cycle phase distribution in HSCLT

from mice in A. Data are compiled from two independent experiments. (E) Quantification of BM HSCLT from mice in A. Individual values are shown with bars
representing mean values. Data are compiled from three independent experiments. (F) Representative FACS plots showing SLAM cells in the spleens of PU.1+/+

and PU.1KI/KI mice treated for 20 d with or without IL-1β. (G) Quantification of SLAM cells in the spleens of mice in A. Individual values are shown with bars
representing mean values. Data are compiled from two independent experiments. (H) Cartoon showing key features of WT and PU.1-deficient HSCLT. WT
HSCLT (left) engage a cell cycle and protein synthesis repression gene program that limits protein synthesis, cell cycle activity, and HSCLT pool size following
challenge with IL-1. On the other hand, PU.1-deficient HSCLT overexpress cell cycle and protein synthesis genes, priming them for increased protein synthesis
and cell cycle activity that is associated with aberrant expansion of the HSCLT pool following IL-1 challenge. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by ANOVA
with Tukey’s test. Error bars represent SD. See also Fig. S5.
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cycle inhibition andmyeloid differentiation likely centers on cell
cycle lengthening as a mechanism to promote PU.1 accumulation
and myeloid differentiation in hematopoietic progenitors (Kueh
et al., 2013). In agreement with this model, our data show that
increased PU.1 activity serves as more of a rheostat than a bona
fide proliferation block in HSCLT, erecting enough of an activa-
tion barrier to prevent excessive proliferation during inflamma-
tory challengewhile still priming HSCs formyeloid differentiation
as evidenced by simultaneous upregulation of myeloid determi-
nant genes in IL-1–exposed HSCLT. This is a function common
to numerous myeloid transcription factors, including Cebpa
family members and Gfi1, which is itself a PU.1 target (Hock
et al., 2004; Porse et al., 2005; Pulikkan et al., 2017; Staber
et al., 2013; Umek et al., 1991; Zeng et al., 2004). Thus, in-
duction of a PU.1-dependent cell cycle restriction gene pro-
gram in HSCLT under inflammatory stress conditions is
consistent with a model in which PU.1 promotes efficient
generation of myeloid progenitors to reconstitute hemato-
poiesis, while protecting the HSC compartment from damage
and/or depletion. Absence of this program likely underlies the
failure of PU.1KI/KI mice to reconstitute hematopoiesis fol-
lowing 5-fluorouracil treatment (Staber et al., 2013), which
we interpret as a coupled effect of increased HSC proliferation
leading to apoptosis, and inefficient generation of new myeloid
progenitors due to reduced PU.1 accumulation. Altogether, this
mechanism may be a remarkable example of parsimony in a
biological system, wherein a single molecular program can me-
diate distinct functional outcomes based on cell type and context.

Our data agree with prior studies showing that PU.1 defi-
ciency leads to derepression of Myc and numerous cell cycle
genes, including Cdk1 and E2f1 (Rosenbauer et al., 2004; Staber
et al., 2013; Will et al., 2015), which is exacerbated by IL-1 ex-
posure. Indeed, we find that PU.1 directly binds a wide array of
genes that regulate cell cycle and protein synthesis activity. In
that setting, it is unlikely that repression of a single factor, such
as Myc, is the sole mechanism limiting HSCLT cell cycle activity.
Indeed, we find that inhibition of protein synthesis in cultured
HSCLT using Oma phenocopies the delayed cell cycle entry ob-
served with IL-1 stimulation, which is consistent with our model
that PU.1 inhibition of multiple protein synthesis genes con-
tributes to enforced HSC quiescence. Notably, Oma is a U.S. Food
and Drug Administration–approved therapy for chronic mye-
logenous leukemia and can directly ablate MDS stem cells with
aberrant levels of protein synthesis (Stevens et al., 2018). Pro-
tein synthesis and cell cycle activity are closely linked, as cell
cycle entry and mitosis require a significant amount of new
protein. Hence, in eukaryotic cells, deletion and/or knockdown
of key genes regulating protein synthesis, such as translation
elongation initiation factors (eIFs), several of which are re-
pressed by IL-1 in our dataset, results in delayed cell cycle entry
(Polymenis and Aramayo, 2015). The importance of eIFs in ini-
tiating HSC cell cycle activity has been illustrated by elegant
work in which dual deletion of 4E-BP1/2, which negatively reg-
ulates translation by inhibiting eIF4E, leads to increased protein
synthesis, aberrant cell cycle activity, and HSC expansion
(Signer et al., 2016). Likewise, deletion of Pten, which dephos-
phorylates and inhibits the eIF activator mammalian target of

rapamycin, leads to similar aberrant HSC activity and hyper-
sensitivity to inflammatory factors, such as G-CSF and IFN
(Porter et al., 2016; Signer et al., 2014), indicating that protein
synthesis levels must be carefully regulated for normal HSC
function. The phenotype of Pten- and 4E-BP1/2–deficient HSCs is
strikingly reminiscent of that of IL-1–exposed PU.1-deficient
HSCLT in our model. In a similar line, inflammatory initiation of
a cell cycle–primed Galert state in HSCs and other cells requires
activation of mammalian target of rapamycin (Rodgers et al.,
2014). We also identified decreased expression of ribosomal
RNA genes, as well as genes such as Fbl required to process them
for assembly into ribosomes. While cells synthesize ribosomes
independently of cell cycle phase, inhibition of rRNA production
can halt cell cycle activity (Polymenis and Aramayo, 2015) with
accompanying decreases in cell size, similar to our findings in
HSCLT exposed to IL-1 and/or Oma in culture. Along these lines,
HSCs carrying a hypomorphic allele of the ribosomal protein
Rpl24 exhibit decreased proliferative activity and can rescue the
phenotype of Pten-deficient HSCs (Signer et al., 2014). Likewise,
IL-1 downregulates expression of Myc, a crucial upstream reg-
ulator of protein synthesis and cell cycle genes that leads to
defective cell cycle entry if deleted in stem cells (Laurenti et al.,
2008; Scognamiglio et al., 2016; Wilson et al., 2004). Together,
these data suggest that fine tuning of protein synthesis is essential
for maintaining HSC quiescence and function (Signer et al., 2014).
Interestingly, despite IL-1–mediated downregulation of protein
synthesis genes and slowed cell cycle progression in our in vitro
cultures, we do not observe decreased protein synthesis rates in
IL-1–exposed HSCLT in vivo. Repression of protein synthesis genes
may therefore dampen the effects of IL-1–driven mitogenic sig-
naling and maintain homeostatic protein synthesis activity rather
than block it altogether, which in vitro is read out as slowed cell
cycle progression in response to the stress of being placed in
culture. IL-1 activates numerous signaling pathways that directly
impact protein synthesis and cell cycle activity, including PI3K/
Akt, p38 MAPK, MAPK/ERK kinase (MEK)/ERK, and RAS
(Dinarello, 2018). Thus, in future studies, we hope to identify
which pathway(s) are potential triggers that activate aberrant
protein synthesis and cell cycle activity in PU.1-deficient HSCs, as
well as the extent to which inhibiting them can rescue this
phenotype.

Dysregulated inflammatory signaling has emerged as a key
partner alongside oncogenic mutations in the development and/
or progression of hematological malignancy (Barreyro et al.,
2018; Pietras, 2017). Aberrant signaling via IL-1 and the down-
stream IL-1 receptor associated kinase/TNF receptor associated
factor pathway shared by IL-1R and TLRs has been implicated as
a driver of survival and/or expansion of MDS and myeloid leu-
kemia stem cells (Ågerstam et al., 2016; Askmyr et al., 2013;
Barreyro et al., 2012; Carey et al., 2017; Muto et al., 2020; Smith
et al., 2019; Zhang et al., 2016). Indeed, blockade of these path-
ways can limit and/or reverse disease progression (Carey et al.,
2017; Mitchell et al., 2018; Rhyasen et al., 2013; Zhang et al.,
2016); however, the mechanism(s) by which inflammatory sig-
naling initiates expansion of oncogenically mutated HSCs re-
main obscure. Chronic inflammation, often associated with
increased IL-1 activity, is a common phenotype in individuals at
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risk for hematological malignancy, which can be related to
several preexisting factors, including aging/tissue decline,
genotoxin exposure, metabolic dysfunction, and/or autoim-
mune disease (Barreyro et al., 2018; Pietras, 2017). Our data
suggest that, while chronic IL-1 exposure can induce expansion
of myeloid-biased hematopoietic progenitors and mature my-
eloid cells, this phenotype is essentially self-limiting and does
not deterministically progress to malignancy. These data are
consistent with the overall rarity of hematological malignancy
among individuals with chronic inflammatory phenotypes,
despite the relative increase in risk (Anderson et al., 2009;
Gañán-Gómez et al., 2015). On the other hand, loss-of function
mutations in PU.1 itself are rarely observed in hematological
malignancy, although a wide array of myeloid leukemia–
associated oncogenic lesions can interfere with PU.1 expression
or function, including PML/RARA, AML1-ETO, NPM1c, CEBPA,
and mitogenic kinase mutations in BCR/ABL and Flt3ITD (Gerloff
et al., 2015; McKenzie et al., 2019; Mueller et al., 2006; Noguera
et al., 2016; Vangala et al., 2003; Yang et al., 2012). In addition,
TET2 and/or DNMT3A mutations associated with early onco-
genesis may interfere with PU.1 function due to aberrant
methylation of PU.1 binding sites (Kaasinen et al., 2019). Hence,
deficiency in key myeloid regulators, like PU.1, related to in-
direct effects of mutations in other genes may serve as a crucial
nexus that primes HSCs to activate aberrant protein synthesis
and cell cycle activity when triggered by inflammatory signals
associated with BM pathogenesis, like IL-1 and TNF-α. This model
is illustrated by a parallel study by our group in which we found
that IL-1 can trigger the selective expansion of Cebpa-deficient
HSPCs in a mouse model of oncogenic BM competition (Higa
et al., 2021). These findings are consistent with the theory of
adaptive oncogenesis, which stipulates that environmental factors
associated with tissue decline, such as inflammation, are crucial
drivers of oncogenesis by selecting for emergent phenotypes, such
as increased proliferation, self-renewal, or survival, that are
linked cancer-associated mutations (Henry et al., 2015; Laconi
et al., 2020). Hence, oncogenic mutations and inflammatory sig-
nals may collaborate to activate emergent proliferative pheno-
types in stem cells that, in turn, lead to aberrant expansion of
downstream progenitors and myeloid cells that can initiate dis-
ease. Such a model provides a rationale for exploring the use of
anti-inflammatory therapies as a means of preventing and/or
delaying leukemogenesis in at-risk individuals.

Materials and methods
Mice
WT C57BL/6, congenic B6.SJL-PtprcaPepcb/BoyJ (Boy/J) mice,
GFP-Myc mice (Huang et al., 2008), and Col1a1-TetO::rtTA-H2B-
GFP mice (Foudi et al., 2009) were obtained from The Jackson
Laboratory. PU.1KI/KI mice and PU.1flox mice (Staber et al., 2013)
were a kind gift of Dan Tenen (Harvard Stem Cell Institute, Cam-
bridge, MA). PU.1flox mice were crossed onto a 4-OHT–inducible
SCL-CreERT driver strain (Göthert et al., 2005) for experiments.
PU.1-EYFP mice (Hoppe et al., 2016; Kirstetter et al., 2006) were a
kind gift of Dr. Claus Nerlov (MRC Weatherall Institute, Oxford,
UK). PU.1ERT2mice (Fukuchi et al., 2008) were kindly provided by

Dr. Hideyaki Nakajima (Department of Stem Cell and Immune
Regulation, Yokohama City University School of Medicine,
Yokohama, Japan). WT littermate controls were used for ex-
periments involving PU.1KI/KI mice and PU.1flox mice. 6–12-wk-
old animals of both sexes were used for experiments. All an-
imal experiments were conducted in accordance with a protocol
approved by the Institutional Animal Care and Use Committee at
University of Colorado Anschutz Medical Campus (protocol no.
00091).

In vivo procedures
For in vivo IL-1 stimulation, IL-1β (Peprotech) was resuspended
in sterile Dulbecco’s PBS/0.2% BSA. 0.5 µg IL-1 or PBS/BSA alone
was injected i.p. in a 100-µl bolus once per day for either 1 or 20
d, as previously described (Pietras et al., 2016; Rabe et al., 2020).
In vivo puro labeling assays were performed as previously de-
scribed (Chapple et al., 2018), with 500 µg puro (Life Technol-
ogies) injected i.p. 1 h before euthanasia. In vivo H2B-GFP
labeling was performed by feeding mice with doxycycline chow
(2 g/kg; Teklad) ad libitum for 2 wk (Säwén et al., 2016). Animals
were allowed to rest for 1 wk before IL-1 treatment. Induction of
the SCL-CreERT transgene in PU.1 conditional KO mice was per-
formed by injecting mice i.p. with 25 mg/kg 4-OHT resuspended
in corn oil daily for 3 d.Mice were allowed to rest for 1 wk before
the start of IL-1 treatment.

Flow cytometry
Analysis of BM cell populations was performed using a similar
protocol as previously described (Pietras et al., 2016; Rabe et al.,
2020). BM was flushed from femurs and tibiae of mice using
staining media (SM; Hanks’ Buffered Saline Solution + 2% FBS)
and a syringe equipped with a 21-G needle. Cells were subse-
quently resuspended in 1× ACK (150 mMNH4Cl/10 mM KHCO3)
to remove erythrocytes, washed with SM, filtered through 70-
µm mesh to remove debris, resuspended in SM, and counted on
a Vicell automated counter (Beckman Coulter). For quantifica-
tion of immature HSPCs, 107 BM cells were blocked with puri-
fied rat IgG (Sigma-Aldrich) and stained for 30 min on ice with
SM containing the following antibodies: PE-Cy5–conjugated
anti-CD3, CD4, CD5, CD8, Gr-1, and Ter119 as a lineage exclu-
sion stain; Flk2-biotin; CD34-FITC; EPCR (endothelial protein C
receptor)-PE; Mac-1–PE/Cy7; CD16/32-APC; CD48-A700; and
cKit-APC/Cy7. Cells were subsequently washed, resuspended in
a 1:4 dilution of Brilliant Staining Buffer (Becton Dickinson) in
SM containing Sca-1-BV421, CD41-BV510, CD105-BV711, CD150-
BV785, and streptavidin (SA)-BV605 and incubated for 30 min
on ice. For analysis of GFP-Myc::PU.1-EYFP cells, a custom 510/
20-nm (GFP) and 550/30-nm (EYFP) bandpass filter setup
(Becton Dickinson) was used to discriminate the two fluorescent
proteins. BM cells from single-positive mice were used for
compensation controls and fluorescence-minus-one controls,
and GFP−/YFP− BM cells were surface stained alongside and
used as negative controls. For analysis of mature BM cell pop-
ulations, cells were blocked as above and stained for 30min on ice
with the following antibodies: Gr-1–Pacific Blue, Ly6C-BV605,
B220-BV786, CD4-FITC, CD8-PE, Mac-1–PE/Cy7, IgM-APC, CD3-
A700, and CD19-APC/Cy7. Following surface staining, cells were
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washed with SM, resuspended in SM containing 1 µg/ml
propidium iodide, and immediately analyzed on a three-laser,
12-channel FACSCelesta analyzer (Becton Dickinson) or a five-
laser, 18-channel BD Fortessa. For analysis of spleen cells,
spleens were removed and minced through a 70-µm filter
basket (VWR) to make a single-cell suspension. Splenocytes
were treated with ACK buffer as above and subsequently
processed for staining of mature and immature hematopoietic
populations, as described above.

Cell cycle analysis was performed using protocols similar to
previous publications (Hernandez et al., 2020; Jalbert and
Pietras, 2018). 107 BM cells were stained for 30 min on ice
with the following antibodies: PE-Cy5–conjugated anti-CD3,
CD4, CD5, CD8, Gr-1 and Ter119 as a lineage exclusion stain, Flk2-
biotin, CD34-FITC, EPCR-PE, Sca-1–PE/Cy7, CD48-A700, and
c-Kit–APC/Cy7. Cells were washed with SM and resuspended in
1:4 Brilliant Buffer:SM containing SA-BV605 and CD150-BV785,
incubated for 30min on ice, washed in SM, and fixed for 20min
at room temperature (RT) with Cytofix/Cytoperm (Becton
Dickinson). Cells were subsequently washed with 1× PermWash
buffer (Becton Dickinson), permeabilized for 10 min at RT with
Perm Buffer Plus (Becton Dickinson), washed in PermWash,
and refixed for 5 min at RT with CytoFix/Cytoperm. Cells were
subsequently washed in PermWash and incubated with anti–Ki-
67 antibody in PermWash buffer for 30 min at RT. Cells were
then washed and either stored at 4°C or resuspended in Dul-
becco’s PBS containing 1 µg/ml DAPI and analyzed on a BD LSRII
analyzer equipped with a UV laser (Becton Dickinson).

Myc staining was performed as previously described (Freire
and Conneely, 2018). 107 BM cells were stained for 30 min on ice
with SM containing the following antibodies: PE-Cy5–conjugated
anti-CD3, CD4, CD5, CD8, Gr-1 and Ter119 as a lineage exclusion
stain, Flk2-biotin, CD34-FITC, EPCR-PE, Mac-1–PE/Cy7, CD48-
A700, and cKit-APC/Cy7. Cells were washed in SM and then
stained for 30 min in 1:4 Brilliant Buffer:SM containing Sca-
1–BV421, SA-BV605, and CD150-BV785. Cells were subse-
quently washed in SM and fixed for 20 min with CytoFix/Cy-
toPerm. Cells were washed with PermWash and blocked in
PermWash for 1 h at RT, followed by washing and a 1-h RT in-
cubation with anti-Myc purified antibody. Cells were subse-
quently stained with an A647-conjugated anti-rabbit Fab for
30 min at RT, washed in PermWash, resuspended in SM, and
analyzed on an LSRII.

Puro stainings were performed as previously described
(Chapple et al., 2018). Cells were surface stained and fixed using
the same approach as for Myc staining. Following fixation, cells
were stained with anti-puro antibody diluted in PermWash
buffer for 1 h at RT, washed and stained with an anti-mouse IgG2a
antibody for 30 min, washed once more, and resuspended in SM
for analysis on an LSRII.

For H2B-GFP dilution analysis, we used splenocytes from
Ubc-GFP mice (Schaefer et al., 2001) as a GFP compensation
control to ensure comparable brightness to the GFP signal. BM
cells were stained as above and analyzed on an LSRII or sorted
on a FACSAria Fusion sorter. GFP dilution analyses were per-
formed by using the proliferation analysis function of FlowJo
using default settings. All samples from an individual

experiment were concatenated before running the algorithm,
and GFP expression bins were subsequently assigned to indi-
vidual samples.

All fluorescence intensity data throughout the manuscript
are based on the geometric mean fluorescence intensity (MFI) of
that parameter. A complete list of FACS antibodies and dilutions
used can be found in Table S6.

Cell sorting
For HSC isolation by cell sorting, arm, leg, pelvic bones, and
spines were isolated from mice as previously described (Pietras
et al., 2016; Rabe et al., 2020). Bones were crushed in SM using a
mortar and pestle and depleted of erythrocytes with 1× ACK.
Cells were subsequently placed atop a Histopaque 1119 gradient
(Sigma-Aldrich) and centrifuged. To enrich c-Kit+ cells, BM cells
were incubated on ice for 20 min with c-Kit microbeads (5 µl/
100 µl SM per mouse; 130–091-224; Miltenyi Biotec), washed
with SM, and enriched on an AutoMACS Promagnetic cell sep-
arator (Miltenyi Biotec). Enriched cells were subsequently
washed, blocked with rat IgG, and stained for 30min on ice with
the following antibodies: PE-Cy5–conjugated anti-CD3, CD4,
CD5, CD8, Gr-1, and Ter119 as a lineage exclusion stain, Flk2-
biotin, CD34-FITC, ECPR-PE, Mac-1–PE/Cy7, CD48-A700, and
c-Kit–APC/Cy7. Cells were subsequently washed with SM
and resuspended in a 1:4 dilution of Brilliant Staining Buffer in
SM containing Sca-1–BV421, SA-BV605, and CD150-BV785. For
B220+ cell isolation by cell sorting, spleens were harvested,
pressed over a 70-μm filter, and depleted of erythrocytes. To
enrich for B220+ cells, splenocytes were incubated on ice for
20 min with B220 microbeads (20 µl/1,000 µl SM per mouse;
Miltenyi Biotec), washed with SM, and enriched on an Auto-
MACS Pro. Enriched cells were washed, blocked with rat IgG,
and stained with B220-APC for 15 min on ice. Purified B220+

cells were immediately fixed for 20 min at RT (100 µl; BD Cy-
tofix/Cytoperm), washed with SM, and stored at 4°C.

In vitro culture assays
Purified HSCLT were cultured using a similar protocol as that
previously published (Pietras et al., 2016). Double-sorted cells
were grown in StemPro34 containing Stempro supplement,
antibacterial-antimycotic (100×; Gibco), L-glutamine (100×;
Gibco), stem cell factor (SCF; 25 ng/ml), thrombopoietin (TPO;
25 ng/ml), IL-3 (10 ng/ml), GM-CSF (20 ng/ml), Flt3L (50 ng/ml),
IL-11 (50 ng/ml), erythropoietin (4 U/ml), and IL-1β (25 ng/ml)
and were incubated at 37°C, 5% O2, 5% CO2 for either 12 or 24 h.
Cell culture grade puro (1 nM; Gibco) was added 1 h before
harvesting cells to monitor protein synthesis rates. In experi-
ments containing Oma (100 nM; Teva Pharmaceuticals), cells
were cultured in the presence of Oma for 1 h before IL-1β addi-
tion and remained in cultures for the duration of the experiment.
Following indicated times in culture, cells were harvested and
either resorted based on viability for Fluidigm gene expression
analysis or were immediately fixed for 20 min at RT (100 µl; BD
Cytofix/Cytoperm) for Ki-67/DAPI analysis or puro incorpora-
tion assays. Following fix/perm, 5 × 105 sorted, fixed B220+

spleen cells were added to each sample as carrier cells and ex-
cluded during analysis based on B220 expression (Matatall et al.,
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2018). PU.1-ERT HSCLT were cultured as above but with or
without 100 nM 4-OHT. PU-ER cells were cultured in Iscove’s
Modification of Dulbecco’s medium (IMDM) + 10% heat-inactivated
serum and 5 mg/ml IL-3 and GM-CSF. Transgene was induced by
resuspending cells in media containing 100 nM 4-OHT. Cells were
harvested after 24 h and analyzed for cell cycle activity or Myc
expression levels as described above.

Luciferase reporter assays
pcDNA3-PU.1 (human PU.1) and pXP2-MYC luciferase reporter
constructs were kind gifts of Dan Tenen (Harvard Stem Cell
Institute). pXP2-MYC contains the 2.5-kb Xmn1 fragment of the
humanMYC promoter driving a luciferase reporter. 293T cells
were transfected with pXP2-Myc and either pcDNA3-PU.1 or
empty pcDNA3 using PolyJet in vitro DNA transfection reagent
(Signagen) according to the manufacturer’s instructions. 24 h
later, cells were lysed and analyzed for luciferase activity
using the Pierce Firefly Luciferase Glow Assay (Invitrogen).
Luciferase activity was read out on a microplate reader
(Promega).

Single-cell tracking analysis
Time-lapse experiments were conducted at 37°C, 5% O2, 5% CO2

on μ-slide VI0,4 channels slides (IBIDI) coated for 1 h at RTwith 5
or 10 µg/ml anti-CD43-biotin, as previously described (Loeffler
et al., 2018). Cells were cultured in phenol red–free IMDM sup-
plemented with 20% bovine serum albumin/human insulin/hu-
man transferrin, 2 mM L-glutamine, 50 µM 2-mercaptoethanol
and 50 U/ml penicillin, 50 µg/ml streptomycin, 25 ng/ml SCF,
25 ng/ml TPO, 10 ng/ml IL-3, 20 ng/ml GM-CSF, 50 ng/ml Flt3L,
50 ng/ml IL-11, and 4 U/ml EPO. 25 ng/ml IL-1b and/or 500 nM 4-
OHT (Sigma-Aldrich) was added as indicated. Images were ac-
quired using a Nikon-Ti Eclipse equipped with a linear encoded
motorized stage, Orca Flash 4.0 V2 (Hamamatsu), Spectra X
fluorescent light source (Lumencor), and The Cube (Life Imaging
Service) temperature control system. White light emitted by
Spectra X was collimated and used as a transmitted light for
brightfield illumination via a custom-made motorized mirror
controlled by Arduino UNO Rev3 (Arduino). Fluorescent images
were acquired using optimized filter sets eGFP (470/40 nm;
495LP; 525/50 nm), YFP (500/20 nm; 515LP; 535/30 nm), mKO2
(546/10 nm; 560LP; 577/25 nm), mCherry (550/32 nm; 585LP;
605/15 nm), and Cy5 (620/60 nm; 660LP; 700/75 nm; all AHF) to
detect GFP-cMYC, PU.1-YFP, CD71-PE, tetramethylrhodamine, and
CD71-APC, respectively. Time intervals of brightfield and fluor-
escent image acquisition were chosen to minimize phototoxicity.
Images were acquired using a 10× CFI Plan Apochromat λ objec-
tive (NA 0.45). Single-cell tracking and image quantification were
performed using self-written software as described (Hilsenbeck
et al., 2016; Loeffler et al., 2018). Software used for data acquisition
of time-lapse imaging data is published and open sourced (You-
Scope v.2.1; http://langmo.github.io/youscope/). Software for
single-cell tracking and fluorescence quantification used in this
study is published and open sourced (Hilsenbeck et al., 2016).
Segmentation software is published and open sourced (Hilsenbeck
et al., 2017). Acquired 16-bit images with 2048 × 2048–pixel res-
olution were saved as .png and linearly transformed to 8-bit using

channel-optimizedwhite points and corrected for background and
shading (Peng et al., 2017) before analysis. Brightfield images were
used for segmentation using fastER (Hilsenbeck et al., 2016),
eroded to reduce segmentation artifacts caused by close cell
proximity (settings: morphological transformation x = 3, y = 3, op
= 2, shape: 2), and subsequently dilated (settings: simple dilation 6)
to ensure proper segmentation and quantification results. Track-
ing and quantification of fluorescence channels were done as
previously described (Hilsenbeck et al., 2016) and analyzed using
Matlab 2018b (MathWorks). For hierarchical clustering analyses,
PU.1YFP expression levels of in vitro–cultured HSCs were quan-
tified from the start of culture until cell division. PU.1.YFP fluo-
rescence intensities were z-normalized across replicates, with
each single-cell time series normalized to 40 time points using
Matlab’s spline function and clustered using hierarchical cluster-
ing with Euclidean distance and ward linkage usingMatlab 2019b.
The number of clusters was chosen based on (1) the reproduci-
bility of cluster frequencies across replicates and (2) to minimize
intracluster variance.

RNA-seq
RNA was isolated from individual pools of 104 to 2 × 104 double-
sorted SLAM cells using an RNEasyMicro kit (Qiagen). RNAwas
quantified and quality checked using an Agilent Bioanalyzer
2100 (Agilent Technologies). 1 ng of total RNA was preamplified
using the SMARTer Ultra-Low Input kit v4 (Clontech) according
to the manufacturer’s instructions, and cDNA quality was as-
sessed using the Qubit Fluorometer (Life Technologies) and the
Bioanalyzer. 150 pg cDNA was used to generate Illumina se-
quencing libraries using the NexteraXT kit (Illumina) according
to the manufacturer’s instructions. Libraries were subsequently
hybridized to an Illumina single-end flow cell and amplified
using cBot (Illumina). Sequencing of libraries was performed on
Illumina HiSeq 2500v4 high-throughput sequencer. Single-
ended reads of 100 nt were generated for each sample and de-
multiplexed using bcl2fastq v1.8.4. Trimmomatic v0.32was used
for quality filtering and adapter removal. Processed reads were
mapped to the mouse genome GRCm38.p4 (mm10/mg38) using
STAR_2.4.2a. Raw read counts were obtained via htseq-count
v0.6.1 and Gencode-M12 gene annotations. Differential expres-
sion analyses were performed using deSeq2 in Bioconductor.
Genes with Padj < 0.05 were considered significant DEGs. Up-
stream regulator analysis of DEGs was performed using IPA
software on default settings. GSEA analyses were performed on
DEGs using default settings. GO analyses were performed using
DAVID v6.8 (http://david.ncifcrf.gov; Huang et al., 2009). Venn
diagrams were generated from DEG lists using IteractiVenn
(http://www.interactivenn.net; Heberle et al., 2015).

ChIP-seq
ChIP-seq analysis was performed on LSK/Flk2−/CD150+ cells
sorted from the BM of eight C57BL/six mice per ChIP. Cells were
cross-linked in 0.75% formaldehyde, pelleted, and frozen until
the ChIP procedure. Pellets were thawed on ice, resuspended in
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCL [pH 8.1]
plus protease inhibitor) for 10 min. Volume was brought up to
1 ml with ChIP dilution buffer (16.7 mM Tris-HCl [pH 8.1],
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167 mM NaCl, 0.01% SDS, 1.1% Triton X-100, and 1.2 mM EDTA
plus protease inhibitor) and samples were sonicated with a
Branson sonicator to shear chromatin. Chromatin was subse-
quently incubated with 1 µg PU.1 antibody (sc-390405; Santa
Cruz Biotechnology) and rotated overnight at 4°C. Next, ChIPs
were added to a 50:50 mix of prewashed Protein A/G Dynabeads
(50 µl; 10001D/10009D; Thermo Fisher Scientific) and rotated
overnight at 4°C. The next day, 175 µl RIPA/140 mMNaCl buffer
(0.1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100,140 mM
NaCl, 1 mM EDTA, 20 mM Tris-HCl [pH 8.1]) was added to each
tube and beads were transferred to a 96-well plate on a magnet,
washed twice with cold RIPA/500 ml NaCl buffer (0.1% sodium
deoxycholate, 0.1% SDS, 1% Triton X-100, 140 mM NaCl, 1 mM
EDTA, and 20mMTris-HCl [pH 8.1]), twice with cold LiCl buffer
(0.25 M LiCl, 1% NP-40, 1% Na deoxycholate, 1 mM EDTA, and
10 mM Tris-HCl [pH 8.1]), and twice with RT TE buffer (10 mM
Tris-HCl [pH 8.0] and 1 mM EDTA [pH 8.0]). Chromatin was
eluted by adding 50 µl of elution buffer (10 mMTris-Cl [pH 8.0],
5 mM EDTA, 300 mM NaCl, 0.1% SDS, and 5 mM dithiothreitol)
and 8 µl of reverse cross-linking buffer (250 mM Tris-HCl [pH
6.5], 1.25 M NaCl, 62.5 mM EDTA, 5 mg/ml Proteinase K, and
62.5 μg/ml RNase A) and incubated at 65°C overnight. ChIP
material was quantified on a Qubit spectrometer (Invitrogen)
according to manufacturer’s instructions. Library construction
was performed first using an End-it DNA End-Repair Kit
(ER0720; Epicenter) according to manufacturer’s instructions,
followed by DNA ligase-based adapter ligation (M2200S; New
England Biolabs) and enrichment of adapter-modified DNA
fragments by PCR. PCR fragments were gel purified using a
Qiagen Gel Purification Kit (Qiagen) and sequenced on an Illu-
mina single-end flow cell. Sequencing of libraries was per-
formed on Illumina HiSeq 2500v4 high-throughput sequencer.
Fastq read files were trimmed using Cutadapt (Martin, 2011).
The trimmed reads were mapped to mm10 mouse genome using
HISAT2 (Kim et al., 2019). Peak calling was conducted by HO-
MER program run in factor mode (false discovery rate < 0.001).
The intergenic peaks nearest a TSS were annotated as the cor-
responding gene, and peaks within a gene were further cate-
gorized into exonic, intronic, 39 or 59 untranslated regions using
HOMERmm10 annotation. Venn diagrams were generated from
DEG lists using IteractiVenn (http://www.interactivenn.net;
Heberle et al., 2015).

Fluidigm qRT-PCR
Fluidigm qRT-PCR analysis was performed using previously
published protocols (Hernandez et al., 2020; Pietras et al., 2016;
Rabe et al., 2020). Pools of 100 cells were sorted directly into a
96-well PCR plate (AB2396; Thermo Fisher Scientific) containing
5 µl of 2× CellsDirect Reaction Mix (Invitrogen). Immediately
following sort, the plate was sealed, centrifuged at 500 ×g for
5 min, snap frozen, and stored at −80°C. cDNA was generated
from RNA by reverse transcription using Superscript III
Taq polymerase (Invitrogen) and preamplified with a custom
96-target DeltaGene (Fluidigm) primer set for 18 cycles on a
thermocycler (Eppendorf). Any excess primers from the pre-
amplification reaction were removed by Exonuclease-I (New
England Biolabs) incubation, and samples were diluted in DNA

suspension buffer (Teknova) before chip loading. A Fludigm
96.96 Dynamic Array integrated fluidics circuit was loaded
with cDNA, primers, and SsoFast Sybr Green Master Mix (Bio-
Rad) and analyzed on a BioMark HD system (Fluidigm). Sub-
sequently, data were analyzed using Fluidigm Gene Expression
Software and all values were normalized to Gusb. The ΔΔCt
approach was used to identify relative changes in gene ex-
pression. Hierarchical clustering and principal component
analyses of normalized expression data were performed using
ClustVis (https://biit.cs.ut.ee/clustvis; Metsalu and Vilo, 2015).
A complete list of qRT-PCR primers included in the custom
primer sets as well as their sequences can be found in Table S6.
Primer sets for Hes1, Hoxa2, Hmga1, Ms4a3, Lcn2, and Sod2
performed poorly due to low expression levels in HSCLT, and
resulting data were not included in downstream analyses.

Statistical analysis
Statistical analyses were performed using Prism software
(GraphPad). For RNA-seq, deSeq2 was used. Means and SD are
reported except where noted. In figure legends, n refers to the
number of biological replicates. The number of independent
experiments from which the replicates derive is also reported.
Except for RNA-seq and ChIP-seq analyses, statistical signifi-
cance was determined by Student’s t test or Mann-Whitney U
test (bivariate comparisons) or one-way ANOVA with Tukey’s
test (multivariate comparisons).

Data availability
Sequencing data from this study are publicly available from the
National Center for Biotechnology Information GEO accession
no. GSE165810. Other datasets generated during the current
study are available from the corresponding author upon rea-
sonable request. Any data supporting the findings of this study
are available from the corresponding author upon reasonable
request.

Online supplemental material
Fig. S1, related to Figs. 1, 2, and 3, shows additional analyses and
Fluidigm qRT-PCR array validation of RNA-seq data, represen-
tative FACS gating for HSCLT and characterization of Myc and
puro incorporation in HSCs and MPP, and representative FACS
gating and controls for H2B-GFP and GFP-Myc::PU.1-EYFP mice.
Fig. S2, related to Fig. 3, contains independent validation of Myc
expression changes in PU.1hi SLAM cells, as well as additional
characterization of PU.1hi and PU.1lo SLAM cells after acute (1 d)
and chronic (20 d) IL-1 treatment. Fig. S3, related to Fig. 4, shows
division kinetics of PU.1-ERTHSCLT and further characterization
of HSCLT cultured with IL-1. Fig. S4, related to Fig. 5, shows
further characterization of PU.1 ChIP-seq datasets, MYC lucif-
erase reporter assay, and characterization of Myc and cell cycle
activity in PU-ER cells. Fig. S5, related to Figs. 6 and 7, shows
additional characterization of PU.1KI/KI HSCLT after acute IL-1
challenge, independent in vivo validation of PU.1KI/KI results
using SCL-CreERT–driven PU.1 conditional knockout mice, and
competitive cell culture analysis of PU.1KI/KI HSCLT. Table S1
provides the list of DEGs in SLAM cells frommice treatedwith or
without IL-1β for 20 d. Table S2 provides GO categories, IPA
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upstream regulator categories, and GSEA enrichment analysis of
DEGs in SLAM cells from mice treated with or without IL-1β for
20 d. Table S3 provides overlaps between IL-1 downregulated
genes and public datasets. Table S4 provides PU.1 ChIP-seq peak
locations, scores, and PU.1/Myc motif scores. Table S5 provides
GO categories of genes enriched in PU.1 ChIP-seq peak locations.
Table S6 provides a list of antibodies and primers used in
this study.
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Figure S1. Characterization of SLAM cells and reporter mice. (A) GO category enrichment of significantly upregulated DEGs in SLAM cells from mice
treated for 20 d with or without IL-1β versus 20 d −IL-1β, expressed as −log10 P value. See Table S2 for complete list of GO categories. (B and C)Quantification
by Fluidigm qRT-PCR array of gene expression in SLAM cells from mice treated with or without IL-1β for 20 d (n = 8/group). Data are expressed as log10 fold
expression versus −IL-1β. Box represents upper and lower quartiles with line representing median value. Whiskers represent minimum and maximum values.
Data are representative of two independent experiments. (D) Comparison of normalized enrichment scores (NESs) for indicated gene signatures from
IL-1–exposed SLAM cells and SLAM cells from CIA mice (GSE129511). (E) Representative FACS plots showing frequencies of phenotypic HSCLT fraction within
the SLAM gate from mice treated with IL-1β versus without IL-1β for either 1 or 20 d. Data are representative of multiple (more than three) experiments.
(F) Geometric MFI of Myc from one of three experiments (n = 5/group). Individual values are shown with bars representing mean values. (G) Geometric MFI of
puro from one of three experiments (n = 5/group). Individual values are shown with bars representing mean values. (H) Experimental design for H2B-GFP
in vivo labeling experiments. Dox, doxycycline. (I) Representative sort gates showing identification of GFPhi and GFPlo populations within the HSCLT gate.
Myeloid progenitors (MyPro), which rapidly dilute the GFP label, are shown in gray. (J) Representative FACS plot showing GFP and YFP profiles of single-color
control Lin−/c-Kit+ HSPC from Myc-GFP (G+Y−) or PU1-EYFP (G−Y+) mice relative to G−Y− controls (left) and representative FACS plots of defined HSPC
populations fromMyc-GFP::PU.1-EYFP (G+Y+) mice versus G−Y− controls (right). (K) Quantification of GFP and YFP levels in each HSPC population frommice in J
(n = 2/group). Individual values are shown with bars representing mean values. Data in J and K are representative of at least two independent experiments. *,
P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U test or ANOVA with Tukey’s post-test in F and G. Error bars represent SD.
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Figure S2. Characterization of SLAM cell fractions based on PU.1 level. (A) Experimental design for analysis of Myc levels in PU.1hi SLAM cells.
(B) Representative FACS plot (left) and quantification (right) of Myc levels in PU.1hi SLAM HSCs from PU.1-EYFPmice treated with or without IL-1β for 20 d (n =
4/group). Individual values are shown with bars representing means. Data are compiled from two independent experiments. (C–E) Quantification by Fluidigm
qRT-PCR array of IL-1 target gene expression (C), lineage gene expression (D), and HSC gene expression (E) in PU.1lo and PU.1hi SLAM cells from PU.1-EYFPmice
treated with or without IL-1β for 20 d (n = 8/group). Data are expressed as log10 fold expression versus −IL-1β. Box represents upper and lower quartiles with
line representing median value. Whiskers represent minimum and maximum values. Data are representative of two independent experiments. (F) Repre-
sentative FACS plots (left) and quantification (right) of cell cycle distribution in PU.1lo SLAM cells frommice treated with or without IL-1β for 20 d (n = 3/group)
using Ki-67 and DAPI. Data are compiled from two independent experiments. (G) Experimental design (left) and quantification (right) of cell cycle distribution in
PU.1lo and PU.1hi SLAM cells from mice treated with or without IL-1β for 1 d (n = 4/group). Data are compiled from two independent experiments.
(H) Quantification by Fluidigm qRT-PCR array of cell cycle and protein synthesis genes in PU.1lo and PU.1hi SLAM cells from PU.1-EYFP mice treated with or
without IL-1β for 1 d (n = 8/group). Data are expressed as log10 fold expression versus −IL-1β. Box represents upper and lower quartiles with line representing
median value. Whiskers represent minimum and maximum values. Data are representative of two independent experiments. (I) Quantification of fold change
(f.c.) in geometric MFI of HSCLT from PU.1-EYFP mice treated with or without IL-1β for 1 d (n = 5/group). Individual values are shown with bars representing
mean values. Data are representative of two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U test or ANOVA with Tukey’s
test in C–E, and H. Error bars represent SD.
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Figure S3. Impact of PU.1 expression and Oma on HSCLT. (A) Single-cell tracking studies of PU-ERT HSCLT cultured with or without 4-OHT. Quantification
(left) of time to first cell division (n = 57 −4-OHT; 86 +4-OHT) and graph showing kinetics of first cell division in HSCLT (right). Data are representative of two
independent experiments. Box shows upper and lower quartiles with line showing median value, and whiskers upper and lower 10th percentile and individual
dots represent outliers. (B) Representative FACS plots (left) and quantification (right) of FSChi HSCs based on FSC/DAPI in HSCLT treated in vitro with or
without IL-1β or with or without Oma for 24 h. Individual values are shown with lines representing mean values. Data are representative of two independent
experiments. *, P < 0.05; **, P < 0.01 by Mann-Whitney U test or ANOVA with Tukey’s test in B. Error bars represent SD.
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Figure S4. PU.1 binding to IL-1–upregulated genes and analysis of PU-ER cells. (A) Pie chart comparing IL-1–upregulated genes identified in SLAM cells by
RNA-seq analysis in Fig. 1 D and presence of PU.1 peaks at or near these genes (TSS ± 20 kb) in ChIP-seq data. See also Table S4. (B) Pie chart showing
proportion of PU.1 peak locations in all genes versus IL-1–upregulated genes. (C) Transcription factor binding site motif enrichment at PU.1 ChIP-seq peak sites
located at TSS ± 20 kb in IL-1–downregulated genes. (D) GO category enrichment of IL-1–upregulated DEGs containing PU.1 peaks. Representative genes in the
indicated categories are shown to the right. Data are expressed as −log10 P value. See also Table S5. (E) UCSC genome browser rendering of PU.1 peak location
in Itgam gene body. Tracks show PU.1 ChIP-seq, WCE control, and peak locations and intensities in thioglycollate-elicited primary mouse macrophage
(ThioMac) and BM-derived macrophage (BMDM) PU.1 ChIP-seq datasets from GSE21512. (F) Luciferase reporter assay measuring MYC promoter activity in
293T cells with or without PU.1 (n = 3/group). Data are representative of two independent experiments. (G) Quantification of Myc protein expression in PU-ER
cells after 24 h culture with or without 4-OHT (n = 6/group). Data are representative of two independent experiments. Individual values are shown with bars
representing mean values. (H) Cell cycle activity in PU-ER cells after 24 h culture with or without 4-OHT (n = 6/group). Data are representative of two in-
dependent experiments. (I) Comparison of PU.1 peak overlaps between PU.1 ChIP-seq data in A and datasets from GSE21512. (J) Comparison of IL-
1–upregulated genes in SLAM HSCs with genes containing PU.1 peaks within TSS ± 20 kb in PU-ER cells with or without 4-OHT. Based on PU.1 ChIP-seq
datasets in GSE21512. (K) GO category enrichment of IL-1–downregulated DEGs containing PU.1 peaks in PU-ER cell ChIP-seq dataset at 0 h with 4-OHT versus
combined 1–48 hwith 4-OHT. The top three GO categories are shown. Data are expressed as −log10 P value. *, P < 0.05; **, P < 0.01 by Mann-Whitney U test or
ANOVA with Tukey’s test in H. Error bars represent SD.
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Figure S5. PU.1 conditional knockout analysis and culture of PU.1KI/KI HSCLT. (A) Quantification by Fluidigm qRT-PCR array of cell cycle and protein
synthesis gene expression in HSCLT frommice treated with or without IL-1β for 1 d (n = 8/group). Data are expressed as log10 fold expression versus −IL-1β. Box
represents upper and lower quartiles with line representing median value. Whiskers represent minimum and maximum values. Data are from one experiment.
(B) Study design for Cre induction with 4-OHT and analysis of HSCLT from SCL-CreERT PU.1+/+ and PU.1Δ/Δ mice treated with or without IL-1β for 20 d (n = 2–3/
group). (C) Intracellular flow cytometry analysis of puro incorporation in HSCLT frommice in E. Puro was injected i.p. 1 h before BM harvest. Data are expressed
as fold change of MFI versus −IL-1β. Individual values are shownwith bars representing mean values. Data are representative of two independent experiments.
(D) Quantification of cell cycle phase distribution in HSCLT from PU.1+/+ and PU.1Δ/Δ mice in B based on Ki-67 and DAPI. Data are representative of two in-
dependent experiments. (E) Experimental design for analysis of HSCLT from PU.1+/+ and PU.1KI/KI mice treated with or without IL-1β for 1 d. (F) Representative
FACS plots (left) and quantification (right) of cell cycle phase distribution in HSCLT from mice in H based on Ki-67 and DAPI (n = 7–8/group). Data are compiled
from two experiments. (G) Myc levels from PU.1+/+ and PU.1KI/KI mice treated with IL-1β for 1 d (n = 4–5/group). Individual values are shown with bars
representing mean values. Data are compiled from two experiments. (H) Experimental design for competitive in vitro assays on Boy/J and PU.1KI/KI HSCLT

cultured in a 1:1 ratio with or without IL-1β for 12 d. (I)Quantification of total cells (left) and immature Sca-1+/cKit+ progenitors at the indicated time points (n =
3/group). (J) Quantification of frequency of total (left) and immature (right) CD45.2+ cells derived from PU.1KI/KI HSCLT cultured with or without IL-1β at the
indicated time points. Percentages >50 (color coded green in the graphs) are indicative of a competitive advantage for PU.1KI/KI cells. Data are representative of
two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Mann-Whitney U test in G or ANOVA with Tukey’s test. Error bars represent SD.
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Six tables are provided online. Table S1 displays DEGs in SLAM cells from mice treated with or without IL-1β for 20 d. Table S2
provides an analysis of DEGs, with GO categories, IPA upstream regulator categories, and GSEA enrichment analysis of DEGs in
SLAM cells from mice treated with or without IL-1β for 20 d. Table S3 shows a comparison of DEGs with public data, with overlap
between IL-1–downregulated genes and public datasets. Table S4 displays PU.1 ChIP-seq peak locations, scores, and PU.1/Mycmotif
scores. Table S5 provides an analysis of PU.1 target genes, with GO categories enriched in IL-1 DEGs containing PU.1 ChIP-seq peaks.
Table S6 lists the antibodies, antibody dilutions, and Fluidigm qRT-PCR primers used in this study.
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