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Chronic interleukin-1 exposure triggers selection for
Cebpa-knockout multipotent hematopoietic
progenitors
Kelly C. Higa1,2,3, Andrew Goodspeed4,5, James S. Chavez6, Marco De Dominici1, Etienne Danis4,5, Vadym Zaberezhnyy1,
Jennifer L. Rabe6, Daniel G. Tenen7,8, Eric M. Pietras2,5,6a, and James DeGregori1,2,5,6b

The early events that drive myeloid oncogenesis are not well understood. Most studies focus on the cell-intrinsic genetic
changes and how they impact cell fate decisions. We consider how chronic exposure to the proinflammatory cytokine,
interleukin-1β (IL-1β), impacts Cebpa-knockout hematopoietic stem and progenitor cells (HSPCs) in competitive settings.
Surprisingly, we found that Cebpa loss did not confer a hematopoietic cell–intrinsic competitive advantage; rather chronic
IL-1β exposure engendered potent selection for Cebpa loss. Chronic IL-1β augments myeloid lineage output by activating
differentiation and repressing stem cell gene expression programs in a Cebpa-dependent manner. As a result, Cebpa-knockout
HSPCs are resistant to the prodifferentiative effects of chronic IL-1β, and competitively expand. We further show that ectopic
CEBPA expression reduces the fitness of established human acute myeloid leukemias, coinciding with increased differentiation.
These findings have important implications for the earliest events that drive hematologic disorders, suggesting that chronic
inflammation could be an important driver of leukemogenesis and a potential target for intervention.

Introduction
Hematologic disorders such as clonal hematopoiesis, myelodys-
plastic syndrome (MDS), myeloproliferative neoplasm (MPN),
and acute myeloid leukemia (AML) are thought to originate from
multipotent hematopoietic stem and progenitor cells (HSPCs),
which are responsible for lifelong regeneration of the blood
system. Understanding the earliest events that drive these dis-
orders is thus important to understand the etiology of the ma-
lignancy and to devise potential intervention strategies.

Risk factors associated with hematologic disorders include
age and prior exposure to radiation or chemotherapy, conditions
characterized by underlying inflammation (Bowman et al., 2018).
Prior studies have shown that aging, radiation, chronic infection,
and chronic inflammation promote HSPC differentiation at the
expense of self-renewal (Fleenor et al., 2015a; Matatall et al., 2016;
Mejia-Ramirez and Florian, 2020; Pietras, 2017). The proin-
flammatory cytokine IL-1 is important in regulating hematopoiesis
and the immune response in the acute setting, such as by pro-
moting emergency granulopoiesis in response to infection, but can

drive pathology in the chronic setting (Mantovani et al., 2019). For
instance, IL-1 can promote AML expansion in ex vivo culture
(Carey et al., 2017), and increased expression of IL-1 receptor ac-
cessory protein is associated with poor prognosis in AML
(Barreyro et al., 2012).

Many oncogenic mutations associated with AML are known
to block differentiation and/or enhance self-renewal (Corces
et al., 2017; Kelly and Gilliland, 2002; Ley et al., 2013). CCAAT/
enhancer-binding protein α (C/EBPα) is a bZIP transcription
factor that regulates myeloid lineage commitment in HSPCs. Its
function is frequently altered in MDS/MPN and AML by loss-of-
function (LOF) mutations or by (epi)genetic alterations that
suppress CEBPA expression, such as mutations in NPM1 or
RUNX1, FLT3-ITD, AML1-ETO, or BCR-ABL, together accounting
for ∼70% of molecular alterations in de novo AML (Ernst et al.,
2010; Gu et al., 2018; Guo et al., 2012; Ley et al., 2013; Pabst et al.,
2001a; Perrotti et al., 2002; Zheng et al., 2004). Further, Cebpa
LOF leads to a block in myeloid differentiation, contributing to
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AML-like diseases in mouse models (Bereshchenko et al., 2009;
Kirstetter et al., 2008; Pabst et al., 2001b; Porse et al., 2005;
Zhang et al., 1997; Zhang et al., 2004). Therefore, CEBPA LOF
represents a common mechanism of hematopoietic dysregula-
tion across hematologic disorders. Yet we lack insight into the
mechanisms driving selection for the CEBPA LOF phenotype in
hematologic disorders.

Analysis of steady-state hematopoiesis suggests that multi-
potent progenitors (MPPs) derived from hematopoietic stem
cells (HSCs) are major daily contributors to blood production
and are long-lived under unperturbed conditions in mice (Busch
et al., 2015; Säwén et al., 2016; Sun et al., 2014). Thus, in order to
understand the origin of hematologic disorders, it is important
to consider both HSCs and MPPs, collectively referred to as
HSPCs, as potential oncogenic reservoirs, and to appreciate how
they interact with their microenvironment.

We hypothesized that because chronic exposure to IL-1 drives
precocious differentiation, it may drive selection for adaptive
phenotypes that counteract HSPC differentiation as achieved by
Cebpa LOF. To test this hypothesis, we modeled the impact of
chronic inflammation on competition between WT and Cebpa-
knockout HSPCs in vivo, by treating chimeric mice with IL-1β
for 20 d. Cebpa-knockout HSPCs are resistant to the prodiffer-
entiative effects of IL-1β, thereby providing a fitness advantage
in this setting, and leading to their preferential expansion in the
bone marrow (BM). These data illustrate the potential for in-
flammation to alter the intrinsic transcriptional landscape of
HSPCs and to drive the selective fitness of potentially oncogenic
HSPCs in the BM. Finally, we explored how genes regulated by
IL-1β and dependent on Cebpa are altered in AMLs and the im-
pact of restored C/EBPα activity on AML fitness.

Results
HSPC-specific Cebpa knockout causes expansion of MPPs
To understand how Cebpa disruption impacts HSPC fitness in a
context-dependent manner, we crossed Cebpaf/f mice (Zhang
et al., 2004) with R26R-LSL-EYFP and HSC-SCL-Cre-ERT trans-
genic mice (Göthert et al., 2005) to achieve traceable, tamoxifen-
inducible, HSPC-specific knockout of Cebpa (herein referred to
as CebpaΔ/Δ). To induce Cebpa excision, we treated mice with
2.5 mg tamoxifen for 3 d and analyzed mice 7 d later (Fig. 1 A).
We confirmed that YFP accurately reports Cebpa excision by
genotyping individual colonies formed on methylcellulose from
YFP+ HSPC-enriched Lineage−Sca1+cKit+ (LSK) cells at 95%
specificity (Fig. S1 A and not depicted). 2 d after tamoxifen
treatment, the LSK population was highly and specifically la-
beled, followed by the appearance of YFP+ cells within more
differentiated populations by day 7 (Fig. S1 B).

To assess the impact of Cebpa knockout on hematopoietic
lineage distribution in this model, we analyzed BM and pe-
ripheral blood from Cebpa+/+ and CebpaΔ/Δ mice (Fig. S1, C and D;
and Fig. 1, B–F). BM cellularity was significantly reduced in
CebpaΔ/Δ mice (Fig. 1 B). Cebpa knockout did not significantly
affect the frequency of phenotypically defined long-term HSC
(LT-HSC) or short-term HSC (ST-HSC), but significantly in-
creased the frequency of megakaryocyte/erythroid (MegE)-

biased MPP2s and granulocyte/monocyte (GM)-biased MPP3s,
with a trending increase in lymphoid-biased MPP4s (Fig. 1 D).
CebpaΔ/Δ mice also had a significant buildup of MegE-lineage
progenitors and GM-lineage progenitors, suggestive of a block
in myeloid lineage differentiation at this level. We did not ob-
serve differences in common lymphoid progenitors (Fig. 1 D).
CebpaΔ/Δ mice had no significant changes in the frequency of
mature BM cell populations (Fig. 1 E) or mature peripheral blood
cells, except for a significant reduction in RBC counts (Fig. 1 F).
The lack of changes in mature BM cells or in LT-HSCs or ST-HSCs
differs from previous studies (Ye et al., 2013; Zhang et al., 2004).
This is likely due to using an HSPC-specific Cre rather than Mx1-
Cre, in which the effect of a differentiation block is delayed due to
the slower turnover of HSCs and MPPs, and also performing
analyses 7 d after deletion. This mouse model thus corroborates
previous findings that C/EBPα acts during myeloid lineage spec-
ification upstream of granulocyte-monocyte progenitors (GMPs;
Zhang et al., 2004) and preGMs (Pundhir et al., 2018).

HSPC-specific Cebpa knockout enhances MPP colony-forming
potential
IL-1β promotes precocious myeloid differentiation with con-
comitant loss of HSC self-renewal (Pietras et al., 2016). Because
Cebpa knockout blocks myeloid differentiation upstream of
GMPs and preGMs, we hypothesized that CebpaΔ/Δ LSK cells
would retain serial replating activity when exposed to IL-1β. We
sorted 100 LSK cells from Cebpa+/+ or CebpaΔ/Δ mice and per-
formed methylcellulose CFU assays with or without IL-1β (Fig. 2
A). We assessed colony types and numbers using both mor-
phologic scoring and flow cytometry (data not shown). While
IL-1β did not affect the number of CFUs or total cell numbers
from Cebpa+/+ LSK cells on initial plating (Fig. 2, B and C), it did
skew output toward significantly more differentiated CFU-GM
colonies (bothMac1lowGr1+ andMac1highGr1+ by flow cytometry),
with significantly fewer CFU-GEMM (mixed lineage of granu-
locyte, erythroid, macrophage, megakaryocyte; Lin−Sca1−cKit+

by flow cytometry) colonies (Fig. 2 D), consistent with previous
studies using purified HSCs (Pietras et al., 2016). In the absence
of IL-1β, CebpaΔ/Δ LSK cells formed significantly fewer and
smaller CFUs, producing fewer mature CFU-G (Mac1lowGr1+ by
flow cytometry) than Cebpa+/+ LSK cells while retaining signif-
icantly more immature CFU-blast (Lin−Sca1+cKit+ by flow cy-
tometry; Fig. 2, B–D). In contrast, IL-1β significantly increased
the clonogenic potential of CebpaΔ/Δ LSK cells (Fig. 2 B), while
having no significant impact on the clonogenic potential of
Cebpa+/+ LSK cells. Even in the presence of IL-1β, CebpaΔ/Δ LSK
cells maintained significantlymoremultipotent CFU-GEMM and
produced fewer mature CFU-GM and CFU-G than that of
Cebpa+/+ (Fig. 2 D).

To functionally assess HSPC clonogenic potential, we serially
replated 104 cells from the initial plating onto methylcellulose
without IL-1β (Fig. 2 A). On the second plating, CebpaΔ/Δ cells
formed significantly more CFUs than Cebpa+/+ cells, regardless of
prior IL-1β exposure. Cebpa+/+ cells were not maintained past the
third replating, whereas CebpaΔ/Δ cells continued to expand in
number up to a fourth replating (Fig. 2 E). Since IL-1β signifi-
cantly increased both the number of CFU and total cells
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produced from CebpaΔ/Δ LSK cells in the initial plating (Fig. 2, B
and C), we accounted for this initial expansion difference in the
overall clonogenic activity of CebpaΔ/Δ LSK cells by calculating a
“cumulative CFU potential.” We multiplied the total number of
cells from the first plating by the CFUs formed per 104 cells at
replating (Fig. 2 F). Using this approach, we found that IL-1β
significantly increased the cumulative CFU potential of
CebpaΔ/Δ LSK cells but not Cebpa+/+ LSK cells (Fig. 2 F). To-
gether, these data indicate that the clonogenic potential of
CebpaΔ/Δ HSPCs is potentiated by IL-1β without inducing pre-
cocious myeloid differentiation as in Cebpa+/+ cells.

Cebpa knockout confers a fitness advantage in the context of
chronic IL-1β
The IL-1β–enhanced colony-forming activity we observed led us
to hypothesize that IL-1β may engender a fitness advantage for
CebpaΔ/Δ LSK cells in vivo. To test this concept, we competitively

transplanted sorted LSK cells from donor Cebpa+/+ or CebpaΔ/Δ

mice with C57BL/6 (CD45.2) competitor BM into congenic Boy/J
(CD45.1) recipients, allowing us to track the donor, competitor,
and recipient populations by flow cytometry (Fig. 3, A and B). To
isolate the effects of chronic IL-1β in the transplant setting, we
used mild busulfan conditioning, which we previously showed
to be less inflammatory and less disruptive to the hematopoietic
system than irradiation (Henry et al., 2015). Because busulfan
does not significantly deplete mature hematopoietic cells, we also
treated recipients with CD4 and CD8 T cell–depleting antibodies to
prevent rejection of Cebpa+/+ or CebpaΔ/Δ donor cells expressing
YFP, a potential foreign antigen. At 3 wk after transplant, we
found that peripheral blood chimerism ranged between 1 and 7%
and was significantly lower for CebpaΔ/Δ-derived cells (Fig. 3 C).
Thus, this systemmodels early stages of leukemogenesis whereby
rare oncogenically initiated cells must compete with more abun-
dant normal progenitors.

Figure 1. HSPC-specific Cebpa knockout causes expansion ofMPPs. (A–F)Hematopoietic characterization of Cebpa+/+ and CebpaΔ/Δmice 7 d after deletion.
(A) Schematic to achieve traceable, tamoxifen-inducible, HSPC-specific knockout of Cebpa. (B) BM cellularity from one femur and one tibia per mouse.
(C) HSPC frequency. (D) Committed progenitor frequency. (E)Mature cell frequency. (F) Complete blood count. CLP, common lymphoid progenitor; LT, long-
term; ST, short-term. Data are from three separate experiments with n = 3 per group (n = 9 per genotype), presented as mean ± SD, and analyzed by unpaired
Mann–Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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We subsequently treated the recipient mice ± IL-1β for 20 d
(Fig. 3 A). As anticipated, chronic IL-1β treatment increased
levels of inflammatory cytokines in the BM, in particular IL-1α,
TNF-α, and the chemokine KC (Fig. S1 E). To confirm that our

transplant conditions did not alter hematopoietic responses to
IL-1β, we first assessed the hematopoietic output of WT com-
petitor and recipient populations. As previously reported,
chronic IL-1β increased production of myeloid-biased MPP3s,

Figure 2. HSPC-specific Cebpa knockout en-
hances MPP activity. (A) Experimental design for
LSK CFU assay. (B–F) LSK CFU assay data. (B) CFU
counts per plate for initial plating. (C) Total cell
counts per plate for initial plating. (D) Frequencies
of CFU types for initial plating. Mk, megakaryocyte.
(E) CFU counts per plate on replating 104 cells. n.d.,
not done because too few cells were recovered.
(F) Calculation and data for cumulative CFU po-
tential for second plating. Data are representative of
three separate experiments with n = 3 per group,
presented as mean ± SD, and analyzed by two-way
ANOVA with Tukey’s multiple comparisons test.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001. Could not perform statistics for fourth re-
plating due to missing data points.
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Figure 3. Cebpa knockout confers a fitness advantage in the context of chronic IL-1β in competitive transplants. (A) Experimental design for com-
petitive BM transplants. (B) Representative flow cytometry plots to identify donor (CD45.2+YFP+), competitor (CD45.2+YFP−), and recipient (CD45.1+) pop-
ulations. FSC, forward scatter. (C) Initial engraftment in the periphery was assessed by frequency of donor-derived (CD45.2+YFP+) leukocytes 3 wk after
transplant. (D–F) Following 20 d of treatment with vehicle or IL-1β, BM was analyzed as follows. (D) Donor chimerism presented as percentage CD45.2+YFP+

of each indicated HSPC population. LT, long-term; ST, short-term. (E) Absolute numbers of donor-derived (CD45.2+YFP+) HSPCs in the BM from one femur and
one tibia per mouse. (F) Donor chimerism presented as percentage CD45.2+YFP+ of each indicated myeloid progenitor population. (G) Granulocyte derived
from donors in peripheral blood and BM. Data are representative of three separate experiments with n = 10 per group, presented as mean ± SD, and analyzed
by unpaired Mann–Whitney U test (C) and two-way ANOVA with Tukey’s multiple comparisons test (D–G). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001.
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GMPs, and granulocytes (Fig. S2, A and B; Pietras et al., 2016).
We next evaluated competition dynamics within HSCs, MPPs,
and myeloid progenitors by assessing donor, recipient, and
competitor chimerism within each compartment (Fig. 3, D and
F; and Fig. S2, C and D). Importantly, in the absence of chronic
IL-1β, Cebpa+/+ and CebpaΔ/Δ donor chimerism was equivalent,
suggesting that the CebpaΔ/Δ LSK population does not possess a
hematopoietic cell intrinsic competitive advantage (Fig. 3 D). In
contrast, chronic IL-1β administration triggered selective ex-
pansion of donor-derived CebpaΔ/Δ ST-HSC, MPP2, MPP3, and
MPP4 compartments (Fig. 3 D). This expansion was also re-
flected in the absolute number of donor-derived CebpaΔ/Δ

MPPs, with the largest numerical expansion occurring within
the MPP3 fraction (Fig. 3 E). Chronic IL-1β–dependent expan-
sion of donor-derived CebpaΔ/Δ cells likewise occurred in
downstream preMegE and preGM populations (Fig. 3 F). On the
other hand, at this time point we observed significant deficits
in CebpaΔ/Δ donor-derived granulocytes in the periphery
(Fig. 3 G), consistent with a block in myeloid differentiation.
Hence, by using less inflammatory methods for transplant, we
did not see any evidence of cell-intrinsic competitive advantage
in CebpaΔ/Δ LSK cells. On the other hand, chronic inflammatory
signaling via IL-1β triggered selective expansion of CebpaΔ/Δ

HSPCs in our model.

Withdrawal of IL-1β eliminates the fitness advantage of
Cebpa-knockout HSPC
The effects of IL-1β on HSCs are reversible, as HSC self-renewal
and balanced myeloid and lymphoid differentiation are recov-
ered upon withdrawal of IL-1β (Pietras et al., 2016). Thus, we
hypothesized that the competitive advantage of Cebpa-knockout
HSPCs would likewise be dampened upon withdrawal of IL-1β.
To test this, we performed competitive transplants and treated
recipient mice with IL-1β for 20 d as described above, and then
allowed the recipient mice to rest without treatment for an
additional 20 d (Fig. 4 A). Consistent with our prediction, we
found no difference in Cebpa+/+ and CebpaΔ/Δ chimerism within
the LT-HSC, ST-HSC, MPP2, MPP3, or MPP4 compartments or
within mature cell compartments after withdrawal of IL-1β
(Fig. 4, B and C). These data suggest that withdrawal of IL-1β
eliminates the fitness advantage of Cebpa-knockout HSPCs,
supporting a model in which selective expansion of these cells
requires ongoing exposure to inflammatory signals.

Chronic IL-1β–driven myeloid gene programs are Cebpa
dependent
As shown above in Fig. 3, the CebpaΔ/Δ MPP3 compartment ex-
hibited the most striking expansion during chronic IL-1β expo-
sure. Because chronic IL-1β and Cebpa knockout are likely to
exert opposing effects on myeloid lineage output, we chose to
investigate the molecular mechanism by which CebpaΔ/Δ confers
a fitness advantage on the GM-biased MPP3 compartment in the
context of chronic IL-1β exposure. Thus, we isolated both donor-
and competitor-derived MPP3s from recipient mice and per-
formed RNA sequencing (RNA-seq; Fig. 5 A). After validating
Cebpa knockout by assessing its transcript levels in donor-
derived MPP3s (Fig. S3 A), we determined the gene expression

consequences of Cebpa deficiency in MPP3s (Fig. S3 B). There
were 494 differentially expressed genes (adjusted P < 0.05)
between CebpaΔ/Δ and Cebpa+/+ MPP3s isolated from vehicle-
treated mice (Fig. S3 B; gene list in Table S1). Chronic IL-1β
had little effect on the relative expression of these genes be-
tween CebpaΔ/Δ and Cebpa+/+ MPP3s, suggesting that loss of
Cebpa is epistatic to chronic IL-1β (Fig. S3 B). We then focused on
chronic IL-1β–driven gene expression changes by comparing
gene expression in Cebpa+/+ MPP3s isolated from recipient mice
treated with or without chronic IL-1β. There were 555 differ-
entially expressed genes (adjusted P < 0.05). Interestingly,
chronic IL-1β failed to induce most gene expression changes in
Cebpa-knockout MPP3s, suggesting that Cebpa is required for the
majority of chronic IL-1β–induced gene programs in MPP3s
(Fig. 5 B). Only a small subset of chronic IL-1β–induced gene
expression changes were independent of Cebpa (Fig. 5 B). Il1r1
expression was unchanged in CebpaΔ/Δ MPP3s, ruling out the
lack of IL-1 signaling as an explanation for the attenuated
transcriptional signature (Fig. S3 A).

To gain insight into the biological impact of these gene ex-
pression changes, we performed overrepresentation analysis
(ORA) on genes grouped based on whether they were signifi-
cantly up- or down-regulated by chronic IL-1β and whether this
change was Cebpa dependent or independent (Fig. 5 C). From the
chronic IL-1β up-regulated genes that are dependent on Cebpa, 61
pathways were overrepresented with adjusted P < 0.05 (Fig. 5
C), with many related to myeloid lineage or immunity. In ac-
cordance with ORA, pairwise gene set enrichment analyses
(GSEA) revealed that Cebpa knockout prevented activation of
myeloid gene programs despite chronic IL-1β exposure (Fig. 6,
A–C; and Fig. S3 C). These data are consistent with the failure of
donor-derived CebpaΔ/Δ to overproduce granulocytes in response
to chronic IL-1β (Fig. 3 G).

Additional pathways that chronic IL-1β up-regulates in a
Cebpa-dependent manner included those related to metabolism,
protein synthesis, and redox homeostasis (Fig. 5 C; Fig. 6, A–C;
and Fig. S3 C). Multiple studies have shown that tight regulation
of these pathways is required for HSC function (Garćıa-Prat
et al., 2017; Ito and Suda, 2014; Signer et al., 2014). For in-
stance, mTORC1 signaling, which is an important regulator of
cell growth by regulating protein synthesis and cellular metab-
olism, has been shown to be important for myeloid cell differen-
tiation (Peng et al., 2018; Zhang et al., 2019), and its hyperactivation
can lead to HSC exhaustion (Gan and DePinho, 2009). HSPC dif-
ferentiation is likewise associated with increased metabolic
and biosynthetic demands, so it seems appropriate that chronic
IL-1β priming of MPP3s for myeloid differentiation is associated
with up-regulation of the cellular processes required for differ-
entiation. These data underscore the role of Cebpa as a master
regulator coordinating not only myeloid gene programs, but also
gene programs for cellular processes required to support
differentiation.

Chronic IL-1β–induced Cebpa-knockout MPP3 expansion is cell
cycle independent
IL-1β can stimulate HSPC proliferation (Pietras et al., 2016; Ueda
et al., 2009; Weisser et al., 2016). Conversely, C/EBPα inhibits
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cell cycle entry through direct interaction with cyclin-
dependent kinases and E2F (Johnson, 2005), and Cebpa-
knockout HSCs exhibit loss of quiescence (Hasemann
et al., 2014; Ye et al., 2013). Thus, we reasoned that chronic
IL-1β may directly activate increased CebpaΔ/Δ MPP3 prolifera-
tion, resulting in their selective expansion. Unexpectedly, Cebpa
knockout actually prevented chronic IL-1β–driven up-
regulation of mTORC1 and cell cycle genes associated with
cell proliferation (Fig. 6, A–C). Consistent with our gene
expression data, cell cycle analysis of donor-derived
Cebpa+/+ and CebpaΔ/Δ MPP3s isolated from recipient mice
treated with or without chronic IL-1β revealed a modest but
significant increase in the frequency of Cebpa+/+ MPP3s in
S/G2/M phase following treatment with chronic IL-1β,
whereas the cell cycle status of CebpaΔ/Δ MPP3s was un-
changed relative to controls (Fig. 6, D–F). Together, these
data suggest that the competitive advantage of CebpaΔ/Δ

MPP3s in the presence of IL-1β is not explained by changes
in cell cycle activity.

Chronic IL-1β triggers a self-renewal gene program in
Cebpa-knockout MPP3s
To further assess the molecular basis for selective expansion of
CebpaΔ/Δ MPP3s in vivo, we analyzed genes down-regulated by
IL-1β in Cebpa+/+ but not CebpaΔ/Δ MPP3s. ORA revealed that
pathways with this expression pattern included those related to
stemness (Fig. 5 C), suggesting that chronic IL-1β represses stem cell
gene programs inMPP3 via a C/EBPα-dependentmechanism. GSEA
supported these findings, showing enrichment for stem cell gene
signatures in CebpaΔ/Δ MPP3s from chronic IL-1β–treated recipient
mice (Fig. 7, A–C; and Fig. S3 C). To validate these findings, we
isolated donor-derived Cebpa+/+ and CebpaΔ/Δ MPP3s from recipient
mice treated with or without chronic IL-1β and performed quanti-
tative RT-PCR analysis using a custom Fluidigm gene expression
array (Fig. 7 D).We found that expression of genes essential forHSC
self-renewal, such as Bmi1, Foxo3,Mpl, andMycn (Iwama et al., 2004;
Laurenti et al., 2008; Miyamoto et al., 2007; Nitta et al., 2020;
Yoshihara et al., 2007), were elevated in CebpaΔ/Δ MPP3s as com-
pared with Cebpa+/+ MPP3s from chronically IL-1β–exposed mice

Figure 4. Withdrawal of IL-1β eliminates the fitness advantage of Cebpa-knockout HSPCs. (A) Experimental design for competitive BM transplant.
(B and C) After treatment with vehicle or IL-1β for 20 d and subsequent withdrawal of treatment for 20 d, BM was analyzed as follows. (B) Donor chimerism
presented as percentage CD45.2+YFP+ of each indicated HSPC population. LT, long-term; ST, short-term. (C) Donor chimerism presented as percentage
CD45.2+YFP+ of each indicated mature cell population. Data are from two separate experiments with n = 3–5 per group, presented as mean ± SD, and analyzed
by two-way ANOVA with Tukey’s multiple comparisons test. No comparisons were significant.
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(Fig. 7 E). Thus, the fitness advantage in the context of chronic IL-1β
may be attributed to a coordinate increase in self-renewal–associated
genes in CebpaΔ/Δ MPP3s.

IL-1β triggers aberrant expansion potential of Cebpa-knockout
MPP3s
To assess the direct impact of IL-1β on Cebpa+/+ or CebpaΔ/ΔMPP3
expansion, we sorted MPP3s from primary Cebpa+/+ or CebpaΔ/Δ

mice for liquid culture with or without IL-1β and assessed MPP3
maintenance and differentiation by flow cytometry (Figs. 7 F and
S4 A). Similar to studies performed with purified HSCs (Pietras
et al., 2016), IL-1β induced precocious differentiation of Cebpa+/+

MPP3s and early accumulation of Mac1+Gr1+ cells (Fig. 7 G). This
was associated with a concomitant early depletion of MPP3s,
resulting in significantly reduced differentiation potential at day
8 (Fig. 7, G and H). Despite IL-1β treatment, CebpaΔ/Δ MPP3s

Figure 5. Cebpa mediates many of the chronic IL-1β gene expression changes. (A) Experimental design for RNA-seq (n = 3 of 3–4 mice pooled to obtain
2,000 donor [CD45.2+YFP+] or competitor [CD45.2+YFP−] MPP3s). (B)Heatmap of all genes significantly changed (adjusted P < 0.05) by chronic IL-1β, grouped based on
pattern of expression: up-regulated (upreg.) with IL-1β, Cebpa-dependent; upreg. with IL-1β, Cebpa-independent; down-regulated (dnreg.) with IL-1β, Cebpa-dependent;
dnreg. with IL-1β, Cebpa-independent (genes for heatmap are listed in Table S1). (C) Table showing select significant pathways (adjusted P < 0.05) from ORA.
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Figure 6. Cebpa knockout counteracts chronic IL-1β–driven transcriptional programs. (A–C) GSEA using “Chambers all myeloid,” “hallmark mTORC1
signaling,” and “Giladi cell cycle” gene sets. (A) Schematic and enrichment plots for pairwise comparison between Cebpa+/+ MPP3 isolated from chronic
IL-1β–treated versus vehicle-treated mice (“chronic IL-1β effect”). (B) Schematic and enrichment plots for pairwise comparison between CebpaΔ/Δ and Cebpa+/+

MPP3s isolated from chronic IL-1β–treated mice (“CebpaΔ/Δ modification of chronic IL-1β effect”). (C) Heatmaps for leading edge genes from B (genes for
heatmap are listed in Table S1). (D) Experimental design for cell cycle analysis (n = 5 per group). (E) Representative flow cytometry plots for Ki67/DAPI cell
cycle analysis. (F) Graph of frequency of MPP3 in G0, G1, S/G2/M. FDR, false discovery rate; NES, normalized enrichment score. In D–F, cell cycle data are from
one experiment with n = 5 mice per group, presented as mean ± SD, and analyzed by two-way ANOVA with Tukey’s multiple comparisons test. *, P < 0.05;
**, P < 0.01.
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Figure 7. Chronic IL-1β triggers aberrant expansion potential of Cebpa-knockout MPP3. (A–C) GSEA using “Giladi stem genes” gene set. (A) Schematic
and enrichment plot for pairwise comparison between Cebpa+/+ MPP3 isolated from chronic IL-1β–treated versus vehicle-treated mice (“chronic IL-1β effect”).
(B) Schematic and enrichment plot for pairwise comparisons between CebpaΔ/Δ versus Cebpa+/+ MPP3 isolated from chronic IL-1β–treated mice (“CebpaΔ/Δ

modification of chronic IL-1β effect”). (C) Heatmap for leading edge genes from B (genes for heatmap are provided in Table S1). (D) Experimental design for
Fluidigm Biomark gene expression analysis (one experiment independent from RNA-Seq, eight replicates from n = 5 pooled mice per group). (E) Relative
expression of self-renewal genes (Bmi1, Foxo3, Mpl, and Mycn) calculated by first normalizing to Gusb within each group, then normalizing to Cebpa+/+ vehicle
group. (F–H) Liquid culture data representative of three separate experiments with n = 3–5 per group. (F) Experimental design for MPP3 liquid culture.
(G) Time course of Mac1+Gr1+ absolute numbers. (H) Time course of MPP3 absolute numbers. (I–K) CFU assay representative of two experiments with n = 3 or
6 per group. (I) Experimental design for MPP3 CFU. (J) CFU counts per plate and total cell counts per plate from initial plating. (K) CFU counts per plate upon
replating 104 cells and calculated cumulative CFU potential from second plating. FDR, false discovery rate; NES, normalized enrichment score. Data are
presented as mean ± SD and analyzed by two-way ANOVA with Tukey’s multiple comparisons test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001,
except in G and H, in which symbols for different comparisons are indicated.
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formed very few differentiated Mac1+Gr1+ cells over the 8-d
culture (Fig. 7 G). Consistent with our in vivo data, there was
no difference in the number of phenotypic Cebpa+/+ or CebpaΔ/Δ

MPP3 cells after 8 d of culture without IL-1β. However, IL-1β
induced selective expansion of CebpaΔ/Δ MPP3s in culture
(Fig. 7 H). CebpaΔ/Δ MPP3s cultured with IL-1β also expressed
elevated levels of HSC self-renewal genes identified in our
in vivo studies, including Bmi1, Foxo3, Mpl, and Mycn (Fig. S4 B).

We also analyzed serial CFU activity of Cebpa+/+ or CebpaΔ/Δ

MPP3s with or without IL-1β (Fig. 7 I). As seen with LSK cells,
IL-1β did not affect the total number of CFUs or cells formed by
Cebpa+/+ MPP3s on the initial round of plating. While CebpaΔ/Δ

MPP3s formed fewer CFUs and had fewer total cells in the ab-
sence of IL-1β, their clonogenic activity increased significantly
when cultured with IL-1β (Fig. 7 J). Upon replating, Cebpa+/+ cells
formed very few CFUs, but CebpaΔ/Δ cells formed significantly
more CFUs regardless of whether previously plated with or
without IL-1β (Fig. 7 K), and CebpaΔ/ΔMPP3s retained clonogenic
potential up to the third and fourth replatings (Fig. S4 C). Again,
we calculated the cumulative CFU potential at replating and
found that IL-1β significantly increased the cumulative CFU
potential of CebpaΔ/Δ MPP3s (Fig. 7 K). This demonstration of
IL-1β–specific CebpaΔ/Δ MPP3 expansion in cell culture re-
capitulates our in vivo data and further isolates the fitness ad-
vantage as reliant specifically on IL-1β. In addition, these data
suggest that CebpaΔ/Δ MPP3s expand following IL-1β exposure
via triggering aberrant self-renewal activity, which is consistent
with up-regulation of key stem genes in vivo.

Cebpa knockout exacerbates chronic IL-1β gene programs in
competitor MPP3s
Somatic cell fitness describes how cell-intrinsic properties
(Cebpa knockout) interact with microenvironmental factors
(IL-1β) and other cells within its niche. Cell competition dy-
namics are appreciated to be an important factor in tumori-
genesis (Bowling et al., 2019). We hypothesized that WT
competitor MPP3 would exhibit differential gene expression in
competition against a more fit population (versus CebpaΔ/Δ

MPP3 in chronic IL-1β) versus in neutral competition (versus
Cebpa+/+ MPP3 in chronic IL-1β), even though they are identical
by genotype and treatment. We performed GSEA pairwise
comparisons between WT competitor MPP3s transplanted with
Cebpa+/+ or CebpaΔ/Δ in the context of chronic IL-1β (Fig. S3 D).
Interestingly, WT MPP3s that were competed against CebpaΔ/Δ

MPP3s had enrichment for myeloid gene programs above that of
WT MPP3s that were competed against Cebpa+/+ MPP3s in the
context of chronic IL-1β. Further, WT MPP3s that were com-
peted against CebpaΔ/Δ MPP3s exhibited reduced expression of
stem gene programs as compared with WT MPP3s competed
against Cebpa+/+ MPP3s in the context of chronic IL-1β (Fig.
S3 D). When the same comparison was made between com-
petitors isolated from vehicle-treated mice, we observed no
enrichment for myeloid genes and much less enrichment for
stem genes in the WT MPP3s competed against CebpaΔ/Δ MPP3s
(Fig. S3 E). This suggests that WT competitors differ in gene
expression only when in the presence of a fitness differential.
These data provide evidence at the molecular level that

competition in the presence of CebpaΔ/Δ MPP3s exacerbated
chronic IL-1β activation of myeloid gene programs and repres-
sion of stem gene programs.

Cebpa-dependent IL-1 target genes are enriched for C/EBPα
and PU.1 binding sites
C/EBPα act both independently and cooperatively with PU.1 to
regulate GM-lineage gene programs in HSPCs and can regulate
PU.1 levels (Pundhir et al., 2018). To better understand how
Cebpa-dependent genes are regulated in our system, we mined
publicly available C/EBPα and PU.1 chromatin immunoprecipi-
tation sequencing (ChIP-seq) data from LSK, preGM, GMP, and
granulocytes from Cebpa+/+ and CebpaΔ/Δ mice (Pundhir et al.,
2018).We first determined the enrichment between the genes in
each binding category and genes that are up- or down-regulated
by chronic IL-1β in a Cebpa-dependent manner. We found that
genes up-regulated by chronic IL-1β in a Cebpa-dependent
manner, which were largely related to myeloid lineage or im-
munity (Fig. 5, B and C), were highly enriched for C/EBPα-,
PU.1-, and dual-bound regions in LSK, preGM, GMP, and gran-
ulocytes (Fig. 8 A). Genes down-regulated by chronic IL-1β in a
C/EBPα-dependent manner, enriched in stem gene pathways
(Fig. 5, B and C), were significantly enriched for C/EBPα-, PU.1-,
and dual bound regions in preGM and GMP, but not gran-
ulocytes (Fig. 8 A). On the other hand, these genes were sig-
nificantly enriched for PU.1 in LSK, preGM, and GMP (Fig. 8 A),
consistent with reduced Spi1 expression in IL-1–exposed
CebpaΔ/Δ MPP3s (Fig. S3 A). These data support a model in
which loss of Cebpa may (at least in part) indirectly prevent
differentiation-associated down-regulation of stem cell genes
via failure to induce appropriate levels of PU.1 expression.
When we further analyzed genes regulated by IL-1β in a
C/EBPα-dependent manner based on functional categories, we
observed significant enrichment for C/EBPα binding to pro-
moters of stem cell, myeloid, and mTORC1 pathway genes
across the differentiation spectrum (except for stem cell genes
in granulocytes), while binding to cell cycle promoters was not
evident, suggesting indirect regulation of these genes (Fig. 8 B).
Taken together, these data suggest that the Cebpa-dependent
IL-1β–regulated genes are broadly regulated by direct binding
by C/EBPα, PU.1, or both.

The Cebpa-dependent IL-1β–regulated gene signature is
enriched in previously irradiated (IRP) HSPCs
Our laboratory had previously shown that months after
γ-irradiation exposure, HSPCs exhibit precocious differentia-
tion and impaired self-renewal, and that prior irradiation selects
for loss of Cebpa within the HSPC compartment (Fleenor et al.,
2015b). Because the IRP HSPC phenotype is similar to HSPCs
exposed to chronic IL-1β, we hypothesized that the Cebpa-
dependent IL-1β–regulated gene signature would be enriched
in IRP HSPCs. We performed ORA on RNA-seq performed on
cultured LSK cells isolated from IRP or unirradiated control mice
(Fleenor et al., 2015b). We found that Cebpa-dependent IL-1β–
down-regulated genes (e.g., stemness genes) were overrepre-
sented in genes significantly down-regulated in IRP LSK cells
(P = 2.79 × 10−6), and Cebpa-dependent IL-1β–up-regulated genes
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(e.g., myeloid differentiation and cell cycle genes) were over-
represented in genes significantly up-regulated in IRP LSK cells
(P = 5.0 × 10−4). These data suggest that the IRP phenotype in
HSPCsmay in part be driven by a Cebpa-dependent IL-1β–regulated
gene program.

The Cebpa-dependent IL-1β gene signature is associated with
AML subtype
CEBPA LOF occurs frequently in hematologic malignancies. As
our data indicate that Cebpa is crucial for IL-1β–mediated HSPC
differentiation, we hypothesized that the Cebpa-dependent
IL-1β–regulated gene signature we identified would correlate
with the differentiation status of AML. Historically, AML has
been classified using the French–American–British (FAB) clas-
sification scheme, where M0 represents the most undifferenti-
ated AML and M5 represents the most differentiated,
monocytic-type AML (Bennett et al., 1985). Importantly, CEBPA
mutations are commonly associated with primitive M1 and M2
FAB subtypes (Green et al., 2010; Dufour et al., 2012). Thus, we
mined publicly available gene expression databases of AML
samples from The Cancer Genome Atlas (TCGA; Cerami et al.,
2012) and Beat AML (Tyner et al., 2018) and assigned each AML a
Cebpa-dependent IL-1β–regulated gene score, where a higher
score is determined by greater expression of Cebpa-dependent
IL-1β–up-regulated genes (e.g., myeloid differentiation and cell
cycle genes) and lesser expression of Cebpa-dependent IL-1β–
down-regulated genes (e.g., stemness genes; Fig. 9 A). Interestingly,
and consistent with the association between Cebpa mutations and
primitive FAB subtypes, we found that the primitive M0–M2 sub-
types were significantly associated with a lower Cebpa-dependent
IL-1β–regulated gene score, whereas the M5 differentiated subtype
corresponded to a higher score (Fig. 9 B). Similar results were seen
for AML samples from Beat AML (data not shown).

Previous studies have shown that AML at relapse is enriched
for leukemia stem cells, as demonstrated via limiting dilution
transplantation experiments (Ho et al., 2016). Analyses of
the Beat AML datasets reveals that the Cebpa-dependent
IL-1β–regulated gene score is higher in AMLs at diagnosis than
at relapse, consistent with enrichment for stem cell activity
(Fig. 9 C). The score was similarly lower for AMLs secondary to

MDS or MPN (Fig. 9 C). While speculative at present, the in-
flammation associated with therapy or prior MDS/MPN may
select for Cebpa loss, contributing to the more primitive phe-
notypes of relapse and secondary AMLs.

Ectopic CEBPA expression induces differentiation and impairs
fitness of AML cells
Because a low Cebpa-dependent IL-1β gene score correlated with
primitive AML, we hypothesized that ectopic expression of
CEBPA in AML cells would induce differentiation and impair
fitness. Overexpression of CEBPA has been shown to induce
neutrophilic differentiation in U937 cells (Radomska et al., 1998)
and in a mouse model of acute promyelocytic leukemia (Truong
et al., 2003) and to override epigenetic reprogramming medi-
ated by RUNX1 fusions in AMLs (Loke et al., 2018). To investi-
gate CEBPA LOF in this context, we used a primary AML
(AML0626) characterized as M0/M1/M2; AML cell lines
MOLM-13 and EOL-1, which harbor CEBPAmutations (in-frame
insertion and deletion, respectively) according to the Cancer
Cell Line Encyclopedia (Ghandi et al., 2019); chronic myeloge-
nous leukemia line K562 (no detectable expression of CEBPA;
Radomska et al., 1998); and MOLM-14, which is from the same
patient as MOLM-13 and exhibits a more differentiated phe-
notype (Matsuo et al., 1997). We set up competitive cell cultures
using cells transduced with the empty vector or a CEBPA-
expressing vector, both expressing GFP, versus non-
transduced cells to obtain a culture containing ∼25% GFP+ cells
and cultured with and without IL-1β (Fig. 10, A and B; and Fig.
S4 D). Analyses of transduced cells via Western blot demon-
strated that ectopic expression roughly quadrupled C/EBPα
levels in AML0626 (Fig. 10 C). We assessed the percentage of
GFP+ cells and cell numbers at days 3–12. Across the multiple
AML cell lines and primary cultures, we found that ectopic
expression of CEBPA reduced the fraction of GFP+ cells and
absolute number of GFP+ cells maintained in culture, indicative
of a competitive disadvantage (Fig. 10, A and B; and Fig. S4 D).
This was regardless of whether cells were cultured with
or without IL-1β, suggesting that C/EBPα is epistatic to IL-1β
(consistent with our gene expression data; Figs. S3 B and 5 B).
Ectopic expression of CEBPA increased the frequency of

Figure 8. IL-1β-Cebpa–dependent genes are highly enriched for C/EBPα and PU.1 binding sites. (A) Table summarizing C/EBPα-, PU.1-, and dual-bound
regions at genes that are up- or down-regulated by chronic IL-1β in a Cebpa-dependent manner in LSK, preGM, GMP, and granulocytes. (B) Table summarizing
C/EBPα binding for IL-1β-Cebpa–dependent gene within indicated gene sets in LSK, preGM, GMP, and granulocytes.
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AML0626 cells expressing myeloid differentiation markers
CD11b, CD14, CD15, CD16, and CD64 and reduced the frequency
of cells expressing primitive cell surface markers CD34 and
CD117 (Fig. 10, D and E). Notably, IL1β treatment boosted the
ability of ectopic C/EBPα to increase expression of some mye-
loid markers such as CD16 (Fig. 10 D). Finally, GFP+ cells were
sorted for gene expression analysis, and ectopic expression of
CEBPA did indeed cause up-regulation of myeloid genes and
down-regulation of self-renewal genes (Figs. 10 F and S4 E).
Thus, the maintenance of low C/EBPα activity appears impor-
tant for AML cell fitness, by reducing differentiation and in-
creasing self-renewal.

Discussion
Using a mouse model with HSPC-specific Cebpa deletion and
less-inflammatory competitive transplant methods, we show
that Cebpa-knockout HSPCs do not have a hematopoietic cell
intrinsic competitive advantage relative to WT HSPCs.

Strikingly, chronic IL-1β exposure triggered a fitness advantage
for Cebpa-knockout MPPs. While chronic IL-1β remodels the
HSPC compartment by expanding myeloid-biased MPPs to in-
crease myeloid output, C/EBPα blocks myeloid differentiation.
Together, these phenotypes cooperate and ultimately result in
chronic IL-1β–dependent expansion of CebpaΔ/Δ cells (Fig. 10 G).
While prior studies had shown an inherent competitive advantage
of CebpaΔ/Δ HSCs, these investigations used polyinosinic:polycyt-
idylic acid to induce Cre recombination and lethal irradiation to
condition transplant recipients (Ye et al., 2013; Zhang et al., 2004).
Both approaches are highly inflammatory and impair BM func-
tion. In addition, Mx1-Cre–mediated Cebpa deletion rapidly de-
pleted granulocytes, which can activate MPP proliferation (Säwén
et al., 2016) and confound functional studies of HSPCs. Our data
demonstrate that an inflammatory environment is required to
reveal the competitive advantage of Cebpa-knockout HSPCs.

Transcriptional analyses revealed that Cebpa knockout pre-
vents chronic IL-1β–driven activation of myeloid differentiation,
as well as metabolic and proteostatic gene programs important

Figure 9. The IL-1β-Cebpa–dependent signature is associated with AML subtype. (A) Heatmap of IL-1β-Cebpa–dependent gene score for AML samples
from TCGA. (B) Graph of IL-1β-Cebpa–dependent gene score for AML samples from TCGA by FAB subtype. (C) Graph of IL-1β-Cebpa–dependent gene score for
de novo, relapse, or secondary to MDS or MPN AML samples from Beat AML. Data are presented as mean ± SD and analyzed by one-way ANOVA with Tukey’s
multiple comparisons test. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.
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Figure 10. Ectopic CEBPA expression induces differentiation and impairs fitness in AML cells. (A) Cell competition dynamics of primary AML sample
AML0626 in cell culture. EV, empty vector. (B) Cell expansion of primary AML sample AML0626 in cell culture. (C)Western blot of sorted GFP+ cells at day 6.
(D) Flow cytometric analysis of differentiation markers on GFP+ cells at day 6. (E) Flow cytometric analysis of primitive markers on GFP+ cells at day 6. (F) Gene
expression analysis of CEBPA target genes from sorted GFP+ cells at day 6. (G)Model of inflammation-driven HSPC differentiation that selects for phenotypes
such as with Cebpa LOF that prevent HSPC differentiation and/or promote self-renewal. For A–F, n = 3 per group, presented as mean ± SD, and analyzed by
two-way ANOVA with Tukey’s multiple comparisons test (A and B, D and E) and unpaired t test (F). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
Data are representative of three experiments.
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for differentiation. Despite the preexisting molecular priming
of MPP3s toward myeloid lineage differentiation (Cabezas-
Wallscheid et al., 2014; Pietras et al., 2015), our data show that
chronic IL-1β further activates these pathways, consistent with
the capacity of myeloid lineage progenitors to overproduce
myeloid cells in response to “emergency” cues (Hérault et al.,
2017; Kang et al., 2020; Manz and Boettcher, 2014). The de-
pendence of these gene programs on C/EBPα is consistent with
its role as a key master regulator that initiates myeloid lineage
priming in the LSK population (Pundhir et al., 2018). It is in-
teresting that chronic IL-1β has been shown to induce precocious
myeloid differentiation via PU.1 (Pietras et al., 2016). C/EBPα can
regulate PU.1 expression and enhancer binding in preGMs
(Pundhir et al., 2018). In fact, PU.1 expression was significantly
reduced in CebpaΔ/Δ MPP3s in the context of chronic IL-1β (Fig.
S3 A). Collectively, these data suggest that Cebpa is important for
GM-lineage specification in MPP3s and that chronic IL-1β
primes GM-lineage output via Cebpa-dependent gene programs
in MPP3s. In addition, Cebpa knockout prevents chronic
IL-1β–driven repression of stem cell self-renewal genes, Bmi1,
Foxo3, Mpl, and Mycn (Iwama et al., 2004; Laurenti et al., 2008;
Miyamoto et al., 2007; Nitta et al., 2020; Yoshihara et al., 2007),
and C/EBPα has been demonstrated to directly bind to the pro-
moters of Mycn (Ye et al., 2013) and Foxo3 (Hasemann et al.,
2014). Mining of publicly available ChIP-seq datasets revealed
that the Cebpa-dependent IL-1β–regulated genes are directly
regulated by C/EBPα and/or PU.1, further supporting a model in
which C/EBPα integrates inflammatory cues to regulate gene
expression programs, either independently or in concert with
PU.1.

While steady-state hematopoiesis results in balanced lineage
output, chronic IL-1β expands the MPP compartment to increase
myeloid output. However, IL-1β–induced differentiation gene
programs likely serve as a limiting mechanism that prevents
aberrant accumulation of HSPCs. Our data support a model
wherein aberrant expansion of HSPCs with Cebpa LOF is an
emergent property triggered by inflammatory signals such as
chronic IL-1β. Our findings suggest that Cebpa LOF HSPCs fail to
differentiate and instead activate expression of stem cell self-
renewal genes, thereby promoting their selective expansion,
while WT HSPCs differentiate in response to chronic IL-1β
(Fig. 10 G). Still, this selective expansion is reversed upon res-
olution of inflammation (Fig. 4), suggesting that inflammation
must be sufficiently chronic to provide a window of opportunity
to favor Cebpa LOF and thus leukemia initiation. As such, IL-1β
promotion of emergency granulopoiesis, dependent on C/EBPα,
is able to play its critical role in host defense (essential for host
fitness). These programs carry the risk of promoting leukemo-
genesis, although this risk is largely relegated to older ages or
rare circumstances (evolutionarily, a minor fitness cost). Still, in
these contexts, chronic inflammation and its downstream ef-
fectors may represent a therapeutic target that could slow
leukemogenesis.

Finally, we showed that primitive M0–M2 AML subtypes,
relapsed AML, and AML secondary to MDS or MPN were asso-
ciated with a lower Cebpa-dependent IL-1β–regulated gene score,
corresponding to greater expression of Cebpa-dependent IL-1β–

down-regulated genes (e.g., stemness genes). The Cebpa-
dependent IL-1β–regulated gene score may provide additional
information on the phenotype of an AML and aid in predicting
prognosis and therapeutic response in AML. We further show
that the maintenance of low CEPBA activity by AMLs is im-
portant for their fitness, as ectopic expression of CEBPA con-
ferred a competitive disadvantage on AMLs, coinciding with
increased differentiation and reduced expression of stemness
genes. AMLs may need to evolve reduced CEPBA activity to
convert IL-1β from a negative regulator of HSPC fitness (Pietras
et al., 2016; Chavez et al., 2021) into a positive contributor to
AML fitness (Carey et al., 2017).

There is growing evidence of context-specific expansion of
oncogenically initiated hematopoietic progenitors: BCR-ABL or
Ppm1d deficiency with chemotherapy (Bilousova et al., 2005;
Hsu et al., 2018; Kahn et al., 2018); Notch activation, Tp53-
deficiency, or Cebpa-deficiency following γ-irradiation (Bondar
andMedzhitov, 2010; Fleenor et al., 2015b; Marusyk et al., 2009;
Marusyk et al., 2010); BCR-ABL, Myc, NRasV12, or AML1-ETO in
aging (Henry et al., 2015; Henry et al., 2010; Vas et al., 2012);
JakV617F with TNF-α exposure (Fleischman et al., 2011); Tet2-
knockout with LPS challenge; microbe-induced inflammation
(Cai et al., 2018; Meisel et al., 2018); or DNMT3Amutations in the
setting of bacteria-induced IFNγ signaling (Hormaechea-Agulla
et al., 2021). Here, we show that chronic IL-1β is sufficient to
drive selective expansion of Cebpa-knockout MPPs, directly
connecting an inflammatory signaling pathway to a transcrip-
tional fate network. These findings have important implications
for the earliest events that could drive clonal hematopoiesis with
indeterminate potential, MDS, MPN, or AML. Initially, IL-1
drives selection for mutations in HSPCs that provide resistance
to the prodifferentiative effects of IL-1. This expansion will
proportionally increase the odds of successive mutation accu-
mulation in the same clone, increasing the possibility of leuke-
mic transformation. Once transformed, IL-1 can then act as a
growth factor for AML blasts (Carey et al., 2017) and contribute
to more aggressive disease (Barreyro et al., 2012). Therefore,
inflammation could be an important driver of leukemogenesis
and could represent a potential target for intervention.

Materials and methods
Mice
CebpaloxP/loxP mice (kind gift of Daniel G. Tenen) were previously
described (Zhang et al., 2004).HSC-SCL-Cre-ERT transgenic mice
were generously provided by Joachim Göthert (Göthert et al.,
2005). R26R-EYFP transgenic reporter mice were generously
provided by Dennis Roop (Srinivas et al., 2001). All mice were
backcrossed for at least five generations on a C57BL/6 back-
ground and bred to be heterozygous for R26R-EYFP and heter-
ozygous for HSC-SCL-Cre-ERT, while each litter contained a
mixture of Cebpa genotypes, such that Cebpa+/+ and CebpaΔ/Δ

littermates were used in experiments. To induce recombination,
mice were treated i.p. with 2.5 mg of tamoxifen (prepared at
10 mg/ml in corn oil) daily for 3 d and were used for experi-
ments 7 d after the final dose of tamoxifen. Genotyping of
mice and detection of recombined product were as previously
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described (Zhang et al., 2004). C57BL/6 (Ly5.2) and congenic
(Ly5.1) mice were ordered from Charles River Laboratories. All
procedures were performed in accordance with the University
of Colorado Anschutz Medical Campus Institutional Animal Care
and Use Committee–approved animal protocols.

Lentiviral vectors
The CEBPA-expressing vector was generated by subcloning the
full-length ORF (Sino Biological) into the GFP-expressing lentiviral
vector pUltra (Addgene). Lentiviral particles where produced by
triple transfection of HEK293FT cells with pUltra-CEBPA, pSPAX2,
and pMD2.G. The supernatant was harvested after 24 h, and the
virus was concentrated by ultracentrifugation at 40,000 ×g for 2 h
at 4°C over a 20% sucrose cushion. Lentiviral transduction was
performed by plating the cells at 500,000–1,000,000/ml with the
lentiviral supernatant in the presence of 4 µg/ml polybrene and
centrifuging the plate at 1,000 ×g for 1 h at 32°C followed by in-
cubation for 24 h at 37°C, at the end of which the medium was
replaced with fresh medium. C/EBPα expression was determined
by Western blot.

Cell preparation and flow cytometry
Peripheral blood for flow cytometry analysis or complete blood
count was collected in heparin (50 U/ml) from the submandib-
ular vein of live mice or via cardiac puncture from terminal
mice. Complete blood count analyses were run on a Heska HT5
blood analyzer. For flow cytometry analyses, RBCs were hemo-
lyzed with ammonium-chloride-potassium (ACK) lysis buffer,
and cells were washed and filtered. Cell were stained for mature
immune cells using the following antibodies: rat IgG for block-
ing, Mac1 (M1/70) Brilliant Ultraviolet 395 (BUV395), Gr1 (Rb6-
8C5) Pacific Blue, CD45.2 (104) biotin, streptavidin Brilliant
Violet (BV) 605, B220 (RA3-6B2) BV786, CD45.1 (A20) PerCP-Cy-
5.5, CD8 (53-6.7) PE, Ter-119 (TER-119) PE-Cy5, CD4 (GK1.5) PE-
Cy7, IgM (RMM-1) APC, CD3 (17A2) Alexa Fluor 700, and CD19
(1D3) APC-Cy7. BM for flow analysis was obtained by flushing
cells from one tibia and one femur per mouse. RBCs were he-
molyzed with ACK lysis buffer, and cells were washed and fil-
tered. Cell counts were collected on the Guava easyCyte System
(Millipore). BM cells were stained for mature immune cells
as with peripheral blood and for HSPCs with the following
antibodies: rat IgG, Mac1 BUV395, Sca1 (D7) BV421, CD41
(MWReg30) BV510, CD45.2 biotin, streptavidin BV605, CD105
(MJ7/18) BV711, CD150 (TC15-12F12.2) BV785, CD45.1 PerCP-
Cy.5.5, Flk2 (A2F10) PE, lineage cocktail (B220, CD3, CD4,
CD5 [53-7.3], CD8, Gr1, Ter119) conjugated with PE-Cy5, FcgR
(93) PE-Cy7, CD34 (RAM34) eFluor(e)660, CD48 (HM48-1) Alexa
Fluor 700, and cKit (2B8) APC-Cy7. Data were collected on the
ZE5 cell analyzer (Bio-Rad) or the LSRFortessa (BD Biosciences)
and analyzed with FlowJo software v10. BM for cell sorting was
obtained by crushing all long bones and spines from eachmouse.
RBCs were hemolysed with ACK lysis buffer, and cells were
washed and filtered. BM cells were lineage depleted using
Mouse Lineage Cell Depletion Kit (Miltenyi Biotec). Cells were
stained to identify HSPCs with the following antibodies: rat IgG,
CD48 e450, CD45.2 biotin, streptavidin BV605, CD150 BV786,
CD45.1 PerCP-Cy5.5, Flk2 PE, cKit PE-Cy7, Sca1 APC, and lineage

cocktail conjugated with APC-Cy7. Cell sorting was performed
with the 100-µm nozzle on the FACSAria Fusion (BD Bio-
sciences). Flow cytometry analysis was performed on cells from
liquid culture and on individual colonies from methylcellulose
with the following antibodies: rat IgG, Mac1 BUV395, Gr1 Pacific
Blue, Sca1 APC, and cKit PE-Cy7. Data were collected on the ZE5
cell analyzer (Bio-Rad) and analyzed with FlowJo v10. AML cells
were immunophenotyped with the following antibodies: CD11b
BUV395, CD117 BV421, CD64 BV510, CD16 BV605, CD38 PE,
CD15 PE-Cy5, CD45 PE-Cy7, CD34 APC, and CD14 APC-Cy7, and
analyzed on the LSRFortessa (BD Biosciences; van Lochem et al.,
2004).

Cell culture
For liquid cultures of murine primary cells, 200 YFP+ LSK cells
were sorted from Cebpa+/+ or CebpaΔ/Δ mice into wells of a 96-
well culture plate. Cells were grown in IMDM (Gibco) with 20%
heat-inactivated FBS (HyClone), 50 µM β-mercaptoethanol,
100 ng/ml mIL-6, 100 ng/ml mFlt3-ligand, 100 ng/ml murine
stem cell factor (SCF), and 10 ng/ml IL-11, as previously de-
scribed (Varnum-Finney et al., 2003). For CFU assays, 100 YFP+

LSK cells were sorted from Cebpa+/+ or CebpaΔ/Δ mice and plated
in methylcellulose (HSC006; R&D Systems; 1 ml in 3-cm dish)
containing IMDM, antibiotic-antimycotic (Gibco), 25 ng/ml
SCF, 25 ng/ml Flt3-liter, 25 ng/ml IL-11, 10 ng/ml IL-3, 10 ng/
ml GM-CSF, 25 ng/ml thrombopoietin, and 4 U/ml erythro-
poietin with or without 25 ng/ml IL-1β. Colonies were counted
and scored under a dissecting scope after 7 d. For serial re-
plating, 104 cells were replated in fresh methylcellulose with
or without IL-1β. All cytokines were obtained from Peprotech.
We calculated cumulative CFU potential with the following
equation:

CFU replating
number of cells replated

× number of cell from initial plating.

AML cell lines MOLM-13, MOLM-14, and EOL-1 and CML cell
line K562 were maintained in IMDMwith 2 mM glutamine, 10%
heat-inactivated FBS, and 100 U/ml penicillin/streptomycin.
Primary AML sample AML0626 (derived from a relapsed
patient, FAB = M0/1/2, with IDH1-R132 and KIT-D816V mu-
tations) was generously provided by Craig Jordan (Univer-
sity of Colorado Anschutz Medical Campus, Aurora, CO) and
was maintained in IMDM, 20% BSA, insulin, and transferrin
(BIT; Stem Cell Technologies), LDL 1:300 (Calbiochem), 50 µM
β-mercaptoethanol, 100 U/ml penicillin/streptomycin, 10 ng/
ml SCF 10 ng/ml, 10 ng/ml IL-3, and 10 ng/ml FLT3L. For AML
cell competition assays, cells were transduced with the empty
vector or CEBPA-expressing vector and then mixed with
nontransduced cells to obtain a population containing ∼25%
GFP+ cells. MOLM13, MOLM14, and EOL-1 were plated at
100,000 cells/ml, K562 were plated at 50,000 cells/ml, and
AML0626 were plated at 200,000 cells/ml with or without
25 ng/ml IL-1β. Every 3 d, cells were counted, the percentage
of GFP+ cells was tested with the Guava easyCyte flow cy-
tometer (Millipore), and cells were replated at the same initial
density.
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Competitive transplants
To obtain a starting donor chimerism of ∼5%, 2 × 103 LSK cells
were sorted and transplanted with 2 × 106 competitor whole BM
cells into mildly conditioned congenic mice. Mild conditioning
was achieved by treating mice with 20 mg/kg of busulfan 4 d
before transplant and 30 µg of anti-CD4 antibody, clone GK1.5
(BioXcell), and 30 µg of anti-CD8 antibody, clone 2.43 (Bio-X-
Cell), 2 d before transplant. Busulfan was prepared fresh at
20 mg/ml in DMSO and diluted in saline to 2 mg/ml, while kept
warm and protected from light. CD4 and CD8 T cell–depleting
antibodies were prepared at 30 µg per 0.1 ml of PBS. Initial
chimerism was assessed 3 wk after transplant, and mice were
subsequently treated daily for 20 d with 0.1% BSA/PBS or 0.5 µg
IL-1β (Peprotech) in 0.1% BSA/PBS via i.p. injection.

Fluidigm Biomark gene expression analysis
Cells were cultured for 12 h as described above. Live cells were
subsequently sorted to purity into 96-well plates at 50 cells/well
in 5 µl CellsDirect 2× Reaction Buffer (Invitrogen). A panel of 96
target genes were preamplified for 20 rounds with Superscript
III (Invitrogen) using a custom-designed set of target-specific
primers. Preamplified cDNA was treated with Exonuclease I (New
England Biolabs) to remove excess primers, diluted in DNA sus-
pension buffer (Clontech), loadedwith custom-designed primer sets
onto a Fluidigm 96.96 DynamicArray IFC, and run on a BioMarkHD
System (Fluidigm) using SsoFast Sybr Green for detection (Bio-
Rad). Data were analyzed by the cycle threshold (ΔΔCt) method
using Fluidigm software, and gene expression values were nor-
malized to Gusb expression.

RNA-seq
Cells were sorted directly into RLT Buffer, and RNA was ex-
tracted using RNeasy Micro Kit (Qiagen). Library construction
was performed using the SMARTer Stranded Total RNA-Seq Kit
v2, Pico Input Mammalian (Takara), and paired-end sequencing
was performed on the NovaSeq 6000 instrument (Illumina)
by the University of Colorado Cancer Center Genomics
Shared Resource. Illumina adapters were removed using
BBDuk (Bushnell, 2019), and reads <50 bp after trimming were
discarded. Reads were aligned and quantified using STAR
v2.6.0a (Dobin et al., 2013) to the Ensembl mouse transcriptome
(GRCm38.p6, release 96). Normalization and differential ex-
pression were calculated using the limma R package (Ritchie
et al., 2015). Differentially expressed genes (adjusted P < 0.05)
comparing the donors of group C versus the donors of group A
were determined to be influenced by IL-1β (Fig. 3 A). These
genes were further determined to be Cebpa dependent or in-
dependent based on whether they were significantly altered
when comparing the donors of group D to the donors of group
B. ORA was performed on these genes using the ClusterProfiler
R package (Yu et al., 2012) with Hallmark and GO Biological
Processes gene sets from the Molecular Signatures Database
(Liberzon et al., 2011), along with select published gene sets
(Cabezas-Wallscheid et al., 2014; Chambers et al., 2007; Giladi
et al., 2018; Ye et al., 2013). GSEA was performed on the fold
change of the genes for each comparison using the fGSEA R
package with 10,000 permutations (Sergushichev, 2016 Preprint)

with the same gene sets. Heatmaps were generated with the
ComplexHeatmap R package (Gu et al., 2016) following z-score
transformation. The genes in the pathway heatmaps were se-
lected because of their presence in the leading edge as deter-
mined by fGSEA for the indicated comparison. Raw and
processed RNA-seq data are deposited in GEO under accession
no. GSE166629 (Edgar et al., 2002).

Cell cycle analysis
Cells were sorted and fixed into FACS buffer, and then imme-
diately fixed in BD Cytofix/Cytoperm. Cells were restained with
surface stain, and intracellular staining for Ki67 (SolA15) APC
was performed with the Fixation/Permeabilization Solution Kit
(BD Bioscience) and as previously described (Jalbert and Pietras,
2018). Data were collected on the ZE5 cell analyzer (Bio-Rad) and
analyzed with FlowJo v10.

RNA-seq data mining
The fgsea R package was used to conduct pathway analysis on
the effect of in vitro radiation in LSK (GEO accession no.
GSE61602; Fleenor et al., 2015b).

ChIP-seq data mining
C/EBPα and PU.1 ChIP binding data in LSK, preGM, GMP, and
granulocytes were downloaded from GEO (accession no.
GSE89767; Pundhir et al., 2018). The clusterProfiler R package
was used to determine the enrichment between Cebpa-
dependent IL1 up- and down-regulated genes and the genes in
each binding category.

AML data mining
TCGA AML (Firehose Legacy; Ley et al., 2013) transcripts per
million–normalized and Tyner AML (Tyner et al., 2018) counts
per million–normalized gene expression data were downloaded
from cBioPortal on June 19, 2020 (Cerami et al., 2012). Genes
withmean transcripts per million <1 in the TCGAwere removed.
The genes of each dataset were z-score transformed and sepa-
rated into Cebpa-dependent IL1 up- and down-regulated genes.
The difference in the sample sum of z-scores for each gene
grouping was calculated and subsequently z-score transformed.
A higher signature score corresponds to greater similarity to the
Cebpa-dependent changes observed upon IL-1 treatment.

Statistics
Unpaired Mann-Whitney U test or unpaired Student’s t-test (for
bivariate comparison) or two-way ANOVA with Tukey’s multi-
ple comparisons test (for multivariate comparison) was per-
formed in Prism software v8 (GraphPad); *, P < 0.05; **, P < 0.01;
***, P < 0.001; and ****, P < 0.0001.

Online supplemental material
Fig. S1 shows characterization of primary Cebpa-knockout mice.
Fig. S2 shows supporting analyses of competitive transplants.
Fig. S3 shows that Cebpa knockout is epistatic to chronic IL-1β,
by preventing up-regulation of myeloid differentiation pro-
grams and down-regulation of stem gene programs, and that
gene expression of competitors is affected by the donor genotype
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they were competed against. Fig. S4 shows supportingMPP3 cell
culture data and cell competition in AML cell lines. Table S1 lists
genes from heatmaps presented in Figs. 5 B, 6 C, 7 C, and S3 B.
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Grover, S.E. Jacobsen, D. Bryder, and C. Nerlov. 2009. Hematopoietic
stem cell expansion precedes the generation of committed myeloid
leukemia-initiating cells in C/EBPalpha mutant AML. Cancer Cell. 16:
390–400. https://doi.org/10.1016/j.ccr.2009.09.036

Bilousova, G., A. Marusyk, C.C. Porter, R.D. Cardiff, and J. DeGregori. 2005.
Impaired DNA replication within progenitor cell pools promotes leu-
kemogenesis. PLoS Biol. 3:e401. https://doi.org/10.1371/journal.pbio
.0030401

Bondar, T., and R. Medzhitov. 2010. p53-mediated hematopoietic stem and
progenitor cell competition. Cell Stem Cell. 6:309–322. https://doi.org/10
.1016/j.stem.2010.03.002

Bowling, S., K. Lawlor, and T.A. Rodŕıguez. 2019. Cell competition: the
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subsets of lineage-biased multipotent progenitors control blood pro-
duction in normal and regenerative conditions. Cell Stem Cell. 17:35–46.
https://doi.org/10.1016/j.stem.2015.05.003

Porse, B.T., D. Bryder, K. Theilgaard-Mönch, M.S. Hasemann, K. Anderson, I.
Damgaard, S.E. Jacobsen, and C. Nerlov. 2005. Loss of C/EBP alpha cell
cycle control increases myeloid progenitor proliferation and transforms
the neutrophil granulocyte lineage. J. Exp. Med. 202:85–96. https://doi
.org/10.1084/jem.20050067

Pundhir, S., F.K. Bratt Lauridsen, M.B. Schuster, J.S. Jakobsen, Y. Ge, E.M.
Schoof, N. Rapin, J. Waage, M.S. Hasemann, and B.T. Porse. 2018. En-
hancer and transcription factor dynamics during myeloid differentia-
tion reveal an early differentiation block in Cebpa null progenitors. Cell
Rep. 23:2744–2757. https://doi.org/10.1016/j.celrep.2018.05.012

Radomska, H.S., C.S. Huettner, P. Zhang, T. Cheng, D.T. Scadden, and D.G.
Tenen. 1998. CCAAT/enhancer binding protein alpha is a regulatory
switch sufficient for induction of granulocytic development from bi-
potential myeloid progenitors. Mol. Cell. Biol. 18:4301–4314. https://doi
.org/10.1128/MCB.18.7.4301

Ritchie, M.E., B. Phipson, D. Wu, Y. Hu, C.W. Law, W. Shi, and G.K. Smyth.
2015. limma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 43:e47. https://
doi.org/10.1093/nar/gkv007
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Supplemental material

Figure S1. Characterization of primary Cebpa-knockout mice. (A) PCR products to detect WT (235-bp), floxed (269-bp), or excised allele (361-bp) run on a
2% agarose gel with 1 kb Plus DNA ladder (Thermo Fisher Scientific). (B) Kinetics of tamoxifen-induced YFP expression within Lin−Sca1+cKit+ (LSK), Lin−, and
Lin+ BM fractions. Tamoxifen did not influence HSPC behavior in cell culture or IL-1 levels in BM fluid (data not shown). (C and D) Representative flow
cytometry plots to characterize HSPC populations (C) and myeloid progenitors (D) from Cebpa+/+ and CebpaΔ/Δ mice. (E) Cytokine analysis of BM fluid from
vehicle or chronic IL-1β–treated mice (n = 3 mice per group; representative of two experiments). Data are presented as mean ± SD and analyzed by unpaired
t test (in E). *, P < 0.05; ***, P < 0.001.
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Figure S2. Myeloid differentiation and chimerism in competitor and recipient HSPCs. (A and B) Frequency of MPP3, GMP, and granulocytes derived from
competitors (A) and recipients (B) in competitive transplants. Graphs in A and B show the percentage of MPP3 within CD45.1+ or CD45.2+ YFP− cell gates,
respectively. PB, peripheral blood. (C) Recipient chimerism within indicated HSPC population. (D) Competitor chimerism within indicated HSPC population. LT,
long-term; ST, short-term. Data are representative of three separate experiments with n = 10 per group, presented as mean ± SD, and analyzed by two-way
ANOVA with Tukey’s multiple comparisons test. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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Figure S3. Cebpa knockout confers a fitness advantage in the context of chronic IL-1β in vivo. (A) Expression of Cebpa, Il1r1, and Spi1 plotted as
log2(counts per million) from RNA-seq (n = 3 of three to four mice pooled). (B)Heatmap of all genes significantly changed (adjusted P < 0.05) by Cebpa knockout
(genes for heatmap are listed in Table S1). (C) Table summarizing the GSEA normalized enrichment score (NES) for select gene sets for “chronic IL-1β effect”
and “CebpaΔ/Δ modification of chronic IL-1β effect” pairwise comparisons. (D and E) GSEA with “Chambers all myeloid” and “Chambers stem genes” gene sets.
(D) Schematic and enrichment plots for pairwise comparison between C57BL/6 MPP3 competed against CebpaΔ/Δ or Cebpa+/+ from chronic IL-1β–treated mice.
(E) Schematic and enrichment plots for pairwise comparison between C57BL/6 MPP3 competed against CebpaΔ/Δ or Cebpa+/+ from vehicle-treated mice. FDR,
false discovery rate; NES, normalized enrichment score. Data are presented as mean ± SD and analyzed by two-way ANOVAwith Tukey’s multiple comparisons
test (in A). *, P < 0.05; ****, P < 0.0001.
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Figure S4. CEBPA regulates expression of self-renewal and myeloid genes and cell competition in culture. (A and B) MPP3 liquid culture (data are
representative of two experiments with n = 3 per group). (A) Representative flow cytometry plots for MPP3 cell culture at day 4. (B) Relative expression of self-
renewal genes (Bmi1, Foxo3, Mpl, and Mycn) calculated by first normalizing to Gusb within each group, then normalizing to Cebpa+/+ vehicle group from MPP3
cell culture at 12 h. (C)MPP3 CFU assay (data are representative of two experiments with n = 3 or 6 per group): third and fourth plating CFU counts per plate
upon replating 104 cells. (D and E) Cell culture of AML cell lines MOLM-13, MOLM-14, EOL-1, and K562 (representative of two experiments with n = 3 per
group). (D) Cell competition dynamics. (E) Gene expression analysis of CEBPA target genes from sorted GFP+ MOLM-13 cells at day 6. EV, empty vector. Data
are presented as mean ± SD and analyzed by two-way ANOVA with Tukey’s multiple comparisons test (B–D) or unpaired t test (E). *, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001.
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Provided online is one table. Table S1 lists gene names from heatmaps in Figs. 5 B, 6 C, 7 C, and S3 B.
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