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p53-dependent induction of P2X7 on hematopoietic stem and
progenitor cells regulates hematopoietic response to genotoxic
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Stem and progenitor cells are the main mediators of tissue renewal and repair, both under homeostatic conditions and in

response to physiological stress and injury. Hematopoietic system is responsible for the regeneration of blood and immune cells
and is maintained by bone marrow-resident hematopoietic stem and progenitor cells (HSPCs). Hematopoietic system is
particularly susceptible to injury in response to genotoxic stress, resulting in the risk of bone marrow failure and secondary
malignancies in cancer patients undergoing radiotherapy. Here we analyze the in vivo transcriptional response of HSPCs to
genotoxic stress in a mouse whole-body irradiation model and, together with p53 ChIP-Seq and studies in p53-knockout (p53KO)
mice, characterize the p53-dependent and p53-independent branches of this transcriptional response. Our work demonstrates the
p53-independent induction of inflammatory transcriptional signatures in HSPCs in response to genotoxic stress and identifies
multiple novel p53-target genes induced in HSPCs in response to whole-body irradiation. In particular, we establish the direct p53-
mediated induction of P2X7 expression on HSCs and HSPCs in response to genotoxic stress. We further demonstrate the role of
P2X7 in hematopoietic response to acute genotoxic stress, with P2X7 deficiency significantly extending mouse survival in
irradiation-induced hematopoietic failure. We also demonstrate the role of P2X7 in the context of long-term HSC regenerative
fitness following sublethal irradiation. Overall our studies provide important insights into the mechanisms of HSC response to
genotoxic stress and further suggest P2X7 as a target for pharmacological modulation of HSC fitness and hematopoietic response

to genotoxic injury.
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INTRODUCTION
Genotoxic stress is defined as cellular exposure to DNA-damaging
agents and the biochemical response of the cells to such damage.
Understanding of the specialized stress response mechanisms of
tissue stem cells is essential to predict and modulate its complex
effects on the organism. Hematopoietic stem cells (HSCs) are the
precursors of all blood cells, and genotoxic stress in HSCs can
predispose to bone marrow failure and hematologic malignancies
[1, 2]

p53 is the major transcriptional regulator of cellular stress
responses [3], and its target genes have been characterized in
many cell lines [3, 4], fibroblasts [5], macrophages [6], and other
cells [7]. These studies identified both the common transcriptional
programs of p53 stress response shared by most cells and some
cell-type-restricted p53-regulated genes, underlying the unique
features of stress response in those cells.

p53 is reported to have specialized functions in HSCs under
homeostatic conditions [8], including promoting quiescence by
maintaining Gfil and Ndn expression [9-11]. In contrast, in
response to genotoxic stress, HSCs have a dampened induction

of p53-regulated apoptotic genes, resulting in their resistance to
apoptosis, as compared with progenitors and mature blood cells
[12-14]. However, the p53-regulated transcriptome of HSCs was
characterized primarily with microarray studies in mixed stem and
progenitor samples [12-14]. Further studies in this area are
expected to provide novel insights into the role of p53 in HSCs,
and the mechanisms underlying their distinct cell-fate decisions in
response to cytotoxic stress.

Irradiation (IR) and genotoxic stress also drive the release of
many secreted mediators, signaling the presence of danger and
damage to the surrounding tissues [15, 16], and ATP is one of such
paracrine danger signals [15-18]. P2X7 is a widely studied
receptor for extracellular ATP and a ligand gated cation channel
[19]. It is highly expressed by many cells of the blood and immune
system, as well as other cell types. Its stimulation induces the
release of inflammatory cytokines, production of reactive oxygen
species (ROS), activation of proteases followed by shedding of
various adhesion molecules, and the induction of cell death
[19, 20]. P2X7 is commonly upregulated in hematologic malig-
nancies to act as a modulator of disease progression and
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antitumor immunity and also a potential drug target for
anticancer therapy [21, 22].

HSCs are known to respond to ATP and other P2X7 agonists,
with loss of quiescence, mobilization from the niche, biased
differentiation toward the myeloid lineage, or proliferative
exhaustion [23, 24], and an ectopic overexpression of P2X7 can
result in similar phenotypes [25]. Interestingly, P2X7 is highly
polymorphic in human and some haplotypes correlate with more
efficient granulocyte colony-stimulating factor-induced HSC
mobilization [26], further supporting the functional significance
of P2X7 on HSCs.

Here we mapped the genome-wide transcriptional response of
murine hematopoietic stem and progenitor cells (HSPCs) to
whole-body irradiation (WBI) and used p53-knockout mice to
categorize the p53-dependent and p53-independent features of
the response. We identify many novel p53-regulated genes with
potentially interesting roles in HSC biology. In particular, we
demonstrate that P2X7-encoding gene (P2rx7) is a direct
transcriptional target of p53. P2X7 is induced in HSCs and HSPCs
in response to WBI via p53-dependent mechanisms and acts as an
important regulator of hematopoietic fitness in the response to
genotoxic stress.

RESULTS

HSPC transcriptional response to IR: goals and methodology
To map the global transcriptional response of HSPCs to IR within
their physiological niche and to distinguish the p53-dependent
and independent features of this response, we performed RNA
sequencing (RNA-Seq) transcriptional profiling on FACS (fluores-
cence-activated cell sorting)-sorted Lin~cKit"ScalTCD150" HSPCs
from wild-type (WT) and Tp53-knockout (p53KO) mice, untreated
and at 3 hours after 3 Gy IR (Fig. 1). Additionally, to map p53 DNA-
binding sites, p53 chromatin immunoprecipitation sequencing
(ChIP-Seq) was performed in multipotent progenitor cells HPC7
and B cell progenitors Ba/F3, both selected for their p53 WT status
(Fig. 2) [27, 28]. The resulting datasets were analyzed with the
following goals: (I) to characterize the p53-dependent transcrip-
tional response of HSPCs to WBI and to identify the genes under
direct transcriptional control of p53; () to characterize the p53-
independent transcriptional response of HSPCs to WBI; (lll) to
assess p53 functions in HSPC transcriptional landscape under
homeostatic conditions; and (IV) to functionally characterize novel
mediators of HSPC response to WBI.

p53 is the major mediator of classical transcriptional response
of HSPCs to IR
RNA-Seq transcriptional profiles from WT, WT-IR, p53KO, and
p53KO-IR HSPCs (Fig. 1A) were subjected to dimension reduction
analysis. This demonstrated a clear separation between WT-IR and
control WT HSPCs, indicating a major transcriptional response to IR
(PC2 15.7%, Fig. 1B). In contrast, no separation was observed
between p53KO-IR and control WT or p53KO HSPCs, indicating
p53 as the major mediator of the HSPC response to IR.
Furthermore, there was no separation between the p53KO and
WT HSPCs, suggesting that p53 is not a significant regulator of
HSPC transcriptional state under homeostatic conditions (Fig. 1B).
Differential gene expression analysis was performed at fold
change (FC) =2 and false discovery rate (FDR)<0.05. This
identified 327 dysregulated genes in WT-IR relative to control
WT HSPCs, including 236 upregulated and 91 downregulated (Fig.
1C and Tables S1A, B). In contrast, only seven genes were
significantly dysregulated in p53KO-IR HSPCs, being increased in
expression relative to WT, further confirming the key role of p53 in
the IR-induced transcriptional response. Hierarchical clustering of
the significantly dysregulated genes in at least one condition
segregated them into Clusters A-C (Fig. 1C), with Cluster A
representing genes upregulated in WT-IR but not in p53KO-IR (176
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genes), Cluster B representing genes upregulated in WT-IR and
with a trending or significant upregulation in p53KO-IR (60 genes),
and Cluster C representing the genes downregulated in WT-IR but
not in p53KO-IR (91 genes), all relative to the control WT group.
Gene ontology (GO) enrichment analysis was performed for each
gene Cluster, to explore the biological processes characterized by
the transcriptional signatures. We observed a strong enrichment
of GO terms related to “p53 mediated apoptosis” for Cluster A and
“cell cycle” for Cluster C (Fig. 1D and Table S1C), indicating the
p53-mediated induction of cell cycle arrest and programmed cell
death in HSPCs in response to IR. Cluster B, representing the p53-
independent transcriptional response of HSPCs to IR, will be
discussed below.

Gene set enrichment analysis (GSEA) was applied to character-
ize the p53-dependent transcriptional response of HSPCs to IR,
represented by the transcriptional signatures of WT-IR but not of
p53KO-IR relative to control HSPCs (Fig. 1E and Table S1D). This
further supported the primary role of p53 in the induction of the
transcriptional programs of apoptosis and cell cycle arrest (Fig. 1E,
top-middle). The analyses further indicated a p53-mediated
repression of anabolic cellular processes, such as “ribosome
biogenesis,” “translation,” “oxidative phosphorylation,” and others
(Fig. 1E, bottom, and Table S1D), indicating the major role of p53
as a regulator of HSPC metabolic state under conditions of stress.

p53-binding sites across the genome of hematopoietic
progenitor cells

To map p53 DNA binding in hematopoietic progenitors, ChIP-Seq
was performed in HPC7 and Ba/F3 hematopoietic progenitor lines
and demonstrated a strong concordance in p53-binding sites
between the two cells (Fig. 2A and Table S2A). In parallel, the
analysis was done in Ba/F3s following IR (3Gy, 3h) and the
combined data revealed 7384 p53-binding sites (or peaks) (Fig. 2A
and Table S2A). Consolidation of the data with previously
published p53 ChIP-Seq demonstrated a strong concordance in
p53 binding with B cells [29, 30], macrophages [31], and
fibroblasts [5] (Fig. S1 and Tables S2A, B), supporting strong
conservation of p53 function across cell lineages.

Ordering p53 peaks based on distance to the nearest gene
transcription start site (TSS), 16% were classified as gene
proximal (<1kb to TSS, 1158 sites) and 84% as gene distal
(>1kb to TSS, 6226 sites). p53 peaks were further classified
based on change in p53 binding with IR, with the binding
increased (6641 peaks), unchanged (160 peaks), or reduced (583
peaks) for Groups I-lll peaks, respectively (Figs. 2A and S2A, and
Table S2A). ChIP-Seq for an epigenetic mark of transcriptional
activation histone H3K27ac, described previously [32], indicated
that chromatin activity was enhanced at Group | and unchanged
or reduced at Group lI-lll p53 peaks with IR, respectively (Figs.
2A and S2B), correlating p53 binding and cis-regulatory activity
at these sites. De novo motif analysis at the p53 peaks identified
p53 motif enrichment at Group |-l peaks, suggesting direct p53
binding to DNA at these sites (Fig. S2C). In contrast, no p53 motif
enrichment was seen at Group lIll peaks, suggesting that p53
recruitment at these sites may be indirect. Interestingly, PRDM14
motif was enriched at Group I, SP1 motif at Groups II-lll, and
NRF1 motif at Group lll p53 peaks, suggesting a crosstalk
between p53 and these factors in transcriptional regulation, as
indicated by previous studies [33-36].

For functional insights into the p53-regulated genes in
hematopoietic progenitors, GO analysis was performed on the
genes in the vicinity of each p53 peak using GREAT [37]. Genes
corresponding to Group | p53 peaks showed strong enrichment of
GO terms “signal transduction by p53,” “cell cycle arrest,” and
“apoptotic signaling” (Fig. 2B and Table S2C), corresponding to the
classical p53 transcriptional program. Surprisingly, Group | genes
also showed enrichment of GO terms “myeloid cell differentiation”
and “erythroid homeostasis” (Fig. 2B and Table S2C). Indeed, distal
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Fig. 1 Transcriptional responses of murine HSPCs to whole-body irradiation. A Schematic representation of the experimental design
and gating strategies. Wild-type C57BL/6 (WT) and p53~/~ (p53KO) mice were subjected to 3-Gray whole-body irradiation and
Lin—cKit"Sca1"CD150" HSPCs were isolated from the bone marrow 3 h later for RNA-Seq transcriptional profiling. B Principal component
analysis graph representing the gene expression profiles of each RNA-Seq sample and showing a major transcriptional response to genotoxic
stress in WT-IR but not p53KO-IR HSPCs (PC2, 15.7% variability). C Heatmap displaying 327 significantly dysregulated genes in WT-IR or p53KO-
IR relative to control WT HSPCs. The significance threshold is fold change >|2| and false discovery rate (FDR) <0.05. Relative expression levels
to the average of WT group are used to generate the heatmap. Hierarchical clustering of the genes using Pearson correlation and complete
linkage generated three distinct gene clusters. D Gene ontology (GO) enrichment analysis on genes from the three gene clusters described in
C. Top 2-3 enriched biological process GO terms are displayed; the full list is available in Table S1C. E Gene set enrichment analysis (GSEA) [83]
is performed with 4436 pre-established biological process gene signatures. Heatmap displays the normalized enrichment scores (NES) of
upregulated and downregulated p53-dependent HSPC transcriptional signatures in response to irradiation, with NES > | 1.8| in WT-IR versus
WT RNA-Seq datasets.

p53 binding was observed at several genes critical to hematopoi- appear novel to our data, possibly reflecting specialized p53
esis (Runx1, Gfilb, Gata2, Gata3, Foxo3, Sp1, Csf1, and Kitl, Table functions in hematopoietic progenitors. Nevertheless, the normal
S2D). While some of these p53 sites are seen in previously expression of these genes in our RNA-Seq indicates that p53 does
published p53 ChIP-Seq datasets (Table S2D) [5, 29-31], others not regulate their expression in HSPCs, either at steady state or
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Fig. 2 Mapping the genome-wide p53 DNA-binding sites and p53-regulated genes in murine HSPCs in response to whole-body
irradiation. A Heatmap displays 7384 p53 DNA-binding sites, or peaks, identified from p53 ChIP-Seq in Ba/F3 and HPC7 hematopoietic
progenitor cells, with and without irradiation (3 Gy, 3 h). The peaks are ordered based on fold changes in p53-binding intensity following
irradiation (IR) and organized into three groups. Group | is composed of peaks with > 1.5 fold increase in p53 binding following IR, Group Il is
composed of peaks with minimal change in p53 binding (FC<|1.5|), and Group Il is composed of peaks with 21.5 fold decrease in p53
binding following IR. For the p53 ChIP-Seq, binding intensities +1 kb around the p53 peak centers are plotted. For the histone H3K27ac ChIP-
Seq, binding intensities £2.5 kb around the p53 peak centers are plotted. H3K27ac ChIP-Seq in Ba/F3 cells was previously described [32]. B
Gene ontology analysis of genes nearest to p53 peaks, performed using GREAT [37] with basal plus extension option and searching for genes
2 kb upstream, 2 kb downstream, and 200 kb in distal to each p53 peak. The —log10(binomial FDR) values are plotted for each GO term. C
Association of RNA-Seq and ChlIP-Seq data shows dysregulated genes having p53 peaks within 10 kb. The circle size represents fold
enrichment of dysregulated genes in the gene-to-peak association compared to random gene sets. The color represents the significance of
the fold enrichment, calculated by two-tailed Fisher exact test. The random gene sets consist of 10 sets of 200 genes randomly selected from
the total 13,753 expressed genes identified by RNA-Seq. NS not significant. D Gene ontology analysis of putative p53-target genes identified
as genes showing p53-dependent dysregulation in RNA-Seq data and having p53-binding peaks within 10 kb. The top biological process
terms are displayed, and —log10(p values) are plotted.

following IR, making the functional significance of p53 binding
difficult to infer (Table S2D). No significant enrichment of GO
terms was observed for Group Il p53 peaks (Fig. 2B), reflecting the
small number of p53-binding sites within this group.

Identification of direct p53-target genes in HSPC response to
IR

To identify the genes directly regulated by p53 in the
hematopoietic response to IR, our ChIP-Seq and RNA-Seq datasets
were consolidated to identify 131 genes that had p53-binding
sites in their proximity and were dysregulated in response to IR in
WT-IR but not in p53KO-IR HSPCs (Table S3A). Repeating the
analysis for each of the dysregulated gene Clusters A-C (Fig. 1Q)
and for each Group I-lll of p53 DNA-binding sites (Fig. 2A), we
demonstrated a strong association of the p53-dependent IR-
activated Cluster A genes with Group |-l p53-binding sites (Fig.
2C). GO term enrichment analysis on the p53-target genes
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demonstrated a strong enrichment of GO terms of the classical
p53 stress response, including “negative regulation of cell
growth,” “apoptotic process,” and “ DNA damage response” (Fig.
2D and Table S3C). These results provide a comprehensive
characterization of the p53-regulated genes in murine HSPCs in
the physiological response to WBI and will be further explored
below for novel findings.

p53-independent immunological transcriptional signatures in
HSPCs in response to IR

To explore the p53-independent HSPC transcriptional signatures
in response to WBI, GSEA was carried out to compare p53KO-IR
and control HSPCs, showing that the transcriptional signatures of
programmed cell death and G2-M cell cycle arrest were induced in
HSPCs in part via p53-independent mechanisms (Fig. 3A, B and
Table S1D). GSEA analysis further demonstrated a strong p53-
independent induction of immune and inflammatory

Cell Death and Disease (2021)12:923
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Fig. 4 Characterization of the p53-regulated genes in HSPCs under homeostatic conditions. A-C Normalized counts per million (CPM)
expression of Eda2r, Gfil, and Ndn genes from the RNA-Seq of murine WT and p53KO HSPCs with and without whole-body irradiation. D-F
Genomic snapshots of Eda2r, Gfi1l, and Ndn genes. ChIP-Seq tracks of p53 in untreated (UT) and irradiated (IR) hematopoietic progenitor cells
Ba/F3 and HPC7, and input DNA from the same cells are shown in the top five lanes. The gene feature track is shown in the middle. RNA-Seq
tracks of the summation of gene expression in each group are shown in the bottom four lanes. The maximum data range of each track is
indicated at the top-right corner of the track.

transcriptional signatures in HSPCs in response to IR, exemplified
by upregulated terms “response to IFN,” “IL12 production,” “LPS
signaling,” and others (Fig. 3A and Table S1D). This was further
supported by the GO term enrichment analysis on the genes
upregulated in p53KO-IR HSPCs (Cluster B, Fig. 1C), with
enrichment of terms “response to IFNB,” “response to cytokine,”
“innate immune response,” and others (Fig. 1D and Table S1C). We
conclude that the p53-independent transcriptional response of
HSPCs to IR shares many features of the responses classically
induced by immune and inflammatory stimuli.

GSEA also indicated that the transcriptional response of p53KO-
IR HSPCs is characterized by upregulation of anabolic processes
like “mitochondrial ATP synthesis” and “translational initiation”
(Fig. 3A and Table S1D) and by downregulation of “fatty acid
oxidation” (Fig. 3B and Table S1D). Importantly, these transcrip-
tional signatures were in strong contrast to WT-IR HSPCs, where
we previously noted a global repression of anabolic cellular
processes (Fig. 1E and Table S1D). This further highlights the
distinct transcriptional regulation of the metabolic response to
genotoxic stress in WT and p53KO HSPCs.

Cell Death and Disease (2021)12:923 SPRINGER NATURE
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p53 and HSPC transcriptional landscape under homeostatic
conditions

Comparison of untreated WT and p53KO HSPCs revealed Eda2r
as the only differentially expressed gene (FC =0.18, FDR = 0.035,
Fig. 4A), indicating that p53 maintains Eda2r expression in HSPCs
under homeostatic conditions. Eda2r expression was also p53
regulated post-IR, with Eda2r induced in WT-IR (FC =24, FDR =
4x107") but not p53KO-IR HSPCs (Fig. 4A). ChIP-Seq confirmed
steady-state p53 binding at Eda2r promoter, with increased
binding post-IR (Fig. 4D). In contrast, we did not observe
dysregulation of Gfil or Ndn genes in p53KO HSPCs, either at
steady state or following IR and did not detect p53 binding at
these genes (Fig. 4B, C, E, F), in contradiction to previous reports
[9-11].

Novel mediators of HSPC response to IR

To identify novel p53-target genes, we screened our list of 131
p53-regulated genes (Figs. 1 and 2 and Table S3A), against the list
of KEGG mmu04115 “p53 signaling pathway” genes ([38]; https://
www.genome.jp/kegg/keggl.html) and similar lists from 14
previous studies in other cells, reviewed by Fischer et al. [4].
Additionally, we performed an automated PubMed search for
publications that include each gene name together with the term
“p53” in the title or the abstract of an article. Based on these
criteria, we identified 38 potentially novel p53-target genes in our
data (Table S3B and Fig. S2D). We further focused on “druggable”
genes, with potential for pharmacological modulation of HSPC
response to genotoxic stress, by searching the DGIdb database
(Table S3D) [39]. Based on this, P2rx7 was identified as a novel
p53-target gene, encoding a highly “druggable” protein [19].

P2rx7 is a p53-target gene in HSPCs

P2X7 is a purinergic receptor for extracellular ATP [19], and its role
in p53-dependent hematopoietic response to genotoxic stress has
not been characterized. We demonstrate a p53-dependent
induction of P2rx7 expression in HSPCs with WBI (Fig. 5A), and
p53 binding to the P2rx7 gene promoter (Fig. 5B, C). We further
demonstrate a p53-dependent upregulation of P2X7 protein by
flow cytometry on long-term HSCs and on some multipotent,
myeloid, and erythroid progenitors (Figs. 5D, E and S3A, B). P2X7
induction was most pronounced for erythroid progenitors, as
exemplified by CFU-E cells that express minimal P2X7 at
homeostatic conditions and strongly upregulate P2X7 with WBI
(Figs. 5E and S3A). In contrast, we observed no induction of P2X7
with IR on mature B cells or erythrocytes (data not shown). Overall,
we establish P2rx7 as a p53-target gene in murine HSCs and HSPCs
in the context of WBI.

P2X7 in hematopoiesis at homeostatic conditions

We assessed P2X7 functions in hematopoiesis under homeostatic
conditions, using P2X7-knockout mice (P2X7-KO) [40]. We
observed no significant defects, with normal numbers of HSPCs
and all mature blood cells (Figs. S4-59). We observed a mild but
significant increase in megakaryocyte erythroid progenitors (Fig.
S4A-C) and B cell precursors (Fig. S5) in P2X7-KO bone marrow;
and although corresponding mature cells were unchanged (Figs.
S6 and S9), this may reflect some increase in the capacity for
regeneration of these cells under stress. We further assessed P2X7-
KO HSCs in a chimeric model, with bone marrow from P2X7-KO or
WT mice mixed with CD45.1" competitor marrow in a 1:1 ratio,
and reconstituted into two independent groups of WT B6-SJL
lethally irradiated recipients (Fig. S10A). No differences were
observed in the contribution of P2X7-KO and WT HSCs to
hematopoietic lineages of the recipient mice (Fig. S10B-E).

P2X7 in hematopoietic response to genotoxic stress

To assess P2X7 in the regulation of hematopoietic response to
genotoxic stress, P2X7-KO and WT mice were irradiated at 7 Gy
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and their survival was monitored. Importantly, at this dose
lethality is mediated by hematopoietic failure and can be rescued
through bone marrow transplantation. We observed a significant
delay in the lethality of P2X7-KO relative to WT mice (Fig. 6),
establishing P2X7 as a mediator of hematopoietic response to
acute IR.

To assess P2X7 in long-term HSC response to sublethal IR,
competitive bone marrow chimeras were set-up as previously.
Following full reconstitution, the recipient mice were irradiated at
3.5 Gy, allowed to recover over 30 weeks for full regeneration of
hematopoiesis from the HSC compartment, and analyzed for the
relative contribution of P2X7-KO and WT HSCs to hematopoietic
lineages (Fig. 7A). We observed an enhanced contribution of
P2X7-KO cells to the bone marrow pools of HSCs (Figs. 7B and S11)
and some multipotent, erythroid, and megakaryocyte progenitors
(Fig. 7B, C). P2X7-KO cells also showed stronger contribution to B
and natural killer cell populations and a trend toward enhanced
reconstitution of neutrophils (Fig. 7D, E). These findings demon-
strate the cell intrinsic role of P2X7 in the regulation of HSC fitness
in response to IR.

DISCUSSION

In summary, we have mapped the genome-wide transcriptional
response of murine HSPCs to IR and, using p53 ChIP-Seq and p53-
knockout mice, categorized the p53-dependent and p53-
independent features of this response. We identified multiple
novel p53-regulated genes with potentially interesting roles in
HSC biology. We further established P2rx7 as a novel p53-target
gene in HSPCs and a regulator of HSC fitness in response to IR.

While previous studies analyzed HSC transcriptional response to
WBI [41], the characterization of the p53-dependent and p53-
independent branches of this response is novel to our work. Here
we describe potent p53-independent inflammatory signatures in
HSPCs in response to WBI. Importantly, HSCs are highly responsive
to inflammation [42], with interferons and other mediators driving
HSC loss of quiescence, proliferative exhaustion, or apoptosis
[43, 44]. We therefore propose that the inflammatory transcrip-
tional response of HSPCs may contribute to acute IR-induced
hematopoietic failure and the long-term deleterious effects of
radiotherapy on hematopoiesis [15, 45].

The p53-independent transcriptional responses of HSPCs may
reveal novel approaches to target carcinogenic hematopoietic
cells with p53 mutations [46, 47]. In particular, we show that the
pro-inflammatory transcriptional response of HSPCs to IR is
independent of p53. Synergies between cancer radiotherapy
and immunotherapy are increasingly recognized, as radiotherapy
can stimulate antitumor immunity [48-50]. The growing under-
standing of the crosstalk between genotoxic and inflammatory
stress pathways, specifically in HSPCs, may suggest new
approaches to protect normal or target leukemic HSPCs through
optimized combinations of immunotherapy and radiotherapy.
Similarly, the distinct metabolic transcriptional regulation in WT
and p53KO HSPCs in response to IR, shown here, may also yield
novel strategies for the targeting of p53-deficient HSPCs.

We characterize p53 functions in transcriptional regulation
under homeostatic conditions, via comparison of WT and p53KO
HSPCs (LKS CD150™). Previous studies indicated p53 as a regulator
of Gfil and Ndn expression in HSPCs under homeostatic
conditions, based on microarray analyses in less pure HSPCs
(LKS) and in an Elf4-deficient mouse model [9-11]. These technical
differences may account for the fact that we do not observe p53-
mediated regulation of Gfi1 and Ndn in our study. In contrast, we
report p53-dependent regulation of Eda2r in HSPCs both at steady
state and following IR. While Eda2r is a known p53-regulated gene
in hair follicles [51, 52] and colorectal and ovarian tumors [53-55],
its role in HSPC physiology is unexplored and merits further
investigation. Additionally, we identify p53 binding in the vicinity
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Fig. 5 P2rx7 as a putative novel p53-target gene in HSPC response to irradiation. A Normalized counts per million (CPM) expression of
P2rx7 gene in WT and p53KO HSPCs with and without whole-body irradiation. B Genomic snapshots of P2rx7. ChIP-Seq tracks of p53 in
untreated (UT) and irradiated (IR) hematopoietic progenitor cells Ba/F3 and HPC7, and input DNA from the same cells are shown on the top
five lanes. The gene feature track is shown in the middle. RNA-Seq tracks of the summation of expression in each group are shown in the
bottom four lanes. The maximum data range of each track is indicated at the top-right corner of the track. Red box highlights the p53
consensus binding motif identified at the promoter of the P2rx7 gene. C Enrichment of p53 at the promoter of P2rx7 gene, validated with
ChIP-gPCR in Ba/F3 hematopoietic progenitor cells. p53-regulated genes Bbc3/PUMA and Cdknla/p21 served as positive controls. Data
presented are from one experiment and was reproduced in three independent experiments. D, E P2X7 expression on HSCs and hematopoietic
progenitor cells of WT and p53KO mice, with and without whole-body irradiation (3 Gy, 6 h), analyzed by flow cytometry; mean fluorescence
intensity of the P2X7 staining is plotted for each cell population. Data are from 3 to 4 mice per genotype per condition, consolidated from 2 to
3 independent experiments; bars represent means and standard errors on the mean (SEM); statistical analysis by ANOVA followed by Sidak’s
multiple comparison post hoc test to compare WT versus WT-IR and p53KO versus p53KO-IR datasets; *p <0.05, **p <0.01, or ns not
significant. Cells are gated as: D Lin cKit'Scal® followed by CD1507CD48 CD34 Flt3~ for long-term HSCs (LT-HSCs),
CD150"CD48 CD34'FIt3~ for MPP1, CD150"CD48"CD34'FIt3~ for MPP2, CD150 CD48'CD34*FIt3~ for MPP3, and
CD150 CD48"CD34'FIt3* for MPP4; E Lin cKit"Scal™ followed by CD41 CD16/32 CD1507CD105  for pre-megakaryocyte erythroid
progenitors (pre-MkE), CD34CD16/32~ megakaryocyte erythroid progenitors (MEP), CD41-CD16/32-CD150"CD105™ for pre-CFU-E erythroid
progenitors, and CD41-CD16/32-CD150 CD105" for CFU-E erythroid progenitors; or as Lin"CD71" for the more mature erythroid
precursor cells.
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Fig. 6 Role of P2X7 in hematopoietic response to acute irradia-
tion. P2X7-KO and WT mice were subjected to whole-body
irradiation at the dose of 7 Gy and mouse survival was monitored.
A significant delay in the lethality of P2X7-KO mice relative to WT
control mice is observed. Data are from 14 WT and 20 P2X7-KO mice,
including males and females sex matched between the genotypes;
data are consolidated from two independent experiments; statistical
analyses using Log-rank Mantel-Cox test, p = 0.0006.

of genes encoding critical regulators of hematopoiesis, although
their expression was not p53 regulated either at steady state or
following IR (Table S2D). Polymorphisms in the p53-binding region
of Kitl were implicated in cancer susceptibility in human [56], and
p53 binding at Kitl locus regulates coat pigmentation in mice [57].
We suggest that p53 binding at the genes encoding critical
regulators of hematopoiesis may be functionally significant in
other physiological settings, to be explored in future work.

We identified many novel p53-target genes in HSPCs (Table S3B),
to be characterized in future work, while here P2rx7 was selected
for further functional analyses. WBI drives the release of ATP into
the extracellular milieu [15-18], and we propose that, together
with the p53-driven induction of P2X7 on HSPCs, this contributes
to the depletion of stressed and damaged HSPCs via paracrine
mechanisms. As P2rx7 was not previously characterized as a p53-
target gene, this effect is likely in part cell type specific, and there
are indeed other specialized mechanisms regulating P2rx7 expres-
sion, as, for example, the induction of P2rx7 by C/EBP in intestinal
epithelial cells, by Sp1 in neurons and astrocytes [58, 59], and by
Tet1 and Tet2 in mesenchymal stem cells [60]. Interestingly, in our
work the p53-driven P2X7-induction is most pronounced on HSCs
and erythroid progenitors, suggesting specialized roles of P2X7 in
the stress response of these cells. While our study focuses on WBI,
the role of p53-dependent P2X7 induction in HSC response to
other stresses remains to be explored.

The mechanisms mediating the deleterious effects of P2X7 on
HSPCs remain to be further addressed. Strong induction of P2X7
on HSPCs, together with the protective effects of P2X7 deficiency
in competitive HSC transplantation models, suggest that cell-
intrinsic mechanisms are involved. IR is known to promote the
release of P2X7-agonist ATP [15-18], and P2X7 stimulation or
overexpression can drive HSC mobilization from their niche,
differentiation, and proliferative exhaustion [23-25], with pro-
longed stimulation leading to the formation of nonselective
transmembrane pores and cell death [20]. Similarly, direct
stimulation of P2X receptors on erythroid progenitors can drive
ROS production and apoptosis [61]. While such P2X7-driven
responses likely have a physiological role to eliminate stressed and
damaged HSPCs, they can also contribute to hematopoietic
dysfunction and under acute conditions result in lethal hemato-
poietic failure. It is also interesting to note that P2X7 stimulation
and the resulting potassium efflux are upstream of inflammasome
activation [62]. With the growing understanding of inflammasome
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functions in genotoxic stress responses [63] and in HSPCs [64], the
crosstalk between the p53-driven P2X7 expression, inflammasome
activation, and loss of HSPC fitness will need to be explored.

The protective effects of P2X7 deficiency in IR-driven hemato-
poietic failure and in HSC maintenance following sublethal IR,
shown here, suggest P2X7 as a drug target for modulation of HSC
responses to genotoxic stress. Importantly, relevant P2X7 antago-
nists are available and have shown efficacy in rodent models of
inflammatory, neurological, and other conditions [19]. AZD9056
has also undergone clinical trials, showing efficacy in Crohn's
disease, but not rheumatoid arthritis or chronic obstructive
pulmonary disease [65-67]. Importantly, the loss or inhibition of
P2X7 was also shown to repress the self-renewal of leukemia-
initiating cells and to inhibit leukemogenesis in acute myeloid
leukemia mouse models [21, 22, 68], providing further rationale to
explore P2X7 antagonists as part of cancer therapy regimens.
Whether P2X7 antagonists can also offer protection against the off-
target toxicities of radiotherapy remains to be further explored.
Interestingly, P2rx7 gene is polymorphic in human [26], and our
study suggests that this may impact the hematopoietic response
to genotoxic stress. p53 activation is also a feature of several bone
marrow failure disorders [69-71], and whether this promotes P2X7
induction to affect hematologic pathology is at present unknown.
These and other implications of our findings to human hematopoi-
esis in a clinical setting are to be explored in future work.

MATERIALS AND METHODS

Mouse lines

WT, P2X7-KO, and p53-KO mice, all on the C57BL/6J genetic background,
were obtained from The Jackson Laboratory (JAX002101, JAX005576, and
JAX000664) [40], and maintained under specific pathogen-free conditions.
Adult mice of both sexes were used in the experiments and always age
and sex matched across all the experimental groups. The number of mice
used in each experiment and experimental repeats are presented in the
figure legends; no specific statistical methods were used to select samples
sizes; no samples/animals were excluded from the analyses; no randomiza-
tion was used to allocate samples/animals to experimental groups; and the
investigator was not blinded to the group allocation of samples/animals.
Genotypes of all animals were validated with genomic PCR, using
DreamTag DNA Polymerase (Thermo Fisher Scientific) and primers from
IDT Technologies. Both male and female mice were used in the study and
sex matched across the experimental groups.

Mouse WBI

Mouse WBI was performed in a RS2000 irradiator (Rad Source), and the
mice were kept on neomycin in drinking water (2 g/L, BioShop) for 3 weeks
following the procedure.

Mouse bone marrow transplantation

For competitive bone marrow transplantations, recipient WT B6.SJL-Ptprca-
Pepcb/Boy (JAX002014, congenic for CD45.1) mice were irradiated with 2
doses of 4.5 Gy, delivered 3 h apart, in a R52000 irradiator (Rad Source). Donor
cells were delivered via intravenous injection in sterile phosphate-buffered
saline (PBS). The mice were kept on neomycin in drinking water (2g/L,
BioShop) for 3 weeks and analyzed at >20 weeks post-reconstitution.

Cell culture

Murine B cell progenitor cell line Ba/F3 (DSMZ, ACC 300) was maintained at
0.5-2 % 10° cells/mL in RPMI-1640 (Wisent) with 10% fetal calf serum (FCS,
Wisent), 2mM L-Glutamine, 100 pg/mL streptomycin, 100 U/mL penicillin
(Wisent), and 5% WEHI conditioned media as the source of interleukin-3.
Multipotent hematopoietic progenitor cells HPC7, derived from murine ES-
cells via constitutive expression of LIM-homeobox gene LH2, were provided
by Professor Leif Carlsson (Umea Center for Molecular Medicine, Umea,
Sweden) [27] and previously extensively characterized [72]. HPC7 cells were
cultured at 0.5-2 x 10° cells/mL in IMDM (Life Technologies), with 10% FCS
(Gibco, Life Technologies), 100 ug/mL streptomycin, 100 U/mL penicillin
(Wisent), 7.48x10°M MTG (M6145, Sigma-Aldrich), and 100 ng/mL
murine stem cell factor (Shenandoah Biotechnology, Cedarlane).
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RNA sequencing 2500 sequencer in paired-end 50bp configuration. The high quality of
The protocols were as previously described [28, 32]. Briefly, RNA was isolated sequence reads was confirmed using the FastQC tool (Babraham Bioinfor-
using the MagMAX Total RNA Kit (Ambion, Life Technologies) and quality matics), and low-quality bases were trimmed from read extremities using

assessed using Bioanalyzer RNA Pico chips (Agilent). rRNA depletion and Trimmomatic v.0.33 [73]. Reads were then mapped to the mouse UCSC mm9
library preparation were performed using the SMARTer Stranded RNA-Seq Kit reference assembly using TopHat v2.0.9 in conjunction with Bowtie 1.0.0
(Takara Clontech). The libraries were sequenced on an lllumina HiSeq algorithm [74-76]. Gene expression was quantified by counting the number
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Fig. 7 Assessing the role of P2X7 in the long-term HSC response and resistance to sublethal irradiation, using a competitive bone
marrow transplantation model. Bone marrow from P2X7-KO or WT mice was mixed with CD45.1-marked competitor bone marrow in a 1:1
ratio and reconstituted into two independent groups of lethality irradiated wild-type B6-SJL recipients. Following full reconstitution, the
recipient mice were subjected to a sublethal irradiation at 3.5 Gy, allowed to recover over a 30-week period, and subsequently analyzed for the
relative contribution of P2X7-KO and WT HSCs to hematopoietic lineages. The frequency of CD45.27CD45.1~ cells within each cell population is
presented. Data are from 3 to 5 mice per group; bars represent means and standard errors on the mean (SEM); statistical analysis by Student’s t
test; *p < 0.05, **p < 0.01, or not significant if significance is not indicated. A Schematic representation of the mouse to mouse competitive bone
marrow transplantation study. B Relative contribution of P2X7-KO and WT cells to the HSC and multipotent progenitor (MPP) cell populations in
mouse bone marrow. Cells are gated as: Lin cKit*Scal™ followed by CD150"CD48 CD34 FIt3~ for LT-HSCs, CD150"CD48 CD34'FIt3~ for
MPP1, CD150"CD48"CD34 FIt3~ for MPP2, CD150 CD48"CD34'FIt3~ for MPP3, and CD150 CD48"CD34'FIt3" for MPP4. C Relative
contribution of P2X7-KO and WT cells to the erythroid and megakaryocyte progenitor cell populations in the mouse bone marrow. Cells are
gated as Lin cKit'Scal~ followed by CD41 CD16/32 CD150"CD105  for pre-megakaryocyte erythroid progenitor (pre-MkE), CD16/
327CD1507CD41% for megakaryocyte progenitor (MkP), CD41-CD16/32-CD150"CD105" for pre-CFU-E erythroid progenitor, CD41-CD16/
32°CD150 CD105" for CFU-E erythroid progenitor, and CD71% for the more mature erythroid precursor cells. D Relative contribution of P2X7-
KO and WT cells to the myeloid leukocyte cell lineage in the mouse bone marrow. Cells are gated as Lin cKit"Scal~ followed by
CD34"CD16/32™ for the common myeloid progenitor (CMP) and CD34'CD16/32" for the granulocyte monocyte progenitor (GMP),
CD11b"Ly6G Ly6C" for monocytes, and CD11b*Ly6G " Ly6C ™ for neutrophils. E Relative contribution of P2X7-KO and WT cells to lymphoid cell

populations in the mouse spleen. Cells are gated as B220" for B cells, CD37CD4" and CD31CD8™" for T cells, and CD3'NK1.1" for NK cells.
<

of uniquely mapped reads with featureCounts using default parameters [77].
We retained genes that had an expression level of minimum 5 counts per
million reads in at least three of the samples and performed quantile
normalization with the preprocessCore package to remove batch effects [78].
Dimension reduction analysis was performed using the principal component
analysis method [79]. TMM normalization and differential gene expression
analyses were conducted using the edgeR Bioconductor package version
3.20.9 [80]. Pairwise comparisons were performed between samples across
different mouse genotypes. Genes with changes in expression >|2| folds and
Benjamini-Hochberg adjusted p values <0.05 were considered significant. For
data visualization in Integrative Genomics Viewer (IGV) [81], replicates with the
same genotype were combined, and bigwig files were generated using a
succession of genomeCoverageBed and wigToBigWig tools and scaled per
one million exon-mapped reads. GO and disease ontology enrichment
analyses on differentially expressed gene clusters were performed with DAVID
Bioinformatics Resources 6.8 [82], and GSEA was performed in command-line
using MSigDB v6.0 with default configuration and permutation within gene
sets [83]. Automated PubMed search for publications that include gene name
together with the term “p53” in the title or the abstract of an article was
performed using Entrez Direct tool (https://www.ncbi.nlm.nih.gov/books/
NBK179288). We searched for “druggable” genes using the DGIdb database
(https://www.dgidb.org/).

Chromatin immunoprecipitation

ChIP was performed as described previously [28, 32], with minor modifica-
tions. Briefly, cells were fixed with 1% formaldehyde in the culture media for
10 min at room temperature, followed by addition of 0.125M of glycine to
stop fixation. Nuclei were extracted with 5min lysis in 0.25% Triton buffer
(10 mM Tris-HCI pH8, 10 mM EDTA, 0.5 mM EGTA), followed by 30 minutes in
200 mM Nadl buffer (10 mM Tris-HCl pH8, 1 mM EDTA, 0.5 mM EGTA). Nuclei
were resuspended in sonication buffer (10 mM Tris pH8, 140 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 0.5% sodium dodecyl sulfate (SDS), 0.5% Triton X-100,
0.05% NaDOC) and sonicated for 14 cycles of 30s with a digital sonifier
(Branson Ultrasonics) at 80%, with 30's rest in cooled circulating water. Beads
were prepared overnight with 40 pL of Dynabeads Protein G (Invitrogen, Life
Technologies) conjugated to 5ug of antibody against p53 (1C12, Cell
Signaling Technology) or H3K27ac (ab4729, Abcam). Immunoprecipitation
was performed by overnight incubation of antibody-bead matrices with
sheared chromatin from the equivalent of 5 x 10° cells. Immune complexes
were washed sequentially for 2 min at room temperature with 1 mL of the
following buffers: wash B (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM
EDTA, and 20 mM Tris-HCl, pH 8), wash C (1% Triton X-100, 0.1% SDS, 500 mM
NaCl, 2 mM EDTA, and 20 mM Tris-HCl, pH 8), wash D (1% NP-40, 250 mM LiCl,
1 mM EDTA, and 10 mM Tris-HCl, pH 8), and TEN buffer (50 mM NaCl, 10 mM
Tris-HCl, pH 8, and 1mM EDTA). The samples were de-crosslinked by
overnight incubation at 65 °C in 1% SDS buffer (50 mM Tris-HCl pH8, 10 MM
EDTA). Following RNaseA and Proteinase K enzymatic treatments, ChIP DNA
was purified using the Qiaquick PCR Cleanup Kit (Qiagen).

ChIP-quantitative PCR (qPCR)

ChIP enrichment was quantified on a StepOnePlus qPCR instrument with
Power SYBR Mastermix (Applied Biosystems, Life Technologies) and primers
provided in Supplemental Table S4 (IDT Technologies). All Gy values were
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normalized to those of the pro-opiomelanocortin (Pomc) gene, which serves as
a negative binding region. Enrichment was calculated relative to input DNA.

ChIP sequencing

ChIP-Seq libraries were prepared using the lllumina TruSeq Kit and sequenced
on an lllumina HiSeq 2500 sequencer, with input DNA from the same cells
sequenced as negative control. The reads were mapped to the UCSC mouse
mm9 reference genome with Bowtie 1.0.0 [75], and p53-binding sites were
identified using peak detection algorithm MACS1.4 [84], with comparisons for
read enrichment against control input DNA from the same cells. Normalized
sequence read density profiles (bigwig) were generated with Homer tool [85]
and visualized with IGV [81]. GO and disease ontology enrichment analyses on
genes associated with p53 ChIP-Seq binding clusters were performed on
GREAT 4.0.4 [37] with Basal plus extension option.

ChIP-Seq and RNA-Seq data consolidation

Full gene annotations were obtained from UCSC mouse mm9 reference
genome. An in-house Python script was developed to load the genomic
locations of ChIP-Seq binding sites and RNA-Seq dysregulated genes and
search for gene TSSs within a specific distance to each ChIP-Seq binding
site. RNA-Seq and ChlIP-Seq datasets acquired and described in our study
have been deposited into the NCBI public database and are available
under GEO Submission GSE171697. Input ChIP-Seq are submitted in
GSE150667 and previously described [32].

Cell sorting

Cell sorting protocols were as previously described [28, 32]. Briefly, bone
marrow was flushed in PBS supplemented with 0.1% bovine serum
albumin and 2mM EDTA, filtered through 40 um cell strainers, and
subjected to red blood cell lysis in ACK buffer (0.15M NH,Cl, 10 mM
KHCOs, 0.1 mM EDTA). The samples were stained with biotin anti-mouse
Lineage Panel (BioLegend), PE-Cy7 cKit (clone 2B8, BioLegend), APC-Cy7
Sca-1 (D7, BioLegend), FITC CD48 (HM48-1, eBioscience), APC CD150 (TC15-
12F12.2, BioLegend), PE FIt3 (A2F10, eBioscience), Brilliant Violet 421 CD34
(RAM34, BD Biosciences), and streptavidin-PECy5 (BioLegend). Cell sorting
was performed on FACSAria, with the FACS Diva software (BD Biosciences).

Flow cytometry

Cell suspensions of mouse tissues were prepared in RPMI-1640 (Wisent)
with 2% (v/v) FCS, 100 pg/mL streptomycin and 100 U/mL penicillin
(Wisent). The cells were stained for surface markers in PBS with 2% FCS for
20 min on ice, using antibodies listed in Supplemental Tables S5 and S6.
Viability Dye eFluor® 506 (eBioscience) was used to discriminate dead cells.
Annexin V PeCy7 (eBioscience) was used for detection of apoptotic cells.
Compensation was performed with BD™ CompBeads (BD Biosciences). The
data were acquired on BD Fortessa and analyzed with the FACS Diva (BD
Biosciences) or the FlowJo (Tree Star) software.

Mouse hematology

Hematology analysis of mouse blood was performed by the Diagnostics
Laboratory of the McGill Comparative Medicine Animal Resources Centre
(CMARCQ), as previously described [32].
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Statistics

Statistical analyses used Prism 7.01 (GraphPad Inc.), with Student’s two-
tailed t test for two datasets and analysis of variance for multiple
comparisons; p < 0.05 was considered significant. Further information on
the statistical analyses is provided above for RNA-Seq and ChlIP-Seq data
and in the figure legends for other datasets.

DATA AVAILABILITY

RNA-Seq and ChlIP-Seq datasets acquired and described in our study have been
deposited into the NCBI public database and are available under GEO Submission
GSE171697. Input ChiIP-Seq are submitted in GSE150667 and previously described
[32]. All other data are either presented in the manuscript or available from the
corresponding author upon request.

CODE AVAILABILITY
The bioinformatics software and their original codes are referenced in the “Methods”
section. The specific instructions for using the software are available upon request.
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