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Nucleotides mediate intercellular communication by activating
purinergic receptors and take part in various physiological and
pathological processes. Abnormal purinergic signaling plays impor-

tant roles in malignant progression. P2X7, which belongs to the P2X family
of purinergic receptors, is abnormally expressed in various types of malig-
nancies including leukemia. However, its role and molecular mechanism of
action in leukemia have not been elucidated. Here, we analyzed the corre-
lation between P2X7 expression and clinical outcome in acute myeloid
leukemia (AML); we explored the role and mechanism of P2X7 in AML
progression by using mouse AML, nude mouse xenograft and patient-
derived xenograft models. High levels of P2X7 expression were correlated
with worse survival in AML. P2X7 was highly expressed in MLL-
rearranged AML and accelerated the progression of this type of AML both
by promoting cell proliferation and by increasing leukemia stem cells.
Furthermore, P2X7 caused upregulation of Pbx3 which might account for
its pro-leukemic effects. The P2X7-Pbx3 pathway might also contribute to
the progression of other types of leukemia as well as solid tumors with
high levels of P2X7 expression. Our study provides new insights into the
progression of malignancy caused by abnormal purinergic signaling.
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ABSTRACT

Introduction

Aberrant cell signaling, caused by both genetic and epigenetic abnormalities,
plays a vital role in the pathogenesis and development of malignancies.1

Nucleotides, which have been suggested to be extracellular messengers for
decades, play important roles under various physiological and pathological condi-
tions by activating purinergic receptors.2 P2X7, the latest cloned member of the P2X
family of purinergic receptors, is abnormally expressed in solid tumors.3 Calcium-
triggered activation of the PI3K/AKT pathway and downstream ERK1/2 or P38 has
been suggested to be involved in P2X7-dependent growth and invasiveness in solid
tumors.4,5 Subsequently, the increased release of tumor necrosis factor-α, vascular
endothelial growth factor, matrix metalloproteinases or substance P was found to
favor the proliferation, infiltration and metastasis of tumor cells. Abnormal expres-
sion of P2X7 was detected in patients with leukemia, especially those with relapsed
acute leukemia and evolutive B-cell chronic lymphocytic leukemia (CLL).6-8

Furthermore, a hyposensitive P2X7 mutant was cloned from leukemia cells.9,10

These results imply that abnormal P2X7 signaling plays a role in leukemia. We
recently demonstrated that overexpression of P2X7 could not transform normal
hematopoietic stem/progenitor cells into leukemia cells.11 However, the role and
mechanism of action of P2X7 in leukemia progression have not been elucidated.
Diverse endogenous and microenvironmental abnormalities contribute to the

pathogenesis and progression of highly heterogeneous leukemias.12-15 Chromosomal
translocations involving the mixed lineage leukemia (MLL) gene are detected in
nearly 80% of infants and 10% of adults with acute leukemia, and these patients
often have unfavorable clinical outcomes.16 Although more than 70 partners have



been identified in MLL-rearranged leukemia, the most
common translocation partners are AF4, AF9, ENL, AF10
and ELL.17 Among these, MLL-AF9 accounts for approxi-
mately 30% of cases of MLL-rearranged acute myeloid
leukemia (AML).18 Given the broad range of partners, dif-
ferent mechanisms by which MLL fusion proteins cause
leukemia have been suggested, with abnormalities in the
epigenetic regulatory network being considered the most
important events.19 Nevertheless, constitutive activation of
homeobox (HOX) genes by fusion proteins is suggested as
the central mechanism causing aberrant self-renewal in
many MLL-rearranged cases of leukemia.20 HOX proteins
form cooperative DNA binding complexes with other
atypical homeodomain proteins, such as PBX and MEIS,
which belong to the three-amino-acid loop extension
(TALE) family.21 HOXA7, HOXA9 and cofactor MEIS1 are
suggested to be key mediators in the transformation
caused by MLL rearrangements.22 Notably, increased
expression of HOX proteins and their cofactors has also
been detected in other leukemia subtypes.23
Overexpression of the Hox gene with Meis induces leuke-
mogenesis.24 Furthermore, coexpression of PBX3 and
MEIS1 is sufficient to transform normal hematopoietic
stem/progenitor cells and induce AML in mice.25 Hence,
dysfunction of these factors plays important roles in differ-
ent subtypes of leukemia.
Although P2X7 was suggested to have adverse effects in

leukemia, the molecular mechanism has not been eluci-
dated. In this study, we analyzed the correlation between
P2X7 expression and clinical outcome and explored the
mechanism of action of P2X7 in leukemia progression
using mouse AML, nude mouse xenograft and patient-
derived xenograft models. High levels of expression of
P2X7 were correlated with worse survival in AML.
Furthermore, P2X7 accelerated AML progression by pro-
moting proliferation and increasing leukemia stem cells
(LSC). Moreover, Pbx3 mediated the effects of P2X7.

Methods

Patients’ samples
Bone marrow samples were collected from 20 newly diagnosed

AML patients (Online Supplementary Table S1) and 12 normal
donors at the Blood Diseases Hospital, Chinese Academy of
Medical Sciences and Peking Union Medical College with
informed consent (ethical review approval number KT2018045-
EC-2). 

Mouse acute myeloid leukemia models
All animal experiments were approved by the Animal Care and

Use Committee at the institution.
To establish a mouse AML model overexpressing P2X7, GFP+

cells were sorted from mice with MLL-AF9-induced AML15 and
infected with blank or pMSCV-P2X7 retrovirus. GFP+BFP+ cells
were sorted and transplanted into C57BL/6J mice by intravenous
tail injection. These cells were named MA9 and MA9-P2X7 cells,
and the corresponding AML mice were named MA9 and MA9-
P2X7 mice, respectively.
To establish mouse Pbx3 knockdown (KD) AML models, MA9-

P2X7 cells were infected with pLV-SC or pLV-mPbx3sh1
lentiviruses. GFP+BFP+RFP+ cells were sorted and transplanted into
C57BL/6J mice. These cells were named MA9-P2X7-SC and MA9-
P2X7-mPbx3sh1, and the corresponding AML mice were named
MA9-P2X7-SC and MA9-P2X7-mPbx3sh1 mice, respectively.

Characterization of MLL-AF9-induced acute myeloid
leukemia mouse models overexpressing P2X7
In most experiments, 3×105 MA9 or MA9-P2X7 cells were

transplanted. In limiting-dilution transplantation experiments,
1×102, 1×103 and 1×104MA9 or MA9-P2X7 cells were transplanted
(n≥7). In Pbx3 KD experiments, 1×103 GFP+BFP+RFP+ leukemia cells
were transplanted (n=12). Leukemia cells in the peripheral blood,
bone marrow and spleen were monitored, and the survival of
mice was recorded. The cell cycle stage and apoptosis rate of
freshly sorted leukemia cells were studied. In homing experi-
ments, 9×106 leukemia cells were transplanted, and mice were sac-
rificed 16 h later (n=4). Total bone marrow and spleen cells were
counted, and the proportion of leukemia cells was determined by
flow cytometry.

Microarray studies
MA9, MA9 c-Kit+, MA9 c-Kit- and MA9-P2X7 cells were sorted

by FACS. The microarrays were carried out by Oebiotech using
Agilent Mouse Gene Expression (Format: 8*60K, Design ID:
028005). Feature Extraction software (version 10.7.1.1, Agilent
Technologies) was used to obtain raw data, and Genespring soft-
ware (version 12.5; Agilent Technologies) was used for the basic
analysis. The raw data were normalized with a quantile algo-
rithm. Fold-change ≥2.0 was used as the cutoff for screening for
differentially expressed genes (DEG). The K-Mean cluster was
analyzed by MeV 4.8.1, and the Venn diagram was analyzed
online (http://bioinfogp.cnb.csic.es/tools/venny/). Gene set enrichment
analysis was used to determine the biological functions or path-
ways primarily affected by the DEG. The datasets are available in
the NCBI Gene Expression Omnibus (GEO) database (GSE92969).

Statistical analysis
The results are represented as means ± standard error of mean.

GraphPad Prism 6.0 (San Diego, CA, USA) and SPSS 16.0 (SPSS,
Chicago, IL, USA) were used. An unpaired Student t test was used
for comparisons between two groups, whereas one-way analysis
of variance was used for comparisons among multiple groups.
Survival curves were produced using Kaplan-Meier estimates. The
results for the limiting-dilution transplantation assays were com-
pared using extreme limiting dilution analysis (ELDA). P<0.05 was
considered statistically significant.
Additional experimental procedures are described in the Online

Supplementary Appendix.

Results

High levels of P2X7 expression correlate with worse
prognosis in patients with acute myeloid leukemia
In this study we used several public free databases and

datasets to analyze the expression of P2X7 and the corre-
lation between P2X7 and other genes. The detailed char-
acteristics of patients (in some cases including the type of
treatment received) can be accessed from the websites
summarized in Online Supplementary Table S2. To deter-
mine the overall expression pattern of P2X7 in hematopoi-
etic malignancies, a large-cohort leukemia microarray
dataset (GSE13204, n=1,962) was analyzed. P2X7 expres-
sion was significantly higher in AML and CLL but lower
in acute B-cell lymphoblastic leukemia (B-ALL) and chron-
ic myelogenous leukemia than in normal controls (Figure
1A). We detected its expression in 20 newly diagnosed
AML patients (Online Supplementary Table S1) showing
that its expression was higher in AML than in normal
bone marrow (Figure 1B). To further assess its clinical sig-
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nificance, AML cases from The Cancer Genome Atlas
(TCGA) datasets were divided into P2X7high and P2X7low
groups according to the median value of P2X7. The main
characteristics of the patients and the types of treatment
received in the two groups are shown in Online
Supplementary Table S3. The overall survival and disease-
free survival rates in the P2X7high group were significantly

lower than those in the P2X7low group (Figure 1C and D).
Analysis of different AML subtypes with cytogenetic
abnormalities from GSE13204 demonstrated that the
highest levels of P2X7 were observed in AML with
t(11q23) (Figure 1E). Similar results were also obtained
from the TCGA datasets (n=144) and GSE6891 dataset
(n=355), although the level of P2X7 was not the highest
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Figure 1. Expression of P2X7 in patients with hematopoietic malignancies. (A) The relative expression of P2X7 (from microarray experiments) in T-cell acute lym-
phoblastic leukemia (T-ALL), B-cell acute lymphoblastic leukemia (B-ALL), acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), chronic myeloid
leukemia (CML), myelodysplastic syndrome (MDS) and normal control bone marrow (nBM) was obtained from GSE13204. (B) The relative expression of P2X7 in newly
diagnosed AML and nBM samples from the Blood Diseases Hospital was determined by assessed by quantitative real-time polymerase chain reaction. (C, D) Using
data on AML patients from The Cancer Genome Atlas datasets (https://tcga-data.nci.nih.gov/tcga), the overall survival (C) and disease-free survival (D) of AML
patients, divided into P2X7high and P2X7low groups according to the median value of P2X7, were compared by Kaplan-Meier analysis. (E) The relative expression of
P2X7 in AML patients with normal karyotype (NK), complex karyotype (CK), inv(16), t(11q23), t(15;17), t(8;21) or nBM was obtained from GSE13204. (F) The relative
expression of P2X7 in B-ALL with t(11q23), AML with t(11q23) and nBM was obtained from GSE13204. The dashed lines in (A) and (E) represent the median P2X7
expression in nBM (y=0.28). Bars represent the mean ± standard error of mean. *P<0.05; **P<0.01; ***P<0.001; unpaired Student t test and one-way analysis
of variance.
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(Online Supplementary Figure S1A and B). Furthermore,
analysis of GSE13204 revealed that P2X7 expression was
higher in t(11q23) AML than in t(11q23) B-cell acute lym-
phoblastic leukemia (Figure 1F). An overview from
BloodSpot confirmed that P2X7 was highly expressed in
MLL-rearranged AML (Online Supplementary Figure S1C).
These findings suggest that high levels of P2X7 expression
correlate with worse prognosis in AML and that P2X7 is
highly expressed in MLL-rearranged AML.

Overexpression of P2X7 promotes the progression of
MLL-rearranged acute myeloid leukemia
To study its significance in MLL-rearranged AML, P2X7

was overexpressed or suppressed in THP1 cells.
Overexpression of P2X7 resulted in increased prolifera-
tion in vitro (Figure 2A and B). Suppression of P2X7 by
either shRNA (Online Supplementary Figure S2A) or the
inhibitor A740003 inhibited cell proliferation in vitro
(Figure 2C-E). Furthermore, intratumoral administration
of A740003 attenuated tumor formation in a nude mouse
xenograft model (Figure 2F, Online Supplementary Figure
S2B). These results suggest that high levels of P2X7
expression promote the progression of MLL-rearranged
AML.
To further study the role of P2X7 in the progression of

MLL-rearranged AML, the retrovirus pMSCV-P2X7-BFP
was constructed. MLL-AF9-induced AML cells were

infected with blank or recombinant retrovirus to con-
struct AML mouse models (Figure 3A, Online
Supplementary Figure S3A). All mice suffered from
leukemia, and the AML cells from both models were
GFP+BFP+ (Online Supplementary Figure S3B and C). The
expression of P2X7 was verified by quantitative real-time
polymerase chain reaction (qRT-PCR) analysis, western
blot and immunofluorescence (Figure 3B). The function of
P2X7 was further verified by measurement of the intra-
cellular free Ca2+ concentration upon stimulation with
BzATP, a specific P2X7 agonist, with or without KN62, a
specific P2X7 inhibitor (Figure 3C). MA9 and MA9-P2X7
cells were both CD3–B220–. However, most MA9-P2X7
cells were Gr1+CD11b+F4/80+, and approximately 2% of
MA9-P2X7 cells were CD115+, whereas the rates of posi-
tivity for Gr1, CD11b, F4/80 and CD115 in MA9 cells
were 39.3%, 72.2%, 17% and 13.7%, respectively
(Online Supplementary Figure S3D). Furthermore, MA9-
P2X7 cells showed a more immature morphology, such as
a larger cell size and less cytoplasm (Online Supplementary
Figure S3E). More leukemia cells were detected in the
bone marrow and spleen on day 10 in MA9-P2X7 mice
(Figure 3E), and this was verified by hematoxylin & eosin
staining of sections on day 12 (Online Supplementary Figure
S3F). Importantly, the survival of MA9-P2X7 mice was
shorter than that of MA9 mice (median 17.5 days vs. 25
days, respectively) (Figure 3D).

Pro-leukemic effects of P2X7
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Figure 2. P2X7 promotes proliferation of THP1 cells. (A, B) THP1 cells were infected with blank retrovirus or retrovirus carrying P2X7. Forty-eight hours after infection,
cells were sorted, the expression of P2X7 was determined by quantitative real-time polymerase chain reaction (qRT-PCR) (A), and cell proliferation was evaluated by
an MTS assay (B). (C, D) THP1 cells were infected with blank lentivirus or lentivirus carrying shRNA against P2X7. Forty-eight hours after infection, the expression of
P2X7 was determined by qRT-PCR (C), and cell proliferation was evaluated by an MTS assay (D). (E) Proliferation of THP1 cells with or without addition of A740003
in vitro was measured by an MTS assay. (F) The effects of P2X7 inhibition on the oncogenicity of THP1 cells were studied by comparing the consequences of intra-
tumoral administration of A740003 or phosphate-buffered saline (PBS) in a nude mouse xenograft model. The experimental design is shown in the upper panel.
Mice were sacrificed on day 23. Tumor volumes (lower left panel) and weights (lower middle panel) are plotted, and the typical size of tumors is shown (lower right
panel). The results are from three independent experiments. Bars represent the mean ± standard error of mean. *P<0.05; **P<0.01; ***P<0.001; unpaired
Student t test and one-way analysis of variance.
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Figure 3. P2X7 accelerates leukemia progression in the mouse model of MLL-AF9-induced acute myeloid leukemia. (A) Experimental design for the establishment
of a mouse model of MLL-AF9-induced acute myeloid leukemia (AML) overexpressing P2X7 (MA9-P2X7). (B) Mice were sacrificed, and GFP+BFP+ AML cells were sort-
ed by flow cytometry. The expression of P2X7 was studied by quantitative real-time polymerase chain reaction (qRT-PCR) (left), western blot (middle) and confocal
microscopy (right). The relative expression of P2X7 protein normalized to GAPDH is provided. P2X7 was stained with DylightTM649 (red), and nuclei were visualized
with DAPI (blue). (C) The activity of P2X7 was verified by measurement of intracellular free Ca2+ concentration upon activation. Arrows indicate the addition of 100
mΜ BzATP. (D, E) GFP+BFP+ leukemia cells (3×105) were transplanted into recipient mice. Kaplan-Meier curves show the survival of leukemic mice (D), and the dis-
tribution of leukemia cells in peripheral blood (PB), bone marrow (BM) and spleen was determined every 5 days (n=3) (E). Bars represent the mean ± standard error
of mean. *P<0.05; **P<0.01; ***P<0.001; unpaired Student t test.

D

B

C

E

A



Overexpression of P2X7 promotes proliferation of MLL-
AF9-induced acute myeloid leukemia cells
The homing capability of leukemia cells was first stud-

ied to explore the mechanism. Unexpectedly, fewer AML
cells (both as a proportion and in absolute numbers) were
detected in the bone marrow and spleen of MA9-P2X7

mice than of MA9 mice, suggesting that P2X7 inhibited
the homing of AML cells (Figure 4A). Next, cell prolifera-
tion and apoptosis were studied. An in vivo BrdU incorpo-
ration assay demonstrated that more S and G2/M phase
but fewer G0/G1 phase cells were detected in MA9-P2X7
than in MA9 mice (Figure 4B). Ki67/Hoechst 33342 stain-

Pro-leukemic effects of P2X7
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Figure 4. Characteristics of MA9-P2X7 cells. (A) The proportion (left panel) and total number (right panel) of GFP+BFP+ cells in the bone marrow (BM) and spleen
were determined 16 h after the intravenous injection of  9×106 acute myeloid leukemia (AML) cells into recipient mice (n=4). (B) Leukemic mice were sacrificed 16
h after intraperitoneal injection of 200 mg of bromodeoxyuridine (BrdU). Leukemia cells were sorted and stained with BrdU-APC antibody and 7AAD. The gating strat-
egy for G0/G1 (bottom left), S (top) and G2/M (bottom right) cells is shown (top panel). The percentages of these cells are plotted (n=3) (bottom panel). (C) Leukemia
cells were sorted and stained with Ki67 and Hoechst 33342. The gating strategy for G0 (bottom left), G1 (top left), and S/G2/M (top right) is shown (top panel). The
percentages of these cells are plotted (n=3) (bottom panel). (D) Leukemia cells were stained with annexin V and propidium iodide (PI). The gating strategy for early
(bottom right) and late (top right) phase apoptotic cells is shown (top panel). The percentage of annexin V+ cells is plotted (n=3) (bottom panel). (E, F) Leukemic mice
were treated twice with cytarabine (Ara-C) following the experimental design (E, upper panel). The percentages of peripheral blood leukemia cells before (days 6 and
11) and after (days 14 and 19) Ara-C treatments are plotted (E, bottom panel). Kaplan-Meier curves show the survival of the leukemic mice (F). Bars represent the
mean ± standard error of mean. *P<0.05; **P<0.01; ***P<0.001; unpaired Student t test and one-way analysis of variance.

DB C

E

F

A



ing also showed similar results (Figure 4C). However, the
rate of apoptosis of freshly isolated leukemia cells from
the two groups was not significantly different (Figure 4D).
We then assessed the response of the leukemic mice to
cytarabine (Ara-C) treatment. After administration of a
single dose of Ara-C to leukemic mice (with approximate-
ly 5% leukemia cells in peripheral blood), a more dramatic
decrease in leukemia cells was observed in MA9-P2X7
mice than in MA9 mice. Following administration of mul-
tiple doses of Ara-C to leukemic mice (with approximate-
ly 10% leukemia cells), there were fewer leukemia cells in
the peripheral blood in MA9-P2X7 mice than in MA9 mice
at 48 h. Furthermore, more apoptotic cells were detected
in the bone marrow of MA9-P2X7 mice than of MA9 mice
(Online Supplementary Figure S4A and B). These results
demonstrate that MA9-P2X7 cells are more sensitive to
Ara-C treatment. To study whether MA9-P2X7 mice have
survival advantages after Ara-C treatment, leukemic mice
were given Ara-C twice. Although peripheral blood
leukemia cell counts were decreased to almost identical
levels in MA9 and MA9-P2X7 mice on day 14, the counts
in MA9-P2X7 mice increased more rapidly, so that they
were significantly higher on day 19 than in MA9 mice
(Figure 4E), and MA9-P2X7 mice had a shorter survival
than MA9 mice (Figure 4F). Moreover, the median survival
was extended by 9.5 days (35.2%) in MA9 mice but by
only 3.5 days (20.0%) in MA9-P2X7 mice. These results
indicate that P2X7 promotes the proliferation of AML cells
and imply that there are more LSC in MA9-P2X7.

Overexpression of P2X7 increases leukemia stem cell
levels in MLL-AF9-induced acute myeloid leukemia
In vitro colony-forming ability was assessed to deter-

mine the self-renewal potential of leukemia cells. The
MA9-P2X7 cells formed more colonies than did the MA9
cells (Figure 5A). The colonies were classified into three
types:26 type A colonies, which had a compact center;
type B colonies, which had a dense center surrounded by
a halo of migrating cells; and type C colonies, which con-
sisted of many diffuse differentiating cells (Online
Supplementary Figure S5A, left). MA9-P2X7 cells formed
more type A, type B and type C colonies than did MA9
cells, especially type A colonies (Online Supplementary
Figure S5A, right). High levels of LSC are associated with
poor prognosis in AML. Limiting dilution transplantation
experiments were used to analyze LSC frequency. In the
groups transplanted with 103 cells, 100% of the MA9-
P2X7 mice and 40% of the MA9 mice died from AML.
Furthermore, 20% of the MA9-P2X7 mice and 0% of the
MA9 mice suffered from AML in the groups given 102
cells (Figure 5B). The frequency of LSC was estimated to
be 1/2088 in MA9 cells and 1/288 in MA9-P2X7 cells; this
represents a 7.25-fold increase in functional LSC in MA9-
P2X7 cells (Figure 5C). c-Kit, an important marker for
LSC, was detected. Most MA9-P2X7 cells were c-Kit+,
whereas there were two populations of MA9 cells, more
than half of which were c-Kit– (Figure 5D). Colonies of
MA9 and MA9-P2X7 cells were collected and stained
with c-Kit. The colonies showed similar results (Online
Supplementary Figure S5B). Different populations were
sorted and transplanted into recipient mice (Online
Supplementary Figure S5C). MA9-P2X7 and MA9 c-Kit+
cells gave rise to approximately 90% and 50% c-Kit+
leukemia cells, respectively. Interestingly, MA9 c-Kit– cells
also gave rise to more than 20% c-Kit+ leukemia cells in

serial transplantations (Figure 5E, Online Supplementary
Figure S5C). Cell cycle analysis revealed that fewer G0/G1
but more S/G2/M phase cells were detected in c-Kit+
MA9-P2X7 cells than in the other three populations
(Online Supplementary Figure S5D). To further compare the
malignant potential of these cells, equal numbers of MA9,
MA9 c-Kit–, MA9 c-Kit+ and MA9-P2X7 cells were trans-
planted. Expectedly, MA9-P2X7 mice had the shortest
survival time (Figure 5F). These results suggest that MA9-
P2X7 cells are more malignant than MA9 and even MA9
c-Kit+ cells.
Taken together, the results show that MA9-P2X7 cells

have both greater proliferative potential and higher LSC
frequency, which are characteristics that contribute to
accelerated progression of leukemia.

Identification of key molecules mediating 
the pro-leukemic effects of P2X7
A gene expression microarray was used to screen key

molecules mediating the effects of P2X7. MA9, MA9 c-
Kit+, MA9 c-Kit– and MA9-P2X7 cells were sorted and
analyzed (Online Supplementary Figure S6A). The raw data
were normalized to a quantile algorithm. The sum aggre-
gate of DEG (n=3,329) and differentially expressed long
non-coding RNA (n=1,940) were obtained. Hierarchical
clustering analysis showed that MA9-P2X7 cells shared
more similarities with MA9 c-Kit+ than with MA9 or
MA9 c-Kit– cells (Online Supplementary Figure S6B), which
was in accordance with our previous observations. The
DEG of MA9-P2X7 cells versusMA9, MA9 c-Kit+ or MA9
c-Kit– cells are shown in a Venn diagram (Figure 6A).
Furthermore, gene set enrichment analyses on different
sets of DEG demonstrated that MA9-P2X7 cells had a
more immature phenotype than that of MA9 cells and
enhanced proliferative potential compared to that of
MA9 c-Kit+ or MA9 c-Kit– cells (Figure 6B). Analysis of the
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases for DEG between MA9-
P2X7 and MA9 cells revealed that annotations related to
membrane receptor signal transduction were highly
enriched. Annotations related to differentiation and pro-
liferation were also enriched (Online Supplementary Figure
S6C). The 3,329 DEG were rearranged into 16 clusters
based on their expression patterns in four samples. A
cluster of genes (n=130) was highlighted since their
expression was higher in MA9-P2X7 cells than in any
other population. Fifty genes (Online Supplementary Table
S4) were first selected since they satisfied the condition
(fold-change ≥2.0) in all populations. After bloodspot
analysis to examine positive correlations with P2X7 in
leukemia patients, seven genes with high fold-change val-
ues were selected for further verification by qRT-PCR
(primers are listed in Online Supplementary Table S5). Of
these seven genes, three had homeodomains (Figure 6C).
Hoxa9, Meis1 and Pbx2 were also included since they are
important downstream regulators of MLL-rearranged
leukemia. A high fold increase in Pbx3 but not Hoxa9,
Meis1 or Pbx2 was detected (Figure 6D). Furthermore, a
significant positive correlation was detected between
P2X7 and Pbx3 from the GSE10358, GSE19577 and
GSE12417 AML datasets (Figure 6E), whereas such a cor-
relation was found in the GSE10358 dataset only for
HOXA9 (Online Supplementary Figure S6D) and MEIS1
(Online Supplementary Figure S6E), and no significant corre-
lation was detected between P2X7 and PBX2 in the three
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Figure 5. MA9-P2X7 cells have increased leukemia stem cells. (A) GFP+BFP+ leukemia cells were sorted and seeded onto 24-well plates (500 cells/well) for colony-
forming assays. Typical Giemsa-stained dishes are shown (left panel), and colony numbers are plotted (right panel). (B) Different numbers of sorted GFP+BFP+

leukemia cells (1×104 and 1×103 for MA9 cells; 1×104, 1×103 and 1×102 for MA9-P2X7 cells) were transplanted into recipient mice, and the survival of mice was
recorded. (C) The frequency of leukemia stem cells (LSC) was calculated using L-calc software. (D) Leukemia cells were stained with c-Kit. The gating strategy is shown
(left panel), and the percentage of c-Kit+ cells is plotted (right panel). (E) Sorted MA9 c-Kit–, MA9 c-Kit+ and MA9-P2X7 cells were transplanted into recipient mice.
The percentage of c-Kit+ leukemia cells was analyzed at the late stage of leukemia. (F) The same numbers of MA9, MA9 c-Kit–, MA9 c-Kit+ and MA9-P2X7 leukemia
cells were transplanted into recipient mice, and survival was recorded. Bars represent the mean ± standard error of mean. *P<0.05; **P<0.01; ***P<0.001;
unpaired Student t test and one-way analysis of variance. 95% CI: 95% confidence interval.
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datasets (Online Supplementary Figure S6F). Moreover,
upregulation of Pbx3 was observed in HL60 and Kasumi
cells overexpressing P2X7 (Online Supplementary Figure
S6G). Hence, Pbx3 was selected for further study.

Pbx3 mediates the pro-leukemic effects of P2X7 in
MLL-rearranged acute myeloid leukemia
To study the role of Pbx3 in MLL-rearranged AML,

MA9-P2X7 cells were infected with pLV-mPbx3-SC or
pLV-mPbx3sh1 to construct control and Pbx3 KD AML
models (Online Supplementary Figure S7A). The shRNA
effectively decreased Pbx3 levels in MA9-P2X7-
mPbx3sh1 cells (Online Supplementary Figure S7B). Fewer
AML cells were detected in MA9-P2X7-mPbx3sh1 mice,

especially on day 21, after transplantation of equal num-
bers of leukemia cells (Figure 7A). MA9-P2X7-mPbx3sh1
mice had smaller spleens and fewer leukemia cells than
MA9-P2X7-SC mice on day 21 (Figure 7B). Importantly,
MA9-P2X7-mPbx3sh1 mice survived longer than MA9-
P2X7-SC mice (median survival: 34 days vs. 25 days,
respectively) (Figure 7C). The in vitro colony-forming
experiments demonstrated that MA9-P2X7-mPbx3sh1
cells formed fewer type A colonies than did MA9-P2X7-
SC cells (Figure 7D), although there was not a significant
difference between total colonies produced by the two
types of cells (Online Supplementary Figure S7C). As type A
colonies are relatively primitive, these results suggest that
KD of Pbx3 decreases LSC levels.
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Figure 6. Identification of key molecules mediating the pro-leukemic effects of P2X7. MA9, MA9 c-Kit–, MA9 c-Kit+, and MA9-P2X7 cells were sorted, and microarray
analysis was performed. (A, B) MA9-P2X7 was normalized to MA9, MA9 c-Kit+ or MA9 c-Kit–. The Venn diagram shows the overlap of differentially expressed genes
(DEG) (A), which were subjected to gene set enrichment analysis (B). (C) K-mean clustering shows the 3,329 DEG (aggregate sum of DEG in four populations nor-
malized to a quantile algorithm). The gene cluster and selected genes which were expressed at higher levels in MA9-P2X7 cells than in MA9, MA9 c-Kit- or MA9 c-
Kit+ cells are shown. (D) Selected genes were validated by quantitative real-time polymerase chain reaction. (E) The correlation between the relative expression of
P2X7 and Pbx3 was studied from the GSE10358 (n=304), GSE12417 (n=242) and GSE19577 (n=42) datasets. For each dataset, AML cases were divided into
P2X7low and P2X7high groups according to the median value of P2X7, and the relative expression of PBX3 is plotted. Bars represent mean ± standard error of mean.
*P<0.05; ***P<0.001; one-way analysis of variance. NES: normalized enrichment score.
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Endogenous Pbx3 in THP1 cells was suppressed by
shRNA (Online Supplementary Figure S7D) with high effi-
ciency (Online Supplementary Figure S7E). Inhibition of
proliferation was observed in vitro, especially in THP1-
hPbx3sh1 cells (Figure 7E). Furthermore, Pbx3 was also
suppressed by hPbx3sh1 in leukemia cells from an AML
patient with MLL translocation and high levels of P2X7
(Online Supplementary Figure S7F-H). Inhibition of prolifer-
ation was also detected (Figure 7F).
These results suggest that Pbx3 mediates the pro-

leukemic effects of P2X7 in murine and human models of
MLL-rearranged AML.

Discussion

Nucleotide-mediated signaling is becoming a research
focus in various malignancies since it has been suggested
to have important roles and therapeutic potential.10 P2X7
is unique for its longest C-terminal intracellular domain
of the P2X family of ATP-gated ion channels and for its
formation of cytolytic pores permeable to large cations
upon repeated or prolonged stimulation.27 Mutations/
polymorphisms of P2X7 have been identified in malig-
nancies and abnormal expression has been detected in
both malignant and microenvironmental cells.9,28
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Figure 7. Pbx3 mediates the effects of P2X7 on proliferation and leukemia stem cell levels in acute myeloid leukemia cells with the MLL-AF9 translocation. (A-D)
Pbx3 was suppressed in MA9-P2X7 cells by shRNA against Pbx3. Equal numbers of MA9-P2X7-SC or MA9-P2X7-mPbx3sh1 cells were transplanted into recipient
mice. The dynamic distribution of leukemia cells in peripheral blood (PB) is shown (A). The leukemic mice were sacrificed on day 21 and the size and weight of their
spleens as well as the distribution of leukemia cells in the spleens were determined (B). Kaplan-Meier curves showing the survival of the leukemic mice (C).
GFP+BFP+RFP+ leukemia cells were sorted and seeded onto 24-well plates (500 cells/well) for colony-forming assays. The proportions of the different types of colony
are shown (D). (E) THP1 cells were infected with blank lentiviruses or lentiviruses carrying shRNA against Pbx3. Forty-eight hours after infection, cells were sorted,
and cell proliferation was studied by an MTS assay. (F) Pbx3 was knocked down in leukemia cells from an AML patient with an MLL translocation and a high level of
P2X7 expression by shRNA. Forty-eight hours after infection, cells were sorted, and cell proliferation was studied by an MTS assay. The results are from three inde-
pendent experiments. Bars represent mean ± standard error of mean. *P<0.05; ***P<0.001; unpaired Student t test and one-way analysis of variance.
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However, the significance of P2X7 seems obscure since
opposite effects have been observed.29 Early studies
focused on apoptosis caused by its cytolytic effects.30
Exposure to high levels of ATP induces cell death in colon
cancer due to disruption of the balance between cell
growth and autophagy, which depends on the activation
of the PI3K/AKT axis and AMPK-PRAS40-mTOR.31 In
contrast, P2X7 promotes cell growth in neuroblastoma,
non-melanoma skin cancer, prostate cancer and thyroid
papillary cancer by different mechanisms.32 Typically,
P2X7-dependent calcium influx results in the activation of
downstream signaling pathways and the subsequent
release of cytokines, inflammatory factors, microparti-
cles, etc., which finally promote the proliferation and
metastasis of tumor cells.10
Abnormal expression and function of P2X7 have been

detected In various hematopoietic malignancies.6-8
Overexpression of P2X7 failed to induce leukemic transfor-
mation,11 but the role of P2X7 in leukemia progression
remains largely unknown. Although an apoptosis-related
mechanism was proposed in an early study,30 leukemia is
heterogeneous and it is thought that different mechanisms
are involved in the initiation and progression of leukemia
subtypes. We found that P2X7 was highly expressed in
CLL and AML (Figure 1A) and that the levels of P2X7 in
MLL-rearranged AML and CLL were equivalent (Online
Supplementary Figure S1C). Adinolfi et al. reported that the
expression of P2X7 was higher in evolutive B-cell CLL
patients and suggested that high-level expression of P2X7
had a proliferative advantage and was associated with a
poor prognosis in B-cell CLL.8 However, the molecular
mechanism in CLL has not been elucidated, partly because
of the lack of appropriate cell lines and mouse models,
although a mouse model based on B-cell-restricted expres-
sion of Sf3b1 mutation and Atm deletion has just been
reported.33 In contrast, there are suitable cell lines and
mouse models to study the molecular mechanisms in
AML, typically MLL-rearranged AML. Hence, we focused
on AML. We found that overexpression of P2X7 accelerat-
ed the progression of MLL-rearranged AML by promoting
proliferation and increasing LSC levels through the activa-
tion of the HOXA9/PBX3/MEIS1 axis by upregulation of
Pbx3. Since more LSC and rapid proliferation are frequent-
ly related to worse clinical outcomes, our results suggest
that P2X7 plays unfavorable roles in the progression of
MLL-rearranged AML.
As a cofactor of Hoxa9, Pbx3 was previously thought to

make a redundant contribution to cell transformation.34
However, emerging evidence indicates that it has inde-
pendent roles in leukemogenesis.35 We demonstrated that
the expression of Pbx3, but not of HOXA9 or MEIS1, is
positively correlated with P2X7. Knockdown of Pbx3 in
leukemia cells overexpressing P2X7 inhibited cell prolifera-
tion in different models, decreased LSC (forming type A
colonies) and eventually prolonged the survival of AML
mice. These effects of Pbx3 seem to be contradictory since
LSC are considered a quiescent population.36 However,
leukemia cells comprise heterogeneous populations. Pbx3
not only plays vital roles in the maintenance of LSC37 and
tumor-initiating cells,38 but also promotes the proliferation
of non-LSC, which is also observed in solid tumors.39 It is
worth noting that there is still controversy about whether
quiescence is necessary for LSC since there is evidence of a
non-quiescent AML LSC population, which is required for
the development of MLL-rearranged AML.40 Hence, Pbx3

mediates the adverse effects of P2X7 in the progression of
MLL-rearranged AML.
Although they have mainly been observed in models of

MLL-rearranged AML, the effects and mechanism of P2X7
should also be present in other types of leukemia. P2X7high
AML had higher Pbx3 expression and worse prognosis
than P2X7low AML (Figures 6E and Figures 6F and 1C and
D). Overexpression of P2X7 in leukemia cells without MLL
rearrangements results in the upregulation of Pbx3. In fact,
HOX proteins, which are also regulated by MEN1, CDX,
etc.,41 are widely involved in normal and malignant
hematopoiesis.42 Dysregulation of HOX gene expression is
also found in other types of leukemia without MLL
rearrangements, such as those with PML-RARA, FLT3-ITD
and NUP98-related fusion genes.43 Specifically, Pbx3
should play a role in the progression of other types of
leukemia since upregulation of Pbx3 is detected not only in
patients with MLL translocations44 but also in those with
FLT3-ITD and NPM1 mutations as well as NUP98-related
fusion genes.43 This mechanism may also be involved in
non-hematopoietic malignancies since Pbx3 is a key factor
promoting metastasis, proliferation and poor prognosis in
various solid tumors.45 Pbx3 induces an infiltrative tumor
cell phenotype in gastric cancer46 and plays determinant
roles in hepatocellular carcinoma tumor-initiating cells by
regulating their self-renewal and tumorigenicity potential.38
Hence, P2X7 may promote the progression of certain
malignancies through the upregulation of Pbx3.
Although there is a positive correlation between P2X7

and Pbx3, the mechanism remains unclear. Abnormal acti-
vation of P2X7 is probably involved because high levels of
ATP are detected in the microenvironment of various
malignancies.10 Ca2+ influx and K+/Na+ efflux, which may be
involved in the P2X7-related upregulation of Pbx3, are
early events upon P2X7 activation.47 A rapid rise in intracel-
lular Ca2+ concentration is an important event in the activa-
tion of hormone signals,48 which regulates the expression
of HOX genes.49 Moreover, ion signaling is also required for
post-translational modification of homeoproteins. For
example, calcium binding to histone tails induces confor-
mational changes essential for their functions.50 Further
work is required to elucidate the detailed interactions
between P2X7 and Pbx3.
In summary, we provide compelling evidence that P2X7

accelerates the progression of MLL-rearranged AML by
promoting proliferation and increasing LSC through the
upregulation of Pbx3. This novel pathway links dysfunc-
tion in P2X7 signaling and poor clinical outcome in MLL-
rearranged AML, and probably in other types of malignan-
cies with high levels of P2X7 expression. Our study pro-
vides new insights into malignant progression caused by
abnormal purinergic signaling.
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