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Abstract

Diffuse large B-cell lymphoma (DLBCL) is the most common subtype of invasive non-Hodgkin lymphoma. 60-70% of
patients are curable with current chemoimmunotherapy, whereas the rest are refractory or relapsed. Understanding of the
interaction between DLBCL cells and tumor microenvironment raises the hope of improving overall survival of DLBCL
patients. P2X7, a member of purinergic receptors P2X family, is activated by extracellular ATP and subsequently promotes
the progression of various malignancies. However, its role in DLBCL has not been elucidated. In this study, the expres-
sion level of P2RX7 in DLBCL patients and cell lines was analyzed. MTS assay and EdU incorporation assay were car-
ried out to study the effect of activated/inhibited P2X7 signaling on the proliferation of DLBCL cells. Bulk RNAseq was
performed to explore potential mechanism. The results demonstrated high level expression of P2RX7 in DLBCL patients,
typically in patients with relapse DLBCL. 2'(3")-O-(4-benzoylbenzoyl) adenosine 5-triphosphate (Bz-ATP), an agonist
of P2X7, significantly accelerated the proliferation of DLBCL cells, whereas delayed proliferation was detected when
administrated with antagonist A740003. Furthermore, a urea cycle enzyme named CPS/ (carbamoyl phosphate synthase
1), which up-regulated in P2X7-activated DLBCL cells while down-regulated in P2X7-inhibited group, was demonstrated
to involve in such process. Our study reveals the role of P2X7 in the proliferation of DLBCL cells and implies that P2X7
may serve as a potential molecular target for the treatment of DLBCL.
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Introduction or will relapse with resistant disease [2]. The development

of relapse and refractory DLBCL (rtDLBCL) consists of a

DLBCL is the most common type of malignant lymphoid
neoplasm in adults, comprising 30—40% of all new diagnosed
non-Hodgkin lymphomas [1]. Although 60-70% of DLBCL
patients are curable with first-line treatment R-CHOP (ritux-
imab, cyclophosphamide, doxorubicin, vincristine and
prednisolone), the rest respond poorly to standard therapy
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complex series of events caused by aberrant cell signaling
in both genetic and epigenetic abnormalities [3, 4]. Nucleo-
tides have been suggested to be extracellular messengers for
decades, and play important roles in promoting the process
of malignant progression by activating purinergic receptors
signaling [5]. The P2 purinergic receptors (P2Rs), which
are activated by extracellular purine or pyrimidine nucleo-
tides, can be divided into P2YR and P2XR family [6]. Most
recently, P2YRs have been demonstrated to drive cancer
cell growth by elevating intracellular Ca®* and activating
the PI3K-AKT and ERK-MAPK pathways [7]. P2XRs are
demonstrated to directly or indirectly regulate tumor PI3K-
GSK3p-dependent proliferation, VEGF-dependent angio-
genesis, and dissemination [8—10]. However, the role of
P2Rs in DLBCL development remains largely unknown.
Elucidation of the molecular mechanisms underlying
purinergic signaling in DLBCL progression, especially
abnormal signaling transduction activated by extracellular
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nucleotides, is important in the development of therapeutic
strategies for patients with rDLBCL.

P2X7, the latest cloned member of the P2X family
receptors, differs in extra amino acids in the intracellular
C terminus and is bi-functional [11]. The binding of ATP
transiently induces the opening of a channel selective for
small cations, whereas chronic ATP stimulation would lead
to a non-selective pore opening, which allows permeation
by molecules with a mass of up to 900 Da [12]. Previously,
we demonstrated that P2X7 was preferentially expressed in
more mature hematopoietic cells than hematopoietic stem
and progenitor cells (HSPCs), and P2X7 can accelerate the
progression of acute myeloid leukemia (AML) by promot-
ing proliferation and increasing leukemia stem cells (LSCs)
through the upregulation of Pre-B-Cell leukemia homeo-
box 3 (PBX3) [13, 14]. PBX3 has been reported to form
specific and stable interactions with DNA in the absence of
cofactors, and plays critical roles in the development and
maintenance of a malignant phenotype [15]. In addition,
abnormal up-regulated expression of P2X7 in patients with
evolutive B-cell chronic lymphocytic leukemia (CLL) has
been validated by other group few years ago [16]. Most
importantly, a recent research reveals that ATP levels are
markedly increased in the endosteal niche during leukemo-
genesis, and ATP-P2X7 signaling mediated cAMP response
element-binding protein (CREB) / transactivated phospho-
glycerate dehydrogenase (PHGDH) pathways are essential
to maintain the homing and self-renewal capacities of leuke-
mia initiating cells (LICs) [17]. Hence, abnormal expression
and dysfunction of P2X7 plays important roles in different
subtypes of leukemia.

Although abundant evidence suggests that the mediation
role of P2X7 in purinergic signaling has been involved in
leukemogenesis and progression, the effect of P2X7 signal-
ing in DLBCL still remains largely unknown. In this study,
we analyzed the expression level of P2RX7 in DLBCL
patients and cell lines, explored the effect of P2X7 in the
proliferation of DLBCL cells, and performed bulk RNAseq
to explain the molecular mechanism. Firstly, we confirmed
that P2RX7 expression was up-regulated in DLBCL samples
and cell lines. Moreover, the activation of P2X7 signaling in
DLBCL cell line OCI-Ly3 and SU-DHL-4 accelerated pro-
liferation in vitro, while inhibition of P2X7 signaling signif-
icantly delayed cells proliferation. Additionally, carbamoy]l
phosphate synthase 1 (CPS1), a urea cycle enzyme, was
essential for P2X7-mediate proliferation in DLBCL cells.
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Materials and methods
Cell culture

The human ABC-DLBCL (activated B-cell-like dif-
fuse large B-cell lymphoma) cell line OCI-Ly3 (RRID:
CVCL 8800) is from DMSZ (Braunschweig, Germany),
the human GCB-DLBCL (germinal center B-cell-like dif-
fuse large B-cell lymphoma) cell line SU-DHL-4 (RRID:
CVCL _0539) is from ATCC (Rockville, MD, USA), and
the human CML (chronic myelogenous leukemia) cell line
K562 (RRID: CVCL 0004) is from ATCC. Cells were
maintained in RPMI-1640 Medium (Gibco, CA, USA)
and supplemented with 10% FBS (Gibco, CA, USA), and
kept in a humidified cell incubator (37 °C, 5% CO2, 95%
humidity). Upon reaching semi-confluence, DLBCL cells
were treated with the agonist 2'(3')-O-(4-benzoylbenzoyl)
adenosine 5-triphosphate (Bz-ATP) (Macklin, Shanghai,
China) or the antagonist A740003 (Medchemexpress, NJ,
USA) at different concentrations (0.05, 0.1, 0.5, 10, 20, 50,
100 uM) [18]. Treatments were carried out within 24 h, 48
or 72 h respectively for different experimental purpose.

GEPIA database analysis

GEPIA, a newly developed interactive web server for ana-
lyzing the RNA sequencing data of 9736 tumor samples and
8587 normal samples from the TCGA and GTEx projects
[19]. In this study, GEPIA database was employed to ana-
lyze P2X receptor family members expression profiling in
DLBCL patient samples (from TCGA data, n=47) and nor-
mal control (from TCGA normal and GTEx data, n=337).
Briefly, input a gene symbol or id into the search box firstly,
then find the bar plot of the gene expression profile across all
tumor samples and paired normal tissues in the result, and
recorded the expression value of target gene in DLBC group
(short for diffused human diffused large B-cell lymphoma)
respectively. Finally, we analyzed the expression value of
P2X family genes in GraphPad. The expression level of
genes was quantified by transcripts per million (TPM). TPM
= (CDS read count X mean read length x 10°) / (CDS length
X total transcript count). TPM is a modification of RPKM
designed to be consistent across samples, which normalized
by total transcript count instead of read count in addition to
average read length [20].

GEO dataset acquisition and analysis

The RNAseq or microarray datasets of DLBCL patients
was downloaded from Gene Expression Omnibus (GEO)
database  (http://www.ncbi.nlm.nih.gov/geo/). ~ Dataset
GSE12195 contains 10 normal samples and 73 DLBCL
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patient samples [21], GSE12453 contains 25 normal sam-
ples and 11 DLBCL patient samples [22], GSE25639 con-
tains 13 normal samples and 26 DLBCL patient samples
[23], and GSE32018 contains 6 samples and 22 DLBCL
patient samples [24], all datasets were downloaded to ana-
lyze the expression level of P2RX7 between normal and
DLBCL patient. Dataset GSE65720 contains 20 DLBCL
patient samples without relapse, 20 DLBCL samples from
primary site and 20 DLBCL samples from relapsing site,
which was downloaded to compare the different P2X7
DNA copy numbers [25]. Dataset GSE57611 contains 19
ABC-DLBCL samples and 18 GCB-DLBCL samples [26],
GSE56315 contains 23 ABC-DLBCL samples and 29 GCB-
DLBCL samples [27], GSE74266 contains 20 ABC-DLBCL
samples and 22 GCB-DLBCL samples [28], and GSE32918
contains 80 ABC-DLBCL samples and 120 GCB-DLBCL
samples [29], were downloaded to evaluate the expression
level of P2RX7 between ABC-DLBCL and GCB-DLBCL
patients. Dataset GSE94669 contains 7 ABC-DLBCL cell
lines samples and 20 GCB-DLBCL cell lines samples [30],
GSE27255 contains 2 ABC-DLBCL cell lines samples and
12 GCB-DLBCL cell lines samples [31], all datasets were
downloaded to determine the expression level of P2RX7 in
DLBCL cell lines, including both ABC and GCB subtype.
Moreover, dataset GSE12195 was further analyzed to assess
the expression relationships between P2RX7 and CPS! in
DLBCL patients [21].

cDNA synthesis and real time PCR

Cells were lysed with RNAex Pro reagent (AGbio, Hunan,
China), and total RNA was isolated following the protocol

of manufacture. Reverse transcription was achieved using
PrimeScript™ 1st Strand Synthesis System (TAKARA,
Tokyo, Japan). Realtime PCR was performed on the Ste-
pOne real-time PCR system (Applied Biosystems, CA,
USA). The AACt method [**Ct = (Ctyarcer — Ctoapph)
sample ~ (Ctrarcer — Cteapph) catibrator] Was used to analyze
the gene expression level of target genes. The sequences for
all primers were listed in Table 1.

Measurement of intracellular free Ca®*

The intracellular free Ca®* concentration was determined
using the fluorescent indicator fura-2AM (Medchemex-
press, NJ, USA). Briefly, DLBCL cells were incubated with
10 uM fura-2 at 37 °C for 20 min before being washed twice
with Locke’s solution (Pricella, Hubei, China) and then
DLBCL cells were resuspended in Locke’s solution at the
concentration of 1X10° cells/ml. The cell suspension was
placed in 96-well plate and treated with 20 uM A740003 or
Locke’s solution for 5 min respectively. Then the fluores-
cence intensities at 510 nm excited separately by 340 and
380 nm laser were recorded every 12 s by SpectraMax iD5
(Molecular Devices, CA, USA). 50 uM Bz-ATP was added
at indicated time point. The level of intracellular free Ca>*
was evaluated as fluorescence intensities at 510 nm which
excited at 340 nm / fluorescence intensities at 510 nm which
excited at 380 nm.

Cell proliferation assay

MTS assay (Promega, WI, USA) was used for cell prolifera-
tion analysis. OCI-Ly3 and SU-DHL-4 cells were seeded

Table 1 Primers used in this Gene

Sequence

study P2RX7

(purinergic receptor P2X 7)

TLCDI1
(TLC domain containing 1)

ABCA7

(ATP binding cassette subfamily A member 7)

ICAMS

(intercellular adhesion molecule 5)

RN7SLI1

(RNA component of signal recognition particle

7SL1)
SLX1B

(SLX1 homolog B, structure-specific endonucle-

ase subunit)

DHRS?2
(dehydrogenase/reductase 2)

CPS1
(carbamoyl-phosphate synthase 1)

GAPDH

(glyceraldehyde-3-phosphate dehydrogenase)

Forward 5°- CGACTAGGAGACATCTTCCGAG -3’
Reverse 5°- GCAGTGATGGAACCAACGGTCT -3’
Forward 5°- CTTCGCTCACTCCATTGTGTCG -3’
Reverse 5°- AAAGTGACCACGCCGTCTCAATC
-3

Forward 5’- CACTCTTCCGAGAGCTAGACAC -3’
Reverse 5°- AAAGTGACCACGCCGTCTCAATC
-3

Forward 5’- TCTCAGGCACTTACCGCTGCAA -3’
Reverse 5°- CTTCTGTTCCCTCCAGCCAAGT -3’
Forward 5’- GCTACTCGGGAGGCTGAGGCT -3’
Reverse 5°- TATTCACAGGCGCGATCC -3’

Forward 5°- CTGTGCCAGATGGACACTGAGA -3’
Reverse 5’- GTGGCACAGAAAAGAGGTAGGAG
-3

Forward 5°’- GGTGCTGTCATCCTGGTCTCTT -3’
Reverse 5’- CCAGCTCCAATGCCAGTGTTCT -3’
Forward 5’- ATTCCTTGGTGTGGCTGAAC -3’
Reverse 5’- ATGGAAGAGAGGCTGGGATT -3’
Forward 5’- GAAGGTGAAGGTCGGAGTC-3’
Reverse 5’- GAAGATGGTGATGGGATTTC-3’
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into 96-well plates at the concentration of 5X10° cells/well
and cultured for 4 h (designated as starting point, or 0 h
point). Then cells were treated with PBS, 50 uM Bz-ATP, 50
puM A740003 respectively or treated with both 50 uM Bz-
ATP and 20 uM A740003, cultured for extended periods.
MTS (20 pl/well) was added to culture systems 2 h prior to
evaluate the optical density (OD) at 490 nm every 24 h by
SpectraMax iDS5.

EdU incorporation assay

The EdU incorporation assay was performed by Beyo-
Click™ EdU Cell Proliferation Kit with Alexa Fluor 488
(Beyotime, Shanghai, China) following the protocol of
manufactures. Briefly, after Bz-ATP or A740003 administra-
tion, the OCI-Ly3 and SU-DHL-4 cells were incubated with
50 uM EdU for 2 h. After fixation and permeabilization,
the incorporated EdU was visualized by means of a click
reaction using Alexa Fluor 488 azide (30 min, room tem-
perature). The nuclear DNA was stained by DAPI (10 pM,
30 min, room temperature). The images were obtained by a
fluorescent microscope Axio Observer3 (Zeiss, Oberkochen,
Germany). The Alexa Fluor 488 positive cells were adjusted
to pseudo red color. The data were analyzed using ImageJ
(NIH) software 1.52a and the proliferation rate was quanti-
fied as percentage of EQU™ cell count / DAPI™ cell count.

RNA sequencing and data analysis

SU-DHL-4 cells were treated with PBS, 50 uM Bz-ATP or
50 uM A740003 for 48 h respectively and then collected.
RNA-seq was carried out by Benagen (Hubei, China) fol-
lowing standard protocols. The library products were
sequenced using an Illumina NovaSeq platform. Standard
bioinformatics analysis was performed by Benagen. The
RNA-seq data of DLBCL-control, DLBCL-Bz-ATP and
DLBCL-A740003 were available in the National Center
for Biotechnology Information Gene Expression Omni-
bus database under accession number GSE225174. Differ-
ent expression genes (DEGs) were filtrated by fold change
(FC)>2 and false discovery rate (FDR) < 0.05. The expres-
sion pattern was analyzed by K-Mean Cluster method using
MultiExperimentViewer (MeV 4.9.0) software. The KEGG
pathway were analyzed by OmicShare tools, an online plat-
form for data analysis (https://www.omicshare.com/tools).
The KEGG pathways were mainly filtrated by q value. The
KEGG pathways with top 20 minimum q value were shown.

Ammonia assay

The ammonia levels in the conditioned media were mea-
sured using an ammonia assay kit (Abcam, Cambridge,
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MA) according to the instruction of manufacturers. Briefly,
a total of 2X10° SU-DHL-4 cells/well were plated into
12-well plates in antibiotic-free complete medium over-
night, incubated with A740003 in conditioned media for
48 h, then medium was collected and centrifuged at 500 x
g at 4 °C for 5 min to remove debris. Then the superna-
tant was transferred to a clean tube and kept on ice. 50 pl
of each sample supernatant was diluted with 100 pl assay
buffer, then added 50 pl of reaction mix solution into each
sample well (50 ul sample dilution / well), mix and incubate
at 37 °C for 60 min protected from light. The OD 570 nm
was evaluated immediately by SpectraMax iD5 and normal-
ized by cell number.

Statistical analysis

Data are presented as the mean + SD. Differences between
two groups were compared using a two-tailed unpaired
Student’s t-tests. Statistical analyses were performed using
GraphPad 7 (San Diego, CA, USA). Statistical significance
was accepted when the P values were less than 0.05.

Results

P2X7 is highly expressed in DLBCL patients and cell
lines

The expression level of P2X family receptors was firstly
evaluated by the GEPIA online tool (http://gepia.cancer-
pku.cn/) [19]. Compared with adjacent normal tissues,
P2RX4, P2RX5 and P2RX7 were up-regulated in DLBCL
patient samples, whereas P2RX] was down-regulated in
DLBCL patient samples (Fig. 1A). Then the GEO datas-
ets GSE12195, GSE12453, GSE25639, GSE32018 were
used to validate the expression level of the P2RX7 [21-24].
Compared to normal tissues, P2RX7 was significantly up-
regulated in DLBCL patient samples (Fig. 1B). In addition,
compared to samples from DLBCL patient without relapse,
Fig. 1C indicated that the DNA copy numbers of P2X7 had
a non-significant up-regulated trend in DLBCL samples
from primary site, and significantly up-regulated in DLBCL
samples from relapsing site in dataset GSE65720 [25].
Moreover, in datasets GSE57611, GSE56315, GSE74266,
GSE32918 [26-29], the expression level of P2RX7 had
no significant difference between ABC subtype and GCB
subtype in DLBCL patient samples (Fig. S1). These results
mainly indicated that P2X7 was highly expressed in DLBCL
patients.

To further explore the expression and function of P2X7
in DLBCL cells. Firstly, the GEO datasets GSE94669 and
GSE27255 were used to evaluate the expression level of the
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Fig. 1 Expression of the P2X7 receptor in DLBCL patients. The
expression level of P2 P2RX7 in DLBCL patients was analyzed with
the GEPIA website tool and the GEO database. (A) The gene expres-
sion of P2X receptor family members between normal tissue (n=337)
and DLBCL samples (n=47) from GEPIA. (B) The gene expression
of P2RX7 between normal tissue and DLBCL samples in datasets
GSE12195 (normal n=10, DLBCL n=73), GSE12453 (normal n=25,

P2RX7 in DLBCL cell lines [30, 31]. As aresult, P2ZRX7 was
widely expressed in both ABC and GCB subtype DLBCL
cell lines samples, and only GCB-DLBCL cell lines Far-
age, RCK8 and WSU NIH expressed higher level of P2RX7
(Fig. 2A and 2B). Then the expression level of P2RX7 in
ABC subtype DBCL cell line OCI-Ly3 and GCB subtype
DBCL cell line SU-DHL-4 were validated by quantitative
real time PCR. Previous work has demonstrated that K562
cells expressed low level of endogenous P2X7, so K562
cells was loaded as negative control [32]. Compared to
K562 cells, OCI-Ly3 and SU-DHL-4 cells expressed abun-
dant P2X7 receptors (Fig. 2C). We then assessed the Ca®*
influx function of P2X7 by Fura-2 fluorescence assay. The
OCI-Ly3 and SU-DHL-4 were stimulated with Bz-ATP, a
P2X7 agonist. Upon stimulation, the intracellular free Ca®*
concentration of OCI-Ly3 and SU-DHL-4 cells were both
up-regulated, but pretreatment with A740003 completely
impaired Bz-ATP-induced calcium fluxes (Fig. 2D). These
findings suggested that P2X7 was widely expressed in
various DLBCL cell lines and mediated Ca** influx upon
activation.
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DLBCLn=11),GSE25639 (normaln=13,DLBCLn=26), GSE32018
(normal n=6, DLBCL n=22) from GEO database. (C) The DNA copy
number of P2X7 in DLBCL samples without relapse (n=20), the pri-
mary site sample of relapsed DLBCL patient (n=20) and the relapsing
site sample of relapsed DLBCL patient (n=20) in dataset GSE65720
from GEO database. Data were analyzed by unpaired Student’s t-test.
Each dot represents an individual normal or DLBCL patient sample

P2X7 mediates DLBCL cells proliferation

To study the effect of P2X7 receptors on DLBCL cells
proliferation, MTS assay was performed. Bz-ATP signifi-
cantly promoted OCI-Ly3 and SU-DHL-4 cells prolifera-
tion (Fig. S2A, S2B and Fig. 3A), while P2X7 antagonist
A740003 significantly inhibited OCI-Ly3 and SU-DHL-4
cells proliferation (Fig. S2C, S2D and Fig. 3B). To further
validate the effect of P2X7 receptors on DLBCL cells prolif-
eration, an EdU incorporation assay was performed. Admin-
istration of Bz-ATP in OCI-Ly3 and SU-DHL-4 resulted
in an increase of proliferation as evidenced by more EdU
incorporation, while A740003 resulted in a decrease of pro-
liferation as evidenced by less EAU incorporation (Fig. 3C
and 3D). These results were quantified and shown in Fig. 3E
and 3F. Moreover, the effect of Bz-ATP on proliferation of
OCI-Ly3 cells and SU-DHL-4 cells was attenuated by spe-
cific P2X7 blocker A740003 (Fig. S2E, S2F). Collectively,
our data demonstrated that targeted-inhibition of P2X7 sig-
naling can effectively suppress the proliferation of DLBCL
cell.
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Fig.2 Expression and Ca* influx
function of the P2X7 receptor

in DLBCL cell lines. (A, B) The
expression level of P2RX7 in
ABC subtype and GCB subtype
DLBCL cell lines were analyzed
with datasets GSE94669 (A) and
GSE27255 (B) from the GEO
database. (C) The expression
level of P2RX7 in OCI-ly3 and

GSE94669

SU-DHL-4 were validated by
real time PCR. The RQ value of
K562 was designated as 1.000.
Results in panel C are presented
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(D) The Ca?* influx function of
P2X7 in OCI-ly3 and SU-DHL-4
was validated by measurement of
intracellular free Ca®* concen-
tration upon activation. Cells
were pre-treated with 20 uM
A740003 or control lock’s solu-
tion for 5 min respectively before
administration with Bz-ATP.
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RNAseq of DLBCL cells with activated or inhibited
P2X7 signaling

To gain further insights into molecular mechanism of P2X7
signaling in DLBCL cells, the gene expression profiles were
determined by RNAseq (GSE225174). Accordingly, SU-
DHL-4 cells were treated with PBS, Bz-ATP or A740003
for 48 h, then RNA was isolated, mRNA sequencing and
counts were performed as indicated in methods section.
DEGs were filtrated with these two criteria: FDR <0.05 and
FC> 2. Compared to PBS control, 44 genes were up-regu-
lated and 14 genes were down-regulated in Bz-ATP group
(Fig. S3A), while 55 genes were up-regulated and 17 genes
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=e- Control
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Fura2 Fluorescence (F380/F340 Ratio)

A740003 A740003

were down-regulated in A740003 group (Fig. S3B). The
up-regulated or down-regulated DEGs of Bz-ATP versus
control and A740003 versus control were shown in a Venn
diagram (Fig. 4A and 4B). Then total 140 DEGs were rear-
ranged into 12 clusters based on their expression patterns in
three samples by K-mean clustering method. Four clusters
include: Cluster I (Bz-ATP down-regulated while both Con-
trol and A740003 up-regulated), Cluster II (Bz-ATP up-reg-
ulated while both Control and A740003 down-regulated),
Cluster IIT (A740003 up-regulated while both Control and
Bz-ATP down-regulated) and Cluster IV (A740003 down-
regulated while both Control and Bz-ATP up-regulated)
were highlighted, and typical genes were shown (Fig. 4C).
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Fig.3 P2X7 receptor signaling A
controls DLBCL cells prolifera-
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DHL-4 cells treated with P2X7

agonist Bz-ATP or P2X7 antago-

nist A740003. (A, B) OCI-Ly3

and SU-DHL-4 cells were treated

with PBS, 50 uM BZ-ATP or

OCl-Ly3

0.84=e= Control
== Bz-ATP
0.6{-= A740003

Cell Growth (OD 490)

B SU-DHL-4

1.5

Control *

Bz-ATP

A740003 Il
’

Pt

Cell Growth (OD 490)

50 uM A740003 for 72 h. The o 24 48

proliferation of OCI-Ly3 (A) and
SU-DHL-4 (B) cells were mea-

sured at the indicated time points c
by MTS assay. Results in panel A

and panel B are presented as the
mean + SD of three independent
experiments. Data were analyzed

by unpaired Student’s t-test.

Partial SDs in panel A and panel

B appear absent, they are too

small to be seen. (C-F) OCI-Ly3

and SU-DHL-4 cells were treated

with PBS, 50 uM Bz-ATP or

50 uM A740003 for 48 h. Then D
the cells were incubated with

50 uM EdU for 2 h which was
detected using a click reaction

kit by fluorescence microscope.

The representative image of
proliferating OCI-Ly3 (C) and
SU-DHL-4 (D) cells from three
independent experiments were

shown (DAPI-blue*, EdU-red*).

Scale bars: 20 pm. Percentage

of proliferating OCI-Ly3 (E)

and SU-DHL-4 (F) cells were E
quantified with 5 random section

by Image J. Results in panel E

and panel F are presented as the 80 #
mean + SD. Data were analyzed
by unpaired Student’s t-test.
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-

Bz-ATP vs. Control: *p <0.05,
**p<0.01, ***p <0.001.
A740003 vs. Control: #p <0.05,
##p < 0.01, ###p < 0.001
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»
o
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Moreover, three genes (TLCD1, ABCA7, ICAMS) in clus-
ter II and three genes (RN7SLI, SLXIB, DHRS?2) in clus-
ter 111 were validated by qRT-PCR (Fig. 4D). Furthermore,
KEGG results showed that Galactose metabolism, Starch
and sucrose metabolism, Amino sugar and nucleotide sugar
metabolism were enriched in Bz-ATP group (genes in clus-
ter I and cluster II) and shown in Fig. 4E. Fatty acid metab-
olism, Pyrimidine metabolism, Purine metabolism were
enriched in A740003 group (genes in cluster III and cluster
IV) and shown in Fig. 4F. These results suggest that P2X7
signaling may control DLBCL cells proliferation by mediat-
ing cellular metabolism pathway.

time (h)

Bz-ATP A740003

Bz-ATP A740003

SU-DHL-4
#HE

100: *%

-

Proliferation Rate (%)

Control Bz-ATP A740003

CPS1 was involved in DLBCL cells proliferation
regulated by P2X7 signaling

To identify the key molecular mediated by P2X7 signaling in
DLBCL cells, we firstly listed genes associated with purine
metabolism and pyrimidine metabolism in our RNAseq
data. Importantly, only CPS/ was up-regulated in Bz-ATP
group while down-regulated in A740003 group (Fig. 5A and
5B). In addition, the relative expression of P2RX7 and CPS!
from the DLBCL patient dataset GSE12195 was assessed in
Fig. 5C [21]. Moreover, significantly decrease of CPS! was
observed in DLBCL cells upon A740003 administration
(Fig. 5D). CPS1 plays a crucial role in removing excessive
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Fig.4 Gene expression profiles of DLBCL cells with P2X7 activation
or P2X7 inhibition. SU-DHL-4 cells were treated with PBS, 50 uM
BZ-ATP or 50 uM A740003 for 48 h. Then cells were collected and
RNAseq was performed. (A, B) The Venn diagram illustrates number
of overlapped up-regulated DEGs (A) and down-regulated DEGs (B)
in DLBCL cells. (C) K-mean clustering of 140 DEGs were performed.
Typical DEGs in Cluster I (Bz-ATP down-regulated while both Con-
trol and A740003 up-regulated), Cluster II (Bz-ATP up-regulated while
both Control and A740003 down-regulated), Cluster I1I (A740003 up-
regulated while both Control and Bz-ATP down-regulated) and Cluster
IV (A740003 down-regulated while both Control and Bz-ATP up-reg-
ulated) were shown. (D) The genes in Cluster II and Cluster III were
validated by real time PCR. The RQ value of Control group treated
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with PBS was designated as 1.000. Results in panel D are presented
as the mean=+ SD of three independent experiments. Data were ana-
lyzed by unpaired Student’s t-test. Partial SDs in control group appear
absent, they are too small to be seen. (E, F) KEGG pathway analysis
were performed with DEGs from Cluster I and II (E), Cluster III and
IV (F), the abscissa is the percentage of the number of genes in the
KEGG pathway analysis to the total number of differentially expressed
genes, the ordinate is the name of KEGG pathway, color indicates
the q value (enriched adjusted P-value, lower value indicates higher
significance). The KEGG pathways with top 20 minimum q value
were shown. Bz-ATP vs. Control: *p <0.05, **p <0.01, ***p <0.001.
A740003 vs. Control: #p < 0.05, ##p < 0.01, ###p <0.001. Bz-ATP vs.
A740003: &p <0.05, &&p<0.01, &&&p <0.001
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Fig. 5 P2X7 receptors mediating proliferation of DLBCL cells by
CPS1 (A, B) The expression level of genes associated with purine
metabolism (A) and pyrimidine metabolism (B) from RNAseq data.
(C) The relative expression of P2RX7 and CPS/ was analyzed with the
GSE12195 (n=73) dataset from GEO database. Data were analyzed
by unpaired Student’s t-test. Each dot represents an individual DLBCL
patient sample. (D) The expression level of CPS/ in SU-DHL-4 treated
with PBS or 50 um A740003 were validated by real time PCR. The RQ

ammonia by converting ammonium into carbamoyl phos-
phate, which is a de novo resource of arginine and poten-
tial substrate of pyrimidine synthesis [33, 34]. As expected,
administration of A740003 significantly increased levels
of ammonia in the media (Fig. 5E). Furthermore, supple-
mentation of deoxynucleotide (ANTP) significantly rescued
cell growth in cells with A740003 (Fig. 5F). Taken together,
the results show that CPS1 was involved in P2X7 signaling
mediated proliferation of DLBCL cells.

Discussion

DLBCL is a type of aggressive hematopoietic malignancy.
Standard R-CHOP therapy only achieves disease-free sur-
vival in nearly 60% of DLBCL patients [35]. However,
approximately 33% of DLBCL patients are refractory or
relapses to R-CHOP therapy, and the prognosis is generally
poor [36]. Although transplant-eligible rrDLBCL patients
are treated with intensive salvage regimens followed by

value of Control group treated with PBS was designated as 1.000. (E)
Ammonia was statistically significantly accumulated in the media of
SU-DHL-4 cells treated with A740003 compared to control. (F) MTS
assay of SU-DHL-4 cells treated with A740003 in combination with
or without 100 uM dNTP. Results in panel D, panel E and panel F are
presented as the mean+ SD of three independent experiments. Data
were analyzed by unpaired Student’s t-test

high-dose chemotherapy and autologous stem cell transplan-
tation (ASCT), only few patients are cured [37]. Until now,
various novel antibodies, specific small-molecule inhibitors,
antibody drug conjugates (ADCs), as well as CAR T-cells
have been approved for the treatment of DLBCL patients
[38, 39]. But knowledge about why some patients respond
to specific therapies while others are resistant, remains very
limited. Hence, the molecular mechanism of how the novel
targets promote DLBCL progression need to be fully eluci-
dated. Most recently, purinergic signaling, typically extra-
cellular ATP activated purinergic signaling recognized by
P2X7 receptor, has been suggested as a prospective thera-
peutic target in hematopoietic malignancy [12]. In our previ-
ous study, we observed that P2X7 is preferentially expressed
in mature hematopoietic cells than HSPCs, but overexpres-
sion of P2X7 in HPSCs could not transform normal HSPCs
into leukemia cells [13]. Interestingly, our further study
showed that P2X7 accelerates the progression of MLL-AF9
(mixed lineage leukemia-AF9 fusion gene) induced AML
by promoting proliferation and increasing LSC through the
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upregulation of Pbx3 [14]. However, little is known about
the effects of P2X7 on DLBCL cells. In the present study,
P2X7 was demonstrated aberrantly up-regulated in patients
with DLBCL, particularly expressed in relapsed site of
DLBCL patient samples. Furthermore, Bz-ATP promoted
the proliferation of DLBCL cells, while inhibited prolifera-
tion was detected when administrated with P2X7 antagonist
A740003. Moreover, CPS1 mediated purine metabolism
pathway was involved in this process. Our results not only
elucidate the significance of the P2X7 in the progression of
DLBCL but also provide new insights for the research and
clinical therapy of hematopoietic malignancy.

Based on gene expression signature, DLBCLs are classi-
fied into activated B-cell-like (ABC-DLBCL) and germinal
center B-cell-like (GCB-DLBCL) subtypes [40]. ABC-
DLBCL displays chronically active BCR signaling, result-
ing in constitutive NF-kB activity [3]. On the other hand,
a subset of GCB-DLBCLs rely on the activation of PI3K
signaling induced by tonic B-cell receptor (BCR) signal-
ing [41]. Although ABC-DLBCL and GCB-DLBCL have
different mutation profiles and response differently to stan-
dard immune-chemotherapy [5]. In this study, we found no
significant difference between ABC-DLBCL patients and
GCB-DLBCL patients in P2RX7 expression. Moreover, the
proliferation of ABC-DLBCL cell line OCI-Ly3 or GCB-
DLBCL cell line SU-DHL-4, were both effectively modu-
lated by P2X7 signaling. Hence, our result confirmed that
purinergic signaling mediated by P2X7 receptor exerted
similar effects on proliferation of both ABC-DLBCL and
GCB-DLBCL tumor cells.

P2RX7 is highly polymorphic and contains sev-
eral splice variants, which includes: P2RX7A4 (the wide
type P2RX7, NM 002562.6), P2RX7B (AY847298),
P2RX7C (AY847299), P2RX7D (AY847300.1), P2RX7E

(AY847301.1), P2RX7F  (AY$47302.1), P2RX7G
(AY847303.1), P2RX7H  (AY847304.1), P2RX7L
(MK465687.1), P2RX7N  (MK465688.1), P2RX70
(MK465689.1), P2RX7P  (MK465690.1), P2RX7Q

(MK465691.1). Most Importantly, recent studies have
shown that P2X7-mediated cell proliferation is largely
induced by the P2X7B isoform in AML, osteosarcomas,
glioblastoma, etc. [42—45]. Our results have demonstrated
that target-inhibit P2X7 receptor could attenuate the prolif-
eration of DLBCL cells. However, which isoform of P2RX7
plays critical role in this process and the involved molecular
mechanisms still need to be further discussed and studied in
the future.

The interaction between extracellular ATP and P2X7
receptor affects tumor progression by controlling the activ-
ity of downstream kinase-dependent signaling pathways and
transcription factors [46]. Although early studies suggested
that exposure to high levels of ATP will activate PI3K/AKT

@ Springer

axis and AMPK-PRAS40-mTOR pathway, which lead to
cell death by disrupting the balance between cell growth
and autophagy in colon cancer [47]. Recent studies have
reported that abundantly extracellular ATP in the tumor
microenvironment plays a critical role in promoting tumor
cells proliferation, survival and drug resistance depending
on chronic P2X7-activated calcium influx in neuroblastoma,
non-melanoma skin cancer, prostate cancer and thyroid pap-
illary cancer [6]. The sustained calcium influx sequentially
activated ERK/PI3K/MEK pathway and induced the release
of cytokines, inflammatory factors or microparticles, and
finally promote the proliferation and metastasis of tumor
cells [12]. Interestingly, based on the bioinformatics anal-
ysis of RNAseq data, the KEGG result shows that P2X7
regulated proliferation of DLBCL may mainly through met-
abolic pathways. DEGs in Bz-ATP group enriched in galac-
tose metabolism, starch and sucrose metabolism, amino
sugar and nucleotide sugar metabolism. DEGs in P2X7-
inhibited DLBCL cells enriched in fatty acid metabolism,
pyrimidine metabolism, purine metabolism. When we focus
on the genes associated with pyrimidine and purine metabo-
lism, CSP1 was screened out, for its upregulation in Bz-
ATP group while downregulation in A740003 group. These
results suggest that CPS1 may be largely involved in the
proliferation of DLBCL cells induced by P2X7 signaling.

CPSI is a multidomain mitochondrial enzyme pro-
tein, catalyzing the first committed step of the urea cycle
for ammonia detoxification and disposal [33, 48]. CPS1 is
involved in the purine and pyrimidine metabolism path-
ways, which remove excessive ammonia by converting
ammonium into carbamoyl phosphate [34]. Knockdown
of CPS1 induced accumulation of ammonia, a decrease of
metabolites in nucleic acid synthesis pathways [49]. We
firstly demonstrated that the expression of CPS/ is posi-
tively correlated with P2RX7 in the samples of DLBCL
patients. Administration of P2X7 antagonist A740003 sig-
nificantly down-regulated the expression of CPSI/, which
subsequently induced accumulation of ammonia. Moreover,
exogenous supplementation of dNTP successfully rescued
the A740003 suppressed proliferation of DLBCL cells.
Therefore, these results suggested that P2X7 may promote/
inhibit the proliferation of DLBCL cells through CPS1. Fur-
ther work is needed to elucidate the detailed interactions
between P2X7 and CPSI1.

In summary, the expression level of P2X7 is aberrantly
up-regulated in patients with DLBCL. P2X7 signaling mod-
ulate the proliferation of OCI-Ly3 and SU-DHL-4 cells.
Most importantly, CPS1 associated purine and pyrimidine
metabolic pathway is involved in this process. This work
reveals the role of P2X7 in the proliferation of DLBCL cells
and implies that P2X7 may serve as a potential molecular
target for the treatment of rDLBCL.
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