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Abstract: The adenosine-5’ triphosphate (ATP)-gated, ion channel, P2X receptor superfamily has
seven members expressed by many cancer types. Subtype 7 (P2X7 receptor) is expressed consistently
at levels higher than in comparatively healthy tissues. Moreover, transcript variant heterogeneity
is associated with drug resistance. We have previously described the role of the P2X7 receptor in
myeloma, a rare blood disease that uniquely presents with aggressive bone destruction. In this
study, we used known agonists of the P2X7 receptor to induce calcium influx and YO-PRO-1 uptake
in murine MOPC315.BM myeloma cells as readouts of P2X7 receptor-mediated channel activation
and pore formation, respectively. Neither ATP- nor BzATP-induced calcium influx and YO-PRO-1
indicated an absence of the P2X7 receptor function on MOPC315.BM cells. TaqMan revealed low
(Ct > 35) P2rx7 but high P2rx4 gene expression in MOPC315.BM; the latter was downregulated with
BzATP treatment. The concomitant downregulation of CD39/Entpd1, Icam-1, and Nf-kb1 and the
upregulation of Casp-1 genes regulated during purinergic signaling and with established roles in
myeloma progression suggest P2RX4-mediated survival adaptation by cancer cells. Further studies
are needed to characterize the P2RX4 pharmacology on MOPC315.BM since transcriptional regulation
may be utilized by cancer cells to overcome the otherwise toxic effects of high extracellular ATP.
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1. Introduction

Adenosine-5′ triphosphate (ATP) and its derivatives support, as chemical messengers,
purinergic transmission throughout tissues and species. As an extracellular messenger,
eATP activates P2X receptors (P2XR), a family of trimeric non-selective cation channels.
The P2X7 receptor subtype has attracted the interest of major drug discovery projects since
being cloned from a rat brain cDNA library [1]. A key pharmacological property of the P2X7
receptor is its low ATP sensitivity, being the least sensitive among all the P2XR subtypes [2].
P2X7 receptor activation by eATP concentrations ranging between 0.05 and 1 mM causes
a rapid influx of Na+ and Ca2+ and efflux of K+, and other cations [3,4]. Upon long-term
activation, P2X7 receptor complexes with membrane proteins to form a macropore that
allows the passage of organic ions like N-methyl-D-glucamine (NMDG+), choline+, and
fluorescent dyes, such as ethidium+ and YO-PRO-12+ [5,6].

After activation, the P2X7 receptor stimulates various downstream signaling pathways,
aiding in cell proliferation and survival; however, curiously, P2X7 receptor activation is also
associated with the induction of apoptosis and subsequent cell death [2,7]. Dramatically
high ATP concentrations are typical of lesions with tissue damage, indicating cellular
stress, and are also detected in the tumor microenvironment (TME) [8]. Moreover, P2X7
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receptor expression is upregulated in various solid tumors versus the comparatively healthy
tissues [9]. It is, therefore, understandable that the P2X7 receptor has been the most widely
investigated purinergic receptor in various pathologies and has the largest amount of
specific pharmacological tools available [10,11]. In addition, recently developed preclinical
disease models have greatly advanced P2X7 receptor investigations and paved the way
for new clinical perspectives of P2X7 receptor-targeted therapies. However, the role of the
P2X7 receptor in non-solid malignancies remains understudied.

We aimed to identify the potential of the P2X7 receptor as a druggable target in
multiple myeloma (MM). MM is the second most common hematological malignancy,
characterized by the clonal expansion of antibody-producing plasma cells in the bone
marrow [12]. Patients with MM present with organ dysfunction, referred to as C-R-A-B
(hypercalcemia, renal insufficiency, anemia, and osteolytic bone disease) [13]. The latter
presents in >90% of patients due to increased numbers of bone-degrading cells (osteoclasts)
and reduced numbers of bone-producing cells (osteoblasts) [14]. Furthermore, the myeloma-
bone cell interactions positively influence myeloma cell survival, migration, and drug
resistance [14,15]. Stem-cell transplantation and the introduction of novel therapeutics and
better use of them have benefitted patient survival and quality of life [16]. Unfortunately,
MM remains incurable, with heterogeneous patient prognosis. The majority of patients
relapse, and multiple drug resistance is common [12,17,18].

In the present study, we identify whether the P2X7 receptor is expressed and functional
in murine MOPC315.BM cells, an ideal model for studying MM and the associated bone
disease. When injected in BALB/c mice, a commonly used laboratory-bred mouse strain,
mice replicate many characteristics of MM disease, including bone lesions [19]. This
syngeneic model can enhance our understanding of MM biology, and drug targets can be
developed to counteract drug resistance and improve health outcomes in patients.

2. Materials and Methods
2.1. Cell Culture

Murine MOPC315.BM myeloma cells, received from B. Bogen and PO Hofgaard at the
University of Oslo and Oslo University Hospital, were maintained at 37 ◦C and 5% CO2 in
RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 1% MEM NEAA (Thermo Fisher
Scientific), 1% sodium pyruvate (Thermo Fisher Scientific), 0.024% gentamicin solution
(Sigma-Aldrich), and 0.005% l-thioglycerol (Sigma-Aldrich). Cells were subcultured 1:2
every 3–4 days as described previously [19].

The human myeloma cell line, RPMI-8226 (ATCC) was maintained at 37 ◦C and 5%
CO2 in RPMI 1640 medium with supplements as described previously [20] and subcultured
1:3 every 2–3 days.

Primary osteoclasts were derived from splenic precursors from 8-week-old BALB/c
mice as previously described [21]. Briefly, spleen cells were harvested by macerating the
spleen tissue with a 25G needle. Histopaque-1077 was used to layer the spleen cells and
gradient centrifugation was performed at 400× g for 30 min to isolate precursors. Precur-
sors were washed in alpha-modified essential medium with 1% penicillin/streptomycin
(αMEM) and seeded in 24-well plates (4 × 106 cells/well) in 0.4 mL αMEM supplemented
with 10% fetal bovine serum, 1% GlutaMax, 30 ng/mL rmM-CSF (R&D Systems, Boston,
MA, USA), and 50 ng/mL rmRANKL (R&D Systems) (Oc-CM) for 24 h at 37 ◦C and 7%
CO2 to allow the attachment of osteoclast precursors. After removing the non-adherent
cells by washing with αMEM, adherent precursors were differentiated for 7 days in Oc-CM
at 37 ◦C, 7% CO2, with the medium replaced every 2–3 days.

2.2. Calcium Influx Assay

An influx of calcium was determined as a change in the intracellular calcium concen-
tration [Ca2+]i with the use of Ca2+ chelating dye, Fluo-4 AM, as described previously [20].
Cells were seeded in poly-D-lysine-coated, clear-bottom, black-walled, 96-well plates at
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a density of 100,000 cells per well in culture medium for 24 h. The culture medium was
removed, and the cells were washed in experimental buffer (Hanks Buffer with Ca2+ and
Mg2+ supplemented with 10 mM HEPES, 2.5 mM probenecid in 0.6 N NaOH, pH 7.4) before
loading with Fluo-4 AM (4 µM, 50% v/v Pluronic F-127) for 1 h in the dark. Excess Fluo-4
AM was removed, and the cells were washed in experimental buffer before equilibrating
for 10 min in NOVOstar (BMG Labtech, Ortenberg, Germany). The baseline fluorescence
was determined for 30 s (485 nm excitation/520 nm emission) before the agonists, ATP
or 2′(3′)-O-(4-benzoylbenzoyl) adenosine 5′-triphosphate (BzATP), were injected directly
into the experimental buffer, and the measurements were further continued for 90 s. When
mentioned, the cells were pre-treated with P2X7 receptor-specific antagonists A-740003
(1 µM) and A-438079 (10 µM) [22] for 30 min to measure P2X7 receptor-mediated [Ca2+]i)
at maximal agonist concentrations, i.e., 2.5 mM ATP or 300 µM BzATP. The assay, including
incubation, equilibration, and measurements was performed at 37 ◦C and 5% CO2.

P2X7 receptor-mediated increases in [Ca2+]i with agonists, 2.5 mM ATP and 100 µM
BzATP, in human myeloma cell line RPMI-8226, were used as the assay controls. After
adjusting for autofluorescence, the maximum peak fluorescence after agonist injection was
expressed as a fold change of the baseline for quantitative analysis, and each experiment
was repeated four times.

2.3. Pore Formation

Cellular uptake of the nucleic acid dye YO-PRO-1 (molecular weight: 629 Da) was
used to measure pore formation, as described previously [20]. Cells were seeded in
poly-D-lysine-coated, clear-bottom, black-walled, 96-well plates at a density of
50,000 cells per well in culture medium for 24 h. The culture medium was removed, and
the cells were washed in experimental buffer (Hanks Buffer without Ca2+ and Mg2+ sup-
plemented with 10 mM HEPES, 2.5 mM probenecid in 0.6 N NaOH, pH 7.4). The cells were
loaded with YO-PROTM-1 iodide (2 µM) and equilibrated for 10 min in NOVOstar (BMG
Labtech). The baseline fluorescence was determined for 10 min (485 nm excitation/520 nm
emission) before the agonists, ATP or BzATP, were added directly into the experimental
buffer, and measurements were further continued for 60 min. When mentioned, the cells
were pre-treated with P2X7 receptor-specific antagonists A-740003 (1 µM) and A-438079
(10 µM) [22] for 30 min to measure P2X7 receptor-mediated YO-PRO uptake at the maximal
agonist concentrations, i.e., 2.5 mM ATP or 500 µM BzATP. The assay, including incubation,
equilibration, and measurements, was performed at 37 ◦C and 5% CO2.

Pore formation with agonists, 1 mM ATP and 500 µM BzATP, in human myeloma cell
line RPMI-8226, was used as the assay controls. After adjusting for autofluorescence, the
area under the curve (AUC) from the time of agonist injection was used for quantitative
analysis, and each experiment was repeated four times.

2.4. TaqMan Gene Expression

Cells were either lysed directly in RLT buffer or equally weighed tissues were homog-
enized on dry ice to isolate the total RNA using the RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. The total RNA (2 µg) was used
for cDNA synthesis using the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Thermo Fisher Scientific) using Multiscribe Reverse Transcriptase and random
primers with a thermal profile of 10 min at 25 ◦C, 2 h at 37 ◦C, and 5 min at 85 ◦C, according
to the manufacturer’s instructions.

Successful reverse transcription was confirmed on all samples (MOPC315.BM cells,
RAW264.7 cells from ATCC, and primary osteoclasts derived from BALB/c mice) using
a previously described procedure [21] by semi-quantitative PCR and visualization on
the gel as follows. cDNA (2 µg) was assembled with a PCR mix containing HotStarTaq
DNA polymerase, PCR buffer, each dNTP (200 µM), and 0.2 µM of each Gapdh primer
(forward 5′ TTGAAGGGTGGAGCCAAACG 3′ and reverse 5′ TCATACCAGGAAATAGC
3′) before amplification under the following conditions: initial heat activation (95 ◦C for
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15 min), followed by 30 cycles each of denaturation (95 ◦C for 30 s), annealing (60 ◦C for
30 s), and extension (68 ◦C for 1 min). A final extension was achieved at 72 ◦C for 10 min.
For gel electrophoresis, the products were stained and loaded on a 1% agarose gel (TAE
buffer, and SYBR Safe). The electrophoresis was performed at 80 V for 40 min, followed by
visualization under UV light.

A custom TaqMan Array 96-well plate (# 4391528) containing pre-aliquoted, dried-
down assay probes and primers for the transcript variants of the mouse P2rx7 gene (tran-
script region common to variants a and k, assay ID: Mm01199500_m1, transcript region
unique to variant a, and excluding variant k, assay ID: Mm00440578_m1) and housekeep-
ing gene Gapdh (assay ID: Mm99999915_g1) were used according to the manufacturer’s
instructions. cDNA (100 ng per 20 µL reaction) was mixed with the TaqMan Universal
PCR Master Mix and amplified using QuantStudio 6 Pro (Thermo Fischer Scientific) with
the following PCR conditions: initial incubation (50 ◦C for 2 min) and DNA polymerase
activation (95 ◦C for 10 min), followed by 40 cycles each of denaturation (95 ◦C for 15 s),
annealing, and extension (60 ◦C for 1 min). The assay IDs of all genes used in the design of
the TaqMan Array are tabulated in Table 1.

Table 1. Assay IDs of genes used in the TaqMan Array.

Gene
Symbols Assay IDs Gene

Symbols Assay IDs Gene
Symbols Assay IDs Gene

Symbols Assay IDs

18s Hs99999901_s1 P2rx1 Mm00435460_m1 P2ry1 Mm00435471_m Entpd1 Mm00515447_m1
Gapdh Mm99999915_g1 P2rx2 Mm00462952_m1 P2ry2 Mm00435472_m1 Nt5e Mm00501910_m1
Actb Mm01205647_g1 P2rx3 Mm00523699_m1 P2ry4 Mm00445136_s1 Fcamr Mm03047928_m1
Hprt Mm03024075_m1 P2rx4 Mm00501787_m1 P2ry6 Mm01275473_m1 Nlrp3 Mm00840904_m1

P2rx5 Mm00473677_m1 P2ry10 Mm00549811_m1 Panx1 Mm00450900_m1
P2rx6 Mm00440591_m1 P2ry12 Mm00446026_m1 Casp1 Mm00438023_m1

P2rx7 * Mm01199500_m1 P2ry13 Mm00546978_m1 Il6 Mm00446190_m1
P2rx7 ** Mm00440578_m1 P2ry14 Mm01289602_m1 Il1b Mm00434228_m1

Il18 Mm00434226_m1
Icam1 Mm00516023_m1
Tnf Mm00443258_m1

Nfkb1 Mm00476361_m1

* Assay amplifies the transcript region common to variants a and k. ** Assay amplifies the transcript region unique
to variant a, and excludes variant k.

The cDNA from the MOPC315.BM cells passed on 3 different days, with or without
BzATP treatment, were run on 3 TaqMan array plates with the cDNA from either the RAW
264.7 or primary mouse osteoclasts as P2XR gene expression controls.

2.5. Statistics

The data were tested for normality using the Kolmogorov–Smirnov test, and statistical
analysis was performed using the Kruskal–Wallis test and Dunn’s multiple correction for
the agonist dose-response, or the Mann–Whitney t-test for comparison between the two
treatment groups. The results shown are from at least four independent experiments and
are presented as the means ± SEM. p-values < 0.05 were considered significant, calculated
using GraphPad Prism (version 9.4.1). For gene expression analysis, any undetermined
Ct values were given the arbitrary number 38 for normalization to housekeeping genes
or calculation of the fold change (2−∆∆Ct) according to the comparative Livak method. A
ratio paired t-test was used to assess the fold-change significance, with p-values < 0.05
considered significant.

3. Results
3.1. Neither ATP nor BzATP Induces Calcium Influx in MOPC315.BM

No calcium influx was observed at the tested concentrations of either ATP
(0.5, 1, 2, 3, and 4 mM; p-value = 0.2712) or BzATP (10, 50, 100, 200, and 300 µM;
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p-value = 0.0721) (Figure 1a,b, Table 2). Thus, both agonists failed to activate the P2X7
receptor-mediated cation channel in the MOPC315.BM cells. Antagonists A-438079 and A-
740003 were used to eliminate P2X7 receptor involvement, and the presence of neither antag-
onists altered the ATP or BzATP-mediated calcium influx (Figure 1c,d, Table 2). The RPMI-
8226 cells showed a statistically significant calcium influx with 100 µM BzATP (4.27-fold,
p-value = 0.0286) (Figure 1e), aligning with our previously published findings and confirm-
ing our experimental setup.
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Figure 1. Quantified calcium influx in MOPC315.BM stimulated with increasing doses of ATP (a) and
BzATP (b), and the respective injection traces of relative fluorescence (arrow marking the injection
point). Pre-incubation with antagonists A-438079 (10 µM) or A-740003 (1 µM) did not alter the calcium
response in the presence of either 2.5 mM ATP (c) or 300 µM BzATP (d). Human cell line RPMI-8226
and BzATP (100 µM) were used as an assay control (e). Data show the maximum peak fluorescence
after agonist injection as a fold change of baseline before injection, normalized to no-agonist control
(dotted line) and expressed as mean ± SEM of four independent experiments (n) with three technical
replicates for each concentration. Kruskal–Wallis test followed by Dunn’s multiple comparisons
test is used for comparison of each concentration to the no-agonist control (a,b); or Mann–Whitney
t-test for comparison between agonist and antagonists (c,d) and between no agonist and agonist (e).
* p-values < 0.05 were considered statistically significant.

3.2. Neither ATP nor BzATP Induces Pore Formation in MOPC315.BM

No change in YO-PRO-1 uptake was observed at the tested concentrations of ei-
ther the ATP (0.1, 0.5, 1, 2, and 2.5 mM; p-value = 0.3553) or BzATP (5, 10, 50, 100, and
500 µM); p-value = 0.5541) (Figure 2a,b, Table 3). Antagonists A-438079 and A-740003
were used to eliminate P2X7 receptor involvement, and the presence of neither antago-
nist altered the ATP or BzATP YO-PRO-1 uptake (Figure 2c,d, Table 3). The RPMI-8226
cells showed a statistically significant YO-PRO-1 uptake with 500 µM BzATP (1.53-fold,
p-value = 0.002) (Figure 2e), aligning with our previously published findings and confirming
our experimental setup.



Receptors 2023, 2 196

Table 2. Summary of agonist-induced calcium influx in MOPC315.BM.

[BzATP] 0 µM 10 µM 50 µM 100 µM 200 µM 300 µM

Fmax/F0,
mean ± SEM 1.000 ± 0.000 1.201 ± 0.086 1.214 ± 0.109 0.873 ± 0.175 1.333 ± 0.103 1.357 ± 0.153

(n) (4) (4) (4) (4) (4) (4)

p-value - 0.803 0.6638 >0.999 0.1373 0.1559

[BzATP] 0 µM 300 µM
300 µM 300 µM
+ 10 µM
A-438079

1 µM
A-740003

Fmax/F0,
mean ± SEM 1.000 ± 0.000 1.020 ± 0.088 1.170 ± 0.222 0.866 ± 0.225

(n) (4) (4) (4) (4)

p-value - 0.3143 0.857 >0.999

[ATP] 0 mM 0.5 mM 1 mM 2 mM 3 mM 4 mM

Fmax/F0,
mean ± SEM 1.000 ± 0.000 1.553 ± 0.458 1.260 ± 0.242 1.935 ± 0.616 1.864 ± 0.453 1.056 ± 0.409

(n) (4) (4) (4) (4) (4) (4)

p-value - >0.999 >0.999 0.535 0.5726 >0.999

[ATP] 0 mM 2.5 mM
2.5 mM 2.5 mM
+ 10 µM
A-438079

1 µM
A-740003

Fmax/F0,
mean ± SEM 1.000 ± 0.000 1.841 ± 0.539 2.299 ± 1.126 1.533 ± 0.405

(n) (4) (4) (4) (4)

p-value - 0.9333 0.6857 0.8857

Table 3. Summary of agonist-induced pore formation in MOPC315.BM.

[BzATP] 0 µM 5 µM 10 µM 50 µM 100 µM 500 µM

AUC,
mean ± SEM 1.000 ± 0.000 1.077 ± 0.126 1.175 ± 0.059 1.111 ± 0.064 1.269 ± 0.176 1.195 ± 0.1134

(n) (4) (4) (4) (4) (4) (4)

p-value - >0.999 0.5441 >0.999 0.6638 0.803

[BzATP] 0 µM 500 µM
500 µM 500 µM
+ 10 µM
A-438079

1 µM
A-740003

AUC,
mean ± SEM 1.000 ± 0.000 1.250 ± 0.033 1.202 ± 0.135 1.175 ± 0.179

(n) (4) (4) (4) (4)

p-value - 0.0286 0.4857 0.3429

[ATP] 0 mM 0.1 mM 0.5 mM 1 mM 2 mM 2.5 mM

AUC,
mean ± SEM 1.000 ± 0.000 0.953 ± 0.089 0.870 ± 0.067 0.798 ± 0.028 0.786 ± 0.068 0.898 ± 0.139

(n) (4) (4) (4) (4) (4) (4)

p-value - >0.999 >0.999 0.491 0.2534 >0.999

[ATP] 0 mM 2.5 mM
2.5 mM 2.5 mM
+ 10 µM
A-438079

1 µM
A-740003

AUC,
mean ± SEM 1.000 ± 0.000 0.959 ± 0.164 0.956 ± 0.087 0.909 ± 0.129

(n) (4) (4) (4) (4)

p-value - 0.3143 0.8857 0.6857

3.3. Expression of P2X7 Receptor Variants in MOPC315.BM

TaqMan analysis revealed a high cycle threshold (Ct) corresponding to the P2X7
receptor mRNA variants, indicating a reduced P2rx7 gene expression in the MOPC315.BM
cells in comparison to their expression in RAW 264.7 cells (average Ct = 35.2 versus 23.7,
respectively, for the sequence common to protein-coding variants a and k; and average
Ct = 36.9 versus 22.8, respectively, for the sequence unique to the variant a, thus excluding
the variant k in the BALB/c P2rx7 gene). Primary osteoclasts were used as a second P2X7
receptor-expressing cell type of BALB/c origin and showed an average Ct = 27.1 for the
common sequence in both variants a and k, and an average Ct = 26.9 for the sequence
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unique to variant a. Figure 3 shows the ∆Ct of P2rx7 expression normalized to the indicated
housekeeping gene in the MOPC315.BM cells, RAW 264.7 cells, and primary osteoclasts.
The fold change (2−∆∆Ct) of all P2XR subtypes relative to the P2rx1 in the MOPC315.BM
cells confirms the negligible P2rx7 expression at 0.13-fold (P2X7 receptor variants a + k)
and 0.04-fold (P2X7 receptor variant a) in the MOPC315.BM cells, but it was higher in the
RAW 264.7 cells (296.47-fold and 562.46-fold for P2X7 receptor variants a + k and P2X7
receptor variant a, respectively) and primary osteoclasts (609.98-fold and 650.56-fold for
P2X7 receptor variants a + k and P2X7 receptor variant a, respectively) (Figure 3b). However,
both P2rx3 (3.56-fold) and P2rx4 (141.07-fold) were expressed in the MOPC315.BM cells
(Figure 3b).
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mean ± SEM of four independent experiments (n) with three technical replicates for each 
concentration. Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used for 
comparison of each concentration to the no-agonist control (a,b); or Mann–Whitney t-test for 

Figure 2. Quantified YO-PRO-1 uptake in MOPC315.BM stimulated with increasing doses of ATP
(a) and BzATP (b), and the respective injection traces of relative fluorescence (arrow marking the
injection point). Pre-incubation with antagonists A-438079 (10 µM) or A-740003 (1 µM) did not alter
the YO-PRO-1 uptake response induced by 2.5 mM ATP (c) or 500 µM BzATP (d). Human cell line
RPMI-8226 and BzATP (500 µM) were used as an assay control (e). Data show area under the curve
(AUC) from the time of injection normalized to no-agonist control (dotted line) and expressed as
mean ± SEM of four independent experiments (n) with three technical replicates for each concentra-
tion. Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used for comparison of
each concentration to the no-agonist control (a,b); or Mann–Whitney t-test for comparison between
agonist and antagonists (c,d) and between no agonist and agonist (e). ** indicates p-values < 0.01.

The expression of P2X7 receptor variants remained unaltered with agonist exposure,
that is, 500 µM BzATP for 30 min, indicating that P2rx7 gene expression in MOPC315.BM
cells is not regulated by a high agonist concentration (Figure 4a).
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BALB/c P2rx7 gene in MOPC315.BM cells, RAW 264.7 cells, and primary osteoclasts, calculated as
∆Ct of housekeeping genes Gapdh, Actb, and 18s (a). P2rx1 gene expression in MOPC315.BM cells
was used to calculate the fold change (2−∆∆Ct) of all P2RX subtypes in MOPC315.BM cells, RAW
264.7 cells, and primary osteoclasts (b) with Gapdh as a housekeeping gene. Data are presented as
means ± SEM of mRNA prepared from 3 separate subcultures of MOPC315.BM cells.

3.4. Expressions of P2XR and P2YR Subtypes in MOPC315.BM and BzATP-Induced
Genetic Regulation

The gene expressions of other P2XR subtypes were also investigated after the treatment
of MOPC315.BM cells with 500 µM BzATP for 30 min. Both P2rx3 and P2rx4 gene expres-
sions were downregulated in the MOPC315.BM cells after agonist exposure (Figure 4a).
Moreover, the downregulation of P2YR subtype P2ry4 was seen in the MOPC315.BM cells
treated with BzATP (Figure 4b).

We further investigated any transcriptional regulation of candidates involved in
purinergic signaling pathways. The downregulation of ectonucleotidase CD39 (Entpd1),
intercellular adhesion molecule 1 (Icam-1), and nuclear factor of kappa 1, p105 (Nf-kb1)
and the upregulation of Caspase 1 (Casp1) was seen after agonist exposure (Figure 4c).
Since these genes are also targets in purinergic signaling pathways, regulation by BzATP is
thus implicated.
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Figure 4. TaqMan qPCR analysis depicted as heat map of the transcriptional regulation after
MOPC315.BM cells were treated with 500 µM BzATP for 30 min. Expressions of P2RX (a) and
P2RY (b) subtypes and candidates involved in purinergic signaling pathways (c) calculated as 2−∆∆Ct

of P2rx1 expression in untreated MOPC315.BM cells. Gapdh was used as a housekeeping gene. mRNA
was prepared from 3 separate subcultures of MOPC315.BM cells. Ratio paired t-test was used to
assess the fold-change significance, and * = p-value < 0.05. Gene names are represented by the
following symbols: ectonucleotidase CD39 (Entpd1), 5′-ectonucleotidase (Nt5e), Fc receptor (Fcamr),
NLR family, pyrin domain containing 3 (Nlrp3), pannexin 1 (Panx1), Caspase 1 (Casp1), interleukin
6 (Il6), interleukin 1 beta (Il1b), interleukin 18 (Il18), intercellular adhesion molecule 1 (Icam-1), tumor
necrosis factor (Tnf ), and nuclear factor of kappa 1, p105 (Nf-kb1).

4. Discussion

P2X7 receptor expression and function have been validated in several human MM
cell lines, such as RPMI-8226, but have not yet been studied in MOPC315.BM cells, a
widely used syngeneic model for MM and its associated bone disease. We elucidated the
functional properties of the P2X7 receptor, i.e., the cation channel, and the pore formation
characteristics in MOPC315.BM cells using varying concentrations of both ATP, the physio-
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logical ligand, and a more potent agonist, BzATP. In case ATP and BzATP had caused P2X7
receptor activation, the P2X7 receptor antagonists (A-438079 and A-740003) [22] were used
to confirm P2X7 receptor involvement. However, neither of the agonists activated the P2X7
receptor cation channel or membrane pore at any of the concentrations tested. Therefore,
we investigated the expressions of the two functional transcript variants of P2rx7 described
in the BALB/c mice strain [23]. Low (Ct > 35) P2X7 receptor mRNA (for both variant a and
variant k) but high P2rx3 and P2rx4 mRNA was detected in the MOPC315.BM cells.

Roles of the P2X3 and P2X4 receptors are indicated in nociceptive pain through
the downregulation of P2X3 receptors in neurons [24,25], and P2X3 receptor antagonists
demonstrate analgesic effects in murine models of cancer-induced bone pain [26–28].
Thus, further investigations with the MOPC315.BM MM model can be considered to ex-
amine the effect of targeting P2X3 receptors in chronic pain states, and thus, a rapidly
translatable strategy to reduce MM-associated bone pain in patients. In addition, the
P2X4 and P2X7 subunit isoforms are co-expressed in the cells of the immune and inflam-
matory system and share the highest amino acid sequence similarity amongst the P2X
subtypes [29–31]. Therefore, physical and functional interactions between the P2X4 and
P2X7 subunits have been investigated [32,33]. Evidence that P2X7 receptor mRNA levels
are reduced in P2RX4 knockout mice, and vice versa [34], supports the genetic interplay
between P2rx4 and P2rx7. Furthermore, the shRNA-mediated downregulation of P2X7
receptor mRNA leads to increased P2RX4 expression, and the knockdown of P2RX4 mRNA
resulted in a compensatory increase in P2X7 receptor protein expression [35], which sug-
gests that a lack of one receptor is compensated by the presence of the other one. Although
we did not investigate the pharmacological properties of P2RX4 in the MOPC315.BM cells,
the BzATP treatment impaired the P2rx4 mRNA expression, which correlated with a de-
crease in the expressions of ectonucleotidase CD39 (Entpd1), intercellular adhesion molecule
1 (Icam-1), and nuclear factor of kappa 1, p105 (Nf-kb1) and an increased expression of Cas-
pase 1 (Casp1). P2RX4 is emerging as a potent regulator of hematopoietic stem/progenitor
cell mobilization and homing [36], and further studies with the MOPC315.BM myeloma
model could provide a novel view of the mutual dependence between the P2RX4 and P2X7
receptors in orchestrating the homing and engraftment events in myeloma cells.

Different animal models have been used for studies of bone marrow tropism, the
development of osteolytic lesions, drug testing, and immunotherapy in MM and have
contributed to novel therapies. However, each model has advantages and disadvantages.
While syngeneic mouse models such as 5T2MM and 5T33MM, have been extensively used
over the last five decades for studying the homing mechanisms of MM cells to bone marrow,
the interaction of MM cells with the bone marrow environment, and the evaluation of new
therapies [37–39], MM cell infiltration is restricted to the bone marrow and spleen [40]
and does not necessarily accurately reflect human disease or, are dependent on a mouse
strain of limited availability (C57BL/KaLwRij). Double-transgenic Myc/Bcl-XL mice have
been used to develop different transgenic mice models, and although they recapitulate
several characteristics of MM [41–44], these models are time-consuming and costly, perhaps
explaining their limited use thus far. Finally, xenograft models using human myeloma cell
lines or primary human myeloma have also been established in immunodeficient SCID
or NOD SCID gamma (NSG) mice, allowing a high degree of adaptability. While labeling
with luciferase and green fluorescent protein (GFP) allows for the in vivo imaging of the
MM-like disease, they also allow for the pharmacological assessment of agents either alone
or in combination with bone-targeted therapies, thus proving a highly translational strategy
to improve bone outcomes [45,46]. A major drawback of the immunodeficient models is
the lack of an immune-mediated antitumor response, and therefore, the models do not
completely reflect normal physiological conditions.

The presence of a physiological response in oncological experimental models is es-
sential, as ATP is one of the pivotal molecules present in the TME, with an essential role
in promoting cancer proliferation and metastasis and immune responses. Additionally,
expression of the P2X7 receptor endows tumor cells with a significant growth advantage
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and an anaplastic phenotype in vivo [47]. On the other hand, P2X7 receptor expression
is critical for an antitumor immune response and to restrict tumor growth and metastatic
spreading, as seen in mouse models of B16 melanoma and CT26 colon carcinoma [48]. Gene
knock-in strategies with MOPC315.BM cells could be employed to elucidate the role of the
P2X7 receptor in MM and its associated bone disease as well as in oncogenesis.

This model provides a unique opportunity to comprehensively evaluate immunother-
apeutic strategies in MM as well as drive the emerging role of eATP as an immune mediator
in a more preclinically relevant setting.

5. Conclusions

MOPC315.BM myeloma cells have low P2rx7 gene expression and high P2rx3 and
P2rx4 gene expression, making it an ideal model for studying the roles of P2X3 and P2X4
receptors in the events of MM disease and the associated bone pain. Gene modification
strategies, such as knock-in of isoforms specific to the human P2X7 receptor, could be
approached with MOPC315.BM cells to assess how genetic variants and alternate splicing
of the P2X7 receptor contributes to the progression of MM and the associated bone disease.
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