Received: 24 March 2022 Revised: 3 October 2022

Accepted: 2 November 2022

DOI: 10.1002/cac2.12391

LETTER TO THE EDITOR

CANCER
COMMUNICATIONS

C-terminal variants of the P2X7 receptor are associated with
prostate cancer progression and bone metastasis - evidence
from clinical and pre-clinical data

Dear Editor

Bone is the most common site for metastasis in prostate
cancer (PCa), and identifying clinically useful biomarkers
to predict the risk of currently incurable bone metastases
is a major priority in PCa research.

Extracellular adenosine triphosphate (ATP) was shown
to be a major biochemical constituent of the tumor
microenvironment and regulates the tumor and host inter-
actions by acting at P2 purinergic receptors. Among the
P2 receptors, the ion channel P2X purinergic receptor 7
(P2X7R) has an unusually long C-terminus containing
200 amino acids, which forms the molecular basis for
the unique bi-function of P2X7R promoting cancer cell
proliferation or inducing membrane permeabilization and
apoptosis, upon activation by a low or high concentration
of ATP, respectively. A cysteine-rich region and a guano-
sine diphosphate or triphosphate (GDP/GTP)-binding site
located in the C-terminus are pivotal for the structural
rearrangement of the second transmembrane domain helix
and the globular ballast underneath during the membrane
pore permeabilization [1].

Among the 10 human P2X7R splice variants (P2X7RA-
J), the P2X7RA variant is the full-length “wild-type
(WT)” receptor, while the truncated P2X7RB variant lacks
the intracellular C-terminal tail. This naturally occur-
ring P2X7RB isoform maintains ATP-stimulated channel
activity but not pore permeabilization [2, 3]. P2X7RB is
upregulated in epithelial cancer cells [3] and associated
with the trophic activity of primary bone cancer [2, 4, 5].
These findings have highlighted the importance of defin-
ing the role of P2X7R C-terminal truncated variants in
cancer progression, particularly considering that data on

Abbreviations: ATP, adenosine triphosphate; BPH, benign prostatic
hyperplasia; BZATP, Benzoylbenzoyl-ATP; Cter, C-terminal; ec,
extracellular; GDP, guanosine diphosphate; GTP, guanosine
triphosphate; P2X7R, P2X purinergic receptor 7; PCa, Prostate cancer;
WT, wild-type; AC, C-terminal modified.

P2X7R in PCa bone metastasis is lacking, whereas clinical
evidence offers contradictory results [6, 7].

To clarify the role of P2X7R in PCa, we collected biop-
sies and surgical specimens from 77 patients with PCa
and 9 patients with benign prostatic hyperplasia (BPH)
from three local hospitals in Qingdao, Shandong, China.
Among these PCa patients, 20 (26.0%) had bone metas-
tases at the time of diagnosis, while 57 (74.0%) had no
bone metastases (Supplementary Table S1). To distin-
guish the full-length WT P2X7RA and the C-terminus
truncated P2X7RB splice variants, we used two antibod-
ies specifically against different domains of the P2X7R,
including anti-P2X7R-Cter (C-terminal) antibody against
the P2X7RA-specific C-terminal tail, thus detecting the
P2X7RA isoform, whilst the anti-P2X7R-ec (extracellular)
antibody against the extracellular domain and detect-
ing both P2X7RA and P2X7RB [4]. The detailed Meth-
ods can be found in the Supplementary file. Therefore,
P2X7RA was defined as positive staining for both anti-
P2X7R-Cter and anti-P2X7R-ec, while P2X7RB was pos-
itive for anti-P2X7R-ec but negative for anti-P2X7R-Cter
(Figure 1A). Of the 66 P2X7R expressing PCa specimens
(anti-P2X7R-ec-positive), 47 (71.2%) expressed P2X7RA,
and 19 (28.8%) expressed P2X7RB. Comparing the Glea-
son scores, P2X7RB-positive cases were 8.2% higher than
P2X7RA-positive cases (P = 0.047, Figure 1B). P2X7RB was
not expressed in BPH specimens (0/9) but was expressed
in 25.9% of PCa cases without bone metastases (14/54) and
41.7% of cases with bone metastases (5/12). The fraction
of P2X7RB-positive cases were positively correlated with
PCa progression (r = 0.997, P = 0.048, Figure 1C), based on
the average Gleason scores of different disease stages (PCa
without bone metastases = 8.0, bone metastatic PCa =
8.9, Supplementary Figure S1A). Immunoreactivity analy-
sis showed no significant difference in P2X7RA expression
level among specimens from the BPH group and groups
of PCa with or without bone metastases (Supplementary
Figure S1B-C), which was consistent with the retrospective
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FIGURE 1

P2X7R C-terminal disruptions enhance PCa bone metastasis. Biopsies and surgical specimens of 77 patients with PCa and 9

patients with BPH were collected from three local hospitals in Qingdao, China. To differentiate the expression of full-length P2X7RA and the
C-terminus truncated P2X7RB isoforms, anti-P2X7R-ec and anti-P2X7R-Cter were used for immune-staining two serial sections from each
sample, respectively. (A) The anti-P2X7R-ec antibody targeting the extracellular domain was used to detect both P2X7RA and P2X7RB, while
the anti-P2X7R-Cter antibody was used to target the P2X7RA-specific C-terminal tail. Therefore, P2X7RA was defined as positive staining for
both anti-P2X7R-Cter (top left) and anti-P2X7R-ec (top right), while P2X7RB was positive for anti-P2X7R-ec (bottom right) but negative for
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analysis of clinical datasets (Supplementary Figure S1D-E).
Therefore, C-terminus truncated P2X7RB variants, but not
full-length P2X7RA, were positively associated with PCa
progression and bone metastases.

As P2RX7 exon 13 encodes 85% length of the entire C-
terminus and is key to C-terminal functions, CRISPR/Cas9
technique was used to generate a frameshift after residue
position 451 in exon 13 (AC) (Supplementary Figure S2, S3),
to understand how P2X7R C-terminal disruptions affect
PCa cell biology. In WT PCa cells, exposure to 300 umol/L
P2X7R-specific agonist BZATP induced ethidium bromide
uptake, suggesting that P2X7R mediated membrane per-
meabilization to large molecules, a unique property of the
P2X7R C-terminus. While in AC cells, this was signifi-
cantly reduced (P < 0.001, Figure 1D). To examine whether
AC P2X7R is still functional in PCa cells, we tested the
BzATP-induced calcium influx. BZATP was able to induce
a calcium influx in PC3 AC cells, which was inhibited
by the P2X7R antagonist A740003 (Figure 1E). There was
no significant difference in BZATP-induced calcium influx
peak between PC3 WT and AC cells (P = 0.388, Figure 1F).
In addition, PC3 AC cells showed a significantly reduced
presence of the P2X7R C-terminus at the protein level
(Supplementary Figure S3F-1). These data have confirmed
that our P2X7R AC resembled the unique characteristics
of C-terminal truncated P2X7RB isoform, i.e., maintaining
channel activity but not membrane pore permeabilization

[2].

To test whether the disruption of P2RX7 exon 13 altered
the metastatic ability of PCa cells, we tracked bone tumors
formed by WT and AC PC3 cells following intra-cardiac
injection (Figure 1G). Mice injected with AC cells had
almost twice the skeletal tumor frequency (number of
skeletal tumors/mouse) of the WT group (4.2 vs. 2.3, P =
0.016, Figure 1H), with a significant 4-day reduction in
survival compared to the WT group (median survival:
26 vs. 30 days, P = 0.042, Figure 1I). However, there
were no significant differences in the individual tumor
size (Supplementary Figure S4A), number of non-skeletal
tumors (Supplementary Figure S4B), or tumor-induced
bone destruction determined ex vivo using micro-CT (Sup-
plementary Figure S4C-F). These were consistent with
data from cellular assays showing that disrupting P2X7R
C-terminus did not impair proliferation (Supplementary
Figure S5) and suggested that the pro-bone metasta-
sis effects in C-terminal disrupted PCa cells were bone
tropism related rather than tumor growth per se.

To provide an insight into what led to the enhanced
metastatic potential of AC cells, we performed a
metastasis-initiating cell assay [8] and found that PC3 AC
cells had significantly increased numbers of bone tropic
metastasis-initiating cells by 74.1% (P = 0.012, Figure 1J).
We examined these cells’ response to stimulation of
pore-inducing high concentration of extracellular BZATP
(300 umol/L) and showed a significant reduction of
induced apoptosis in PC3 AC cells (P = 0.030, Figure 1K)

anti-P2X7R-Cter (bottom left), scale bar = 50um. (B) The Gleason scores were then compared between the P2X7RA and P2X7RB expressing
groups. P2X7RA n = 47, P2X7RB n = 19, unpaired Student’s t-test. (C) Based on the number of P2X7RB expressing cases in BPH specimens
(0/9), PCa specimens without (No bone metastasis, 14/54) and with bone metastases (Bone metastasis, 5/12), the correlation between the
percentage of P2X7RB positive cases and stages of the PCa disease (based on the average Gleason scores of disease stages: BHP = 6; No bone
metastasis = 8.0; bone metastasis = 8.9) was examined using the Pearson’s R analysis. r = 0.997. P2X7R AC strains of human PC3 and C4-2B4

cells were generated using CRISPR/Cas9 targeting the 13" exon of the P2RX7 gene, the main region coding the C-terminus. (D) The pore

formation function was measured and compared between WT and AC PC3 cells using the exogenous P2X7R agonist BZATP (300 umol/L)

induced ethidium bromide uptake assay. n > 3 biological repeats, two-way ANOVA. (E) To understand whether P2X7R was functional after
C-terminal disruption, AC PC3 cells were pre-treated with P2X7R specific antagonist A-740003 (50 umol/L), and then 100 umol/L specific
agonist BZATP (to maximally activate P2X7R but not induce pore formation). BZATP-induced calcium influx was examined using the Fluo-4

Direct™ agent. All data were relative to both the baseline and ionomycin-induced full calcium influx. The representative BZATP-induced

calcium influx curve over a 450 s period with or without A-740003 antagonist pre-treatment. (F) The peak fluorescence intensity was
compared among the WT and AC cells. n = 9, unpaired Student’s t-test. A single-cell suspension of 1 x 10° PC3 WT or AC cells/100 uL PBS
was injected into the left cardiac ventricle of 6-week-old male BALB/c nude mice, after which (G) tumor progression was monitored up to

3 weeks post-injection by in vivo imaging. (H) The number of skeletal tumors per mouse and (I) survival curves based on when mice reach the

humane endpoint (>10% body weight loss) were compared between mice inoculated with WT and AC cells. n = 6, unpaired Student’s t-test

and Gehan-Breslow-Wilcoxon test. (J) Using a cell membrane dye (Vybrant DiD) retaining assay [8], the presence of slow-growing

metastasis-initiating cells (DiD+ cells) were evaluated and compared between WT and AC cells on day 14 using the FACS analysis. n = 3,

unpaired Student’s t-test. (K) The induced cell apoptotic activity (% increase of vehicle) by pore inducing high concentration of extracellular
BzATP (300 umol/L) was examined and compared between WT and AC cells. n > 5, unpaired Student’s t-test. (L) Under the same stimulation
of 300 umol/L BzATP, pro-tumorigenic cytokine IL-6 released into culture media by WT and AC PC3 cells were also examined using ELISA.
n = 3, one-way ANOVA with post hoc Tukey test. * P < 0.05, *** P < 0.001, **** P < 0.0001, N.S not statistically significant. Abbreviations: +ve:
positive; -ve: negative; BPH: benign prostatic hyperplasia; BZATP: Benzoylbenzoyl-ATP; Cter: C-terminal; ec: extracellular; P2X7R: P2X

purinergic receptor 7; PCa: Prostate cancer; WT: wild-type; N.S: not statistically significant; AC: C-terminal modified.
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but an increased secretion of pro-metastatic cytokine IL-6
(Figure 1L). The enhanced presence of the metastasis-
initiating cell subpopulation in P2X7R AC cells was
probably linked to their ability to escape apoptosis. The
P2X7R C-terminus, with the presence of palmitoylated
cysteine residues, could be inserted into the plasma
membrane and facilitated pore formation by preventing
cholesterol interaction with P2X7R [9]. Disruption of the
C-terminus, like in the P2X7RB isoform or AC cells, could
significantly reduce the induction of apoptosis in cells
under the stimulation of pore-inducing high concentra-
tion of extracellular nucleotides (e.g., 100-500 umol/L
extracellular ATP within solid tumors) [10]. Furthermore,
when stimulated by extracellular BzATP, only AC cells
secreted IL-6, a pro-inflammatory cytokine with strong
pro-metastatic effects on bone metabolism, tumor cell
survival, and angiogenesis. These findings warrant further
investigation to clarify the exact regulatory mechanisms
determining the metastatic fate of P2X7R AC cells.

In conclusion, using both clinical and pre-clinical data,
we showed that the disruption of the C-terminus of
P2X7R was positively associated with PCa progression
and bone metastasis. The C-terminal truncated P2X7RB
isoform, rather than the full-length P2X7RA, could poten-
tially be used as a prognostic marker to predict PCa bone
metastasis.
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