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Abstract
As alterations in purinergic signaling have been observed in bladder diseases, we aimed to assess the potential prognostic 
role of purinergic receptors in bladder cancer in a translational approach based on clinical databases and in vitro data. The 
prognostic role of purinergic receptors in the survival of patients with bladder cancer and the expression profile of the altered 
P2 receptors in normal and in tumor samples were determined using The Cancer Genome Atlas databank. In T24 and RT4 
human bladder cancer cell lines, the P2 purinergic receptors were characterized by RT-PCR and RT-qPCR analysis includ-
ing radiotherapy exposure as treatment. The cell number and the cumulative population doubling were also assessed. The 
expression profile of P2X6 receptor in the cancer pathological stage and in the nodal metastasis status was in agreement with 
Kaplan–Meier analysis, indicating that high expression of this receptor was related to an increased survival rate in patients 
with bladder cancer. Of all the P2 receptors expressed on T24 cell line, P2X6 presented high expression after radiotherapy, 
while it was not altered in RT4 cells. In addition, irradiation promoted a decrease of T24 cell number, but did not change 
the cell number of RT4 after the same time and radiation dose. Along 7 days after irradiation exposure, both cells regrew. 
However, while P2X6 receptor was downregulated in T24 cells, it was upregulated in RT4 cells. Our findings indicated that 
high P2X6 receptor expression induced by radiation in T24 cell line may predict a good survival prognostic factor.
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Introduction

Bladder cancer is one of the most prevalent malignancies 
affecting the urinary tract and the sixth most common can-
cer in men [1]. Although radical cystectomy remains the 
standard treatment for muscle invasive bladder cancer, it 
strongly affects the patient’s quality of life [2]. An alterna-
tive treatment is radiation, which is a non-invasive technique 
that preserves the urinary bladder [3, 4]. However, many 
tumors present resistance to radiotherapy [4, 5]. In this way, 
finding molecular markers that allow the classification of 
patients with bladder cancer as susceptible or resistant to 
this treatment would be of value for improving the efficacy 
of radiotherapy.

In the urinary bladder, the adenosine 5′-triphosphate 
(ATP) signaling molecule has a crucial role both in medi-
ating the sensation of fullness of the bladder and in many 
bladder disorders [6, 7]. ATP is a purine nucleotide that, in 
addition to its intracellular role, also acts as an important 
extracellular signaling molecule [8] as it can be released 
by cells in response to different stimuli, including bladder 
stretch, inflammation, or cell death [8–10]. ATP interacts 
and activates the purinergic receptors that are classified as 
ionotropic P2X receptors and metabotropic P2Y receptors 
[11]. P2X receptors are subdivided into P2X 1–7 whereas 
P2Y are subdivided into P2Y 1,2,4,6,11–14 [12]. Altera-
tions in ATP release and in purinergic receptors expression 
have been observed in human bladder diseases as well as in 
animal models of bladder pathologies [13–17]. In addition, 
ATP signaling is controlled by ectonucleotidases, a fam-
ily of enzymes that act in a coordinate manner to degrade 
ATP to adenosine [8]. We have previously showed that the 
altered expression of ecto-5′nucleotidase/CD73 is involved 
in bladder cancer tumorigenesis [18, 19] and that extracel-
lular adenosine generated by this enzyme contributes to the 
radiosensitization of human bladder cancer cells [20]. ATP 
also reduced glioma cell proliferation after radiotherapy, by 
sensitizing P2X7 receptor [21]. However, the effect of radio-
therapy on P2 receptors (P2R) expression in human bladder 
cancer cells and a possible relationship between the survival 
of bladder cancer patients and the expression of P2R have 
not yet been evaluated. Therefore, in the current study, the 
potential prognostic value of P2 purinergic receptors in blad-
der cancer and radiation toxicity were assessed.

Materials and methods

Patient survival

Data were generated by The Cancer Genome Atlas 
(TCGA) databank. The Kaplan–Meier survival plot for 
Gene Expression Data was generated with the follow-
ing entries as a gene symbol in all the plots: ‘P2RX1,’ 
‘P2RX2,’ ‘P2RX3,’ ‘P2RX4,’ ‘P2RX5,’ ‘P2RX6,’ 
‘P2RX7,’ ‘P2RY1,’ ‘P2RY2,’ ‘P2RY4,’ ‘P2RY6,’ 
‘P2RY11,’ ‘P2RY12,’ ‘P2RY13,’ and ‘P2RY14.’ ‘EGFR’ 
and ‘VIMENTIN,’ whose prognostic role was already 
reported [22–24], were included as two 'positive controls.' 
‘BLADDER UROTHELIAL CARCINOMA’ was used 
as the sample group. The TCGA Browser was accessed 
to compile the Kaplan–Meier plots (http:// tcgab rowser. 
ethz. ch: 3838/ PROD/ —acces sed in October 2020). Data 
were confirmed in the KMplot (KMplot.com—accessed 
in October 2020) [25]. The group of 194 patients was 
separated by the median overall survival (mOS) into two 
quartiles to reflect extreme low and high expression of 
the receptors.

Expression profile of the P2X1, P2X6, and P2Y11 
receptors

To explore the expression profile of the gene of inter-
est based on pathologic factors, the data generated by the 
TCGA databank were used. Normal (n = 19) and primary 
tumor (n = 408) samples were evaluated. The Box-Whisker 
plot was generated with the following entries: ‘P2RX1,’ 
‘P2RX6,’ and ‘P2RY11.’ ‘BLADDER UROTHELIAL 
CARCINOMA’ was used as the sample group. The UAL-
CAN Portal was accessed to compile the plots (http:// ualcan. 
path. uab. edu/ analy sis. html—acces sed in March 2021) [26].

Cell culture and radiation treatment

The  human  b ladder  cancer  ce l l  l ines  T24 
(RRID:CVCL_0554) and RT4 (RRID:CVCL_0036) were 
obtained from ATCC (Rockville, MD, USA) and main-
tained in the culture mediums RPMI and DMEM, respec-
tively. Both mediums contained 0.5 U/mL penicillin/strep-
tomycin and 10% FBS. Cells were cultured in a 5%  CO2, 
95% air atmosphere at 37 °C. The cell lines were gamma 
irradiated with one pulse at a dose of 4 Gray (Gy) using 
Cobalt Theratron Phoenix equipment (Theratronics Ltd, 
Ontario, Canada) at a source-to-target distance of 54.5 cm. 
After radiation, the cells were incubated for 48 h, or 4 and 
7 days under the same conditions described above. For 
both cell lines, the radiation effective dose and the time of 

http://tcgabrowser.ethz.ch:3838/PROD/—accessed
http://tcgabrowser.ethz.ch:3838/PROD/—accessed
http://ualcan.path.uab.edu/analysis.html—accessed
http://ualcan.path.uab.edu/analysis.html—accessed
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incubation followed the optimal conditions described for 
T24 cells by Dietrich et al. [20].

RT‑PCR and quantitative real‑time PCR (RT‑qPCR)

T24 and RT4 cells were seeded in 6-well plates, grown for 
24 h, and irradiated with a dose of 4 Gy. After 48 h of radia-
tion, the cells were reseeded in another 6-well plates to eval-
uate P2X6 receptor expression over time. Total mRNA was 
isolated from the cell lines with Trizol reagent (Life Tec-
nologies) after 48 h of the irradiation process, and at days 4 
and 7 after the 48 h irradiation. The cDNA was synthesized 
by reaction with the reverse transcriptase (Promega Corpora-
tion, Madison, WI, USA). RT-PCR and RT-qPCR were used 
to evaluate P2R gene expression. The primer sequences for 
the P2R are described in Table 1. For RT-PCR qualitative 

analysis, results were analyzed by electrophoresis gel. For 
RT-qPCR, the efficiency of all reactions was > 95%, and the 
ΔΔCt parameter was used to determine the relative expres-
sion data, using GAPDH gene expression as an endogenous 
control for normalization.

Cumulative population doubling

To assess cumulative population doubling (CPD), T24 and 
RT4 cell lines were seeded in 6-well plates and grown for 
24 h. Both cells were irradiated with a dose of 4 Gy. Forty-
eight hours after the irradiation, the cells were seeded in 
24-well plates and after 4 and 7 days of growth in the cul-
ture medium, the number of cells was counted and the CPD 
was calculated as previously described [27]. The sum of the 

Table 1  P2 purinergic receptor 
primer sequences used for 
RT-PCR and RT-qPCR

a Annealing temperature in °C
b Base pair
Melting curve analysis was performed to determine the specificity for each RT-qPCR

Genes Primer sequence Ta Fragment 
size (bp)b

P2RX1 F
P2RX1 R

5´-GCC AGA ACT TCA GCA CCC TGGC-3
5´-GTG CCG TAC GTG CCA GTC CA-3´

60 89

P2RX2 F
P2RX2 R

5´-AAG ATG GGG CCT CTG TCA-3´
5´-GGG GTA GTG GAT GCT GTT CT-3´

59 86

P2RX3 F
P2RX3 R

5´-AAA AGC AGC GTG TCC CCA GGC-3´
5´-AGC CTT CAG GAG GGT GCG GT-3´

60 90

P2RX4 F
P2RX4 R

5´-GCC GCC TCG ATA CAC GGG AC-3´
5´-TGC TCG TTG CCA GCC AGG TC-3´

59 94

P2RX5 F
P2XR5 R

5´-ATC GCC AAG AAC AAG AAG GT-3´
5´-GAG GTG TCG ACG TCT TGG TA-3´

58 119

P2RX6 F
P2RX6 R

5´-TTG GGA TCG TGG TCT ATG TG-3´
5´-AAA CCC CTT TGA GTT TGG TG-3´

59 111

P2RX7 F
P2RX7 R

5´-AGG CAG TGG AAG AGG CCC CC-3´
5´-AGT TGT GGC CGG GGA AGT CG-3´

59 96

P2RY1 F
P2RY1 R

5´-GGA TGC CAT GTG TAA ACT GC-3´
5´-GTA CAC CAC ACC GCT GTA CC-3´

59 106

P2RY2 F
P2RY2 R

5´-CAC CCG CAC CCT CTA CTA CT-3´
5´-CCT TGT AGG CCA TGT TGA TG-3´

59 80

P2RY4 F
P2RY4 R

5´-GTT GCC GAC TCT TTT TAG CC-3´
5´-TGG GGA AGA TTT TCA GGA AG-3´

59 104

P2RY6 F
P2RY6 R

5´-AGC TTC CTG CCT TTT CAC AT-3´
5´-AAA GGC CTC CAA TAC AGT GC-3´

59 87

P2RY11 F
P2RY11 R

5´-CAT GGC AGC CAA CGT CTC GG-3´
5´-GGG CCA CAG GAA GTC CCC CT-3´

59 100

P2RY12 F
P2RY12 R

5´-GCC TGG ATC CGT TCA TCT AT-3´
5´-GGG ACA GAG ATG TTG CAG AA-3´

59 96

P2RY13 F
P2RY13 R

5´-GAC TGC CGC CAT AAG AAG AC-3´
5´-CAG ATC TGT TGA AGC CTT GC-3´

59 101

P2RY14 F
P2RY14 R

5´-TCA CAG ATG AAG GCC TAG ACG CA-3´
5´-TGC CCA GTG AGC GTT TGT CGT-3´

58 80

GAPDH F
GAPDH R

5´-TTC TTT TGC GTC GCC AGC CG-3´
5´-ACC AGG CGC CCA ATA CGA CC-3´

64 93
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CPDs was plotted versus the duration of exposure of the 
cultures to radiation.

Cell counting

T24 and RT4 cell lines were seeded in 24-well plates, grown 
for 24 h, and then irradiated with a dose of 4 Gy. Forty-eight 
hours after the irradiation process, and at days 4 and 7 of 
the CPD, cells were counted in a hemocytometer using the 
trypan blue dye exclusion test. The 48-h result was expressed 
as the number of viable cells in relation to the control group.

Statistical analysis

The median overall survival of bladder cancer patients, sepa-
rated according to the highest and lowest quartiles consid-
ering gene expression, was compared by a Kaplan–Meier 
survival plot. The hazard ratio with 95% confidence intervals 
and the log rank p value were calculated. The Box–Whisker 
plot were used to show the gene expression levels in normal 
and in primary tumor samples, expressed as median. We also 
compared the expression levels of genes of interest segre-
gating according to individual cancer stages and by nodal 
metastasis status. Student’s t-test was used to evaluate the 
statistical differences between the comparisons made: (a) 

normal versus tumor tissue, (b) tumor stages, and (c) nodal 
metastasis status, as indicated in the results and legend of 
Fig. 2. A probability level of < 0.05 was considered statisti-
cally significant.

For the cell lines experiments, the results presented are 
representative of at least three independent experiments and 
are expressed as mean ± SD. Unpaired t test was used to 
evaluate the significant differences between control (Ctr) 
and irradiated (Irr) group. A probability level of < 0.05 was 
considered statistically significant. Calculations and graphi-
cal illustrations were made using GraphPad Prism version 
8.01 for Windows (GraphPad Software, La Jolla, CA, USA).

Results

Prognostic role of purinergic receptors 
in the survival of patients with bladder cancer

From all P2R analyzed (Fig. 1a and Supplementary Fig. 
S1), mRNA levels of P2X1, P2X6, and P2Y11 receptors 
were associated with different median overall survival 
(mOS) in the cohort of 194 bladder cancer patients from 
TCGA (Fig.  1a). Kaplan–Meier analysis indicated that 
patients with high P2X6 and P2Y11 receptors expression 
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Fig. 1  Comparative median overall survival (mOS) for bladder cancer 
patients expressing low (red) versus high (gray) levels of (a) P2X1, 
P2X6, and P2Y11 receptors. (b) Data for mOS using the EGFR and 
VIMENTIN (VIM) bladder cancer prognostic markers. Bladder can-
cer patients (n = 194) from TCGA databank were separated according 

to the two highest and lowest quartiles. The two patient cohorts were 
compared by a Kaplan–Meier survival plot, and the hazard ratio with 
95% confidence intervals and log rank p value were calculated. The p 
values are provided in the left corner of each graph
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had higher median survival of 65 months when compared 
to 23 months for patients with low expression of these two 
receptors (p = 0.03 and p = 0.006, respectively, Fig. 1a), 
whereas patients with high P2X1 receptor expression had 
a lower median survival of 27 months (p = 0.01, Fig. 1a). 
The mOS was not available (NA) in patients expressing low 
levels of P2X1 receptor, since the probability of survival 
has not reduced to less than 50% (Fig. 1a). Kaplan–Meier 
analysis for two 'positive controls,' EGFR and VIMEN-
TIN (VIM), were also included. Accordingly, patients who 
expressed high levels of these markers had reduced mOS 
(p = 0.001 and p = 0.03, respectively, Fig. 1b). No signifi-
cant differences for the remaining P2R (P2X 2–5,7 and P2Y 
1,2,4,6,12–14) (Supplementary Fig. S1) were observed.

For the receptors P2X1, P2X6, and P2Y11 associated 
with different mOS, their expression profile was evaluated 
both in normal tissue and in cancer samples (Fig. 2a), as 
well as in individual cancer stages (left) and in nodal metas-
tasis status (right) (Fig. 2b, c, d) using data generated by 
the TCGA databank. Expression levels of P2X1 receptor 
were lower in primary tumors samples (p < 0.002, Fig. 2a), 
while P2Y11 receptor expression was higher in the same 
samples (p < 0.0001, Fig. 2a) when compared to normal tis-
sue. Levels of the P2X6 receptor did not differ between the 
two groups (Fig. 2a).

According to the tumor stage, stage 1 to 4 tumors showed 
lower expression levels of P2X1 receptor than normal tis-
sue (stage 1 and 2 p = 0.001; stage 3 and 4 p = 0.002, 
Fig. 2b). However, stage 3 and 4 tumors showed higher lev-
els than stage 1 tumors (p = 0.001 and p < 0.0001, respec-
tively, Fig. 2b), and these results were in agreement with 
Kaplan–Meier data, where higher receptor expression was 
associated with poor survival. Lower expression levels of 
P2X1 receptor were observed in those tumors with increased 
nodal metastases (N0 and N1 p = 0.002; N2 p = 0.003; N3 
p = 0.001, Fig. 2b).

Lower expression levels of P2X6 receptor in stage 4 
tumors in relation to normal tissue (p = 0.02) and also in 
relation to stage 2 tumors (p = 0.0001) were observed 
(Fig. 2c). Furthermore, we found lower expression levels of 
P2X6 receptor in those tumors with progressive increment in 
the number of node metastasis in relation to non-metastatic 
tumor (N1 p = 0.0001, N2 p = 0.03 and N3 p = 0.01, Fig. 2c). 
These results are in agreement with Kaplan–Meier survival 
curve, which showed that lower levels of P2X6 receptor 
were associated with poorer survival.

P2Y11 receptor showed higher expression levels in stage 
2, 3, and 4 tumors (p < 0.0001, Fig. 2d) compared to nor-
mal tissue. Despite not being significative, levels of P2Y11 
receptor expression in stage 4 tumors were lower than stage 
2 and 3 tumors, which may explain the Kaplan–Meier sur-
vival plot. In relation to those tumors with metastases in 0 
to 2 axillary lymph nodes, lower levels of P2Y11 receptor 

expression in normal tissue were observed (N0 and N2 
p < 0.0001; N1 p = 0.03, Fig. 2d).

Expression of P2 receptors in bladder cancer cell 
lines after radiotherapy

Based on results presented in Figs. 1 and 2, and consider-
ing that radiotherapy is an alternative treatment for blad-
der cancer, we sought to deeper investigate, in vitro, the 
involvement of purinergic receptors in the susceptibility or 
resistance to this treatment. For this purpose, T24 bladder 
cancer cell line was used. Firstly, RT-PCR analysis showed 
that control T24 cells expressed mRNA for the P2X4, 5, 
6, 7 (Fig. 3a) and P2Y1, 2, 4, 6, 12 receptors (Fig. 3c). 
RT-qPCR analysis demonstrated that 4 Gy dose radiation 
induced a significantly increased in the expression of P2X5 
and P2X6 receptors (p = 0.0003 and p = 0.005, respectively, 
Fig. 3b) and in the gene expression of P2Y2, 6, 12 receptors 
when compared to T24 control cells (p = 0.0001; p = 0.003; 
p = 0.04, respectively, Fig. 3d). In contrast, P2Y1 receptor 
demonstrated a lower gene expression when compared to 
their respective control cells (p < 0.0001, Fig. 3d).

Although the mOS in bladder cancer patients express-
ing high or low levels of P2X1 and P2Y11 receptors was 
significantly different (Fig. 1a) and was detected in primary 
tumors (Fig. 2a), both receptors were not expressed in the 
T24 human bladder cancer cell line (Fig. 3a, c). Therefore, 
we focused our attention on the P2X6 receptor (Fig. 3a, b), 
whose levels of mRNA increased by approximately 2.5-fold 
48 h after irradiation (Fig. 3b). Moreover, in order to inves-
tigate our findings in another bladder cancer cell line, the 
expression of the P2R was also analyzed before and after the 
radiotherapy in the RT4 cells, which has a less aggressive 
phenotype (Supplementary Fig. S2). P2X6 receptor gene 
expression was almost undetectable by RT-PCR in control 
RT4 cell line (Supplementary Fig. S2a), and 48 h after radio-
therapy, no change was observed in relation to its control 
(Supplementary Fig. S2a, b).

Cell counting and cumulative population doubling

Confirming previous published data [20], the dose of 4 Gy 
of radiation led to a significant reduction in the cell number 
of the T24 cell line after 48 h (p = 0.01, Fig. 4a). However, 
at the same time and radiation dose, RT4 cell line showed 
to be less sensitive (Fig. 4b). Next, we sought to investi-
gate the long-term effects of irradiation on cell prolifera-
tion and P2X6 receptor mRNA expression in the two cell 
lines (schematic experimental protocol in Fig. 4c). Analysis 
of cell proliferation over time showed that the cumulative 
population doubling (CPD) of T24 cell line was reduced 
until 4 days after radiation (p < 0.0001; Fig. 4d); at 7 days, 
the cells return to proliferate at a similar ratio as the control 
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cells (p < 0.0001; Fig. 4d), which coincide with a decrease 
of the P2X6 receptor expression levels, similar to the con-
trol levels (Fig. 4f). RT4 cell line, which was less affected 
by radiation (Fig. 4b) compared to the T24 cells (Fig. 4a), 
presented a different profile (Fig. 4e). While T24 cell line 
reached their lowest CPD 4 days after radiation (Fig. 4d), 
RT4 cell line had already doubled once after radiation at this 
time (p = 0.003; Fig. 4e).

To determine the relationship between the observed 
increase in P2X6 receptor expression and radiation, RT-
qPCR was used to determine the levels of the gene expres-
sion of this receptor in T24 and RT4 cells along 7 days after 
the treatment with radiation. After a dose of 4 Gy, T24 cells 
presented higher P2X6 protein levels than the control cells, 
with the highest expression levels of the receptor achieved 
48 h after radiation (considered day zero) and a progressive 
long-term decrease in the level of the mRNA (Fig. 4f). An 
opposite profile was observed for the RT4 cells (Fig. 4g).

Discussion

The present study shows that patients with bladder cancer 
who express high levels of P2X6 or P2Y11 receptors pre-
sented a greater survival rate than those who express lower 
levels of these receptors. In contrast, low P2X1 receptor 
expression was associated with increased median over-
all survival (mOS). Considering the cancer pathological 
stage and the nodal metastasis status in normal tissue and 
in primary bladder tumors, the expression profile of these 
receptors was in agreement with the Kaplan–Meier sur-
vival curves. Among these three receptors, P2X6 was the 
only expressed receptor and whose levels appeared altered 
after irradiation in the T24 human bladder cancer cell line. 
Specifically, we found low levels of basal expression of the 
P2X6 mRNA in RT4 and T24 bladder cancer cell lines, 
while radiation induced an increase in these levels after 48 h 
only in the T24 cells. Although there is a complexity in the 

translationality of preclinical to clinical research, cell lines 
are useful models to accelerate the understanding of diseases 
and treatment actions and design of future trials in human 
cancer. Therefore, we argue in favor of the adequacy of our 
model to explore changes in the purinergic receptor P2X6 
associated with radiation.

Little is known about the involvement of P2X6 in cancer 
and the expression of this receptor in bladder cancer has 
not been reported before. Although P2X6 receptor is poorly 
expressed in most tumors (http:// ualcan. path. uab. edu/ cgi- 
bin/ Pan- cancer. pl? genen am= P2RX6 —acces sed in October 
2020), a recent clinical study associated overexpression of 
the P2X6 with progression and poor prognosis in renal cell 
carcinoma [28]. In T24 bladder cancer cell line, a transient 
induction of ecto-5′nucleotidase/CD73 enzyme by radiother-
apy was reported by our group, pointing out the generated 
adenosine as the probable responsible for the observed cell 
death [20]. In order to better understand the involvement 
of purinergic signaling with the response to radiotherapy, 
more studies have been carried out, and here we demonstrate 
that radiotherapy induces increased expression of the P2X6 
receptor in the same cell line.

P2X6 receptor does not form stable and functional homo-
meric structure [29, 30]; however, the P2X6 is thought to act 
as a modulatory subunit that alters the pharmacology of the 
P2X2 and P2X4 by interacting and assembling heteromers 
with these receptors [31]. As such, we suggest that the P2X6 
can assemble with the P2X4 subunit (present in the T24 
cell line) to form stable and functional heteromers that are 
delivered to the cell membrane. We postulate that the upreg-
ulation of the P2X6 mRNA by irradiation may represent a 
compensatory mechanism to provide an intracellular pool of 
subunits ready for incorporation into heteromers receptors, 
as previously proposed [31]. It can be supposed that the ATP 
released as a result of radiotherapy [32, 33] may contribute 
to the cell death of T24 cells by binding and activating the 
P2X4/6 heteromer. Part of this extracellular ATP can also 
be hydrolyzed by the NPP1 and ecto-5′nucleotidase/CD73 
ectoenzymes, generating the cytotoxic metabolite adenosine 
in the extracellular medium, as previously showed [20]. 
Unfortunately, a specific antagonist of the P2X6 or P2X4/6 
receptor is not currently available, which hinders further 
studies at present.

Although radiotherapy is used to treat patients with blad-
der cancer [3], many tumors are radioresistant [5], consti-
tuting a major obstacle for the use of radiation therapy as a 
primary strategy for the treatment of this disease [34, 35]. 
As such, the identification of biomarkers that allow the 
selection of patients with a high potential for responding 
to radiotherapy is of great interest. Data obtained in this 
study indicate that the advantages of radiotherapy may be 
greater in those patients with tumors that express the P2X6 
receptor. Therefore, we hypothesize that the stimulation of 

Fig. 2  Expression profile of P2X1, P2X6, and P2Y11 receptors gen-
erated by the TCGA databank were evaluated both in (a) normal tis-
sue and in primary tumor samples and also in (b, c, d) individual can-
cer stages (left) and in nodal metastasis status (right). Cancer stages 
were classified as stage 1–4. Nodal metastasis was classified as N0 
(no regional lymph node), N1 (metastases in 1–3 axillary lymph 
nodes) N2 (metastases in 4–9 axillary lymph nodes) or N3 (metasta-
ses in 10 or more axillary lymph nodes). Box–Whisker plot showed 
gene expression levels. The horizontal lines indicate the median, 
whose values are described above each box. Statistical difference is 
shown by comparing each tumor stage (1–4) or nodal status (N0–N3) 
in relation to normal tissue and is represented by asterisks. Differ-
ences between tumor stage (1–4) or nodal metastasis (N0–N3) are 
shown using square brackets and hashtag. */#p < 0.05, **/##p < 0.01, 
***/###p = or < 0.001 as determined by Student’s t-test, considering 
unequal variance

◂

http://ualcan.path.uab.edu/cgi-bin/Pan-cancer.pl?genenam=P2RX6—accessed
http://ualcan.path.uab.edu/cgi-bin/Pan-cancer.pl?genenam=P2RX6—accessed
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Fig. 3  Expression of the P2 purinergic receptors in control (Ctr) 
and 4  Gy-dose irradiated (Irr) T24 human bladder cancer cell line. 
The expression of (a, b) P2X and (c, d) P2Y receptors were evalu-
ated by (a, c) RT-PCR and (b, d) RT-qPCR 48 h after irradiation, as 

described in materials and methods. Expression was normalized to 
GAPDH expression. The experiments were performed at least three 
times in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001 in relation to 
the T24 control cell line, as determined by Unpaired t test
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the P2X6 receptor (with radiotherapy or another stimulus) 
may be a therapeutic alternative for treating bladder can-
cer as a Kaplan–Meier analysis demonstrated that a higher 
expression of this receptor was associated with a better prog-
nosis and higher mOS in bladder cancer patients. Finally, 
the radiation dose of 4 Gy, in addition to stimulating the 

P2X6 receptor expression, also significantly radiosensi-
tized the T24 cell line, as already reported [20]. A different 
profile was observed for the RT4 cell line, which was less 
affected by radiation compared to the T24 cells. In addition 
to be radioresistant, the P2X6 receptor expression was not 
modified after 48 h of radiation in the RT4 cell line. Thus, 

Fig. 4  A cell counting assay 
after the exposure of (a) T24 
and (b) RT4 cell lines to a 
dose of 4 Gy of radiation for 
48 h. The experiments were 
performed three times in 
triplicate. *p < 0.05 in relation 
to the control cells as deter-
mined by Unpaired t test. (c) 
Schematic representation of the 
experimental protocol. 1–means 
the day where T24 and RT4 
cell lines were seeded in plates 
and grown for 24 h; 2–means 
the day where both cells were 
irradiated with a dose of 4 Gy; 
4–means 48 h after irradiation 
when the cells were seeded in 
new plates; D4 and D7–means 4 
and 7 days of growth after 48 h 
of irradiation (4), when the cells 
were analyzed for cumulative 
population doubling (CPD) and 
RT-qPCR. CPD of (d) T24 and 
(e) RT4 cell line was deter-
mined 4 and 7 days after 48 h 
of irradiation (considered day 
0 in the graph) in control (Ctr) 
and irradiated (Irr) cells. The 
experiments were performed six 
times in triplicate. **p < 0.01, 
***p < 0.001 in relation to 
the respective control cells as 
determined by UNPAIRED t 
test. P2X6 mRNA expression in 
control (Ctr) and irradiated (Irr) 
(f) T24 and (g) RT4 bladder 
cancer cell line after 48 h (con-
sidered day 0 in the graph), 4 
and 7 days. Irradiated cells were 
analyzed in relation to their 
respective controls (0, 4, and 
7 days). Control cells from the 
respective days exhibited simi-
lar Ct values. P2X6 receptor 
expression was determined by 
RT-qPCR analysis, as described 
in materials and methods. 
Expression was normalized 
to GAPDH expression. The 
experiments were performed 
three times in triplicate
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screening patients using the P2X6 receptor as a promising 
treatment marker may represent an important approach for 
identifying patients that may respond to this conduct. It is 
difficult to draw conclusive statements based on this study, 
but our finding further supports the analysis of a panel of 
markers that may be extremely relevant for directing patients 
to specific treatments, and here, we demonstrated that the 
P2X6 receptor may become a possible molecular marker for 
classifying patients with bladder cancer into those poten-
tially responsive, or not, to radiotherapy. Although the pres-
ence of the P2X6 receptor may sensitize tumor cells to radio-
therapy, this may not be sufficient to eradicate cancer and, 
therefore, association with other therapies may be necessary.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11010- 022- 04425-0.
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