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Abstract. p16 is one of the most common tumour suppressor 
genes, mainly due to its genetic inactivation. However, the 
clinical significance of p16 in prostate cancer is not yet fully 
understood, and although p16 acts as a tumour suppressor 
gene, stress or oncogenic factors or alternative molecular 
events may overcome the role of p16 as a negative cell cycle 
regulator. p16 seems to be involved in the metabolic switch 
to glycolysis during tumorigenesis, possibly interacting with 
NADPH oxidase 4 (NOX4) and pyruvate kinase type M2 
(PKM2), involved in energy metabolism, with differences 
depending on cell type. The aim of this study was to assess 
the putative crosstalk between p16, NOX4 and PKM2, with 
an involvement of miRNA-mediated regulation, in prostate 
cancer. Transcriptome data from a cohort of 243 patients 
were extracted from The Cancer Genome Atlas (TCGA) 
database. An elevated p16 expression level was significantly 
associated a high Gleason score, decreasing with the score 
(P<0.0001). NOX4 and PKM2 expression exhibited a similar 
trend as p16, with higher values in the samples with Gleason 
scores of 9-10 samples (P<0.0001 and P=0.02, respectively). 
Moreover, bioinformatics analysis by TargetScan revealed that 
miR-625-5p could bind to the 3'UTR of p16. A consequential 
pairing of the NOX4 and PKM2 target region with miR-23a-3p 
and miR-122-5p, respectively was also found. Of note, the 
miR-625-5p levels inversely correlated with p16 expression, 
miR-23a-3p and miR-122 with NOX4 and PKM2, respectively 
(data not shown). Taken together, these data suggest an inter-
play between p16 and metabolic factors, such as NOX4 and 
PKM2, and a miRNA regulation, with a potential clinical 

impact for the development of novel therapeutic strategies in 
prostate tumours. 

Introduction

p16 is a 148 amino acid-protein encoded by the INK4a gene, 
which binds to cyclin-dependent kinases (CDKs) and through 
the inactivation of CDKs, induces growth arrest (1). p16 is the 
second most common tumour suppressor gene, and the genetic 
inactivation due to missense mutations or promoter methyla-
tion of p16 itself is frequently found in cancer (2), namely in 
approximately 26% of all tumours (3). However, p16 muta-
tions appear to be infrequent in prostate cancer (4); moreover, 
p16 overexpression in cancer has not yet been fully clarified. 
Certain types of tumour, such as melanoma, HPV-associated 
tumours, non-small cell lung cancer, mesothelioma and 
lymphoma exhibit diminished p16 protein levels (5-7), while 
in other tumours, including prostate cancer, the overexpres-
sion of wild-type or mutant p16 has been found (8,9). p16 
overexpression is associated with tumour recurrence (10), 
and with a poor clinical course in patients with erythroblast 
transformation‑specific‑related gene (ERG)-negative prostate 
cancer (11); therefore, although p16 acts as a tumour suppressor 
gene, stress or oncogenic factors or alternative molecular 
events may overcome the role of p16 as a negative cell cycle 
regulator (12). Metabolic cellular reprogramming represents 
a key event in cancer cells, and p16 seems to be involved in 
the metabolic switch to glycolysis during tumorigenesis, also 
regulating NADPH Oxidase 4 (NOX4) expression in pancre-
atic ductal adenocarcinoma (13). Pyruvate Kinase type M2 
(PKM2) also plays a central role in cancer, modulating glucose 
metabolism to support malignant cell proliferation (14). 
PKM2 expression has been in fact shown to be associated 
with tumour progression in several studies (15-19); however, 
its involvement in prostate cancer remains to be fully eluci-
dated (20). Moreover, in recent years, microRNAs (miRNAs 
or miRs) have been evaluated as cancer regulators with a huge 
impact (21) on the management of several types of tumour, 
including prostate cancer. 

This study attempted to assess the interaction between 
p16 and metabolic factors, such as NOX4 and PKM2, with 
a putative involvement of the miRNA-mediated regulation 
in prostate cancer. Thus, The Cancer Genome Atlas (TCGA) 
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prostate cancer data were accessed, with the hypothesis 
that p16 plays a central role in prostate cancer progression, 
with an interaction with metabolic factors, as well as with 
miRNAs.

Taken together, p16, NOX4 and PKM2 expression were 
found to be decreased, possibly due to miR-625-5p, miR-23a-3p 
and miR-122-5p regulation, respectively, in cancer tissues with 
a low Gleason score, suggesting a deeper understanding of their 
interplay and of their regulation by miRNAs for developing 
novel therapeutic strategies for prostate tumours. 

Materials and methods

TCGA database. IlluminaHiSeq expression data were extracted 
from the TCGA data portal (http://tcga.cancer.gov/; accessed 
October, 2017); expression data were downloaded along 
with the corresponding clinicopathological characteristics of 
243 patients with prostate cancer. 

Statistical analysis. One-way ANOVA and Tukey's test 
as a post hoc test were used for multiple comparisons. The 
Student's t-test was applied for comparisons of the mean 
expression values between 2 groups. Survival analyses were 
performed using the Kaplan-Meier method with the log-rank 
test for statistical significance. Using JMP10 software (SAS), 
a P-value <0.05 was considered to indicate a statistically 
significant difference. 

miRNA regulation prediction analysis. Bioinformatic analysis 
was performed using the online database for miRNA target 
prediction, TargetScan (http://www.targetscan.org/), in order 
to reveal potential binding sites for miRNAs in the 3'UTR of 
the genes analysed in this study. 

Results 

TCGA database. A cohort of 243 patients with prostate cancer 
was extracted from the TCGA database. A lower Gleason 
score (6,7) was observed in 144 out of the 243 TCGA cases, 
a Gleason score of 8 was observed in 27 cases, and a score of 
9 in 71 cases; there was only 1 patient with a Gleason score 
of 10. As regards tumour stage, there were 9 cases with stage 
T2a, 3 with T2b, 81 with T2c, 75 with T3a, 68 with T3b and 
3 with T4 stage disease; in 4 cases, the T stage was unknown. 
The surgical margin resection status was R0 in 147 cases 
(62.9%), R1 in 75 cases (32%), R2 in 4 cases (1.7%) and RX in 
8 cases (3.4%); in 9 cases, the surgical margin resection status 
was unknown (Table I). 

The disease free interval range was 0.76-165 months 
(median value, 34.4 months); the overall survival range was 
0.76-165 months (median value, 37.8 months). 

p16 expression and clinicopathological characteristics. An 
elevated p16 expression level was significantly associated with 
a high Gleason score, decreasing with the score (P<0.0001); 
the mean value was 886,646 in cases with a Gleason score 
of 9-10, 558,832 in those with a score of 7-8 and 472,610 in 
cases with a score of 6. When comparing tumour stage T2 
versus T3/T4, it was found that high p16 levels were associ-
ated with an advanced tumour stage (t-test; P=0.001), as well 

as with a positive surgical resection margins status R1/R2 in 
comparison to R0 (t-test; P=0.005) (Fig. 1). 

NOX4 expression. The samples with a Gleason of 9-10 
exhibited a higher value of NOX4 expression (664,737±59,395), 
those with a score of 6 exhibited the lowest (20,7001±102,158), 
and those with a score of 7-8 (333,929±41,275) exhibited 
intermediate and increasing values (P<0.0001) (Fig. 2). p16 
and NOX4 expression were positively associated (P<0.0001) 
(Fig. 3).

PKM2 expression. PKM2 expression exhibited a similar trend 
(P=0.02), as that of p16; the samples with a Gleason score of 
9-10 exhibited a higher value of PKM2 expression, while a 
lower PKM2 value was found in the prostate tumours with a 
score of 6 (Fig. 4). A high p16 expression was significantly 
associated with elevated PKM2 levels (P<0.0001) (Fig. 5); 
moreover, as shown in Fig. 6, a positive association was 
observed between PKM2 and NOX4 (P=0.0006). 

miRNA regulation. Bioinformatics analysis using TargetScan 
revealed that miR-625-5p could bind to the 3'UTR of p16. 
In addition, a consequential pairing of the NOX4 and PKM2 
target region with miR-23a-3p and miR-122-5p, respectively 
was found. The predicted pairing with miRNAs is illustrated 
in Fig. 7. Of note, the miR-625-5p levels were inversely corre-
lated with p16 expression, and miR-23a-3p and miR-122-5p 
correlated with NOX4 and PKM2, respectively (data not 
shown). 

p16 expression and survival. As regards patient survival, as 
shown in Fig. 8, Kaplan-Meier analysis revealed a shorter 

Table I. Clinicopathological characteristics of the 243 prostate 
cancer patients extracted from the TCGA database.

Characteristics No. of samples

Gleason score
  6-7 144
  8 27
  9-10 72
T stage
  T2a 9
  T2b 3
  T2c 81
  T3a 75
  T3b 68
  T4 3
  Unknown 4
Surgical margin status
  R0 147
  R1 75
  R2 4
  RX 8
  Unknown 9
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disease-free or overall survival in patients with a high p16 
expression (28.25±2.38 months and 30.85±2.44, respectively) 
in comparison to those with low p16 levels (30.98±2.33 and 
36.01±2.36), although no statistically significant differences 

were observed (P=0.11 and P=0.31, for disease-free interval 
and overall survival, respectively); this may be due to the 
absolute excellent survival rate in prostate cancer.

Discussion

The exact role of p16 in prostate cancer progression has not 
yet been fully determined. p16 is one of the proteins which has 
been most extensively studied over the past three decades, with 
its high expression being associated with a more aggressive 
clinical development in several neoplastic diseases, such as 
melanoma, lymphoma and non-small cell lung cancer (5-7,22). 

Figure 1. Association between the p16 expression level and Gleason score 
(upper panel), tumour stage T (middle panel) and surgical margin status 
R (lower panel) in 243 prostate cancer samples from the TCGA database. 
TCGA, The Cancer Genome Atlas.

Figure 5. Association between p16 and PKM2 expression in 243 prostate 
cancer samples from the TCGA database. PKM2, pyruvate kinase M2.

Figure 4. Association between the PKM2 expression level and Gleason score 
in 243 prostate cancer samples from the TCGA database. PKM2, pyruvate 
kinase M2.

Figure 3. Association between p16 and NOX4 expression in 243 prostate 
cancer samples from the TCGA database. NOX4, NADPH oxidase 4.

Figure 2. Association between the NOX4 expression level and Gleason score 
in 243 prostate cancer samples from the TCGA database. NOX4, NADPH 
oxidase 4. Nox4, NADPH oxidase 4; NADPH, Nicotinamide adenine dinu-
cleotide phosphate.
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On the contrary, recently, patients with prostate cancer with 
p16 overexpression were shown to have a more aggressive 
behaviour (11). The overexpression of wild-type or mutant p16 
may involve an effort to recover p16 functions in certain types 
of tumour; however, the mechanisms responsible for the devel-
opment and progression of prostate cancer remain unknown. 
p16 dysregulation has been shown to be involved in metabolic 
reprogramming in pancreatic cancer cells (13), inducing NOX4 
activity, one of the NADPH oxidases required to maintain 
glycolysis for tumoural cell growth. Recently, NOX4 silencing 
has been suggested as a theoretical target in prostate cancer, 
considering the effect of repressed glycolysis, with decreased 
lactate and ATP production, on cell proliferation (23). PKM2 
is another well-established regulator of glycolysis and energy 
metabolism of cancer cells (24). Apart from its role in aerobic 
glycolysis, PKM2 seems to be also involved in non-metabolic 
functions, such as cell cycle progression; however, the mecha-
nisms underlying its regulation in tumour progression are 
not yet clear, and this may be dependent on the cancer cell 
type (25).

This study accessed the public TCGA database in order 
to clarify the role of p16 in prostate cancer and its putative 

interaction with NOX4 and PKM2; a possible miRNA regula-
tion was also analysed. It was found that the p16 expression 
level was increased in samples with a higher Gleason score 
and in those with an advanced tumour stage. It was also associ-
ated with positive surgical resection margins and with a trend 
to a worse survival, confirming the involvement of p16 in the 
biological switch to advanced prostate cancer. p16 upregula-
tion was linked to either a NOX4 or PKM2 high expression 
level, suggesting a putative network linking p16 and metabolic 
genes in modulating growth control and prostate cancer 
progression. The role of NOX4 and PKM2 in reprogramming 
the p16-induced metabolic switch to glycolysis may identify a 
novel therapeutic target for prostate tumours.

miRNAs are small, non-coding molecules involved in 
repressing translation by binding the 3'UTR of their target 
genes (26). In recent years, several studies have demonstrated 
the role of miRNAs in diagnosis, prognosis and as predictive 
biomarkers in different cancer types (27-30). In this study, 
bioinformatics analysis using TargetScan revealed that either 
p16 or NOX4 and PKM2 3'UTR could bind to miR-625-5p, 
miR-23a-3p and miR-122-5p, respectively, with downregula-
tion due to consequential pairing, suggesting the three genes 
as physiologically targets of corresponding miRNAs. 

p16 may be involved in overlapping pathways; its contribu-
tion as a tumour suppressor gene has been well-established, 
while the particular role of p16 deregulation to the develop-
ment and progression of a specific tumour remain to be further 
explored. A complex coordination of p16 with other molecular 
events occurring in the same tumour microenvironment 
may explain this intricate role of p16.

Figure 8. Kaplan-Meier curves for survival analysis [disease-free interval 
(DFI; upper panel) and overall survival (OS; lower panel)] in 243 prostate 
cancer samples with a low p16 (grey line) and high p16 expression level 
(black line). 

Figure 7. (A) Predicted consequential pairing, shown in bold, of the p16 
target region (top panel) and miR-625-5p (bottom panel). (B) Predicted 
consequential pairing, shown in bold, of the NOX4 target region (top panel) 
and miR-23a-3p (bottom panel). (C) Predicted consequential pairing, shown 
in bold, of the PKM2 target region (top panel) and miR-122-5p (bottom 
panel). Predicted consequential pairing was carried out using TargetScan 
(http://www.targetscan.org/). NOX4, NADPH oxidase 4; PKM2, pyruvate 
kinase M2.

Figure 6. Association between PKM2 and NOX4 expression in 243 prostate 
cancer samples from the TCGA database. PKM2, pyruvate kinase M2; 
NOX4, NADPH oxidase 4.
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Taken together, the data of this study suggest interplay of 
p16 with modulating metabolism markers, with a regulation by 
miRNAs in prostate tumours; uncovering the putative regula-
tory network of p16 may have a potential clinical impact on the 
development of novel therapeutic strategies for prostate cancer. 
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