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The expression pattern of pyruvate 
dehydrogenase kinases predicts 
prognosis and correlates 
with immune exhaustion in clear 
cell renal cell carcinoma
Caroline E. Nunes‑Xavier 1,2*, Maite Emaldi 1, Janire Mingo 1, Tove Øyjord 2, 
Gunhild M. Mælandsmo 2,3, Øystein Fodstad 2, Peio Errarte 4, Gorka Larrinaga 1,4,5, 
Roberto Llarena 6, José I. López 1 & Rafael Pulido 1,7*

Renal cancer cells constitute a paradigm of tumor cells with a glycolytic reprogramming which drives 
metabolic alterations favouring cell survival and transformation. We studied the expression and 
activity of pyruvate dehydrogenase kinases (PDK1‑4), key enzymes of the energy metabolism, in renal 
cancer cells. We analysed the expression, subcellular distribution and clinicopathological correlations 
of PDK1‑4 by immunohistochemistry of tumor tissue microarray samples from a cohort of 96 clear cell 
renal cell carcinoma (ccRCC) patients. Gene expression analysis was performed on whole tumor tissue 
sections of a subset of ccRCC samples. PDK2 and PDK3 protein expression in tumor cells correlated 
with lower patient overall survival, whereas PDK1 protein expression correlated with higher patient 
survival. Gene expression analysis revealed molecular association of PDK2 and PDK3 expression 
with PI3K signalling pathway, as well as with T cell infiltration and exhausted CD8 T cells. Inhibition 
of PDK by dichloroacetate in human renal cancer cell lines resulted in lower cell viability, which 
was accompanied by an increase in pAKT. Together, our findings suggest a differential role for PDK 
enzymes in ccRCC progression, and highlight PDK as actionable metabolic proteins in relation with 
PI3K signalling and exhausted CD8 T cells in ccRCC.

The tight connection between cell growth-related signalling pathways and metabolic homeostasis pathways has 
been disclosed in the last years as one of the hallmarks of cancer, making metabolic enzymes potential targets 
for cancer  therapeutics1–3. A landmark example is the case of metabolic kinases, whose catalytic activities have 
been found to go beyond metabolite phosphorylation and are also physiologically used to phosphorylate protein 
substrates, regulating essential cell growth  functions4.

Renal cancers display a high extent of metabolic alterations, mainly related with cell metabolic reprogramming 
towards glycolytic degradation of glucose in the presence of oxygen (Warburg effect) and de novo synthesis of 
fatty acids, which facilitate the synthesis of biomolecules required by the tumor cells to keep their rapid growth 
and  division5,6. This reprogramming is shared by other types of cancer and it is commonly associated with the 
activation of the PI3K/AKT/PTEN/mTOR survival  pathway7. Several hereditary syndromes linked to renal cancer 
are characterized by mutations in genes coding for key metabolic enzymes, such as fumarate hydratase (FH) and 
succinate dehydrogenase B (SDHB), and defects in these enzymes associate with malignancy and poor prognosis 
in renal cell carcinoma (RCC)8,9. This makes renal cancers a paradigm in the interface between metabolic- and 
oncogenic-diseases10,11. RCC is the most frequent renal neoplasm (90–95% of renal cancer cases), with the clear 
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cell renal carcinomas (ccRCC) being the most abundant and of worse prognosis subtype. About 5% of ccRCC is 
linked to hereditary cancer caused by mutations in the tumor suppressor Von Hippel-Lindau (VHL), a promoter 
of the degradation of the transcription factor  HIF112,13. In sporadic ccRCC, genetic inactivation of VHL is the 
most common alteration, although VHL mutations are infrequent in other  cancers14,15.

Intratumor heterogeneity at histopathological, immunohistochemical, and genetic levels is an intrinsic 
property of renal cancers, and it is a consequence of the temporal clonal and sub-clonal evolution of malignant 
cells, which impacts negatively in the efficacy of the therapeutic  treatments16–18. The global genomic analysis 
of ccRCC performed by the TRACERx Renal Consortium has revealed the existence of 7 subtypes of tumor 
evolution and 2 subtypes of metastatic  dissemination19–21. Recently, it has been described in RCC the existence of 
metabolic intratumor heterogeneity related with pyruvate metabolism, and pharmacologic interventions in this 
pathway have been proposed as novel therapeutic  approaches22. The enzyme pyruvate dehydrogenase (PDH) is an 
essential component of the oxidative versus non-oxidative energy cellular metabolism, playing important roles in 
 carcinogenesis23–25. PDH exists as an enzymatic multimolecular complex formed by the assembly of three catalytic 
(E1, E2, and E3) and three regulatory subunits. The pyruvate dehydrogenase kinases (PDK; four genes: PDK1-4) 
are major regulatory subunits of the PDH complex, since phosphorylation of E1 catalytic subunit by PDK inhibits 
PDH  activity26. Association of expression of distinct PDK with poor prognosis and resistance to anti-cancer 
therapies is documented, and PDK pharmacological inhibition (which results in PDH activation) constitutes a 
potentially operative therapy in several cancer types, including renal  cancer23,24,27. The selective involvement of 
distinct PDK in cancer seems to be tissue-specific28,29, making relevant to investigate the individual expression 
and function of PDK1-4 in relation with the growth and survival properties of renal cancer cells.

The PI3K/PTEN/AKT/mTOR pathway is frequently altered, both mechanistically and mutationally, in renal 
 cancer7,30. PIK3CA and MTOR genes show gain-of-function mutations in about 2.5 and 6%, respectively, of renal 
tumors (COSMIC database), and the inhibition of the major effectors of the pathway (PI3K catalytic subunits, 
AKT, mTOR) is under intense exploration in clinical trials. In fact, mTOR inhibitory drugs are already approved 
for the treatment of advanced RCC 31–33. The PTEN tumor suppressor is the physiologic inactivator of the PI3K 
 pathway34. Accordingly, PTEN gene loss-of-function mutations are found in about 4% of renal tumors (COSMIC 
database). The inhibition of PI3K, AKT, or mTOR frequently courses with the reactivation of other oncogenic 
components of the pathway in cancer  cells35, making important the identification and validation of alternative 
therapeutic targets.

In this study, we have explored the expression and functional relation with the PI3K pathway of the energy 
metabolism PDK1-4 enzymes in renal cancer cells. Our results suggest a differential involvement of the distinct 
PDK in renal tumorigenesis, and provide relevant information on novel onco-metabolic therapeutically 
actionable pathways in renal cancer.

Results
In silico comparative analysis of the expression of PDK1-4 genes in ccRCC shows distinct relative mRNA 
expression levels for these genes. A significant increase in PDK1 mRNA is observed when ccRCC is compared 
with normal tissue, whereas PDK2, PDK3 and PDK4 mRNA did not display significant changes (Fig. 1). To 
gain further insights into the contribution of the distinct PDK proteins in ccRCC, we evaluated by IHC the 
expression of PDK1-4 in tumor samples from a retrospective cohort of 96 ccRCC patients (Table 1). FFPE 

Figure 1.  mRNA expression of PDK1-4 in normal kidney and in ccRCC. Box plots for PDK1 (A), PDK2 (B), 
PDK3 (C) and PDK4 (D) showing mRNA expression in ccRCC tumor tissue (shown in blue) in comparison to 
normal kidney tissue (in grey). Data is represented in a logarithmic scale (Log2) and obtained from 523 tumor 
samples and 72 normal tissue samples (KIRC, TCGA). Statistically significant results (p < 0.01) are marked with 
an asterisk.
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samples from two representative tumor areas of each case were included in TMA for analysis, and expression 
was scored as negative (when low or no staining) or positive (when moderate and high staining). Representative 
immunostaining images are shown in Fig. 2. We observed heterogeneous expression of the distinct PDK proteins. 
PDK1, PDK3, and PDK4 displayed a major cytoplasmic localization, whereas PDK2 showed a predominantly 
nuclear localization. Significant negative correlations were found of PDK1 expression with tumor diameter 
(p = 0.000) and higher overall survival (p = 0.010). Importantly, we found a significant positive correlation of 
PDK2 and PDK3 immunostaining with lower overall survival (p = 0.021 and p = 0.022), and a positive correlation 
of PDK3 expression with higher tumor grade (p = 0.038). We did not find correlations of PDK4 expression 
with any clinical parameter (Table 1). Kaplan–Meier curves for survival time and PDK1-4 expression showed 
differential significant correlations for PDK1 and PDK2 protein expression (log-rank test, p = 0.039 and p = 0.029 
respectively) (Fig. 3). Patients with tumors positive for PDK1 expression had a higher survival probability 
than those with tumors negative for PDK1 expression, whereas the opposite correlation was found for PDK2 
expression (Fig. 3).

Of interest, we found an increased correlation with overall survival when we compared double positive PDK2/
PDK3 expression (lower survival) with double negative PDK2/PDK3 expression (higher survival) (p = 0.007, 
R = 0.279). Furthermore, Kaplan–Meier survival time analysis of double positive PDK2/PDK3 expression vs 
double negative expression showed a significant increase in the differences in survival time (log-rank test, 
p = 0.016) (Fig. 4A).

Next, we performed experiments of molecular gene profiling analysis using PanCancer Pathway and Immune 
Exhaustion panels (nCounter, NanoString) on RNA isolated from tumor areas on whole tissue sections. 
Differentially expressed genes in PDK2/PDK3 positive tumors, as compared to the baseline PDK2/PDK3 
negative tumors, are shown in volcano plots (Supplementary Fig. 1A,B). Of the more differentially expressed 
genes from the PanCancer Pathway panel, we observed significant higher expression of FN1 (p = 0.007), MMP7 
(p = 0.0272), and COL1A1 (p = 0.0252) genes; and lower expression of EPOR (p = 0.007) (Supplementary Table 1) 
in PDK2/PDK3 positive tumors compared to PDK2/PDK3 negative tumors. In the Immune Exhaustion panel, 
we observed significant higher expression of UHRF1 (p = 0.002) and VAV3 (p = 0.021), and lower expression 
of RGS16 (p = 0.023) and PLCG2 (p = 2.01e-05) genes (Supplementary Table 2). In silico analysis from ccRCC 
TCGA dataset confirmed significant positive correlations between FN1, MMP7, COL1A1 and UHRF1 with 
PDK3 expression, and between VAV3 with PDK2 and PDK3 expression, and a negative correlation between 

Table 1.  Correlation between clinical and pathological variables and PDK1-4 protein expression in clear cell 
renal cell carcinoma. Significant values are in bold. *Fuhrman’s grade, low (G1/2) vs. high (G3/4); **AJCC 
2010 staging low (pT1/2) vs. high (≥ pT3); ***Tumor diameter, small (≤ 4 cm) vs. large (> 4 cm). Pearson’s 
correlation, R; p value, P.

Characteristic 
ccRCC 

PDK1 PDK2 PDK3 PDK4

PDK1 low PDK1 high PDK2 low PDK2 high PDK3 low PDK3 high PDK4 low PDK4 high

Patients N = 93 (N = 69) (N = 24) N = 94 (N = 25) (N = 69) N = 93 (N = 15) (N = 78) N = 93 (N = 15) (N = 78)

 Median 
follow-up 
time

R = 0.045/P = 0.645 R = − 0.182/P = 0.234 R = − 0.011/P = 0.874 R = − 0.045/P = 0.322

  Months 120.0 119.0 130.0 119.5 158.0 99.0 119.0 120.0 119.0 119.0 120.0 119.0

 Median age at 
surgery R = − 0.011/P = 0.129 R = − 0.001/P = 0.333 R = − 0.173/P = 0.656 R = − 0.005/P = 0.323

  Years 72 71 75.5 73 69 73 73 77 71.5 73 75 73

Sex R = 0.123/P = 0.235 R = 0.128/P = 0.214 R = − 0.068/P = 0.512 R = 0.196/P = 0.059

 Female 24 20 4 25 9 16 25 3 22 25 7 18

 Male 69 49 20 69 16 53 68 12 56 68 8 60

Age at surgery R = 0.029/P = 0.782 R = 0.080/P = 0.441 R = − 0.195/P = 0.060 R = 0.042/P = 0.685

 ≤ 70 years 41 31 10 39 12 27 39 3 36 39 7 32

 > 70 years 52 38 14 55 13 42 54 12 42 54 8 46

Grade* R = − 0.186/P = 0.074 R = 0.007/P = 0.946 R = 0.216/P = 0.038 R = 0.033/P = 0.751

 Low 59 40 19 59 16 43 58 13 45 58 10 48

 High 33 28 5 34 9 25 34 2 32 34 5 29

Stage** R = − 0.197/P = 0.058 R = 0.064/P = 0.537 R = 0.124/P = 0.232 R = 0.000/P = 1.000

 Low 63 43 20 63 18 45 62 12 50 62 10 52

 High 30 26 4 31 7 24 31 3 28 31 5 26

Diameter*** R = − 0.400/P = 0.000 R = 0.126/P = 0.220 R = 0.186/P = 0.073 R = 0.000/P = 1.000

 ≤ 4 cm 32 16 16 32 11 21 31 8 23 31 5 26

 > 4 cm 61 53 8 62 14 48 62 7 55 62 10 52

Survival R = − 0.267/P = 0.010 R = 0.239/P = 0.021 R = 0.237/P = 0.022 R = 0.118/P = 0.257

 Alive 57 37 20 57 20 37 56 13 43 56 11 45

 Dead 36 32 4 37 5 32 37 2 35 37 4 33
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EPOR and PDK3 expression, and RGS16 with PDK2 (Supplementary Figs. 2 and 3). Pathway analysis showed 
the higher pathway scores with the PI3K signature signalling pathway in PDK2/PDK3 positive tumors (p < 0.05) 
(Fig. 4B), indicating a positive correlation of PDK2/PDK3 expression with PI3K signalling pathway (Fig. 4C). 
Furthermore, cell type deconvolution analysis revealed increased T cells, CD8 cells and increased exhausted CD8 
T cells in the double positive PDK2/PDK3 tumors (Fig. 4D,E).

To analyse the functional role of PDK in renal cancer cells, we monitored phospho-AKT (pAKT) status 
and cell proliferation/viability on Caki-1, A-498, and 786-O ccRCC cell lines, using the pan-PDK inhibitor 
dichloroacetate (DCA)36. An increase in pAKT content was observed in ccRCC cells upon PDK inhibition by 
DCA (Fig. 5A). In addition, DCA treatment caused a dose response growth inhibitory effect on the renal cancer 
cell lines, as shown by MTS assay (Fig. 5B). These results suggest a role for PDK in the regulation of cell growth 
and viability of ccRCC cells, likely in coordination with PI3K signalling pathway alterations.

Discussion
Different types of renal cancer share in common an association with reprogramming of glucose and fatty acid 
metabolism and the tricarboxylic acid (TCA)  cycle6,37. Metabolic tumor susceptibilities present in the particular 
environment of renal cancer cells grant opportunities for novel treatment paradigms which are being tested alone 
or in combinations to targeted or immune-based  strategies38. Our results suggest that inhibition of PDK could 
have potential therapeutic benefits in ccRCC.

We found that higher PDK1 protein expression associated with increased 10-year overall survival. In contrast, 
Baumunk et al., found that lower PDK1 mRNA expression associated with better  outcome39. PDK1 increased 
expression in ccRCC tumor tissues has been documented previously both at mRNA and protein  level27,39,40. Our 
in silico analysis of ccRCC cells and normal kidney tissue showed higher expression of PDK1 mRNA in ccRCC 

Figure 2.  Protein expression of PDK1-4 in ccRCC tumors. Representative immunohistochemical staining 
of PDK1-4 protein expression in three representative ccRCC patient samples. H&E, Hematoxylin and Eosin 
staining. Case 1, positive staining of PDK1 and PDK3, and negative staining of PDK2 and PDK4. Case 2, 
moderate and high positive staining of PDK2, PDK3 and PDK4, and negative staining of PDK1. Case 3, positive 
staining of PDK1, and negative staining of PDK2, PDK3 and PDK4. Magnification: × 250.

Figure 3.  Kaplan–Meier survival curves of ccRCC patients according to PDK1-4 tumor expression. Kaplan–
Meier curves of overall survival based on PDK1 (A), PDK2 (B), PDK3 (C), and PDK4 (D) protein expression in 
the ccRCC cohort.
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tumors, whereas no significant differences were found for PDK2, PDK3 and PDK4 mRNA expression in normal 
tissue vs ccRCC. Together, this suggests a potential selective involvement of specific PDK in renal cancer. PDK1 
has been previously described as a target of HIF1α (HIF1A gene) transcriptional metabolic  reprogramming41. 
In silico correlation analysis between PDK1–4 and HIF1α expression in ccRCC showed significant correlations 
with PDK1, PDK3 and PDK4 expression (p < 0.005), but not with PDK2 (Supplementary Fig. 4A). On the other 
hand, HIF2α (EPAS1 gene) correlation analysis showed statistical correlation with all PDK (Supplementary 
Fig. 4B). In addition, PDK3 protein overexpression in ccRCC samples has been reported to correlate with VHL 
non-mutated  status42. The connection of HIF-induced metabolic reprogramming of renal cancer cells with 
selective expression of PDK1-4 deserves further analysis.

We have also found that positive PDK2 and PDK3 expression at the time of surgery could predict poorer 
survival of ccRCC patients. Whether high expression of PDK2 and PDK3 in ccRCC may have oncogenic 
consequences or may be an effect of early oncogenic metabolic reprogramming is currently unknown. We 
observed a difference in the subcellular localization of PDK2 and PDK3 proteins in ccRCC specimens, with PDK2 
displaying enriched nuclear localization, similar to previously observed patterns in prostate  cancer43. This could 
indicate a differential spatial role of the TCA cycle in  cancer44,45. The understanding of the nuclear TCA cycle is 
still largely unclear, but seems to be important in  development46. The specific role of PDK nuclear localization 
in tumor progression is still unknown, and requires dedicated studies.

DCA-mediated inhibition of PDK manifests anti-oncogenic properties in cancer cells, including ccRCC cells, 
in association with inhibition of HIF transcriptional  activity27,47. Our results show growth inhibition by DCA 
on three ccRCC cell lines, suggesting that poor prognosis-PDK2/PDK3 high expression ccRCC cases could 
benefit upon treatment with DCA analogues. DCA also increased pAKT content in ccRCC cells, reinforcing the 
correlation observed between PDK2/PDK3 and PI3K signalling pathway. Nevertheless, since DCA also inhibits 
 PDK148, whose expression was associated with better prognosis in our cohort, a differential contribution of 
PDK1-4 inhibition in ccRCC growth inhibition is expected, as it has also been proposed for other  cancers43,49.

Our molecular gene profiling analysis suggests differences in the tumor microenvironment in groups of 
ccRCC tumors depending on PDK2/PDK3 expression. We found an overall increase in T cell infiltration and CD8 
exhausted T cells in PDK2/PDK3 positive ccRCC. This is in consistence with previous T cell landscape studies 
of ccRCC, which revealed higher proportion of exhausted CD8 T cell in advanced ccRCC 50, and reinforces the 
importance of the crosstalk between metabolism and T cell exhaustion in ccRCC 51,52. Relevant to this, lactate 
administration in mice was recently associated with CD8 T cell stemness and increased anti-tumor  immunity53. 

Figure 4.  Molecular analysis of ccRCC patients according to PDK2 and PDK3 tumor expression. (A) Kaplan–
Meier curves of overall survival based on PDK2/PDK3 expression in the ccRCC cohort. Patients with high 
PDK2/PDK3 protein expression and patients with low PDK2/PDK3 protein expression had significantly 
different time to recurrence (p = 0.016). (B) PanCancer Pathway signature in ccRCC tumor samples. Note 
PI3K pathway as most differentially expressed signalling pathway in high PDK2/PDK3 protein expression 
vs low PDK2 and PDK3 protein expression tumors. (C) Box plot of PI3K pathway score in high PDK2 and 
PDK3 protein expression vs low PDK2 and PDK3 protein expression tumors. (B, C) Data is represented 
in a logarithmic scale (Log2) and obtained from 11 ccRCC tumor samples. (D) Cell type score in ccRCC 
tumor samples using Immune Exhaustion panel. Note CD8 T cell exhaustion cell type as one of the higher 
enrichments in high PDK2/PDK3 protein expression vs low PDK2/PDK3 protein expression tumors. (E) Box 
plot of exhausted CD8 score in high PDK2/PDK3 protein expression vs low PDK2/PDK3 protein expression 
tumors. (D, E) Data is represented in a logarithmic scale (Log2) and obtained from 18 ccRCC tumor samples. 
Statistically significant results (p < 0.05) are marked with an asterisk.
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This may be relevant in novel strategies to improve metabolic function of ccRCC CD8 T cells, which may promote 
the anti-tumor immune response. Since our study has the limitation of a small number of samples, further studies 
in larger cohorts should be made to confirm these findings.

In conclusion, our results show differential expression patterns of pyruvate dehydrogenase kinases in ccRCC. 
Expression of PDK2 and PDK3 predicts poor prognosis and correlates with immune exhaustion. We speculate 
that interference with specific PDK activities could have therapeutic benefits in groups of ccRCC patients.

Materials and methods
Cell culture and cell proliferation. Human clear cell renal carcinoma Caki-1 (Caki-1ATCC® HTB46™), 
786-O (ATCC® CRL1932™), and A-498 (ATCC® HTB 44™) cells (purchased from American Type Culture 
Collection (ATCC) were cultured in McCoy5A, RPMI-1640 and EMEM medium (Lonza), respectively, 
supplemented with 10% FBS. All experiments were performed with mycoplasma-free cells. All media were 
supplemented with 1% l-Glutamine and 1% penicillin/streptomycin (Lonza). Cells were incubated at 37 °C and 
5%  CO2.

To assess cell proliferation/viability of Caki-1, A-498 and 786-O cells, 3500, 1500, and 1500 cells, respectively, 
were plated per well in 96-well culture plates. A day after plating the cells, different concentrations of 
dichloroacetate (DCA; Sigma Aldrich) or vehicle were added. Cell proliferation was measured with the CellTiter 
96® AQueous One Solution Cell Proliferation Assay Kit (MTS Assay, Promega) in 96-well plates, and absorbance 
was measured at 490 nm using microplate reader 72 h post treatment (BioRad).

Clinical material and tumor samples. The renal cancer cohort consisted of formalin-fixed paraffin-
embedded (FFPE) tumor samples from 96 clear cell renal cell carcinomas (ccRCC) patients that underwent 
nephrectomy at University Hospital Cruces between 1997 and 2001. The median age was 73  years, median 
follow-up of the patients was 119.5 months, and the median diameter of the tumors was 5.25 cm. An experienced 
pathologist (JIL) selected tumor areas with well-preserved tissue representative of the whole tumor from FFPE 
tissue blocks from these patients, and tissue microarray (TMA) blocks were made from these areas. 4 µm sections 
were made from the TMA blocks, one of which was stained with hematoxylin and eosin to verify the presence 
of tumor content. Fuhrman’s  grade54 and 2010 AJCC Staging  system55 assigning was performed on hematoxylin 
& eosin sections from tumor samples obtained following standard protocols. Follow-up was obtained from the 
clinical histories and was closed 31st December 2014, with more than 10-year overall survival. Renal cancer 
cohort has been previously described in  reference56.

Figure 5.  (A) Immunoblot of pAKT, AKT and β-actin in ccRCC cells treated with PDK inhibitor DCA (20 mM 
for 24 h). Cropped blots are displayed. (B) Proliferation of Caki-1, A-498, and 786-O ccRCC cells, treated with 
dichloroacetate (DCA). Cell viability is shown, as determined by MTS analysis, after 72 h in the presence of 
DCA (1–20 mM for 72 h).
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Immunohistochemistry and scoring. Immunohistochemistry (IHC) was carried out using the following 
primary antibodies: PDK1 (Sigma Aldrich, HPA027376, dilution: 1:20), PDK2 (Sigma Aldrich, HPA008287, 
dilution 1:25), PDK3 (Sigma Aldrich, HPA046583, dilution 1:50), and PDK4 (Sigma Aldrich, HPA056731, 
dilution 1:100) antibodies. Antigen retrieval was performed at pH 6 or pH 9 using PT link system (Agilent 
Technologies). IHC immunostainings were performed in automated immunostainers (EnVision FLEX, Dako 
Autostainer Plus; Dako, and BenchMark Ultra, Ventana Medical Systems). Antibodies were incubated for 30 min, 
followed by secondary antibody incubation for 15 min using goat anti-mouse or anti-rabbit Ig/HRP secondary 
antibodies (Dako), FLEX/HPR for 20 min, FLEX DAB/Sub Chromo for 10 min, and finally counterstaining with 
hematoxylin. Immunostainings were evaluated by an experienced uropathologist (JIL) in tumor cells as negative 
(low/no staining) or positive (moderate/high staining). The analysis was performed using a Nikon Eclipse 80i 
microscope (Nikon).

Gene expression analysis. The mRNA expression levels of PDK1, PDK2, PDK3 and PDK4 in ccRCC 
tumor tissue was analysed in comparison to normal tissues, or in correlation analysis, using KIRC normal and 
tumor data from TCGA database via online web server GEPIA (http:// gepia. cancer- pku. cn)57.

A subset of 11 and 18 ccRCC patient samples (whole tissue sections) were selected for nCounter PanCancer 
Pathway and Immune Exhaustion panels, respectively (NanoString). Total RNA was extracted using Qiagen 
Allprep FFPE DNA/RNA extraction kit, and RNA quality was assessed with Bioanalyzer. NanoString nCounter 
analysis was performed at the Oslo University Hospital Genomics core facility. From the 11 ccRCC patient 
samples analysed by the PanCancer Pathway panel, 6 tumors from matching TMA displaying positive PDK2 
and PDK3 immunostaining, and 5 tumors displaying negative PDK2 and PDK3 immunostaining. From the 
18 ccRCC patient samples analysed by the Immune Exhaustion panel, 14 tumors displayed positive PDK2 and 
PDK3 immunostaining, and 5 tumors displayed negative PDK2 and PDK3 immunostaining, as monitored in 
the TMA. Raw RNA expression data were normalized and quality controlled, and analysis was performed using 
the nSolver version 4.0. Identified pathway and cell type scores were generated using nCounter data resource.

Statistical analysis. Error bars in results represent ± standard deviation (S.D.). Cell data was analyzed 
by GraphPad Prism t Test Calculator, where significance was calculated using two-tailed student t-test. All 
experiments were performed at least twice, and results shown are from one representative experiment. The 
SPSS version 23 software (SPSS Inc., IBM) was used for statistical calculations of the clinical material. Pearson’s 
chi-square test was used to correlate PDK1-4 expression to clinicopathologic parameters. The estimated survival 
curves were compared using the log‐rank test. Detection of significant statistical differentially expressed genes, 
pathway and cell type analysis was assessed using nSolver advanced analysis software 4.0, R version 3.3.2. (The 
R foundation of statistical analyses) and XQuartz software. For all the experiments, p value below 0.05 was 
considered statistically significant.

Ethical statement. The study was performed in accordance with the Declaration of Helsinki. Ethical 
approval was obtained from Comité de Ética de la Investigación con medicamentos de Euskadi (CEIm-E) 
(number PI2016096 and PI2022085).

Data availability
All data generated in this study is included in the manuscript or in supplementary data. The full nCounter 
analysis generated datasets are available from the corresponding authors on reasonable request.

Received: 19 October 2022; Accepted: 24 April 2023

References
 1. Hay, N. Reprogramming glucose metabolism in cancer: Can it be exploited for cancer therapy?. Nat. Rev. Cancer 16, 635–649. 

https:// doi. org/ 10. 1038/ nrc. 2016. 77 (2016).
 2. Soga, T. Cancer metabolism: Key players in metabolic reprogramming. Cancer Sci. 104, 275–281. https:// doi. org/ 10. 1111/ cas. 

12085 (2013).
 3. Stine, Z. E., Schug, Z. T., Salvino, J. M. & Dang, C. V. Targeting cancer metabolism in the era of precision oncology. Nat. Rev. Drug 

Discov. 21, 141–162. https:// doi. org/ 10. 1038/ s41573- 021- 00339-6 (2022).
 4. Lu, Z. & Hunter, T. Metabolic kinases moonlighting as protein kinases. Trends Biochem. Sci. 43, 301–310. https:// doi. org/ 10. 1016/j. 

tibs. 2018. 01. 006 (2018).
 5. Ngo, D. C., Ververis, K., Tortorella, S. M. & Karagiannis, T. C. Introduction to the molecular basis of cancer metabolism and the 

Warburg effect. Mol. Biol. Rep. 42, 819–823. https:// doi. org/ 10. 1007/ s11033- 015- 3857-y (2015).
 6. Chakraborty, S., Balan, M., Sabarwal, A., Choueiri, T. K. & Pal, S. Metabolic reprogramming in renal cancer: Events of a metabolic 

disease. Biochim. Biophys. Acta Rev. Cancer 1876, 188559. https:// doi. org/ 10. 1016/j. bbcan. 2021. 188559 (2021).
 7. Guo, H. et al. The PI3K/AKT pathway and renal cell carcinoma. J. Genet. Genomics 42, 343–353. https:// doi. org/ 10. 1016/j. jgg. 

2015. 03. 003 (2015).
 8. Maher, E. R. Hereditary renal cell carcinoma syndromes: Diagnosis, surveillance and management. World J. Urol. 36, 1891–1898. 

https:// doi. org/ 10. 1007/ s00345- 018- 2288-5 (2018).
 9. Haas, N. B. & Nathanson, K. L. Hereditary kidney cancer syndromes. Adv. Chronic Kidney Dis. 21, 81–90. https:// doi. org/ 10. 1053/j. 

ackd. 2013. 10. 001 (2014).
 10. Linehan, W. M. et al. The metabolic basis of kidney cancer. Cancer Discov. 9, 1006–1021. https:// doi. org/ 10. 1158/ 2159- 8290. CD- 

18- 1354 (2019).
 11. Massari, F. et al. Metabolic alterations in renal cell carcinoma. Cancer Treat. Rev. 41, 767–776. https:// doi. org/ 10. 1016/j. ctrv. 2015. 

07. 002 (2015).

http://gepia.cancer-pku.cn
https://doi.org/10.1038/nrc.2016.77
https://doi.org/10.1111/cas.12085
https://doi.org/10.1111/cas.12085
https://doi.org/10.1038/s41573-021-00339-6
https://doi.org/10.1016/j.tibs.2018.01.006
https://doi.org/10.1016/j.tibs.2018.01.006
https://doi.org/10.1007/s11033-015-3857-y
https://doi.org/10.1016/j.bbcan.2021.188559
https://doi.org/10.1016/j.jgg.2015.03.003
https://doi.org/10.1016/j.jgg.2015.03.003
https://doi.org/10.1007/s00345-018-2288-5
https://doi.org/10.1053/j.ackd.2013.10.001
https://doi.org/10.1053/j.ackd.2013.10.001
https://doi.org/10.1158/2159-8290.CD-18-1354
https://doi.org/10.1158/2159-8290.CD-18-1354
https://doi.org/10.1016/j.ctrv.2015.07.002
https://doi.org/10.1016/j.ctrv.2015.07.002


8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:7339  | https://doi.org/10.1038/s41598-023-34087-x

www.nature.com/scientificreports/

 12. Delahunt, B. & Srigley, J. R. The evolving classification of renal cell neoplasia. Semin. Diagn. Pathol. 32, 90–102. https:// doi. org/ 
10. 1053/j. semdp. 2015. 02. 002 (2015).

 13. Henegan, J. C. Jr. & Gomez, C. R. Heritable cancer syndromes related to the hypoxia pathway. Front. Oncol. 6, 68. https:// doi. org/ 
10. 3389/ fonc. 2016. 00068 (2016).

 14. Brugarolas, J. Molecular genetics of clear-cell renal cell carcinoma. J. Clin. Oncol. 32, 1968–1976. https:// doi. org/ 10. 1200/ JCO. 
2012. 45. 2003 (2014).

 15. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature 
499, 43–49. https:// doi. org/ 10. 1038/ natur e12222 (2013).

 16. Gerlinger, M. et al. Intratumour heterogeneity in urologic cancers: from molecular evidence to clinical implications. Eur. Urol. 67, 
729–737. https:// doi. org/ 10. 1016/j. eururo. 2014. 04. 014 (2015).

 17. Sankin, A. et al. The impact of genetic heterogeneity on biomarker development in kidney cancer assessed by multiregional 
sampling. Cancer Med. 3, 1485–1492. https:// doi. org/ 10. 1002/ cam4. 293 (2014).

 18. Lopez, J. I. & Angulo, J. C. Pathological bases and clinical impact of intratumor heterogeneity in clear cell renal cell carcinoma. 
Curr. Urol. Rep. 19, 3. https:// doi. org/ 10. 1007/ s11934- 018- 0754-7 (2018).

 19. Mitchell, T. J. et al. Timing the landmark events in the evolution of clear cell renal cell cancer: TRACERx renal. Cell 173, 611–623. 
https:// doi. org/ 10. 1016/j. cell. 2018. 02. 020 (2018).

 20. Turajlic, S. et al. Tracking cancer evolution reveals constrained routes to metastases: TRACERx renal. Cell 173, 581–594. https:// 
doi. org/ 10. 1016/j. cell. 2018. 03. 057 (2018).

 21. Turajlic, S. et al. Deterministic evolutionary trajectories influence primary tumor growth: TRACERx renal. Cell 173, 595–610. 
https:// doi. org/ 10. 1016/j. cell. 2018. 03. 043 (2018).

 22. Okegawa, T. et al. Intratumor heterogeneity in primary kidney cancer revealed by metabolic profiling of multiple spatially separated 
samples within tumors. EBioMedicine 19, 31–38. https:// doi. org/ 10. 1016/j. ebiom. 2017. 04. 009 (2017).

 23. Sradhanjali, S. & Reddy, M. M. Inhibition of pyruvate dehydrogenase kinase as a therapeutic strategy against cancer. Curr. Top. 
Med. Chem. 18, 444–453. https:// doi. org/ 10. 2174/ 15680 26618 66618 05231 05756 (2018).

 24. Stacpoole, P. W. Therapeutic targeting of the pyruvate dehydrogenase complex/pyruvate dehydrogenase kinase (PDC/PDK) axis 
in cancer. J. Natl. Cancer Inst. 109, 11. https:// doi. org/ 10. 1093/ jnci/ djx071 (2017).

 25. Saunier, E., Benelli, C. & Bortoli, S. The pyruvate dehydrogenase complex in cancer: An old metabolic gatekeeper regulated by 
new pathways and pharmacological agents. Int. J. Cancer 138, 809–817. https:// doi. org/ 10. 1002/ ijc. 29564 (2016).

 26. Patel, M. S., Nemeria, N. S., Furey, W. & Jordan, F. The pyruvate dehydrogenase complexes: Structure-based function and regulation. 
J. Biol. Chem. 289, 16615–16623. https:// doi. org/ 10. 1074/ jbc. R114. 563148 (2014).

 27. Kinnaird, A. et al. Metabolic modulation of clear-cell renal cell carcinoma with dichloroacetate, an inhibitor of pyruvate 
dehydrogenase kinase. Eur. Urol. 69, 734–744. https:// doi. org/ 10. 1016/j. eururo. 2015. 09. 014 (2016).

 28. Atas, E., Oberhuber, M. & Kenner, L. The implications of PDK1–4 on tumor energy metabolism, aggressiveness and therapy 
resistance. Front. Oncol. 10, 583217. https:// doi. org/ 10. 3389/ fonc. 2020. 583217 (2020).

 29. Wang, X., Shen, X., Yan, Y. & Li, H. Pyruvate dehydrogenase kinases (PDKs): An overview toward clinical applications. Biosci. 
Rep. 41, 402. https:// doi. org/ 10. 1042/ BSR20 204402 (2021).

 30. Tumkur Sitaram, R., Landstrom, M., Roos, G. & Ljungberg, B. Significance of PI3K signalling pathway in clear cell renal cell 
carcinoma in relation to VHL and HIF status. J. Clin. Pathol. 74, 216–222. https:// doi. org/ 10. 1136/ jclin path- 2020- 206693 (2021).

 31. Atkins, M. B. & Tannir, N. M. Current and emerging therapies for first-line treatment of metastatic clear cell renal cell carcinoma. 
Cancer Treat. Rev. 70, 127–137. https:// doi. org/ 10. 1016/j. ctrv. 2018. 07. 009 (2018).

 32. Angulo, J. C. & Shapiro, O. The changing therapeutic landscape of metastatic renal cancer. Cancers 11, 1227. https:// doi. org/ 10. 
3390/ cance rs110 91227 (2019).

 33. Huang, J. J. & Hsieh, J. J. The therapeutic landscape of renal cell carcinoma: from the dark age to the golden age. Semin. Nephrol. 
40, 28–41. https:// doi. org/ 10. 1016/j. semne phrol. 2019. 12. 004 (2020).

 34. Pulido, R. PTEN: A yin-yang master regulator protein in health and disease. Methods 77–78, 3–10. https:// doi. org/ 10. 1016/j. ymeth. 
2015. 02. 009 (2015).

 35. Yang, J. et al. Targeting PI3K in cancer: Mechanisms and advances in clinical trials. Mol. Cancer 18, 26. https:// doi. org/ 10. 1186/ 
s12943- 019- 0954-x (2019).

 36. Kankotia, S. & Stacpoole, P. W. Dichloroacetate and cancer: New home for an orphan drug?. Biochim. Biophys. Acta 1846, 617–629. 
https:// doi. org/ 10. 1016/j. bbcan. 2014. 08. 005 (2014).

 37. Weiss, R. H. Metabolomics and metabolic reprogramming in kidney cancer. Semin. Nephrol. 38, 175–182. https:// doi. org/ 10. 1016/j. 
semne phrol. 2018. 01. 006 (2018).

 38. Rathmell, W. K., Rathmell, J. C. & Linehan, W. M. Metabolic pathways in kidney cancer: Current therapies and future directions. 
J. Clin. Oncol. 1, 792309. https:// doi. org/ 10. 1200/ JCO. 2018. 79. 2309 (2018).

 39. Baumunk, D. et al. Expression parameters of the metabolic pathway genes pyruvate dehydrogenase kinase-1 (PDK-1) and DJ-1/
PARK7 in renal cell carcinoma (RCC). World J. Urol. 31, 1191–1196. https:// doi. org/ 10. 1007/ s00345- 012- 0874-5 (2013).

 40. Lim, H. Y. et al. Metabolic signatures of renal cell carcinoma. Biochem. Biophys. Res. Commun. 460, 938–943. https:// doi. org/ 10. 
1016/j. bbrc. 2015. 03. 130 (2015).

 41. Kim, J. W., Tchernyshyov, I., Semenza, G. L. & Dang, C. V. HIF-1-mediated expression of pyruvate dehydrogenase kinase: a 
metabolic switch required for cellular adaptation to hypoxia. Cell Metab. 3, 177–185. https:// doi. org/ 10. 1016/j. cmet. 2006. 02. 002 
(2006).

 42. Ilic, B. B. et al. VHL dependent expression of REDD1 and PDK3 proteins in clear-cell renal cell carcinoma. J. Med. Biochem. 37, 
31–38. https:// doi. org/ 10. 1515/ jomb- 2017- 0030 (2018).

 43. Nunes-Xavier, C. E. et al. Heterogeneous expression and subcellular localization of pyruvate dehydrogenase complex in prostate 
cancer. Front. Oncol. 12, 873516. https:// doi. org/ 10. 3389/ fonc. 2022. 873516 (2022).

 44. Kafkia, E. et al. Operation of a TCA cycle subnetwork in the mammalian nucleus. Sci. Adv. 8, 5206. https:// doi. org/ 10. 1126/ sciadv. 
abq52 06 (2022).

 45. Li, W. et al. Nuclear localization of mitochondrial TCA cycle enzymes modulates pluripotency via histone acetylation. Nat. 
Commun. 13, 7414. https:// doi. org/ 10. 1038/ s41467- 022- 35199-0 (2022).

 46. Nagaraj, R. et al. Nuclear localization of mitochondrial TCA cycle enzymes as a critical step in mammalian zygotic genome 
activation. Cell 168, 210–223. https:// doi. org/ 10. 1016/j. cell. 2016. 12. 026 (2017).

 47. Sutendra, G. et al. Mitochondrial activation by inhibition of PDKII suppresses HIF1a signaling and angiogenesis in cancer. 
Oncogene 32, 1638–1650. https:// doi. org/ 10. 1038/ onc. 2012. 198 (2013).

 48. Bowker-Kinley, M. M., Davis, W. I., Wu, P., Harris, R. A. & Popov, K. M. Evidence for existence of tissue-specific regulation of the 
mammalian pyruvate dehydrogenase complex. Biochem. J. 329(Pt 1), 191–196. https:// doi. org/ 10. 1042/ bj329 0191 (1998).

 49. Skorja Milic, N. et al. Suppression of Pyruvate Dehydrogenase Kinase by dichloroacetate in cancer and skeletal muscle cells is 
isoform specific and partially independent of HIF-1alpha. Int. J. Mol. Sci. 22, 8610. https:// doi. org/ 10. 3390/ ijms2 21686 10 (2021).

 50. Braun, D. A. et al. Progressive immune dysfunction with advancing disease stage in renal cell carcinoma. Cancer Cell 39, 632–648. 
https:// doi. org/ 10. 1016/j. ccell. 2021. 02. 013 (2021).

 51. Siska, P. J. et al. Mitochondrial dysregulation and glycolytic insufficiency functionally impair CD8 T cells infiltrating human renal 
cell carcinoma. JCI Insight https:// doi. org/ 10. 1172/ jci. insig ht. 93411 (2017).

https://doi.org/10.1053/j.semdp.2015.02.002
https://doi.org/10.1053/j.semdp.2015.02.002
https://doi.org/10.3389/fonc.2016.00068
https://doi.org/10.3389/fonc.2016.00068
https://doi.org/10.1200/JCO.2012.45.2003
https://doi.org/10.1200/JCO.2012.45.2003
https://doi.org/10.1038/nature12222
https://doi.org/10.1016/j.eururo.2014.04.014
https://doi.org/10.1002/cam4.293
https://doi.org/10.1007/s11934-018-0754-7
https://doi.org/10.1016/j.cell.2018.02.020
https://doi.org/10.1016/j.cell.2018.03.057
https://doi.org/10.1016/j.cell.2018.03.057
https://doi.org/10.1016/j.cell.2018.03.043
https://doi.org/10.1016/j.ebiom.2017.04.009
https://doi.org/10.2174/1568026618666180523105756
https://doi.org/10.1093/jnci/djx071
https://doi.org/10.1002/ijc.29564
https://doi.org/10.1074/jbc.R114.563148
https://doi.org/10.1016/j.eururo.2015.09.014
https://doi.org/10.3389/fonc.2020.583217
https://doi.org/10.1042/BSR20204402
https://doi.org/10.1136/jclinpath-2020-206693
https://doi.org/10.1016/j.ctrv.2018.07.009
https://doi.org/10.3390/cancers11091227
https://doi.org/10.3390/cancers11091227
https://doi.org/10.1016/j.semnephrol.2019.12.004
https://doi.org/10.1016/j.ymeth.2015.02.009
https://doi.org/10.1016/j.ymeth.2015.02.009
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1186/s12943-019-0954-x
https://doi.org/10.1016/j.bbcan.2014.08.005
https://doi.org/10.1016/j.semnephrol.2018.01.006
https://doi.org/10.1016/j.semnephrol.2018.01.006
https://doi.org/10.1200/JCO.2018.79.2309
https://doi.org/10.1007/s00345-012-0874-5
https://doi.org/10.1016/j.bbrc.2015.03.130
https://doi.org/10.1016/j.bbrc.2015.03.130
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1515/jomb-2017-0030
https://doi.org/10.3389/fonc.2022.873516
https://doi.org/10.1126/sciadv.abq5206
https://doi.org/10.1126/sciadv.abq5206
https://doi.org/10.1038/s41467-022-35199-0
https://doi.org/10.1016/j.cell.2016.12.026
https://doi.org/10.1038/onc.2012.198
https://doi.org/10.1042/bj3290191
https://doi.org/10.3390/ijms22168610
https://doi.org/10.1016/j.ccell.2021.02.013
https://doi.org/10.1172/jci.insight.93411


9

Vol.:(0123456789)

Scientific Reports |         (2023) 13:7339  | https://doi.org/10.1038/s41598-023-34087-x

www.nature.com/scientificreports/

 52. Wang, Y. et al. Crosstalk between metabolism and immune activity reveals four subtypes with therapeutic implications in clear 
cell renal cell carcinoma. Front. Immunol. 13, 861328. https:// doi. org/ 10. 3389/ fimmu. 2022. 861328 (2022).

 53. Feng, Q. et al. Lactate increases stemness of CD8 + T cells to augment anti-tumor immunity. Nat. Commun. 13, 4981. https:// doi. 
org/ 10. 1038/ s41467- 022- 32521-8 (2022).

 54. Fuhrman, S. A., Lasky, L. C. & Limas, C. Prognostic significance of morphologic parameters in renal cell carcinoma. Am. J. Surg. 
Pathol. 6, 655–663. https:// doi. org/ 10. 1097/ 00000 478- 19821 0000- 00007 (1982).

 55. Edge, S. B. & Compton, C. C. The American Joint Committee on Cancer: The 7th edition of the AJCC cancer staging manual and 
the future of TNM. Ann. Surg. Oncol. 17, 1471–1474. https:// doi. org/ 10. 1245/ s10434- 010- 0985-4 (2010).

 56. Lopez, J. I. et al. Fibroblast activation protein predicts prognosis in clear cell renal cell carcinoma. Hum. Pathol. 54, 100–105. 
https:// doi. org/ 10. 1016/j. humpa th. 2016. 03. 009 (2016).

 57. Tang, Z. et al. GEPIA: A web server for cancer and normal gene expression profiling and interactive analyses. Nucleic Acids Res. 
45, W98–W102. https:// doi. org/ 10. 1093/ nar/ gkx247 (2017).

Acknowledgements
This work has been funded by Instituto de Salud Carlos III (ISCIII) through the projects CP20/00008 and 
PI22/00386, and co-funded by European Union, Stiftelsen til fremme av forskning innen nyresykdommer (Unifor 
2021 and 2022), and NanoString Science Never Stop in the Nordics, nCounter Grant, to CENX. We thank Arantza 
Perez Dobaran (University of the Basque Country, UPV/EHU, Leioa, Bizkaia, Spain) for expert IHC technical 
support. We are grateful for the expert services provided on running the NanoString panels by the Helse Sør-Øst 
Genomics Core Facility at Oslo University Hospital.

Author contributions
C.E.N.X., J.I.L., and R.P. contributed to conception and design of the study. C.E.N.X., M.E., J.M., T.Ø., J.I.L. and 
R.P. performed experiments, collected and analyzed data. C.E.N.X. and RP performed the statistical analysis. P.E., 
G.L., R.L. and J.I.L. performed processing of tumor samples. R.L. and J.I.L. contributed to data acquisition and 
clinical details of patients. C.E.N.X. and R.P. wrote the draft manuscript. All authors contributed to manuscript 
writing and revision, and approved the final submitted version.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 34087-x.

Correspondence and requests for materials should be addressed to C.E.N.-X. or R.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023, corrected publication 2023

https://doi.org/10.3389/fimmu.2022.861328
https://doi.org/10.1038/s41467-022-32521-8
https://doi.org/10.1038/s41467-022-32521-8
https://doi.org/10.1097/00000478-198210000-00007
https://doi.org/10.1245/s10434-010-0985-4
https://doi.org/10.1016/j.humpath.2016.03.009
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1038/s41598-023-34087-x
https://doi.org/10.1038/s41598-023-34087-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The expression pattern of pyruvate dehydrogenase kinases predicts prognosis and correlates with immune exhaustion in clear cell renal cell carcinoma
	Results
	Discussion
	Materials and methods
	Cell culture and cell proliferation. 
	Clinical material and tumor samples. 
	Immunohistochemistry and scoring. 
	Gene expression analysis. 
	Statistical analysis. 
	Ethical statement. 

	References
	Acknowledgements


