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Supplementary Methods 

Patient cohort 

The patients of TuCP1 and TuCP2 were examined by axial imaging at the time of 

surgery and postoperatively every 3-4 months during the first year and semiannually 

in the second and third year. Annual clinical assessment consisted of chest x-ray or 

thoracic computerized tomography, abdominal sonography, computerized 

tomography or magnetic resonance imaging, and serum chemistry [1]. Survival end-

points were ccRCC related death (CRD) and overall survival. CRD was defined as 

the time from surgery to death or censored if alive at the last date of follow-up until 

September 2012. Data for patients who died from other causes than ccRCC disease 

were censored at the time of death. Detailed patient characteristics are summarized 

in Table 1. None of the patients in the TuCP1 and TuCP2 cohort received any kind of 

neo-adjuvant therapy, neither immunotherapy nor chemotherapy. 

Surgically resected ccRCC tissue samples were classified according to the seventh 

edition of the Union Internationale Contre le Cancer/American Joint Committee on 

Cancer system (2009). 

MCT4 protein expression was analyzed in 207 paraffin-embedded histologically non-

tumor kidney and corresponding clear cell renal cell carcinoma (ccRCC) of the 

TuCP1-cohort using tissue microarrays (TMA). MCT4 expression levels were 

correlated with non-genetic factors, clinicopathological features as well as patient 

survival. In the independent TuCP2-cohort, 64 consecutive ccRCC patients were 

enrolled and as for the TuCP1-cohort, paraffin-embedded ccRCC tissue samples 

(n=64) and corresponding histologically non-tumor kidney were used to investigate 

MCT4 protein expression by tissue microarray analyses. TMAs of both cohorts were 

prepared after independent second histological evaluation of hematoxylin- and eosin-
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stained slides. Additionally, for the TuCP2 sample set 62 surgically resected fresh 

frozen ccRCC tissue samples and 58 matching non-tumor kidney samples were 

available for investigation of MCT4 gene expression and promoter DNA methylation. 

All samples were collected at the Department of Urology, University Hospital 

Tuebingen, Tuebingen, Germany. The relationship of DNA methylation at single CpG 

sites with mRNA and protein expression and with non-genetic factors, 

clinicopathological features as well as survival data was assessed. It was assured by 

pathologists that the investigated samples derived from tumor surrounding normal 

tissue were histologically unsuspicious and not invaded by the tumor. 

An additional independent cohort of ccRCC patients from The Cancer Genome Atlas 

(TCGA) with publically available, open-access clinical as well as RNASeqV2 and 

genome-wide DNA methylation datasets was investigated. The cohort consists of 502 

patients, for whom RNASeqV2 data (Illumina HiSeq2000) (n=482) and DNA 

methylation data (Illumina Infinium Human Methylation 450 Bead Chip) (n=283) for 

ccRCC or non-tumor tissue samples were available at the time of our analyses. 

Processed data sets were obtained from the TCGA Data Portal (http://tcga-

data.nci.nih.gov/tcga/) using the Data Browser tool.  

 

MCT4 immunohistochemical staining and Tissue microarray analysis 

Tissue microarray slides containing paraffin embedded ccRCC and non-tumor tissue 

sections from both patient cohorts (TuCP1 and TuCP2) were processed as 

previously described [2]. Only regions with pathologically representative tumor and 

benign renal tissue, excluding areas consisting of necrosis, fibrosis or larger vessels, 

were used for the construction of the tissue microarray (TMA). Immunostaining was 

performed using a primary polyclonal antibody against MCT4 (Santa Cruz 

Biotechnology, Santa Cruz, USA). 5 µm tissue sections were fixed on slides using 
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100% methanol. The sections were deparaffinized using xylene and rehydrated 

through descending dilutions of ethanol (100%, 96%, 70%). Heat-induced antigen 

retrieval was performed with a target retrieval solution (Dako Cytomation, Glostrup, 

Sweden) for 30 min. Blocking of endogenous peroxidase was achieved through 

incubation with peroxidase block (Dako Cytomation) for 10 min. Subsequently, slides 

were incubated with primary antibody for 1h at room temperature diluted 1:200 in 

PBS. As negative control the primary antibody was omitted. Detection of antibody 

binding was accomplished using the REAL-HRP SystemREAL (Envision Detection 

System, Rabbit/Mouse, Dako Cytomation). All patient probes were independently 

evaluated by a second histological examination of hematoxylin- and eosin-stained 

slides. Finally, sections were dehydrated through ascending dilutions of ethanol 

(70%, 96%, 100%) and mounted. The slides were scanned using a digital Mirax 

scanner (Carl Zeiss, MicroImaging, Jena, Germany). For the evaluation of 

immunohistochemical staining, MCT4 immunoreactivity of all tumor and benign renal 

areas were classified according to a composite IHC score. This semiquantitative 

grading of membranous MCT4 staining was based on a comparison of all scanned 

TMA dots using a picture based software platform (Mirax Viewer, Carl Zeiss, Light 

Microscopy, Goettingen, Germany). Regions with risk of staining artefacts (e.g. 

edges of the tissue microarray dot, extracellular matrix components and zones with 

necrosis or fibrosis) were excluded. Staining intensity was graded in line with 

previous reports into 0, 1, 2 or 3 corresponding to the presence of negative, weak, 

intermediate, and strong brown membranous MCT4 staining by a semiquantitative 

IHC reference scale [2, 3]. In addition, the percentage of MCT4 stained cells was 

determined (0%-100%). The composite IHC score was obtained by multiplying the 

staining intensity and the percentage of stained cells (0%-100%), resulting in an 

immunoreactivity score value of 0 to 300. The score values 0-300 were finally 
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converted to percentage 0-100% and the MCT4 protein expression is given only as 

percentage of 0-100% throughout the manuscript. Microscopic analysis and 

evaluation of staining was done by two independent investigators blinded to patients’ 

clinical details as described previously [2]. In the case of discordant scoring results, a 

consensus score was assigned. Representative examples of different staining scores 

for ccRCC and non-tumor kidney tissue are shown in Supplementary Fig.1B. 

  

MCT4 knockdown  

In order to validate the MCT4 antibody, silencing of MCT4 was performed by MCT4-

targeting siRNA knockdown in the renal carcinoma cell lines 786-O and A-498 (CLS, 

Eppelheim, Germany), whereby a pool of MCT4-targeting siRNAs was used 

(siGENOME SMARTpool – human SLC16A3, Thermo Scientific, Lafayette, USA). 

Cells transfected with a non-targeting siRNA pool (siGENOME Non-Targeting siRNA 

Pool #1, Thermo Scientific, Lafayette, USA) and untreated cells were used as 

controls. Cells were seeded 24 h prior to transfection. A final siRNA concentration of 

25 nM was transfected using DharmaFECT® Transfection Reagent (Thermo 

Scientific, Lafayette, USA) according to manufacturer’s instructions. Harvest of cells 

followed after 3 days of incubation. MCT4 knockdown was assessed by western blot 

analysis. Cell lines A-498 and 786-O, were grown in EMEM or DMEM/Ham’s F12, 

respectively, supplemented with 2 mM L-glutamine and 10% fetal bovine serum. Cell 

lines were passaged less than six months and the identity was verified by CLS 

(Eppelheim, Germany). An additional authentication was performed using 

AmpFLSTR® Identifiler® Plus PCR Amplification Kit (Applied Biosystems, Foster City, 

USA), including the recommended eight STR loci (D16S539, D7S820, D13S317, 

D5S818, CSF1PO, TPOX, TH01, vWA) and amelogenin. 
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Western Blot  

Crude membranes from MCT4-siRNA transfected A-498 and 786-O cells and 

respective controls were obtained as described previously. Cells were harvested, 

pelleted and resuspended in hypotonic buffer with Pefablock SC (Biomol, Hamburg, 

Germany) (1:1000) and PIC (protease inhibitor cocktail, Sigma-Aldrich, Taufkirchen, 

Germany) (1:1000). Subsequently, the cell suspension was centrifuged for 1 h at 

4°C. Supernatant containing cytoplasmic proteins was removed and stored at -20°C. 

The pellet, containing the crude membrane fraction, was resuspended in hypotonic 

buffer and stored at -20°C. 10 µg protein of each membrane fraction were denatured 

at 37°C for 30 min in Laemmli sample buffer right before separation on a 10% 

SDS/polyacrylamide gel using the Mini-PROTEAN® Tetra system (Biorad, München, 

Germany). Proteins were blotted onto a nitrocellulose membrane by use of the Mini 

Trans-Blot® Electrophoretic Transfer Cell (Biorad, München, Germany). The 

membrane was blocked for 1 h with 5% (wt/vol) skim milk in TBST and incubated 

with primary MCT4 antibody (Santa Cruz Biotechnology, Santa Cruz, USA) at a 

dilution of 1:200 in TBST over night at 4°C. After washing with TBST, the membrane 

was incubated for 1 h at room temperature with a goat anti-rabbit horse radish 

peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, 

USA) diluted 1:2000 in TBST. The membrane was again washed with TBST and 

developed subsequently with SuperSignal® West Dura Extended Duration Substrate 

(Pierce, Rockford, USA). Chemoluminescence was detected using the Luminescent 

Image Analyzer LAS-1000 (Fujifilm, Straubenhardt, Germany). The membrane was 

stripped by 30 min incubation with RestoreTM Western Blot Stripping Buffer for 

subsequent detection of β-actin. The primary β-actin antibody (Sigma-Aldrich, St. 

Louis, USA) and secondary goat anti-mouse horse radish peroxidase antibody 
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(Santa Cruz Biotechnology, Santa Cruz, USA) were used at dilutions of 1:5000 in 

TBST overnight at 4°C and 1 h at room temperature.  

 

RNA isolation and quantification 

Total RNA was extracted from fresh frozen kidney tissue of the TuCP2-cohort using 

the mirVanaTM miRNA Isolation Kit (Ambion, Austin, USA) according to 

manufacturer’s instructions. Quality of RNA preparations was confirmed using the 

Agilent Bioanalyzer (Agilent technologies, Waldbronn, Germany) and only high-

quality RNA was used for subsequent cDNA syntheses with the High capacity cDNA 

reverse transcription Kit (with RNase inhibitor) (Applied Biosystems, Foster City, 

USA) according to manufacturer’s instructions. Relative quantification of mRNA was 

assessed by TaqMan quantitative real time PCR with a predeveloped TaqMan® gene 

expression assay (Applied Biosystems, Foster City, USA) using the BioMarkTM 

system (Fluidigm, South San Francisco, CA, USA) as previously described [3]. In 

brief, reverse transcribed cDNA was preamplified for 14 cycles using the TaqMan 

PreAmp Master Mix Kit (Applied Biosystems), diluted 1:5 in DNA suspension buffer 

and analyzed in triplicates on the BioMark Instrument using the BioMark Gene 

Expression Data Analysis software. MCT4 mRNA expression levels were normalized 

to DPP4 mRNA expression. To validate the findings a second housekeeping gene, 

namely the TATA box binding protein (TBP), was used for normalization of MCT4 

mRNA expression. 

 

DNA isolation and promoter methylation analyses 

Genomic DNA was extracted from frozen tissue samples of the TuCP2-cohort using 

the QIAmp DNA mini Kit (Qiagen, Hilden, Germany) according to manufacturer’s 
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protocol. Bisulfite treatment was performed with the EZ DNA methylation GoldTM Kit 

(Zymo Research, Irvine, USA) as stated by the manufacturer. 

For quantitative DNA methylation analyses matrix-assisted laser desorption ionization 

time-of-flight mass spectrometry (MALDI-TOF MS) was applied as described 

previously [3]. Amplicons covering the SLC16A3 promoter region were generated. 

Sequence information was retrieved from the GenBank database (accession number: 

NC_000001.10; GeneID: 9123). Primers for methylation-specific PCR amplification 

were designed with the software Methprimer 

(http://www.urogene.org/methprimer/index1.html). Primer sequences are provided 

upon request. Forward primers included a 10-mer tag and reverse primers were 

tagged with a T7 polymerase promoter allowing subsequent reverse transcription 

using the MassCLEAVETM reagent Kit (Sequenom, San Diego, USA). In parallel, the 

single stranded RNA strands generated by reverse transcription were cleaved base 

specifically by RNase A, resulting in fragments of defined length which were purified 

using clean resin (Sequenom, San Diego, USA). Spotting of samples on a 

spectroCHIP array was done with the MassARRAY nanodispenser. Mass spectra 

were obtained using the MassARRAY compact system and evaluation of spectra 

methylation ratios was performed by use of the EpiTYPER 1.0 software. 

 

Promoter reporter constructs and in vitro methylation 

Based on the region investigated by MALDI TOF-MS, two fragments of the SLC16A3 

promoter were generated by PCR amplification from genomic DNA using forward and 

reverse primers that introduced 5’ SpeI and 3’ HindIII restriction sites (Supplementary 

Figure 5). PCR products were purified and cloned into the SpeI and HindIII digested 

pCpGfree basic reporter vector (Invivogen, San Diego, USA) 5`prime of the secreted 

embryonic alkaline phosphatase (SEAP) reporter gene. Correct insertion and plasmid 
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sequence were confirmed by DNA sequencing using the ABI 3500 DX Genetic 

Analyzer. 

The SLC16A3 promoter reporter construct was either methylated by incubation with 

CpG methylase M. SssI (Zymo Research, Irvine, USA) in the presence of SAM or 

mock-methylated through incubation under equal conditions in absence of CpG 

methylase M. SssI. Methylated and mock-methylated promoter reporter constructs 

were purified using the QIAquick PCR purification Kit (Qiagen, Hilden, Germany). 

Completeness of methylation was confirmed by digestion of 100 ng methylated or 

mock-methylated DNA with the methylation-sensitive restriction endonuclease HpaII, 

followed by gel electrophoresis. Restriction enzymes were purchased from New 

England Biolabs (Ipswich, USA). 

 

Transient transfection and reporter assays 

Methylated and mock-methylated SLC16A3 promoter reporter constructs were 

transiently transfected into Caki1, Caki2, A498 and 786-O cells using FuGene HD 

transfection reagent (Promega, Madison, USA) (ratio transfection reagent: DNA 3:1). 

In brief, 500 ng of the promoter reporter constructs were co-transfected with the 

control vector pGL4.13, constitutively expressing firefly luciferase for normalization at 

a ratio of 2000:1. SEAP and luciferase activity were measured after 24 h with the 

Phospha-LightTM System (Applied Biosystems, Bedford, USA) and the Dual-

Luciferase® Reporter Assay System (Promega, Madison, USA) respectively, 

according to manufacturer’s instructions. Caki1 and Caki2 cells were grown in Mc 

Coy’s 5A with 10% fetal bovine serum and 50 μg/ml gentamicin. Experiments 

including recombinant DNA were performed in compliance with the institutional 

biosafety requirements. 
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Statistical analyses  

All statistical analyses were performed with R-2.15.0 [6] (http://www.r-project.org), 

including additional packages boot_1.3-7 [7, 8], coin_1.0-21 [9], MASS_7.3-23 [10], 

party_1.0-6 [11], plotrix_3.4-6 [12], pROC_1.5.4 [13], survival_2.36-14 [14] and 

WriteXLS [15]. Fisher’s exact tests, Wilcoxon-Mann-Whitney tests, and Cochran-

Armitage trend tests were applied as appropriate to check for differences of the 

clinicopathological parameters between the three independent patient cohorts (Table 

1, Suppl. Table S1). 

RNASeqV2 data from the TCGA Data Portal were aligned with Mapsplice 

(http://www.netlab.uky.edu/p/bioinfo/MapSplice2UserGuide) against hg19 reference 

genome database, gene abundances were estimated by RSEM (RNASeq by 

Expectation-Maximization;http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-

expression.html), and these values were normalized to the upper quartile of 1000 by 

the TCGA [https://tcga-data.nci.nih.gov/tcgafiles/ftp_auth/distro_ftpusers/anonymous/ 

tumor/kirc/cgcc/unc.edu/illuminahiseq_rnaseqv2/rnaseqv2/unc.edu_KIRC.IlluminaHiS

eq_RNASeqV2.mage-tab.1.3.0/DESCRIPTION.txt].  

Differences in normalized values of MCT4 gene expression between tumor and non-

tumor tissues were investigated by Wilcoxon-Mann-Whitney tests. Moreover, 

correlation analyses between SLC16A3 DNA methylation values and normalized 

values of MCT4 gene expression were performed by Spearman correlation tests.  

MCT4 protein expression (TuCP1, TuCP2), MCT4 mRNA (TuCP2) expression as 

well as MCT4 DNA methylation values of individual CpG sites (TuCP2) were 

compared between ccRCC and corresponding non-tumor tissues by Wilcoxon signed 

rank tests (Figure 1B, 2A, Suppl. Figure S2B, SC). Multivariate Cox regression, 

including all CpG sites with Holm-adjusted P-value < 5% in the analysis described 

above, revealed that only DNA methylation status at 05_CpG_8.9 showed a 



 
 

11 
 

significant effect on cancer-specific survival in TuCP2. Of note, all patients in the 

TuCP2-cohort died due to ccRCC; therefore, cancer-specific survival and overall 

survival is identical in this cohort.  Wilcoxon-Mann-Whitney tests, Kruskal-Wallis 

tests, and Spearman correlation tests were used as appropriate to study associations 

of clinicopathological parameters and MCT4 protein expression (TuCP1, TuCP2) or 

DNA methylation status at 05_CpG_8.9 (TuCP2) or cg18345635 (TCGA) (Table 2, 

Suppl. Tables S2 and S4). Differences in DNA methylation values at individual CpG 

sites in the TCGA cohort between ccRCC (n=283) and non-tumor tissues (n=160) as 

well as carriers (n=64) and non-carriers (n=135) of VHL mutations were compared by 

Wilcoxon-Mann-Whitney tests. One-sided Spearman correlation tests were applied to 

check for negative associations between MCT4 expression (protein, RNA) and MCT4 

DNA methylation values of selected CpG sites including 05_CpG_8.9 in ccRCC and 

corresponding non-tumor tissues (TuCP2; Figure 2B, Suppl. Figure S2D).  For MCT4 

protein expression (TuCP1, TuCP2) and DNA methylation at 05_CpG_8.9 (TuCP2) 

or cg18345635 (TCGA), optimal cutoff points were determined by conditional 

inference tree models to predict groups with differing cancer-specific survival 

(TuCP1, TuCP2) or overall survival (TCGA). These models were applied to all 

patients of the different cohorts as well as to non-metastatic patients only. If a cutoff 

point could not be obtained by using the default parameters, the parameter 

controlling the significance level was increased until patients were classified into two 

groups which do not differ significantly for the survival endpoint (Suppl. Figure S3). 

Respective Kaplan-Meier curves and corresponding log-rank test P-values were 

computed (Figure 1C, Figure 3A and B, Suppl. Figure S3).   

Univariate Cox regression along with calculation of Harrell’s c-index was used to 

investigate the associations (i) between clinicopathological features (T, N, M, G, 

tumor necrosis) and patient survival (TuCP2, TCGA), (ii) between DNA methylation 
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status at 05_CpG_8.9 and cancer-specific survival (TuCP2), and (iii) between DNA 

methylation status at cg18345635 and overall survival (TCGA). These Cox 

regression analyses were performed in all patients of the different cohorts (Suppl. 

Table S5) as well as in non-metastatic patients only. Receiver operating 

characteristics (ROC) were applied to study the performance of T, N, M, G, tumor 

necrosis and DNA methylation status at 05_CpG_8.9 or cg18345635 in the binary 

classification of cancer-related death  (TuCP2) or overall survival status 

(yes/no;TCGA). Corresponding area under curve (AUC) was computed; the quoted 

sensitivity, specificity, negative and positive predictive values (NPV, PPV) refer to 

cut-offs determined by maximizing Youden’s index of ROC curves (Suppl. Table S6). 

Estimation of corresponding 95% confidence intervals (CI) was based on 1000 

bootstrap replicates. Multivariate Cox regression with correction for T, N, M, G, and 

necrosis was used to study the association of DNA methylation status at 

05_CpG_8.9 or cg18345635 with cancer-specific survival (TuCP2) or overall survival 

(TCGA) in all patients as well as in non-metastatic patients only. Unless otherwise 

stated, the statistical tests performed were 2-tailed. Statistical significance was 

defined as P<0.05. Where indicated, P-values were adjusted for multiple testing by 

Holm’s procedure [4]. 
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Supplementary Table S1: Comparison of the three independent patient cohorts 

 TuCP1 vs. 
TuCP2 

 TuCP1 vs. 
TCGA 

 TuCP2 vs. 
TCGA 

 P-values 
no. of patients      
sex 0.065‡  0.187‡  0.214‡ 
age 0.759†  0.0431,†  0.1411,† 
tumor size 0.018†  -  - 
T 0.4532, ‡  0.1982,‡  12,‡ 
N ≤0.001‡  0.149‡  0.005‡ 
M 0.153‡  0.412‡  0.363‡ 
G 0.659¶  <0.001¶  <0.001¶ 
L 0.705‡  -  - 
V 0.5143, ‡  -  - 
R 0.759‡  -  - 
tumor necrosis <0.001‡  0.181‡  <0.001‡ 
sarcomatoid differentiation 0.746‡  -  - 
follow-up time [years] <0.001†  <0.001†  0.02† 
recurrence 0.103‡  -  - 
overall survival 0.009‡  0.293‡  0.001‡ 
cancer-specific survival 0.859 ‡  -  - 

1Age at initial pathologic diagnosis (TCGA) vs. age at surgery (TuCP1, TuCP2) 
2T1+2 vs. T3+T4 
3V0 vs. V1+V2 
† Wilcoxon-Mann-Whitney test   
‡ Fisher’s exact test 
¶ Cochran-Armitage trend test; significant differences due to different grading 
systems used for TCGA- and TuCP1/2-cohort 

Abbreviations: T, primary tumor; N, regional lymph nodes; M, distant metastasis; G, 
grading; L, invasion into lymph vessels; V, invasion into veins; R, resection status 
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Supplementary Table S2: Correlation of MCT4 protein expression in ccRCC tissue 
with clinicopathological parameters in the TuCP1-cohort  

 median % MCT4 protein 
expression (range) P-value1 

age  0.1378 (rS=0.105) 
sex  0.1355 

male 39 (0, 100)  
female 28 (0, 100)  

tumor size  8.7e-09 (rS=0.392) 
T  7.0e-14 

1/2 23 (0, 95)  
3 63 (0,100)  

N   0.0212 
x/0 35 (0, 100)  
1/2 83 (67, 85)  

M   7.0e-04 
0 30 (0, 100)  
1 60 (9, 100)  

G   1.1e-06 
1 14 (0, 83)  
2 38 (0, 100)  
3/4 75 (0, 100)  

L   0.1335 
0 35 (0, 100)  
1 83 (0, 100)  

V   4.7e-13 
0 25 (0, 100)  
1/2 67 (0, 100)  

R   0.4015 
0 35 (0, 100)  
1 53 (0, 85)  

tumor necrosis  2.5e-04 
yes 53 (0, 100)  
no 28 (0, 100)  

sarcomatoid differentiation  0.1736 
yes 35 (0, 100)  
no 41.5 (8, 100)  

recurrence  0.0323 
yes 53 (0, 100)  
no 33 (0, 100)  

outcome  2.0e-04 
living 27 (0, 100)  
non cancer related death 40 (0, 100)  
cancer related death 63.5 (0, 100)  

1Unadjusted P-values 

Abbreviations: T, primary tumor; N, regional lymph nodes; M, distant metastasis; G, grading; 
L, invasion into lymph vessels; V, invasion into veins; R, resection status 
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Supplementary Table S3: CpG sites analyzed by the Infinium 
HumanMethylation450 BeadChip and by MALDI-TOF MS (marked in black) and their 
position in the SLC16A3 promoter region relative to the start of the first exon of 
transcript variant 1 according to the NCBI reference sequence NM_001206950.1 

Infinium HumanMethylation450 
BeadChip  MALDI-TOF MS 

CpG site position  CpG site position 
   03_CpG_1 -1094 
   03_CpG_2 -1034 
cg23141183 -964  03_CpG_3  -964 
   03_CpG_4.5  -955, -947 
   03_CpG_6  -915 
   03_CpG_7.8  -903, - 895 
   03_CpG_9  -854 
   04_CpG_8.9.10.11.12 -815, -793, -771, -749, -727 
   04_CpG_13 -716 
   04_CpG_14 -633 
   05_CpG_1 -548 
   05_CpG_2 -509 
   05_CpG_3 -486 
   05_CpG_4 -448 
   05_CpG_5 -363 
cg21453758 -339  05_CpG_6.7 -346, -339 
   05_CpG_8.9 -330, -324 
cg18345635 -202  06_CpG_1.2 -202, -197 
   06_CpG_3 -146 
   06_CpG_4 -136 
   06_CpG_5.6 -121, -113 

   06_CpG_7.8.9.10.11.
12.13 

-100, -95, -88, -86, -83,  
-71, -69 

   06_CpG_14 -60 
   06_CpG_15 -49 
   06_CpG_16 -35 
cg04184297 -16  07_CpG_1 -16 
cg14417329/cg08296680 -9, -7  07_CpG_2.3 -9, -7 
   07_CpG_4 +12 
   07_CpG_5 +29 
   07_CpG_6 +35 
cg14654468 +55  07_CpG_7 +55 
   07_CpG_8.9.10 +62, +64, +69 
   07_CpG_11.12.13 +91, +94, +98 
   07_CpG_14 +103 
   07_CpG_15 +109 
   07_CpG_16 +120 
   07_CpG_17 +143 
   07_CpG_18 +147 
   07_CpG_19 +177 
   07_CpG_20.21 +192, +196 
   07_CpG_22 +206 
   07_CpG_23.24.25 +213, +215, +217 
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Supplementary Table S4: Correlation of MCT4 protein expression in ccRCC tissue 
with clinicopathological parameters in the TuCP2-cohort 

 median % MCT4 protein 
expression (range) P-value1 

age  0.1799 (rS=-0.170) 
sex  0.0961 

male 50 (17, 100)  
female 33 (13, 70)  

tumor size  0.2425 (rS=0.148) 
T  0.2824 

1/2 37.5 (17, 80)  
3 50 (13, 100)  

N   0.2538 
x/0 37.5 (13, 100)  
1/2 63 (23, 70)  

M   0.1179 
0 37 (13, 100)  
1 54 (23, 80)  

G   0.0088 
1 41.5 (22, 70)  
2 33 (13, 100)  
3/4 67 (40, 80)  

L  0.1435 
0 38 (13, 100)  
1 70 (40, 70)  

V   0.8910 
0 41.5 (17, 100)  
1/2 36.5 (13, 80)  

R   0.3332 
0 39 (13, 100)  
1 55 (30, 70)  

tumor necrosis  0.5263 
yes 53 (25, 100)  
no 40 (13, 100)  

sarcomatoid differentiation  0.0449 
yes 37.5 (13, 100)  
no 67 (40, 80)  

recurrence  0.60 
yes 63 (22, 80)  
no 40 (13, 100)  

outcome  0.348 
living 37.5 (13, 100)  
cancer related death 45 (25, 80)  

1Unadjusted P-values 

Abbreviations: T, primary tumor; N, regional lymph nodes; M, distant metastasis; G, grading; 
L, invasion into lymph vessels; V, invasion into veins; R, resection status  



 
 

19 
 

Supplementary Table S5: Univariate Cox regression analysis of prognostic factors 
for cancer-specific survival (TuCP1/2-cohorts) and overall survival (TCGA-cohort).1 
Significant predictors include T, N, M, G, tumor necrosis and DNA methylation. The 
predictive ability of the different models was estimated by calculating the Harrell`s 
concordance index. 

  
HR 

(95% CI) 
P-value2 Harrell’s c-index3 

TuCP1 

T (1/2 vs. 3) 8.21 
(4.16, 16.23) 8.94e-11 74.6 

N (x/0 vs. 1/2) 3.73 
(0.90, 15.50) 0.131 51.6 

M 10.50 
(5.57, 19.78) 9.27e-11 70.1 

G (1/2 vs. 3/4) 14.33 
(0.07, 1.14) 1.15e-08 71.1 

tumor necrosis 3.45 
(1.84, 6.49) 7.73e-05 65.5 

TCGA 

T (1/2 vs. 3/4) 
2.05 

(1.5, 2.78) 1.41e-08 67.5 

N (x/0 vs. 1/2) 2.82 
(1.14, 6.97) 0.0513 52.5 

M 4.68 
(3.08, 7.11) 1.74e-11 65.5 

G (1/2 vs. 3/4) 2.47 
(1.7, 3.59) 9.33e-08 64.2 

tumor necrosis 3.06 
(1.98, 4.75) 1.53e-07 62.9 

DNA methylation 
at cg18345635 

0.06 
(0.01, 0.3) 6.53e-04 61.3 

TuCP2 

T (1/2 vs. 3) 5.23  
(1.42, 19.32) 0.0066 67.8 

N (x/0 vs. 1/2) 7.56 
(2.38, 24.08) 0.0022 68.1 

M 23.33  
(6.08, 89.44) 5.69e-07 84.3 

G (1/2 vs. 3/4) 5.36 
(0.19, 0.64) 0.0146 69.2 

tumor necrosis 2.95 
(0.79, 11.03) 0.145 56.8 

DNA methylation 
at 05_CpG_8.9 [%]  

0.02 
(0, 0.4) 0.0125 75.1 

1Of note, in the TuCP2-cohort cancer-specific survival and overall survival is identical (see 
Table 1).  
2Unadjusted P-values (log-rank test)  
3Median of 1000 bootstrap replicates 

Abbreviations: T, primary tumor; N, regional lymph nodes; M, distant metastasis; G, grading  
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Supplementary Table S6: Results from Receiver operating characteristic (ROC) 
analysis for cancer-specific survival (TuCP2-cohort) and overall survival (TCGA-
cohort) (yes/no).1 Evaluation of prognostic relevance of DNA methylation compared 
to T, N, M, G and necrosis in TuCP2 and TCGA 

 
 

 
sensitivity [%]2 

(95% CI)3 
specificity [%]2 

(95% CI)3 
NPV [%]2 
(95% CI)3 

PPV [%]2 
(95% CI)3 

AUC [%]2 
(95% CI)3 

TCGA 
 

T 
64.9 

(50.1, 74.2) 
71.8 

(55.4, 79) 
80.4 

(69, 86) 
53.5 

(36, 63.9) 
68.4 

(62.2, 74.2) 

N 
5.3 

(1.4, 10.1) 
97.9 

(93.2, 99.6) 
67.4 

(65.4, 68.9) 
55.6 

(9.4, 93) 
51.6 

(49.2, 54.3) 

M 
41.5 

(23.4, 51.1) 
94.1 

(80.2, 97.2) 
76.3 

(67.7, 79.9) 
78 

(37.2, 90) 
67.8 

(62.5, 72.9) 

G 
81.7 

(70.8, 88.7) 
55.1 

(38.3, 64.2) 
85.8 

(72.5, 92) 
47.5 

(36.4, 55.2) 
74.7 

(69.3, 80.2) 

tumor necrosis 
69.1 

(54.8, 78) 
67.6 

(50.7, 74.5) 
81.4 

(69.2, 87.1) 
51.6 

(35.7, 60.4) 
68.4 

(62.8, 73.9) 

DNA methylation 
at cg18345635 

52.1 
(39.4, 62.6) 

69.7 
(54.6, 80.6) 

74.4 
(64.3, 81.1) 

46.2 
(30.2, 61.7) 

63.9 
(56.8, 70.7) 

TuCP2 

T 
75 

(43.5, 92.5) 
71.2 

(33.7, 84.3) 
92.5 

(72.1, 98) 
37.5 

(13.1, 57.6) 
73.1 

(59, 85.3) 

N 
41.7 

(10, 67.3) 
94.2 

(63.6, 100) 
87.5 

(75.4, 93) 
62.5 

(6, 100) 
67.9 

(54.8, 81.7) 

M 
75 

(33.3, 92.5) 
92.3 

(45.2, 98.3) 
94.1 

(74.6, 98.3) 
69.2 

(12.3, 92.5) 
83.7 

(71.2, 96.2) 

G 
41.7 

(11.1, 67.6) 
92.3 

(64.7, 98.4) 
87.3 

(75.9, 92.9) 
55.6 

(6.8, 90.7) 
70.4 

(56.2,85.8) 

tumor necrosis 
25 

(3.8, 50) 
88.5 

(66.1, 96.5) 
83.6 

(74.9, 89.3) 
33.3 

(2.6, 76.9) 
56.7 

(44.2, 71.2) 

DNA methylation 
at 05_CpG_8.9 [%]  

91.7 
(33.1, 100) 

68.8 
(22.2, 83.3) 

97.1 
(57.1, 100) 

42.3 
(9.6, 60) 

76.3 
(61.2, 87.9) 

1Of note, in the TuCP2-cohort cancer-specific survival and overall survival is identical (see 
Table 1). 

2Cutoffs were determined by maximizing Youden’s index (=sensitivity+specificity-100%). 
3Estimations of 95% confidence intervals are based on 1000 bootstrap replicates. 

Abbreviations: NPV/PPV = Negative/positive predictive value; AUC = Area under curve 
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Supplementary Figure S1:  

 

(A) Validation of the MCT4 antibody by silencing of MCT4 in the renal carcinoma cell 

lines 786-O and A-498. Protein expression levels were quantified by determining 

band intensities. MCT4 expression was normalized to β-actin expression. Cells 

treated with MCT4-targeting siRNAs showed significantly reduced MCT4 expression 

compared to control cells transfected with non-targeting siRNAs in both cell lines. (B). 

Representative pictures of stained non-tumor and ccRCC tissue for the evaluation of 

MCT4 protein expression by the composite IHC score; according to the score, a) and 
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b) show 0% and 17% MCT4 protein expression in non-tumor tissue, respectively; c), 

d) and e) show 22%, 50% and 100% MCT4 protein expression in ccRCC tissue, 

respectively.  
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Supplementary Figure S2: 
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MCT4 protein and mRNA expression in ccRCC and non-tumor tissue of the TuCP2-

cohort and correlations with DNA methylation. (A) Immunohistochemical staining of 

MCT4 exemplarily in one non-tumor and one ccRCC tissue sample. (B) Evaluation 

and statistical analysis of MCT4 protein expression and relative MCT4 mRNA 

expression in ccRCC compared to non-tumor tissue samples. Protein expression was 

investigated in TMAs by semiquantitative immunohistochemistry, mRNA expression 

was determined by quantitative real-time PCR and normalized to DPP4 expression; 

Normalization of MCT4 mRNA expression to TBP showed significantly upregulated 

expression in ccRCC compared to non-tumor tissue as well (data not shown). (C) 

Correlation of MCT4 mRNA with protein expression and DNA methylation at the CpG 

unit 05_CpG_8.9 in non-tumor (red) and ccRCC tissue (blue). (D) Inverse correlation 
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of DNA methylation status at selected differentially methylated CpG sites with MCT4 

protein expression in ccRCC tissue.  
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Supplementary Figure S3: 

 
Kaplan-Meier curve of cancer-specific survival based on percentage of MCT4 protein 

expression in ccRCC tissue of the TuCP2-cohort, percentage of MCT4 protein 

expression ≤23% (grey) and >23% (black). Cutoffs were determined by conditional 

inference tree models. 
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Supplementary Figure S4: 

 
DNA methylation at the SLC16A3 promoter in the TCGA-cohort (Infinium Human 

Methylation 450 Bead Chip). Diamonds represent median methylation levels at single 

CpG sites; shaded areas are defined by 25%/75% quantiles. DNA methylation in 

carriers vs. non-carriers of VHL mutations showed that VHL status (carriers vs. non-

carriers of VHL mutations) did not influence DNA methylation of the SLC16A3 

promoter in ccRCC tissues. 
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