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ABSTRACT
Although the preoperative aspects and dimensions used for the PADUA scoring 

system were successfully applied in macroscopic clinical practice for renal tumor, the 
relevant molecular genetic basis remained unclear. To uncover meaningful correlations 
between the genetic aberrations and radiological features, we enrolled 112 patients 
with clear cell renal cell carcinoma (ccRCC) whose clinicopathological data, genomics 
data and CT data were obtained from The Cancer Genome Atlas (TCGA) and The 
Cancer Imaging Archive (TCIA). Overall PADUA score and several radiological features 
included in the PADUA system were assigned for each ccRCC. Despite having observed 
no significant association between the gene mutation frequency and the overall PADUA 
score, correlations between gene mutations and a few radiological features (tumor 
rim location and tumor size) were identified. A significant association between rim 
location and miRNA molecular subtypes was also observed. Survival analysis revealed 
that tumor size > 7 cm was significantly associated with poor survival. In addition, 
Gene Set Enrichment Analysis (GSEA) on mRNA expression revealed that the high 
PADUA score was related to numerous cancer-related networks, especially epithelial 
to mesenchymal transition (EMT) related pathways. This preliminary analysis of ccRCC 
revealed meaningful correlations between PADUA anatomical features and molecular 
basis including genomic aberrations and molecular subtypes.

INTRODUCTION 

The number of new cases of renal tumor in North 
America and Europe are the highest in the world [1]. 
According to the latest statistical data from National 
Cancer Institute, kidney and renal pelvis cancer incidence 

rates in the United States significantly rose from 7.6 per 
100,000 people per year in 1975 to 15.28 in 2011 [2]. 
During 1999–2008, the majority of these cancer cases 
were renal cell carcinoma (RCC), which account for 94% 
and 93% of all kidney cancers among male and female, 
respectively [2]. Surgical treatments, as yet, are the only 
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curative therapeutic approaches for early RCC. For 
example, partial nephrectomy (PN) is the gold standard 
treatment for localized kidney cancer [3]. Nephron-
sparing surgery (NSS) is currently the most commonly 
performed surgical procedure for clinical T1 renal masses 
[4]. However, both PN and NSS have been underutilized 
due to their technical difficulty and surgical complexity 
[5]. Several nephrometry scoring systems (PADUA, 
R.E.N.A.L., C-index, DAP, etc.), which are all based on the 
anatomical features of renal tumors, have been developed 
to standardize preoperative evaluation, minimize the bias 
and predict the risk of complications [6–10].

Recently, some scholars introduced the field of 
“radiogenomics”, by integrating radiological and genetic 
methods as a novel diagnostic approach [11]. They found 
that radiological phenotypes, or “radiophenotypes”, with 
specific patterns of gene expression on a genome-wide 
scale can serve as a non-invasive surrogate to improve 
diagnostic classification and prediction of therapeutic 
response [12–15]. The PADUA scoring system is a 
standardized preoperative classification system developed 
to predict overall complications in patients with renal 
masses [6]. The classification of the PADUA score is 
based on tumor size and anatomical features of the 
tumor, including anterior or posterior face, longitudinal 
location, rim location, exophytic versus endophytic, and 
relationships with the renal sinus or urinary collecting 
system (UCS). Despite its importance, the molecular 
genetic basis underlying the PADUA scoring system 
is largely undetermined, which likely involves genetic 
aberrations and abnormal signaling pathways.

With the relatively recent advantages of high-
throughput biological methods, genetic global profiling 
has led to better understanding of the pathological and 
clinical features of renal tumor. Loss-of-function and 
alterations of the von Hippel Lindau (VHL) tumor 
suppressor gene have been found in at least two-thirds 
of sporadic clear cell RCC (ccRCC) tumor tissue [16], 
and germline mutations involved in hereditary ccRCC 

as well [17]. Additionally, several key functional genes, 
such as MTOR, SETD2, KDM5C, PBRM1, PIK3C/A 
and BAP1, have been identified as significantly mutated 
genes (SMGs) in ccRCC [18]. Further study is expected 
to dissect out the individual role of these SMGs, or other 
molecular features, and integrate this information into 
clinical practice. 

The use of the PADUA score can help clinicians 
stratify patients with different complication risks and select 
patients for NSS with different surgical approaches. To our 
knowledge, no study has been performed to elucidate the 
molecular genetic features and signaling pathways that 
related to the PADUA system. In this study, we applied our 
radiogenomics strategy to a gene mutation cohort study of 
ccRCC patients from The Cancer Genome Atlas (TCGA) 
database, in which we retrospectively acquired available 
CT images in The Cancer Image Archive (TCIA). 
The purpose of this study was to take advantage of the 
extensive molecular characterization, including somatic 
mutations, gene expression, miRNA molecular subtypes 
and oncogenic pathways, to summarize the molecular 
genetic basis that related to the PADUA scoring system 
and patient survival of ccRCC.

RESULTS

PADUA radiological features and gene mutation 
status

The CT image traits evaluated in this study include 
tumor size and a few other anatomical parameters as 
previously integrated in the PADUA scoring system 
(Figure 1). The patients were stratified into three subgroups: 
low score (6–7), intermediate score (8–9) and high score 
(> 9) [6]. First, we investigated radiogenomic association 
of overall PADUA score and mutation frequency of 9 
SMGs (VHL, PBRM1, SETD2, KDM5C, PTEN, BAP1, 
mTOR and TP53) in ccRCC [18] and no significant 
association was found (Figure 2). Next, we examined how 

Figure 1: An example of PADUA radiological anatomical features analysis. According to the PADUA scoring system, the 
following radiological anatomical features are evaluated in an axial contrast-enhanced CT image (A) and coronal multiplanar reformatted 
contrast-enhanced CT image (B and C). 1) Exophytic rate: a tumor that is < 50% exophytic is graded as 2 points (A and B); 2) Longitudinal 
location: a tumor crossing the sinus line (dotted line) > 50% is graded as 2 points (B); 3) Rim location: a tumor located at the medial rim is 
graded as 2 points (A and B); 4) Renal sinus: a tumor that involved the renal sinus (arrows in A) is graded as 2 points; 5) UCS: a tumor that 
involved the UCS (arrows in B) is graded as 2 points; 6) Tumor size: a 6.0 cm tumor is graded as 2 points (C); 7) Face location: a tumor on 
anterior faces of the kidney is indicated with a letter “a” (Figure A). Thus the total PADUA score of this case is 12a.
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the individual radiological features and gene mutation were 
related. Our results indicated a few strong correlations 
(Table 1). For example, mutation of mTOR was highly 
correlated with renal tumors that were located at the 
medial rim (PADUA score = 2, p = 0.008). Additionally, 
mutations of KDM5C and SETD2 were significantly 
associated with tumor size (p = 0.019 and p = 0.0445). 
KDM5C and SETD2 mutations were only detected 
in tumors smaller than 7 cm (PADUA score = 0 or 1). 
Interestingly, most of these two mutations (88.9% of 
KDM5C and 80.0% of SETD2) were only found in tumors 
smaller than 7 cm and bigger than 4 cm (PADUA score = 1). 
Analysis of TP53 and PTEN genes were not included 
because of lack of CT image data (less than five cases). 
These findings suggest that, at least in our cohort study, 
mutations of mTOR, KDM5C and SETD2 genes in renal 
tumors are specifically related to PADUA radiological 
features such as rim location and tumor size.

PADUA radiological features and miRNA 
molecular subtypes

We also evaluated the correlation of the PADUA 
system and its radiological features with miRNA molecular 
subtypes [18]. Four stable clusters of miRNA subtypes 
(mi1–mi4) were previously identified by unsupervised 
clustering methods and correlated with different survival 
statuses [18]. miRNA clustering information was directly 
extracted from the online database. Although miRNA 
molecular subtypes have no significant correlation with 
the overall PADUA score, one miRNA subtype (mi1) is 
significantly enriched in the medial renal tumor (PADUA 
score = 2, p = 0.032, Figure 3). The mi1 subtype in renal 
tumors contains gene sets associated with chromatin 
remodeling processes. This particular association suggests 
that the medial rim location of renal tumors is correlated 
to the mi1 subtype and likely indicates the dysfunction of 
chromatin remodeling.

PADUA radiological features and survival 
analysis

Regarding the main hypothesis of our study, we tried 
to test if the PADUA system and its radiological features 
could be used for survival prediction. Even though 

overall survival was not significantly associated with the 
longitudinal location, exophytic rate, rim location, renal 
sinus, USC, face or total PADUA score (p > 0.05, data 
not shown); we did find that ccRCCs with a tumor size 
of > 7 cm was significantly associated with poor survival 
when compared to ccRCCs with a tumor size of < 4 cm 
(hazard ratio: 5.21, p < 0.01), and those with a tumor size 
of between 4 cm and 7 cm (hazard ratio: 2.68, p = 0.0159, 
Figure 4). Gene mutations (KDM5C and SETD2) that 
were highly correlated with ccRCC tumor size were not 
significantly correlated with survival (data not shown). 

PADUA scoring system and oncogenic pathways 

To probe the PADUA system’s associated pathways, 
we performed GSEA to identify biological processes 
and signaling pathways correlating with the PADUA 
score. The genes were ranked from the patient with the 
highest PADUA score to the patient with the lowest 
score. Significant gene sets (FDR < 0.01, p < 0.01) were 
visualized as interaction networks with Cytoscape and 
Enrichment Map (Figure 5A and Supplementary Table S1). 
Interestingly, we found that the high PADUA score was 
related with numerous cancer-related networks. Notably, 
several epithelial to mesenchymal transition (EMT) related 
pathways (Anastassiou Cancer Mesenchymal Transition 
Signature (p < 0.001, FDR = 0.004), Jechlinger Epithelial 
to Mesenchymal Transition Up (p < 0.001, FDR = 0.143), 
Boquest Stem Cell Up (p < 0.001, FDR = 0.026) and 
Reactome Extracellular Matrix Organization (p < 0.001, 
FDR < 0.01)), were positively associated with a higher 
PADUA score (partly shown in Figure 5B and 5C). 

DISCUSSION

Previously, PADUA scores were considered one 
of the independent predictors of the occurrence of any 
grade complications [6]. To our best understanding, the 
current study elucidated the molecular genetic basis and 
oncogenic pathways that are significantly associated with 
the PADUA system and its radiological features in renal 
tumors. 

KDM5C or SETD2 in ccRCCs have been associated 
with advanced stage, grade and possibly worse cancer-
specific survival [19, 20]. Histone demethylase activity of 

Figure 2: Association between PADUA overall score and gene mutation. The gene mutation (green box) or wild type (white 
box) profile of low, intermediate and high PADUA score patients (labelled in blue, white and red bars) have been combined and summarized 
in a heatmap. The P values are calculated by Chi-square or Fisher’s exact test.
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Table 1: Association of PADUA radiological features and gene mutations

Longitudinal
Location

Exophytic 
rate

Rim 
location

Renal 
sinus UCS Size Face

Point 1 2 1 2 3 1 2 1 2 1 2 1 2 3 A P

BAP1

Mutant (n = 7) 1 6 2 5 0 5 2 1 6 0 7 1 2 4 3 4

Wild type (n = 93) 23 70 39 47 7 56 37 31 62 15 78 28 43 22 49 44

P value 0.99 0.507 0.702 0.425 0.590 0.148 0.0.707

KDM5C

Mutant (n = 9) 3 6 4 5 0 5 4 2 7 3 6 1 8 0 3 6

Wild type (n = 91) 70 21 37 47 70 56 35 13 78 29 62 28 37 26 49 42

P value 0.781 0.689 0.733 0.621 0.99 0.019 0.305

mTOR

Mutant (n = 5) 0 5 1 3 1 0 5 1 4 1 4 1 2 2 3 2

Wild type (n = 95) 24 71 40 49 6 61 34 14 81 31 64 28 43 24 49 46

P value 0.333 0.386 0.008* 0.564 0.99 0.719 0.99

PBRM1

Mutant (n = 29) 11 18 9 18 2 18 11 3 26 7 22 6 15 8 18 11

Wild type (n = 71) 13 58 32 34 5 43 28 12 59 25 46 23 30 18 34 37

P value 0.069 0.417 0.99 0.543 0.349 0.559 0.270

VHL

Mutant (n = 62) 17 45 21 35 6 36 26 10 52 21 41 18 29 15 34 28

Wild type (n = 38) 7 31 20 17 1 25 13 5 33 11 27 11 16 11 18 20

P value 0.345 0.132 0.528 0.779 0.664 0.836 0.538

SETD2 

Mutant (n = 10) 3 7 6 4 0 6 4 2 8 5 5 2 8 0 4 6

Wild type (n = 90) 21 69 35 48 7 55 35 13 77 27 63 27 37 26 48 42

P value 0.938 0.356 0.785 0.99 0.353 0.0445 0.641

Note.
Abbreviations: UCS, urinary collection system.
Statistical method, Chi-Square Test or Fisher Exact test.
*Significant values.
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KDM5C was required in the function of VHL in tumor 
growth [21]. Our study shows aberrations of KDM5C 
and SETD2 were majorly observed in medium-sized 
tumors (4–7 cm). This indicates these gene mutations may 
yield conflicting results in tumor growth. Lately, hyper-
activated mutation of histone methyltransferase EZH2 
has been identified in the pathogenesis lymphoma [22]. 

It is possible there are both activating and inactivating 
mutations in KDM5C and SETD2. Another possibility 
is both KDM5C and SETD2 may have broad substrate 
specificity, which may cause different effects on 
tumorigenesis [23]. We believe that further studies are 
needed to reveal the molecular characteristics of KDM5C 
and SETD2 mutations in RCC tumorigenesis. 

Figure 3: Association between PADUA radiological imaging features and miRNA molecular subtypes. Value of individual 
PADUA radiological feature in four miRNA molecular subtypes is summarized in a heatmap. For each feature, white and dark blue  
(as well as light blue, if applicable) boxes indicate 1 and 2 (as well as 3, if applicable) points of PADUA grade, respectively. The P values 
are calculated by Chi-square or Fisher’s exact test.

Figure 4: Kaplan-Meier survival analysis with respect to tumor size and gene mutations.
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Unsupervised clustering of miRNA expression 
data with a supervised learning method provides 
powerful strategies to identify molecularly and clinically 
significant cancer subtypes [24–27]. Out of four miRNA 
subtypes, mi1 subtype is the one with the longest 
survival time [18]. Here we found both mi1 miRNA 
subtypes and the mutation status of mTOR genes were 
significantly correlated with the medial rim location 
of renal tumors. Rim location is an essential feature of 
the PADUA scoring system that distinguishes PADUA 
from RENAL or C-index scoring systems. Thus, we can 
conclude that mutant mTOR and medial rim location 
are very likely correlated with mi1 subtype and longer 
survival time. Actually, mTOR is a well-validated 
signaling target in renal cancer carcinoma [16, 28]. 
A mutated PI3K/AKT/mTOR signaling pathway in 
ccRCC was identified in 2013 [29]. Currently mTOR 
is also being actively tested as a potential therapeutic 
target for cancers both pre-clinically and clinically 
[30, 31]. Interestingly, mTOR mutations lead to hyper-
activation of mTOR pathway in ccRCCs [32]. Given the 
fact that our result shows ccRCC patients with mTOR 

mutation live longer than others, we predict hyper-
activating mutated mTOR in ccRCC somehow inhibits 
tumorigenesis. 

In the present study, we also found patients with higher 
PADUA scores were characterized by several EMT signaling 
pathways. EMT is an essential mechanism in embryonic 
development and wound healing [33]. Our study provides 
evidence for the meaningful underlying correlations between 
radiological anatomical features included in the PADUA 
scoring system and dysregulation of EMT signaling.

The current study will not only contribute to an 
improved characterization of ccRCC, but also provide 
a potential platform that allows PADUA scores and its 
radiological features to serve as molecular surrogates for 
ccRCC diagnosis, prognosis and personalized treatment 
for patients with specific genomic profiles. This study 
was limited to the number of patients carrying the mutant 
BAP1, KDM5C, mTOR, PBRM1 and VHL gene in the 
cohort study with CT images available. Additionally, 
this was not a prospectively designed study, and thus we 
were unable to truly examine the discriminatory power 
of these mutations.

Figure 5: Gene set enrichment analysis (GSEA) delineates biological pathways and processes that correlations with 
PADUA score. (A) Cytoscape and Enrichment Map are used for visualization of the GSEA results. Nodes represent enriched gene sets, 
which are grouped and annotated by their similarity according to related gene sets. Enrichment results are mapped as a network of gene 
sets (nodes). Node size is proportional to the total number of genes within each gene set. Proportion of shared genes between gene sets is 
represented by the thickness of the green line between nodes. This network map is manually curated removing general and uninformative 
sub-networks, resulting in a simplified network map shown in Figure 6A. Fully detailed GSEA results can be found in Table S1. 
(B and C) Enrichment plots are shown for a set of activated genes related to two epithelial to mesenchymal transition (EMT) related 
pathways: Anastassiou Cancer Mesenchymal Transition Signature (B) and Reactome Extracellular Matrix Organization (C). A positive 
value indicates more correlation with the samples with higher PADUA scores and a negative value indicates the opposite.
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MATERIALS AND METHODS

Patient population

The original clinicopathological and genomics 
data were obtained from TCGA while CT data were 
provided by TCIA. TCGA and TCIA are publicly available 
databases that contain no linkage to patient identifiers. 
All samples in TCGA have been collected and utilized 
under strict human subject protection guidelines, and 
institutional review board (IRB) approval. Originally, we 
obtained clinicopathological, genomics and CT images 
data of 123 ccRCC patients (October 1984 to January 
1993) from TCGA and TCIA (Accessed on March, 2013). 
Each patient in TCIA could be matched within TCGA via 
a unique ID number. All patients must meet the following 
criteria to enter our study: available pathologic diagnosis 
of ccRCC from TCGA; available genomic data from 
TCGA; and available abdominal CT images from TCIA. 
11 patients were excluded in our study due to the lack of 
data or low quality of data, and in total 112 patients were 
enrolled in our study. Thus, we identified all the patients 
with full annotations of age; gender; neoplasm histologic 
grade; TNM stage; tumor stage; mutation count; fraction 
of copy number altered genome; distant metastasis; 
mutations of genes of BAP1, KDM5C, mTOR, PBRM1, 
VHL, SETD2, mRNA and miRNA molecular subtype; 
and corresponding pretherapeutic CT images, which were 
available in TCIA.

PADUA scoring system 

According to the PADUA scoring system [6], the 
following radiological anatomical features and scores 
were assigned for each tumor. 1. Longitudinal location: 
The kidney was subdivided into upper, middle and lower 
parts by upper and lower renal sinus lines. A tumor being 
entirely above the upper or below the lower sinus line, 
or crossing the sinus line < 50%, was graded as 1 point, 
while a tumor crossing the sinus line > 50%, or being 
entirely between the sinus lines, was graded as 2 points. 
2. Exophytic rate: Each tumor was classified into three 
groups: ≥ 50% exophytic (1 point), < 50% exophytic 
(2 points) and entirely endophytic (3 points). 3. Rim 
location: Each tumor was distinguished as being located 
at the lateral (1 point) or at the medial rim (2 points). 
4. Renal sinus: Each tumor was divided into two 
types – tumor without renal sinus location (1 point) and 
tumor with renal sinus location or extension (2 points). 
5. Urinary collection system (UCS): Each tumor was 
divided into two categories with respect to the UCS – 
absent relationship (1 point) and present relationship, 
namely, involving dislocation or infiltration of the UCS 
(2 points). 6. Tumor size: ≤ 4 cm (1 point), between 4 and 
7 cm (2 points), and > 7 cm (3 points). 7. Face location: 
anterior (a) or posterior (p) faces were defined as those 
which were overlapped by the anterior or posterior layers 

of the renal fascia. They can be indicated with a letter “a” 
or “p” following the score (Figure 1). For each tumor, 
seven radiological anatomical features obtained six scores 
and one letter (a or p) according to the evaluation from 
three radiologists. Discrepancies between the evaluations 
of the three radiologists (H.Z., X.Z.L. and Z.Y.W) were 
minimal and were resolved by consensus.

Genomic analysis

To explore the possibility that patients with different 
PADUA system scores have molecularly distinct tumors, 
we examined associations between the PADUA system 
score and several genomic features from tumors of 112 
patients with ccRCC, represented both in TCGA and 
TCIA. Available genomic data included somatic mutation 
(n = 100), gene/mRNA expression (n = 97) and miRNA 
expression (n = 98). All genomic data were downloaded 
through the TCGA data portal (http://tcga-data.nci.nih.
gov/tcga/findArchives.htm) and linked with patient 
characteristics. The molecular subtypes based on miRNA 
expression of samples were directly extracted from the 
online database [18].

Gene Set Enrichment Analysis (GSEA) was 
performed by the JAVA program (http://www.broadinstitute.
org/gsea) using MSigDB C2 curated gene set collection. In 
GSEA, the PADUA score was considered as a continuous 
phenotype label. A Pearson metric was applied to rank 
genes and gene sets enriched at a nominal P < 0.05 and a 
false discovery rate < 0.25, as discussed by Subramanian 
et al [34]. The GSEA outputs, visualized in Cytoscape 
(version 2.8.2) and the Enrichment Map software [35], were 
used to identify the biological processes associated with the 
PADUA score. To simplify the network map, a stringent 
threshold of gene-set permutations with a FDR cutoff of 
0.5% and p-value cutoff of 0.01 was used in the Enrichment 
Map software as described [18]. The network map was 
manually curated, removing general and uninformative sub-
networks and nodes.

Image feature analysis

The CT images were presented to three radiologists 
(H.Z., X.Z.L. and Z.Y.W.) through a picture archiving 
and communication system (PACS, GE Healthcare 
Centricity RIS CE V2.0, GE Medical Systems, Fairfield, 
Connecticut, USA) for interpretation and measurement. 
Three radiologists, all with more than ten years of 
experience in interpreting abdominal CT images, reviewed 
the images in consensus according to predefined imaging 
trait definitions and exemplar images of the PADUA 
scoring system [6].

Statistical analysis

Survival data, representing time between initial 
diagnosis and death, were downloaded directly from 
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the TCGA data portal (http://tcga-data.nci.nih.gov/tcga/
tcgaHome2.jsp). The correlations between survival, 
mutation status, molecular subtype and radiological 
anatomical features were analyzed separately. The 
analyses of radiological features and distribution of 
each mutation status (BAP1, KDM5C, mTOR, PBRM1 
VHL and SETD2) and miRNA molecular subtypes were 
performed using Chi-square test or Fisher’s Exact test. 
Finally, Kaplan-Meier method and log-rank test were 
used to compute overall median survival. All analyses 
of survival data were conducted by using the R program 
(www.r-project.org).

CONCLUSIONS

In summary, this preliminary radiogenomics 
analysis of ccRCC identified several meaningful molecular 
genetic features correlated with radiological features 
included in the PADUA system. Our present study also 
associated the PADUA scoring system with EMT signaling 
pathways. Overall, our findings will facilitate the value of 
the PADUA scoring system in advancing individualized 
treatment. Future radiogenomics and functional studies 
are necessary to furnish more molecular evidence to 
strengthen the diagnostic implication of scoring systems.

ACKNOWLEDGMENTS

We thank for all the patients participating in 
the Cancer Genome Atlas (TCGA) and TCIA (http://
cancerimagingarchive.net/webcite) projects. We thank 
Christian Debolt Lyon for proofreading the manuscript.

Authors’ contributions

H.Z. and H.C. performed imaging genomics, 
bioinformatics analysis and drafted the manuscript. Xi Z. 
edited and finalized the manuscript. H.Z, Z.L, X.L. and 
Z.W. collected and developed pipeline for the imaging 
data for TCIA. G.S. and Xia Z. were involved in the 
phenotype association analysis.

GRANT SUPPORT

This project was supported (in part) by the grants 
from National Natural Science Foundation of China 
(Grant NO.31371273) and the Shanghai Natural Science 
Foundation (Grant No. 13ZR14244000).

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of 
interest.

REFERENCES

 1. Ridge CA, Pua BB, Madoff DC. Epidemiology and staging 
of renal cell carcinoma. Semin Intervent Radiol. 2014; 
31:3–8.

 2. Simard EP, Ward EM, Siegel R, Jemal A. Cancers with 
increasing incidence trends in the United States: 1999 
through 2008. CA Cancer J Clin. 2012; 62:118–128.

 3. Tyritzis SI, Papadoukakis S, Katafigiotis I, Adamakis I, 
Anastasiou I, Stravodimos KG, Alamanis C, Mitropoulos D, 
Constantinides CA. Implementation and external validation 
of Preoperative Aspects and Dimensions Used for an 
Anatomical (PADUA) score for predicting complications 
in 74 consecutive partial nephrectomies. BJU Int. 2012; 
109:1813–1818.

 4. Ljungberg B, Cowan NC, Hanbury DC, Hora M, 
Kuczyk MA, Merseburger AS, Patard JJ, Mulders PF, 
Sinescu IC, European Association of Urology Guideline G. 
EAU guidelines on renal cell carcinoma: the 2010 update. 
European urology. 2010; 58:398–406.

 5. Kutikov A, Uzzo RG. The R.E.N.A.L. nephrometry score: 
a comprehensive standardized system for quantitating renal 
tumor size, location and depth. J Urol. 2009; 182:844–853.

 6. Ficarra V, Novara G, Secco S, Macchi V, Porzionato A, De 
Caro R, Artibani W. Preoperative aspects and dimensions 
used for an anatomical (PADUA) classification of renal 
tumours in patients who are candidates for nephron-sparing 
surgery. European urology. 2009; 56:786–793.

 7. Simmons MN, Ching CB, Samplaski MK, Park CH, Gill 
IS. Kidney tumor location measurement using the C index 
method. J Urol. 2010; 183:1708–1713.

 8. Wang L, Li M, Chen W, Wu Z, Cai C, Xiang C, Sheng J,  
Liu B, Yang Q, Sun Y. Is diameter-axial-polar scoring 
predictive of renal functional damage in patients undergoing 
partial nephrectomy? An evaluation using technetium 
Tc 99m ((9)(9)Tcm) diethylene-triamine-penta-acetic 
acid (DTPA) glomerular filtration rate. BJU Int. 2013; 
111:1191–1198.

 9. Lee JW, Cho SY, Jeon C, Ko K, Kim HH. The association 
between the anatomical features of renal tumours and the 
functional outcomes of robot-assisted partial nephrectomy. 
Can Urol Assoc J. 2014; 8:E810–814.

10. Greco F. Implementation and external validation of 
preoperative aspects and dimensions used for an anatomical 
(padua) score for predicting complications in 74 consecutive 
partial nephrectomies. BJU Int. 2012; 109:1818.

11. West C, Rosenstein BS. Establishment of a radiogenomics 
consortium. Radiother Oncol. 2010; 94:117–118.

12. Jain R, Poisson L, Narang J, Gutman D, Scarpace L, 
Hwang SN, Holder C, Wintermark M, Colen RR, Kirby J, 
Freymann J, Brat DJ, Jaffe C, et al. Genomic mapping 
and survival prediction in glioblastoma: molecular 
subclassification strengthened by hemodynamic imaging 
biomarkers. Radiology. 2013; 267:212–220.



Oncotarget10014www.impactjournals.com/oncotarget

13. Gutman DA, Cooper LA, Hwang SN, Holder CA, Gao J, 
Aurora TD, Dunn WD, Jr., Scarpace L, Mikkelsen T, Jain R, 
Wintermark M, Jilwan M, et al. MR imaging predictors of 
molecular profile and survival: multi-institutional study 
of the TCGA glioblastoma data set. Radiology. 2013; 
267:560–569.

14. Karlo CA, Di Paolo PL, Chaim J, Hakimi AA, 
Ostrovnaya I, Russo P, Hricak H, Motzer R, Hsieh JJ, 
Akin O. Radiogenomics of clear cell renal cell carcinoma: 
associations between CT imaging features and mutations. 
Radiology. 2014; 270:464–471.

15. Yamamoto S, Korn RL, Oklu R, Migdal C, Gotway MB, 
Weiss GJ, Iafrate AJ, Kim DW, Kuo MD. ALK molecular 
phenotype in non-small cell lung cancer: CT radiogenomic 
characterization. Radiology. 2014; 272:568–576.

16. Banumathy G, Cairns P. Signaling pathways in renal cell 
carcinoma. Cancer biology & therapy. 2010; 10:658–664.

17. Gossage L, Eisen T. Alterations in VHL as potential 
biomarkers in renal-cell carcinoma. Nat Rev Clin Oncol. 
2010; 7:277–288.

18. Cancer Genome Atlas Research N. Comprehensive 
molecular characterization of clear cell renal cell carcinoma. 
Nature. 2013; 499:43–49.

19. Hakimi AA, Chen YB, Wren J, Gonen M, Abdel-Wahab O, 
Heguy A, Liu H, Takeda S, Tickoo SK, Reuter VE, 
Voss MH, Motzer RJ, Coleman JA, et al. Clinical and 
pathologic impact of select chromatin-modulating tumor 
suppressors in clear cell renal cell carcinoma. European 
urology. 2013; 63:848–854.

20. Hakimi AA, Ostrovnaya I, Reva B, Schultz N, Chen 
YB, Gonen M, Liu H, Takeda S, Voss MH, Tickoo SK, 
Reuter VE, Russo P, Cheng EH, et al. Adverse outcomes 
in clear cell renal cell carcinoma with mutations of 3p21 
epigenetic regulators BAP1 and SETD2: a report by 
MSKCC and the KIRC TCGA research network. Clin 
Cancer Res. 2013; 19:3259–3267.

21. Niu X, Zhang T, Liao L, Zhou L, Lindner DJ, Zhou M, 
Rini B, Yan Q, Yang H. The von Hippel-Lindau tumor 
suppressor protein regulates gene expression and tumor 
growth through histone demethylase JARID1C. Oncogene. 
2012; 31:776–786.

22. Sahasrabuddhe AA, Chen X, Chung F, Velusamy T, 
Lim MS, Elenitoba-Johnson KS. Oncogenic Y641 
mutations in EZH2 prevent Jak2/beta-TrCP-mediated 
degradation. Oncogene. 2015; 34:445–454.

23. Zhang X, Wen H, Shi X. Lysine methylation: beyond 
histones. Acta Biochim Biophys Sin (Shanghai). 2012; 
44:14–27.

24. van de Vijver MJ, He YD, van’t Veer LJ, Dai H, Hart AA,  
Voskuil DW, Schreiber GJ, Peterse JL, Roberts C, 
Marton MJ, Parrish M, Atsma D, Witteveen A, et al. A gene-
expression signature as a predictor of survival in breast 
cancer. N Engl J Med. 2002; 347:1999–2009.

25. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS,  
Rees CA, Pollack JR, Ross DT, Johnsen H, Akslen LA,  
Fluge O, Pergamenschikov A, Williams C, et al. 
Molecular portraits of human breast tumours. Nature. 
2000; 406:747–752.

26. Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, 
Baehner FL, Walker MG, Watson D, Park T, Hiller W, 
Fisher ER, Wickerham DL, et al. A multigene assay to 
predict recurrence of tamoxifen-treated, node-negative 
breast cancer. N Engl J Med. 2004; 351:2817–2826.

27. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, 
Johnsen H, Hastie T, Eisen MB, van de Rijn M, Jeffrey SS, 
Thorsen T, Quist H, Matese JC, et al. Gene expression 
patterns of breast carcinomas distinguish tumor subclasses 
with clinical implications. Proc Natl Acad Sci U S A. 2001; 
98:10869–10874.

28. Pal SK, Quinn DI. Differentiating mTOR inhibitors in renal 
cell carcinoma. Cancer Treat Rev. 2013; 39:709–719.

29. Sato Y, Yoshizato T, Shiraishi Y, Maekawa S, Okuno Y, 
Kamura T, Shimamura T, Sato-Otsubo A, Nagae G, 
Suzuki H, Nagata Y, Yoshida K, Kon A, et al. Integrated 
molecular analysis of clear-cell renal cell carcinoma. Nat 
Genet. 2013; 45:860–867.

30. Dancey J. mTOR signaling and drug development in cancer. 
Nat Rev Clin Oncol. 2010; 7:209–219.

31. Shaw RJ, Cantley LC. Ras, PI(3)K and mTOR signalling 
controls tumour cell growth. Nature. 2006; 441:424–430.

32. Brugarolas J. Molecular genetics of clear-cell renal cell 
carcinoma. J Clin Oncol. 2014; 32:1968–1976.

33. Iwatsuki M, Mimori K, Yokobori T, Ishi H, Beppu T, 
Nakamori S, Baba H, Mori M. Epithelial-mesenchymal 
transition in cancer development and its clinical 
significance. Cancer Sci. 2010; 101:293–299.

34. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, 
Ebert BL, Gillette MA, Paulovich A, Pomeroy SL, Golub 
TR, Lander ES, Mesirov JP. Gene set enrichment analysis: 
a knowledge-based approach for interpreting genome-
wide expression profiles. Proc Natl Acad Sci U S A. 2005; 
102:15545–15550.

35. Merico D, Isserlin R, Stueker O, Emili A, Bader GD. 
Enrichment map: a network-based method for gene-set 
enrichment visualization and interpretation. PLoS One. 
2010; 5:e13984.


