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ABSTRACT  

Clear cell renal cell carcinoma (ccRCC), the 

most common subtype of renal cell carcinomas, is 

associated with a wide range of clinical outcomes. 

After surgery, approximately one-third of localized 

ccRCC patients relapse with poor clinical outcomes. 

Molecular profiling provides the tumor genomic 

landscape, revealing novel insight into mechanism and 

therapeutic target for cancer. A literature review 

challenges the current knowledge of the molecular and 

genetic basis of ccRCC. Next generation sequencing 

indicates the most frequent ccRCC driver events 

including Hipple-Lindau tumor suppressor gene, 

histone-modifying gene, alteration in the SWI/SNF 

complex and the PI3K/AKT/mTOR pathway or driver 

somatic copy number alteration. Intratumor 

heterogenous landscape using the RNA sequencing 

technology can provide mechanisms of biological and 

tumor behavior in ccRCC to discover de novo 

diagnostic biomarkers in the early stage and de novo 

prognostic biomarkers in the tumor stage. More 

research is needed on clinical outcome to prognostic 

value therapeutic strategies as special subtypes for 

clinical decision-making. The specific molecular target 

can thereby be moved towards precision medicine. 
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INTRODUCTION 

Renal cell carcinoma (RCC) is a kidney 

cancer representing the 7th most frequently diagnosed 

cancer and the highest incidence in developed 

countries (Mohammadian et al., 2017). ccRCC, the 

most common histological subtype, is associated with 

a wide range of aggressive clinical behaviors. One-

third of patients treated for localized ccRCC relapses 

die, and 15% die from metastatic potential (Park et al., 

2019). Previous studies provide insights into ccRCC 

regarding the origin of complex genetic alterations 

evolution and metastatic progression (Turajlic et al., 

2018). The Molecular classification of ccRCC 

indicates the inactivation of the von Hippel-Lindau 

(VHL) tumor suppressor gene on the short arm of 

chromosome 3p. Additionally, other driver mutations 

on tumor suppressor genes, including polybromo 1 

called PBRM1, BRCA1-associated 1 called BAP1, and 

SET domain-containing 2 called SETD2, PI3K/AKT/mTOR 

pathway mutations, or driver somatic copy number 

alteration called SCNAs involved in pathogenesis of 

ccRCC. Recently, molecular profiling of intra-tumor 

genetic heterogeneity does not play an important role 

in treatment decision-making processes and clinical 

management. The molecular characteristics of ccRCC 

in terms of transcriptome sequencing and evolutionary 

pathways, which are required for discovery of accurate 

genomic markers, are still underinvestigated. Hence, 

this study aims to review ccRCC in terms of molecular 

biology with RNA sequencing technology. 

 

Epidemiology 

Renal carcinoma (or RCC) is one of the most 

common malignant tumors of the urinary system, 

which accounts for approximately 90% of renal 

malignancies. The patient with RCC is diagnosed in 

more than 200,000 individuals worldwide each year 

(Campbell et al., 2017; Ljungberg et al., 2019). By 

utilizing the Surveillance, Epidemiology, and End 

Results (or SEER) database, the overall incidence rate 

of ccRCC patients between 1973 and 2014 in the 

United States was estimated to be 3.59 cases per 

100,000 population. The age of 60 to 79 years (13.61 

cases per 100,000 population) is the advancing age at 

diagnosis. Males have a significantly higher incidence 

rate of ccRCC than females. The primary origin of 

ccRCC on the left side was slightly lower than the 

primary origin on the right side and grade II had the 

highest incidence rate of ccRCC: 1.35 cases per 

100,000 population (Ljungberg et al., 2019). 
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In Thailand, the data from Ramathibodi 

Hospital Cancer Report 2018 showed that 81 cases of 

individuals were diagnosed as kidney cancers. The 

majority of kidney cancers are renal cell carcinomas 

(54 cases), 36 (66.7%) males and 18 (33.3%) females 
(Wilailak et al., 2018). 

 

Genetic alterations 

The most common genetic alteration related 

to ccRCC development is loss of the short arm of 

chromosome 3 (loss of 3p). This alternation is 

approximately 95% of ccRCC patients (Ross et al., 

(1989). Genetic factors contribute to the development 

of sporadic RCC (Maher et al., 2018; Rossi et al., 

2018). Mutations in the VHL gene underlying VHL 

disease is characterized to be an increased risk factor 

of developing ccRCC (Kaelin, 2007). Several novel 

mutations in PBRM1, SETD2, BAP1, KDM5C and 

MTOR were identified to be involved in disease 

progression. Six susceptibility loci on chromosome 

regions 2p21, 2q22.3, 8q24.21, 11q13.3, 12p11.23, and 

12q24.31 were discovered through genome-wide 

association studies (GWAS) (Henrion et al., 2013; 

Purdue et al., 2011; Wu et al., 2012). The locus 2p21 

mapped to EPAS1 encoding the HIF subunit of 

transcription factor and the 11q13.3 locus seems to 

change the regulatory function of CCND1 (encoding 

cyclin D1) in cell cycle regulation (Schödel et al., 

2012). The 12p11.23 locus has a role in the regulation 

of BHLHE41 (encoding basic helix-loop-helix family 

member e41) (Bigot et al., 2016). The other GWAS 

susceptibility loci need further identification. 

 

VHL deficiency 

The VHL tumor suppressor gene, which is 

located at 3p25, undergoes bi-allelic knockout (causing 

point mutations, insertions and deletions and 3p25 loss) 

and/or epigenetic modification (promoter methylation) 

in the majority of ccRCC (Gnarra et al., 1994). Over 

95% of VHL haploinsufficiency occurs via arm-level 

loss of chromosome 3p in childhood or late 

adolescence. Accumulation of genetic mutations arises 

for decades prior to diagnosis (Mitchell et al., 2018) 

(Figure 1) Either non-synonymous mutations or 

epigenetic down-regulation of VHL gene alterations 

usually occur at the late onset of the disease (Cancer 

Genome Atlas Research, 2013; Mitchell et al., 2018; 

Sato et al., 2013; Scelo et al., 2017; Scelo et al., 2014; 

Turajlic et al., 2018). For the VHL-HIF pathway, the 

VHL protein (pVHL) controls levels of the HIF 

transcription factors in an oxygen-dependent manner 

(Gossage et al.,2015). Under normoxic conditions, 

HIF-α is hydroxylated on two conserved proline 

residues and binds the pVHL. The hydroxylation 

process plays a role in rapid degradation of HIF-α via 

the ubiquitin proteasome pathway. The reaction 

involves the biding of proline-hydroxylated HIF-α to 

VHL, which turns out to be a target for proteasomal 

degradation by ubiquitylation (Gossage et al., 2015). 

 

 

 

 
 

Figure 1 Timeline for ccRCC genetic alterations [modified from Mitchell et al., (2018)]. 

  



Genomics and Genetics 2021, 14(2): 25–36  Chiraunyanan et al. 

27 

In the absence of pVHL or under hypoxic 

circumstances in blood, HIF-α does not undergo 

hydroxylation at these critical proline residues. The 

absence of hydroxyl groups stabilizes the HIF- 

complex, allowing it to promote binding to the HIF-β 

complex rather than pVHL to inactivate mutations in 

VHL also causes the HIF-α complex to stabilize, 

resulting in the formation of a HIF-/ complex 

molecule. The evidence points to the likelihood that the 

transcriptional complex relocates to the nucleus in the 

cell, whereas, it activates gene expression of the HIF 

target. It is recognized that the extracellular complex 

proteins containing glucose transporter 1, epidermal 

growth factor receptor, vascular endothelial growth 

factor A, and others have substantial mRNA 

expression. This implies that the molecule complex 

enhances cell proliferation, angiogenesis, glycolysis, 

invasion, and metastasis at a lower rate of apoptosis 

and a significant rate of tumorigenesis compost of cell 

proliferation, angiogenesis, glycolysis, invasion, and 

metastasis (Harris et al., 2002) (Figure 2). The 

pathogenesis of ccRCC tumors, as well as prognostic 

or predictive biomarkers, are still unknown. VHL 

mutations have little effect on clinical characteristics, 

according to previous studies, whereas other mutations 

are linked to disease development and clinical results 

(Hakimi et al., 2013; Kapur et al., 2013; Nam et al., 

2015). 

 

 

 
 

Figure 2 The VHL-HIF pathway in ccRCC. 

 

Under regular oxygen requirements, VHL 

promotes HIF- degradation by binding to the ubiquitin-

ligase complex, which ubiquitylates HIF- and tags it 

for proteasomal degradation. In hypoxic conditions, the 

absence of hydroxylation inhibits VHL from 

recognizing HIF-, allowing it to stabilize and dimerize 

with HIF-. The HIF-/ complex that was formed then 

leads to the activation into the nucleus, where it induces 

the expression of genes with hypoxia-response elements 

in their promoters. VHL deficiency, which is widespread 

in ccRCC due to genetic or epigenetic defects, results in 

HIF- accumulation. Hypoxia-responsive genes are 

deregulated as a result, subsequently promote tumor 

growth and aggressive behavior. 

 

Malfunction of epigenetic machinery 

In ccRCC, the VHL gene is a common 

initiating mutation. Other genes reported to be involved 

in ccRCC include PBRM-1 (29-41%), BAP-1 (6%-

10%), SETD-2 (8%-12%), and KDM5C (4%-7%), 

which are involved in chromatin remodeling and 

histone modification and function as tumor suppressors 

(Hsieh et al., 2017). Following the loss of 3p, these 

haploinsufficient genes are completely inactivated by a 

non-synonymous mutation. 

PBRM-1 gene encoding for Protein 

polybromo-1, a methyltransferase, is reported to 

contain the second most common mutation. Protein 

polybromo-1, also known as BAF180, is a tumor 
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suppressor protein that is a subunit of the nucleosome 

remodeling complex. BAF180 controls gene 

expression by accessing the condensed part of the 

DNA. Mutations in the PBRM-1 gene would result in 

an abnormal/malfunctioning BAF180 resulting in 

unchecked cell growth and subsequent tumorigenesis 

and correlated with tumor invasiveness (Brugarolas, 

2013; Hakimi, et al., 2013). Moreover, data from both 

human cancer genomics and therapeutics support a 

three-driver event orchestrating the step-by-step 

pathogenesis of ccRCC, starting VHL loss (1st), 

PBRM1 loss (2nd), and MTORC1 activation (3rd) 

(Hsieh et al., 2017; Nargund et al., 2017). 

BRCA1 associated protein-1 (or BAP-1), a 

histone deubiquitinase, is encoded by a tumor 

suppressor BRCA-1gene. BAP-1 plays an important 

role in cell proliferation and regulation of DNA repair 

mechanisms. It interacts with a transcription factor 

known as host cell factor-1 (HCF-1) that binds to a 

number of transcription factors. Previous research has 

shown that a high-risk BAP-mutant group of ccRCC 

has a distinct clinical profile. (Kapur et al., 2013; Peña-

Llopis et al., 2012; Shankar and Santagata et al., 2017; 

Wu and Lu et al., 2010). 

SETD2 protein is an enzyme that catalyzes 

histone H3 lysine 36 trimethylation, H3K36Me3. 

SETD2 participates in intra-tumoral heterogeneity and 

convergents evolution and regulates transcription 

elongation, RNA processing, and double-stranded 

DNA break repair. SETD2 mutation is associated with 

worse cancer-specific survival and metastasis. It 

promotes tumor progression via replication stress and 

impaired DNA repair, which may activate the p53-

mediated checkpoint in the absence of specific p53 

mutations (Carvalho et al., 2014). SETD2 mutations 

are found in 10% of ccRCC primary tumors and 

increases to 30% in metastatic ccRCC. In addition, 

SETD2 mutations are frequently found together with 

PBRM mutation, resulting in cooperating mutations 

(Peña-Llopis et al., 2013). 

KDM5C gene, located on Xp11.22-p11.21, 

embeds a histone demethylase that removes a metyl 

group from lysine 4 on histone H3 or H3K4Me3. 

KDM5C mutations occurred mainly in male patients 

(Arseneault et al., 2017). KDM5C mutations tend to 

co-occur with PBRM1 mutations, whereas both 

KDM5C and PBRM1 mutations tend to occur with 

BAP1 mutations (de Cubas et al., 2018). H3K4Me3 is 

a histone label associated with genes that are actively 

transcribed and plays a role in transcriptional initiation 

(Hsieh et al., 2017).  

PTEN gene encodes a dual lipid, the tyrosine 

phosphatase and tensin homolog. PTEN maps to 

chromosome 10q23.3 and plays a role as a dormant 

tumor suppressor that controls signaling through the 

phosphatidylinositol-3 kinase or PI3K)/Akt, cell 

signaling pathways involved in cell growth regulation, 

proliferation, apoptosis, and cell cycle. Loss of the 

PTEN gene function is related to tumor progression and 

adverse outcomes. In ccRCC, PTEN mutations may 

influence disease progression, prognosis, and drug 

selectivity. Therefore, the loss of PTEN expression 

may cause the initiation of tumorigenesis. Moreover, 

the PTEN mutation mechanism in ccRCC needs to be 

further analyzed by molecular experiments and 

additional studies involving clinical outcome to 

prognostic value and development of therapeutic 

strategies as special ccRCC subtypes. (Fan et al., 

2019). 

mTOR is a component of the PI3K/Akt 

signaling pathway, which is associated with the 

regulation of protein translation, cell growth, 

proliferation, and metabolism. Previous studies 

demonstrated highly clustered in small region of 

ccRCC conferring mTOR hyperactivation (Guo et al., 

2015). Interestingly, PI3K/Akt/mTOR signaling is 

correlated with aggressive outcomes and poor 

prognosis in RCC. Overexpression of activated growth 

factor receptor and mutations in PI3K/Akt can be 

occurred by hyperactivity of mTOR signaling. 

mTORC1 is a crucial regulator that works downstream 

of the PI3K activator and the TSC1/TSC2 repressing 

signals. Patients who responded to mTOR inhibitors 

had more somatic mutations in mTOR pathway genes, 

such as MTOR, TSC1, and TSC2. mTOR has presented 

itself as a valid target for the treatment of cancer in 

RCC (Pal & Quinn, 2013). Moreover, TCGA dataset 

showed that the VHL/HIF and PI3K/AKT pathways 

have elevated rates of gene mutations or deletions of 

PBRM1, SETD2, BAP1, and KDM5C (Guo et al., 

2015). The involvement of the VHL/HIF and 

PI3K/AKT pathways in ccRCC chromatin remodeling 

regulation is uncertain, and it would be a fascinating 

subject for research. 

Tumor protein p53, also known as TP53 or 

p53, is encoded by p53 gene on chromosome 17p13.1. 

Tumor protein p53 is involved in cell cycle 

checkpoints, DNA repair, cell cycle arrest, and 

apoptosis. ccRCC patients had low frequency (2.2%) 

of TP53. p53 positive expression is associated with 

high grade, advanced stage, or distant metastasis in 

RCC patients. The International Agency for Research 

on Cancer (IARC) Database reported that the median 



Genomics and Genetics 2021, 14(2): 25–36  Chiraunyanan et al. 

29 

disease survival time in cases without TP53 mutations 

was longer than those with TP53 mutations (Li et al., 

2019). However, further experiments are needed to 

increase the predictability of TP53 mutations and 

ccRCC survival and disease-free survival times.  

Telomerase reverse transcriptase (or TERT 

gene), which encodes telomerase's catalytic subunit, is 

a ribonucleoprotein complex that ensures genomic 

integrity. TERT gene is located on chromosome 

5p15.33. Activating somatic mutations in the core 

promoter and 5’UTR of telomerase reverse 

transcriptase (TERT) in 6-14% ccRCCs. TERT 

promoter mutations were associated with poor disease-

specific survival and increased tumor progression, and 

may be applied as a marker to define a small subset of 

tumors with aggressive behavior. TERT promoter 

mutations generate binding motifs for the E-twenty six 

(Ets)/ternary complex factors (or TCFs) transcription 

proteins. VHL inactivation was associated with 

accumulation of hypoxic inducible factors (or HIFs) 

leading to enhanced Ets expression. Significantly 

higher levels of TERT mRNA in TERT promoter 

mutation result in poorer prognosis than in those 

lacking the mutation in ccRCC (Hosen et al., 2015; 

Mitchell et al., 2018). 

 

Peroxisome proliferator-activated receptors  

Peroxisome proliferator-activated receptors 

(or PPARs), which are ligand-activated receptors and a 

member of the nuclear hormone receptor super-family, 

are composed of the following three subtypes; PPARα, 

PPAR, and PPARß/. The PPAR family of nuclear 

receptors related to energy homeostasis and metabolic 

function. Activated PPARs are also involved in 

transcriptional repression through DNA-independent 

protein-protein interactions with other transcription 

factors. Some studies report that PPARα and PPAR  

are associated with ccRCC, providing a potential 

diagnostic and prognostic biomarker (Luo et al., 2019). 

PPARα gene is located on chromosome 

22q12. 2-13.1 and plays a crucial role in lipid 

metabolism. PPARα has prognostic significance in 

ccRCC. The expression of PPARα in ccRCC was 

related to stages, gender, tumor size, dimension, grade 

and clinical stage. The PPARα gene is linked to the 

mTOR, AKT, and Wnt signaling pathways. Down-

regulation of PPARα expression correlates with poorer 

survival and progression. Although PPARα may 

promote ccRCC progression, further investigation is 

needed to elucidate the understanding of molecular 

mechanisms and VHL correlation with ccRCC 

prognosis. 

PPAR- gene, located on chromosome 3p25 

nearby the VHL gene in 3p25-26, plays an essential role 

in carcinogenesis as a tumor suppressor by promoting 

cell differentiation and activating increased cell 

apoptosis. Previous studies showed that PPAR- can 

modulate PTEN gene transcription, collaborate with 

PTEN to induce cell cycle arrest and become an 

attractive anticancer mechanism. PPAR- and PTEN 

may be prognostic biomarkers for RCC. The evidence 

suggests that high expression of PPAR-  in RCC may 

induce PTEN transcription and provide a new targeted 

therapy for RCC. This data in human ccRCC cell lines 

suggests that PPAR-  ligands induce apoptosis and cell 

cycle arrest, and decrease the production of potent 

angiogenic factors such as VEGF and FGF. However, 

the role of PPAR- and PTEN transcription in ccRCC 

is still unknown. Understanding of PPAR- and PTEN 

may be a promising new potential target for ccRCC 

treatment (Collet et al., 2011; Luo et al., 2019). 

 

Association between programed cell death-1 and 

somatic mutations 

Immune checkpoint blockade targeting 

programmed cell death-1 (or PD-1) receptor is a T-cell 

receptor and its ligands (PD-L1and PD-L2) are 

expressed on the surface of activated T cells, B cells, 

natural killer T cells, dendritic cells and tumor cells. 

PD-1 regulates effector T cell activity and plays a role 

in immune resistance in the tumor environment. RCC 

patients with PD-1 and PD-L1 expression show tumor 

infiltrating lymphocytes (TIL) leading to developing 

larger tumors, higher grade tumors, advanced stage, 

and sarcomatoid (McDermott et al., 2013). It appears 

that involvement with PD-1 on T-cells by its ligand 

causes downregulation of antigen driven immune 

responses. Previous studies in ccRCC show PD-1 and 

PD-L1 expression are significantly associated with 

clinical features. PD-L1 expression was found in two-

thirds of ccRCC, and those with high expression had a 

lower cancer-specific survival rate. Furthermore, 

positive PD-L1 is related to aggressive 

clinicopathological features in patients with sporadic 

and VHL-associated hereditary ccRCC. It is reasonable 

that PD-L1 is a promising biomarker for predicting PD-

1/PD-L1 checkpoint inhibitor in immunotherapy 

ccRCC (Hong et al., 2019; Ueda et al., 2018). PD-1 

inhibitor immunotherapeutic drugs are recommended 

in several reports, such as Lenvatinib and 

Pembrolizumab in metastatic ccRCC (Taylor et al., 

2020). However, VHL-associated hereditary ccRCC 

and prognostic clinical correlation require further 

exploratory study. 
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PD-L1 association with TFE3 and HHLA2 

PDL1 and TFE3 relation 

TFEB, TFE3, TFEC, and MITF are members 

of the MiT-TFE family of simple helix-loop-helix 

leucine-zipper transcription factors. They play critical 

roles as lysosome biogenesis regulators, controls 

cellular energy homeostasis and immune responses, 

and were thus initially classified as oncogenes (Raben 

et al., 2016). TFE3 and TFEB, which are transcription 

factors, have increased expression and activity in a 

variety of human cancers, and this has been linked to 

increased cancer cell proliferation and motility. 

Consequently, chromosomal translocation events that 

result in TFEB or TFE3 fusion and overexpression are 

linked to a poor prognosis in a subset of RCC patients 

with high recurrence and metastasis rates (Kauffman et 

al., 2014). TFE3 has intrinsic effects on cell 

proliferation and survival in ccRCC, but not TFEB. 

This corresponded to patient prognosis. The discovery 

of TFE3-regulated genes in ccRCC cells may lead to a 

better understanding of TFE3 functions in the 

regulation of ccRCC tumorigenesis and the interaction 

of ccRCC cells with the immune microenvironment. 

TFEB has been shown to mediate immune evasion in 

RCC by positively regulating PD-L1 expression 

(Zhang et al., 2019). According to a recent study, 

TFE3, like TFEB, is a potent tumor promoter due to its 

significant proliferative effect. Importantly, it promotes 

PD-L1 expression in ccRCC (Guo et al., 2020). 

 

PD-L1 and HHLA2 relation 

Human endogenous retrovirus-H long 

terminal repeat-associating protein 2 (HHLA2), also 

known as B7-H7, is a recently discovered B7 family 

member that is related to PD-L1, PD-L2, and B7-H3 

(Zhao et al., 2013). HHLA2 induces CD4+ and CD8+ 

T angiogenesis and cytokine production by binding to 

its putative receptors in a wide range of immune cells 

(Zhao et al., 2013, Cheng et al., 2018). To date, the 

only HHLA2 receptor that has been identified is the 

transmembrane and immunoglobulin domain 

containing protein 2 (TMIGD2) (Janakiram et al., 

2015). Because TMIGD is primarily expressed on 

navie T cells but not mature T cells, it is possible that 

HHLA2's immunosuppressive role is mediated by 

other unidentified molecules (Zhu et al., 2013). 

TMIGD2 was discovered in endothelial cells as well, 

implying that HHLA2 may play a role in tumor 

angiogenesis (Rahimi et al., 2012). HHLA2 has also 

been found to be overexpressed in RCC when 

compared to normal renal tissue, and its expression has 

been linked to a poor prognosis of RCC. (Chen et 

al.,2019). According to a recent study, co-expression 

of HHLA2/PD-L1 has a significant prognostic value 

for ccRCC patients' progression-free and overall 

survival (Zhou et al., 2020). 

 

Intratrumoral heterogeneity 

High levels of intra- and inter-tumoral 

heterogeneity in ccRCC were caused by clonal 

expansion and parallel evolution triggered by initiating 

genetic events. With multiregional genetic sequencing, 

at least seven distinct evolutionary patterns of ccRCC 

tumorigenesis are associated with clinical phenotypes 

and patient outcomes. The variety of cell populations 

inside the tumor leads to a wide range of therapeutic 

sensitivity responses depending on intra-individual 

genetic heterogeneity. Through exome sequencing 

technology, ccRCC has been shown to have intra-

tumoral heterogeneity. On multiple spatially separated 

samples from primary renal carcinoma and associated 

metastatic sites, chromosome aberration analysis and 

ploidy profiling were performed. Multiple genes of 

intra-tumoral mutational heterogeneity are 

demonstrated on PBRM1, BAP1, SETD2, PTEN, 

PIK3CA, and KDM5C. These genes have undergone 

multiple independent mutations inactivating distinct 

clonal populations within a single tumor. Several low 

frequency single-nucleotide variants, including two 

separate clonal expansions with distinct VHL 

mutations, were discovered using next generation 

sequencing. These techniques increase the likelihood 

of several VHL mutations in a single tumor. The 

classification of VHL missense mutations is critical in 

driver and passenger mutations. These events can be 

used to forecast the effect on protein structure and 

function in order to assess therapeutic response. The 

missense mutations are divided into three groups: (i) 

pVHL is severely disrupted, (ii) interactions with HIF-

, elongin B, and elongin C have no destabilizing 

effects on pVHL, and (iii) the roles of pVHL are 

comparable to those of the wild type (Okumura et al., 

2016; Rechsteiner et al., 2011). 

 

Trajectories of evolution 

A variety of clonal and subclonal driver cases 

describe evolutionarily distinct subtypes. With analysis 

of multiregion sequencing, patterns of evolution can 

classify tumor subtypes by altering chromosomal 

complexity and genetic diversity shown in table 1. 

SCNAs affect a small portion of the genome and are 

used to assess chromosomal complexity and are 

pronounced as weighted genome instability index (or 

WGII). Genetic variation or intratumor heterogeneity 
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(or ITH) is evaluated as the proportion of clonal to 

subclonal drivers which is expressed as an ITH score 

differing metastatic abilities. 

Primary tumors with low chromosomal 

complexity and low genetic diversity have a low 

overall metastatic potential and evolve in a linear 

pattern with a VHL monodriver event. Primary tumors 

with high ITH and high genomic instability, follow an 

attenuated progression to solitary metastases, resulting 

in a branced evolutionary pattern. Early PBRM1 

mutations are frequently found in this mode of 

evolution, followed by subclonal SCNAs, mutational 

activation of the PI3K-AKT-mTOR pathway, or 

SETD2 mutation. 

Primary tumors with multiple driver 

mutations (defined as two BAP1, SETD2, PTEN, or 

PBRM1 clonal mutations) had high levels of wGII with 

low ITH, resulting in a punctuated evolutionary 

behavior.This pattern is connected with early 

metastasis, rapid disemination, and poor overall 

survival, resulting in aggressive growth 

dynamics.Clonal selection of subclonal primary 

alterations is found to be rich in all matastatic sites with 

enrichment for both chromosome 9p21.3 loss and 14q 

loss in a late event in tumor evolution.These 

occurrences have the potential to hasten the 

progression of metatstic disease and increase overall 

mortality (Mitchell et al., 2018; Turajlic et al., 2018) 

 

 

Table 1 Trajectories of evolution in ccRCC [modified from Tippu et al., (2016); Samra et al., (2018); Christopher 

et al., (2018). 

Evolutionary 

subtype 

Primary tumor Genomic 

characteristics 

Metastatic potential 

Punctuated 

(more aggressive) 

Multiple Clonal Drivers 

(VHL and in two or more of genes, 

BAP1, SETD2, PTEN or PBRM1) 

 

high: wGII 

low: ITH 

 

- rapid progression to metastasis in 

multiple tissues 

- poor overall survival BAP1-driven 

VHL wildtype high: wGII 

Branched 

(less aggressive) 

PBRM1-PI3K- driven  

high: wGII 

high: ITH 

 

- attenuated progression to solitary 

metastasis 

- improved overall survival 

PBRM1-SETD2-driven 

PBRM1-SCNA-driven 

Linear 

(less aggressive) 

 

VHL mono-driver 
low : wGII 

low: ITH 

 

- non-metastatic 

wGII: weighted genome integrity index, and ITH: intratumor heterogeneity 

 

 

VHL mutations are almost universally 

preceded by mutations in PBRM1, SETD2, PI3K, 

SCNA and BAP1. The subtype of VHL mono-driver 

exhibits linear evolution, which is characterized by low 

wGII and low ITH. Branched evolution occurs as a 

result of a series of highly ordered events in which 

PBRM1 mutation occurs before SETD2 or mutations in 

PI3K or acquisition of SCNA. These pathways of 

evolution result in a slower disease progression with 

oligometastatic metastasis patterns. Punctuated 

evolution is triggered by the clonal acquisition of 

multiple driver mutations (which is involved with VHL 

and in two or more of genes BAP1, SETD2, PTEN, or 

PBRM1), or by the addition of a BAP1 mutation. VHL 

wildtype tumors evolve in a similar manner. With early 

development, this mode of evolution produces an 

aggressive phenotype. SCNA is an abbreviation for 

somatic copy number alteration, wGII for weighted 

genome integrity index, and ITH for intratumor 

heterogeneity. 

 

METHODS 

RNA sequencing 

The simple workflow of RNA sequencing can 

be performed by using one or many sites of a tumor 

sample (Figure 3). The transcriptome heterogeneous 

gene expression profile, loss of essential genes and 

checkpoint blockage immunotherapy can be correlated. 

It is possible to discover new oncogenes or novel 

versions of previously described cancer genes. 

Furthermore, RNA sequencing can track the sequential 

mutations or other biomarkers between 

individuals.  These results may deconvolution of the 

diverse clonal relationships encompassed by a bulk 

tumor. It allows the identification of cell populations 

that have persisted over time and can narrow down the 
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list of mutations, potentially conferring growth 

advantage or treatment resistance on specific 

subclones. With RNA sequencing data, bioinformatic 

tools including SCITE, OncoNEM, SiFit, SiCloneFit 

and PhISCS algorithms can infer tumor phylogeny, 

whereas Declust, MuSiC, BSEQ-sc, MOMF, 

quanTIseq and DENDRO can improve the accuracy of 

subclone detection (Bolck et al., 2019; Finotello et al., 

2019; Wang et al., 2019). Applications of RNA 

sequencing technology have a great impact on cancer 

research, including (1) Intratumor heterogeneity must 

be resolved, (2) clonal evolution in primary tumors is 

being investigated, (3) examining invasion of tumors in 

their early stages, (4) tracing the spread of metastatic 

disease, (5) circulating tumor cell genomic profiling, 

(6) investigating mutator genetic traits and mutation 

frequencies, (7) addressing the issues of the 

progression of therapy resistance, (8) cell hierarchies 

and cancer stem cells, (9) studying epithelial-

mesenchymal transformation and cell plasticity, and 

(10) assignment of neoantigens to each tumor subclone 

(Ellsworth et al., 2017; Navin, 2015; Navin, 2019). 

Recently, profiling of intratumor genetic heterogeneity 

has not been correlated with therapeutic decision 

making and clinical management. As a result, RNA 

sequencing may enable the deconvolution of a bulk 

tumor's complex clonal relationships. A new 

dimension of complexity to the molecular mechanism 

of ccRCC could be an attractive approach to 

understand tumor biology and explore new therapeutic 

regiment options. (Li and Hou, 2018). 

 

 
Figure 3 The simple workflow scenario depicts RNA sequencing RNA-seq) experiments. 

 

RNA-seq workflow following steps: (i) 

isolation from intratumor heterogeneous lesions 

consisting of different tumor and immune cell types. 

(ii) dissociate tumor cells and immune cell types (iii) 

reverse transcription of primed RNA into cDNA and 

cDNA application (iv) use bioinformatic tools to 

perform quality and variability and use of specialized 

tools to analyst and interpret the RNA-seq data. (v) The 

RNA-seq profile depicts the expression of the 

constituent cell types. The gene-expression gradients 

data can be projected onto the phylogenetic tree and the 

complete deconvolution outputs the estimation of both 

cell-type-specific expression profiles and cell-type 

proportions for each sample. 

CONCLUSIONS 

 Scientific literature demonstrates more 

detailed information about the genomic and 

transcriptomic landscapes of ccRCC. Recently, the 

most common altered mutations including VHL, 

PBRM1, BAP1, SETD2, KDM5C, PTEN, mTOR, 

TP53, TERT genes are frequently reported. The 

transcriptomic landscapes of ccRCC are well 

characterized through RNA sequencing and expression 

profile signature via microarray technology. Through 

complex genetic, epigenetic, and protein alterations, 

intra-tumoral heterogeneity is essential in driving 

phenotypic selection based on environmental stresses. 

RNA sequencing technology provides clinicians with a 
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more comprehensive picture of cancer cells' genetic 

and epigenetic heterogeneity. Through this perception, 

the tumor heterogeneity and characteristics evolve and 

provide critical insight of more remarkable treatment 

regimens based on prognosticated drug response in the 

clinical realm remains in its infancy but is rapidly 

advancing. Emerging evidence suggests that future 

personalized treatments may include a routine strategy 

to reveal intratumor heterogeneity, providing 

opportunities to improve classification schemes and 

laying the groundwork for RCC rare subtype response 

to newer target therapeutic approaches. 

 

REFERENCES  

Arseneault M, Monlong J, Vasudev NS, Laskar RS, 

Safisamghabadi M, Harnden P, Egevad L, 

Nourbehesht N, Panichnantakul P, Holcatova I, et 

al. Loss of chromosome Y leads to down regulation 

of KDM5D and KDM6C epigenetic modifiers in 

clear cell renal cell carcinoma. Sci Rep. 2017; 

7:44876.  

Alexandrov LB, Jones  H, Wedge DC, Sale JE, 

Campbell PJ, Nik-Zainal S, Stratton MR. Clock-

like mutational processes in human somatic cells. 

Nat Genet. 2015;47:1402-7.  

Bigot P, Colli LM, Machiela MJ, Jessop L, Myers TA, 

Carrouget J, Wagner S, Roberson D, Eymerit C, 

Henrion D, et al. Functional characterization of the 

12p12.1 renal cancer-susceptibility locus implicates 

BHLHE41. Nat Commun. 2016;7:12098.  

Bolck HA, Corro C, Kahraman A, von Teichman A, 

Toussaint NC, Kuipers J, Chiovaro F, Koelzer VH, 

Pauli C, Morit W, et al. Tracing clonal dynamics 

reveals that two- and three-dimensional patient-

derived cell models capture humor heterogeneity of 

clear cell renal cell carcinoma. Eur Urol Focus. 

2019;29:S2405-4569. 

Brugarolas J. PBRM1 and BAP1 as novel targets for 

renal cell carcinoma. Cancer J 19:324-32.  

Cancer Genome Atlas Research Network (2013) 

Comprehensive molecular characterization of clear 

cell renal cell carcinoma. Nature. 2013;499:43-9. 

Campbell S, Uzzo RG, Allaf ME, Bass EB, Cadeddu 

JA, Chang A, Clark PE, Davis BJ, Derweesh IH, 

Giambarresi L, et al. Renal Mass and Localized Renal 

Cancer: AUA Guideline. J Urol. 2017;198:520-29. 

Carvalho S, Vítor AC, Sridhara SC, Martins FB, 

Raposo AC, Desterro JM, Ferreira J, de Almeida 

SF. SETD2 is required for DNA double-strand 

break repair and activation of the p53-mediated 

checkpoint. Elife. 2014;3:e02482. 

Chen L, Zhu D, Feng J, Zhou Y, Wang Q, Feng H, 

Zhang J, Jiang J. Overexpression of HHLA2 in 

human clear cell renal cell carcinoma is 

significantly associated with poor survival of the 

patients. Cancer Cell Int. 2019;19:101. 

Cheng H, Borczuk A, Janakiram M, Ren X, Lin J, 

Assal A, Halmos B, Perez-Soler R, Zang X. Wide 

expression and significance of alternative immune 

checkpoint molecules, B7x and HHLA2, in PD-L1-

negative human lung cancers. Clin Cancer Res. 

2018; 24:1954-64. 

Collet N, Théoleyre S, Rageul J, Mottier S, Jouan F, 

Rioux-Leclercq N, Fergelot P, Patard JJ, Masson D, 

Denis MG. PPARγ is functionally expressed in 

clear cell renal cell carcinoma. Int J Oncol. 

2011;38:851-7.  

de Cubas AA, Rathmell WK. Epigenetic modifiers: 

activities in renal cell carcinoma. Nat Rev Urol. 

2018;15:599-614. 

Ellsworth DL, Blackburn HL, Shriver CD, Rabizadeh 

S, Soon-Shiong P, Ellsworth RE. Single-cell 

sequencing and tumorigenesis: improved 

understanding of tumor evolution and metastasis. 

Clin Transl Med 6:15.  

Fan C, Zhao C, Wang F, Li S, Wang J (2019) 

Significance of PTEN mutation in cellular process, 

prognosis, and drug selection in clear cell renal cell 

carcinoma. Front Oncol. 2017;9:357.  

Finotello F, Mayer C, Plattner C, Laschober G, Rieder 

D, Hackl H, Krogsdam A, Loncova Z, Posch W, 

Wilflingseder D, et al. Molecular and 

pharmacological modulators of the tumor immune 

contexture revealed by deconvolution of RNA-seq 

data. Genome Med. 2019;11:34.  

Gnarra JR, Tory K, Weng Y, Schmidt L, Wei MH, Li 

H, Latif F, Liu S, Chen F, Duh FM, et al. Mutations 

of the VHL tumour suppressor gene in renal 

carcinoma. Nat Genet. 1994;7:85-90. 

Gossage L, Eisen T, Maher ER. VHL, the story of a 

tumour suppressor gene. Nat Rev Cancer. 

2015;15:55-64.  

Guo H, German P, Bai S, Barnes S, Guo W, Qi X, Lou 

H, Liang J, Jonasch E, Mills GB, et al. The 

PI3K/AKT Pathway and Renal Cell Carcinoma. J 

Genet Genomics. 2015;42:343-53.  

Hakimi AA, Chen YB, Wren J, Gonen M, Abdel-

Wahab O, Heguy A, Liu H, Takeda S, Tickoo SK, 

Reuter VE, et al. Clinical and pathologic impact of 

select chromatin-modulating tumor suppressors in 

clear cell renal cell carcinoma. Eur Urol. 

2012;63:848-54.  



Chiraunyanan et al.  Genomics and Genetics 2021, 14(2): 25–36 

 

34 

Hakimi AA, Ostrovnaya I, Reva B, Schultz N, Chen YB, 

Gonen M, Liu H, Takeda S, Voss MH, Tickoo SK, 

et al. ccRCC Cancer Genome Atlas (KIRC TCGA) 

Research Network investigators. 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;19:3259-67.  

Harris AL. Hypoxia--a key regulatory factor in tumour 

growth. Nat Rev Cancer. 2002;2:38-47.  

Henrion M, Frampton M, Scelo G, Purdue M, Ye Y, 

Broderick P, Ritchie A, Kaplan R, Meade A, 

McKay J. Common variation at 2q22.3 (ZEB2) 

influences the risk of renal cancer. Hum Mol Genet. 

2013;22:825-31.  

Humphrey PA, Moch H, Cubilla AL, Ulbright TM, 

Reuter VE. The 2016 WHO classification of 

tumours of the urinary system and male genital 

organs-Part B: Prostate and bladder tumours. Eur 

Urol. 2016;70:106-119. 

Hong B, Cai L, Wang J, Liu S, Zhou J, Ma K, Zhang J, 

Zhou B, Peng X, Zhang N, et al. Differential 

expression of PD-L1 between sporadic and VHL-

associated hereditary clear-cell renal cell carcinoma 

and its correlation with clinicopathologicalfeatures. 

Clin Genitourin Cancer. 2019;17:97-104. 

Hosen I, Rachakonda PS, Heidenreich B, Sitaram RT, 

Ljungberg B, Roos G, Hemminki K, Kumar R. 

TERT promoter mutations in clear cell renal cell 

carcinoma. Int J Cancer. 2015;136:2448-52. 

Hsieh JJ, Chen D, Wang PI, Marker M, Redzematovic 

A, Chen YB, Selcuklu SD, Weinhold N, Bouvier N, 

Huberman KH, et al. Genomic biomarkers of a 

randomized trial comparing first-line everolimus 

and sunitinib in patients with metastatic renal cell 

carcinoma. Eur Urol. 2017;71:405-414.  

Hsieh JJ, Purdue MP, Signoretti S, Swanton C, Albiges 

L, Schmidinger M, Heng DY, Larkin J, Ficarra V. 

Renal cell carcinoma. Nat Rev Dis Primers. 

2017;3:17009.  

Kaelin WG. Von Hippel-Lindau disease. Annu Rev 

Pathol. 2007;:145-73. 

Kapur P, Peña-Llopis S, Christie A, Zhrebker L, Pavía-

Jiménez A, Rathmell WK, Xie XJ, Brugarolas J. 

Effects on survival of BAP1 and PBRM1 mutations 

in sporadic clear-cell renal-cell carcinoma: a 

retrospective analysis with independent validation. 

Lancet Oncol. 2013;14:159-167.  

Kauffman EC, Ricketts CJ, Rais-Bahrami S, Yang Y, 

Merino MJ, Bottaro DP, Srinivasan R, Linehan 

WM. Molecular genetics and cellular features of 

TFE3 and TFEB fusion kidney cancers. Nat Rev 

Urol. 2014;11:465-75.  

Ljungberg B, Albiges L, Abu-Ghanem Y, Bensalah K, 

Dabestani S, Fernández-Pello S, Giles RH, 

Hofmann F, Hora M, Kuczyk MA, et al. European 

Association of Urology Guidelines on Renal Cell 

Carcinoma: The 2019 Update. Eur Urol. 

2019;75:799-810.  

Li VD, Li KH, Li JT. TP53 mutations as potential 

prognostic markers for specific cancers: analysis of 

data from The Cancer Genome Atlas and the 

International Agency for Research on Cancer TP53 

Database. J Cancer Res Clin Oncol. 2019;145:625-636. 

Li X, Hou J. A richer understanding of intratumoral 

heterogeneity: single-cell genomics put it within 

reach. J Thorac Dis. 2018;10:1178-82.  

Luo Y, Chen L, Wang G, Qian G, Liu X, Xiao Y, Wang 

X, Qian K. PPARα gene is a diagnostic and 

prognostic biomarker in clear cell renal cell 

carcinoma by integrated bioinformatics analysis. J 

Cancer. 2019;36:1891-98. 

Maher ER. Hereditary renal cell carcinoma syndromes: 

diagnosis, surveillance and management. World J 

Urol. 2018;36:1891-98. 

McDermott DF, Atkins MB. PD-1 as a potential target 

in cancer therapy. Cancer Med. 2013;2:662-73. 

Mitchell TJ, Turajlic S, Rowan A, Nicol D, Farmery 

JHR, O'Brien T, Martincorena I, Tarpey P, 

Angelopoulos N, Yates LR, et al. TRACERx Renal 

Consortium. Timing the landmark events in the 

evolution of clear cell renal cell cancer: TRACERx 

Renal. Cell. 2018;73:611-623. 

Mohammadian M, Pakzad R, Towhidi F, Makhsosi 

BR, Ahmadi A, Salehiniya H. Incidence and 

mortality of kidney cancer and its relationship with 

HDI (Human Development Index) in the world in 

2012. Clujul Med. 2017;90, 286-293. 

Nam SJ, Lee C, Park JH, Moon KC. Decreased PBRM1 

expression predicts unfavorable prognosis in 

patients with clear cell renal cell carcinoma. Urol 

Oncol. 2015;33:340. 

Nargund AM, Pham CG, Dong Y, Wang PI, 

Osmangeyoglu HU, Xie Y, Aras O, Han S, Oyama 

T, Takeda S, et al. The SWI/SNF Protein PBRM1 

restrains VHL-loss-driven clear cell renal cell 

carcinoma. Cell Rep. 2017;18:2893-2906.  

Navin NE. Cancer genomics: one cell at a time. 

Genome Biol. 2019;15:452.  

Navin NE. The first five years of single-cell cancer 

genomics and beyond. Genome Res. 2015;25:1499-

507.  



Genomics and Genetics 2021, 14(2): 25–36  Chiraunyanan et al. 

35 

Okumura F, Uematsu K, Byrne SD, Hirano M, Joo-

Okumura A, Nishikimi A, Shuin T, Fukui Y, 

Nakatsukasa K, Kamura T. Parallel regulation of 

von Hippel-Lindau disease by pVHL-mediated 

degradation of B-Myb and hypoxia-inducible factor 

α. Mol Cell Biol. 2016;36:1803-17.  

Pal SK, Quinn DI. Differentiating mTOR inhibitors in renal 

cell carcinoma. Cancer Treat Rev. 2013;39:709-19. 

Park JS, Lee HJ, Cho NH, Kim J, Jang WS, Heo JE, 

Ham WS. Risk prediction tool for aggressive 

tumors in clinical T1 stage clear cell renal cell 

carcinoma using molecular biomarkers. Comput 

Struct Biotechnol J. 2019;17:371-377.  

Peña-Llopis S, Christie A, Xie XJ, Brugarolas J. 

Cooperation and antagonism among cancer genes: 

the renal cancer paradigm. Cancer Res. 

2013;73:4173-9. 

Peña-Llopis S, Vega-Rubín-de-Celis S, Liao A, Leng 

N, Pavía-Jiménez A, Wang S, Yamasaki T, 

Zhrebker L, Sivanand S, Spence P, et al. BAP1 loss 

defines a new class of renal cell carcinoma. Nat 

Genet. 2012;44:751-9. 

Purdue MP, Johansson M, Zelenika D, Toro JR, Scelo 

G, Moore LE, Prokhortchouk E, Wu X, Kiemeney 

LA, Gaborieau V, et al. Genome-wide association 

study of renal cell carcinoma identifies two 

susceptibility loci on 2p21 and 11q13.3. Nat Genet. 

2011;43:60-5. 

Raben N, Puertollano R. TFEB and TFE3: Linking 

lysosomes to cellular adaptation to stress. Annu 

Rev Cell Dev Biol. 2016;32:255-278. 

Rahimi N, Rezazadeh K, Mahoney JE, Hartsough E, 

Meyer RD. Identification of IGPR-1 as a novel 

adhesion molecule involved in angiogenesis. Mol 

Biol Cell. 2012 ;23:1646-56. 

Rechsteiner MP, von Teichman A, Nowicka A, Sulser 

T, Schraml P, Moch H. VHL gene mutations and 

their effects on hypoxia inducible factor HIFα: 

identification of potential driver and passenger 

mutations. Cancer Res. 2011;71:5500-11. 

Ricketts CJ, De Cubas AA, Fan H, Smith CC, Lang M, 

Reznik E, Bowlby R, Gibb EA, Akbani R, 

Beroukhim R , et al. The cancer genome atlas 

comprehensive molecular characterization of renal 

cell carcinoma. Cell Rep. 2018;23:313-326. 

Ross RK, Paganini-Hill A, Landolph J, Gerkins V, 

Henderson BE. Analgesics, cigarette smoking, and 

other risk factors for cancer of the renal pelvis and 

ureter. Cancer Res. 1989 ;49:1045-8. 

Rossi SH, Klatte T, Usher-Smith J, Stewart GD. 

Epidemiology and screening for renal cancer. 

World J Urol. 2018;36:1341-53.  

Luo Y, Chen L, Wang G, Qian G, Liu X, Xiao Y, Wang 

X, Qian K. PPARα gene is a diagnostic and 

prognostic biomarker in clear cell renal cell 

carcinoma by integrated bioinformatics analysis. J 

Cancer. 2019;10:2319-31.  

Sato Y, Yoshizato T, Shiraishi Y, Maekawa S, Okuno 

Y, Kamura T, Shimamura T, Sato-Otsubo A, Nagae 

G, Suzuki H, et al. Integrated molecular analysis of 

clear-cell renal cell carcinoma. Nat Genet. 

2013;45:860-7. 

Scelo G, Purdue MP, Brown KM, Johansson M, Wang 

Z, Eckel-Passow JE, Ye Y, Hofmann JN, Choi J, 

Foll M , et al. Genome-wide association study 

identifies multiple risk loci for renal cell carcinoma. 

Nat Commun. 2017;8:15724. 

Scelo G, Riazalhosseini Y, Greger L, Letourneau L, 

Gonzàlez-Porta M, Wozniak MB, Bourgey M, 

Harnden P, Egevad L, Jackson SM, et al. Variation 

in genomic landscape of clear cell renal cell 

carcinoma across Europe. Nat Commun. 

2014;5:5135.  

Schödel J, Bardella C, Sciesielski LK, Brown JM, Pugh 

CW, Buckle V, Tomlinson IP, Ratcliffe PJ, Mole 

DR, et al. Common genetic variants at the 11q13.3 

renal cancer susceptibility locus influence binding 

of HIF to an enhancer of cyclin D1 expression. Nat 

Genet. 2012;44:420-5. 

Shankar GM, Santagata S. BAP1 mutations in high-

grade meningioma: implications for patient care. 

Neuro Oncol. 2017;19:1447-56.  

Tang L, Li X, Gao Y, Chen L, Gu L, Chen J, Lyu X, 

Zhang Y, Zhang X. Phosphatase and tensin 

homolog (PTEN) expression on oncologic outcome 

in renal cell carcinoma: A systematic review and 

meta-analysis. PLoS One. 2017;12:e0179437. 

Taylor MH, Lee CH, Makker V, Rasco D, Dutcus CE, 

Wu J, Stepan DE, Shumaker RC, Motzer RJ. Phase 

IB/II trial of Lenvatinib olus Pembrolizumab in 

patients with advanced renal cell carcinoma, 

endometrial cancer, and other selected advanced 

solid tumors. J Clin Oncol. 2020;38:1154-63.  

Tippu Z, Au L, Turajlic S. Evolution of renal cell 

carcinoma. Eur Urol Focus. 2021 Jan;7(1):148-151.  

Turajlic S, Xu H, Litchfield K, Rowan A, Chambers T, 

Lopez JI, Nicol D, O'Brien T, Larkin J, Horswell S, 

et al. PEACE; TRACERx Renal Consortium. 

Tracking cancer evolution reveals constrained 

routes to metastases: TRACERx Renal. Cell. 

2018;173:581-594. 

Turajlic S, Xu H, Litchfield K, Rowan A, Horswell S, 

Chambers T, O'Brien T, Lopez JI, Watkins TBK, 

Nicol D, et al. TRACERx Renal Consortium. 



Chiraunyanan et al.  Genomics and Genetics 2021, 14(2): 25–36 

 

36 

Deterministic evolutionary pathways enfluence 

primary tumor growth: TRACERx Renal. Cell. 

2018;173:595-610. 

Ueda K, Suekane S, Kurose H, Chikui K, Nakiri M, 

Nishihara K, Matsuo M, Kawahara A, Yano H, 

Igawa T, et al. Prognostic value of PD-1 and PD-L1 

expression in patients with metastatic clear cell 

renal cell carcinoma. Urol Oncol. 2018;36:499. 

Wang X, Park J, Susztak K, Zhang NR, Li M. Bulk 

tissue cell type deconvolution with multi-subject 

single-cell expression reference. Nat Commun. 

2019;10:380.  

Wilailak S. RAMATHIBODI CANCER REPORT 

2018. Faculty of Medicine, Ramathibodi Hospital 

Mahidol University, 2018. 

Wu J, Lu LY, Yu X. The role of BRCA1 in DNA 

damage response. Protein Cell. 2010;1:117-23.  

Wu X, Scelo G, Purdue MP, Rothman N, Johansson M, 

Ye Y, Wang Z, Zelenika D, Moore LE, Wood CG, 

et al. A genome-wide association study identifies a 

novel susceptibility locus for renal cell carcinoma 

on 12p11.23. Hum Mol Genet. 2012;21:456-62. 

Zhang C, Duan Y, Xia M, Dong Y, Chen Y, Zheng L, 

Chai S, Zhang Q, Wei Z, Liu N, et al. TFEB 

mediates immune evasion and resistance to mTOR 

inhibition of renal cell carcinoma viainduction of 

PD-L1. Clin Cancer Res. 2019 ;25:6827-38. 

Zhao R, Chinai JM, Buhl S, Scandiuzzi L, Ray A, Jeon 

H, Ohaegbulam KC, Ghosh K, Zhao A, Scharff 

MD,  et al. HHLA2 is a member of the B7 family 

and inhibits human CD4 and CD8 T-cell function. 

Proc Natl Acad Sci U S A. 2013;110:9879-84. 

Zhu Y, Yao S, Iliopoulou BP, Han X, Augustine MM, 

Xu H, Phennicie RT, Flies SJ, Broadwater M, Ruff 

W,  et al. B7-H5 costimulates human T cells via 

CD28H. Nat Commun. 2013;4:2043. 

 


