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Popular Science Summary 

Renal cell carcinoma (RCC) is a type of kidney cancer that typically grows slowly 
and does not show symptoms until it has progressed to an advanced stage. RCC is 
more common in older individuals and is often associated with other health 
conditions, making invasive treatment or biopsy approaches risky. In the studies laid 
out in this thesis, we address the clinical challenges associated with RCC by 
investigating its biology. We identify and use molecular traits of RCC tissue to 
predict which patients may have worse survival. We also use these traits to detect 
RCC cells from whole blood. 

The first paper describes how we identified a specific gene called SEMA5B that 
is regulated by a protein named HIF-2α in normal and cancerous kidney cells. 
SEMA5B may play a role in the development of blood vessels and the local cellular 
environment in which RCCs grow.  

In the second paper, we analysed publicly available data to identify a protein 
called NFIA that could predict clinical outcomes in patients with the clear cell 
variety of RCC. We found that the presence and amount of NFIA could 
independently predict survival outcomes of RCC patients.  

In the third paper, we developed a new method to isolate and detect RCC tumour 
cells in the blood. Tumours often shed their cells into the blood stream (termed 
circulating tumour cells, CTCs) and finding and identifying these CTCs can provide 
valuable information about a tumour, without having to surgically obtain tumour 
tissue. We used a size-based approach to isolate differentiative RCC tumour cells 
from other blood cells like immune cells, since the latter cell types are much smaller 
than the former. Furthermore, we identified molecular traits that could distinguish 
different varieties of RCC, and our methods could isolate tumour cells from as few 
as one tumour cell in 7.5ml of whole blood. This method may offer a new way to 
monitor RCC patients in scenarios where patients have a large or spread tumour.  

Overall, these findings may help to improve the clinical management of RCC by 
identifying new targets for treatment, developing molecular markers for 
prognostication, and enabling non-invasive monitoring of the disease. 
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Abstract 

Renal cell carcinomas (RCCs) are a group of tumours that arise from the nephron 
within the kidney. They are characterised by an indolent growth pattern and do not 
display overt clinical symptoms in patients with early to locally advanced tumours. 
Furthermore, the global average age of a RCC patient at diagnosis is 75 and they 
usually present with co-morbidities that may render invasive surgical/biopsy 
approaches risky. The most prevalent form of RCC is the clear cell RCC (ccRCC) 
subtype that displays pseudohypoxic activation of the two transcription factors HIF-
1α and HIF-2α as the result of a non-functional pVHL protein. Although the general 
influence of these two transcription factors has been deciphered, the full extent of 
the tumour-promoting activities of HIF-2α via its target genes have not been 
elucidated. Given these limitations in the clinical management of RCC and 
understanding of its biology, we set out to address these issues through the papers 
included in this thesis. 

In our first paper we aimed to decipher HIF-2α specific target genes operating 
in normal renal proximal tubule epithelial cells as well as ccRCC tumour cells. We 
pharmacologically emulated the loss of functional pVHL in renal proximal tubule 
cells whilst inhibiting HIF-2α transcriptional activity. Subsequent RNA-sequencing 
revealed potentially HIF-2α specific genes of which we selected SEMA5B, where 
its protein expression pattern matched our RNA-sequencing findings. We verified 
the HIF-2α regulatory specificity to SEMA5B in ccRCC cell lines, with other lines 
of evidence definitively demonstrating that HIF-2α but not HIF-1α specifically 
regulates the expression of SEMA5B in renal proximal tubule and ccRCC cells. 
Therefore, SEMA5B may have important role(s) in the context of ccRCC tumour 
vascularity and microenvironment.  

With papers two and three, we sought to address issues in RCC prognostication 
and detection. In paper two, we analysed transcription factor network and regulon 
activity in RCC subtypes using publicly available datasets. Using this analysis, we 
identified NFIA, a transcription factor that had similar regulon activity to HNF4A, 
a well characterised transcription factor in RCC. Based on this data, we examined 
the relationship between RNA expression of our selected transcription factor NFIA 
and TCGA-based RCC patient clinicopathological factors such as grade, stage and 
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cancer-specific survival. We assessed the protein expression of NFIA and HNF4A 
in a large tissue-microarray consisting of ccRCC and papillary RCC (pRCC) 
tumours and found that NFIA expression can independently predict CSS in ccRCC 
patients. Molecular markers for the prognostication of RCC patients are not 
currently used in the clinic and we hope that our work can contribute towards their 
eventual implementation.  

In paper three we developed a workflow to enrich, detect and subtype RCC 
tumour cells from whole blood. Given the poor performance of EpCAM based 
circulating tumour cell enrichment methods in RCC, we utilised a size-based 
isolation platform. We demonstrated that RCC tumour cells are suitable for this 
approach and showed that our methodology can isolate down to one spiked-in 
tumour cell from whole blood. Furthermore, through differential gene expression 
analyses between the three RCC subtypes, we identified transcriptomic markers that 
can be used to detect pRCC and ccRCC tumour cells from whole blood. This paper 
lays out a large extent of the methodology and fine-tuning required to isolate and 
detect RCC tumour cells from whole blood and may provide an additional way to 
monitor RCC patients in adjuvant and/or neoadjuvant settings.  
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1 The Kidneys 

The kidneys are two bean shaped organs on either side of the vertebral column, 
sitting on the posterior wall of the abdomen within the retroperitoneal space of the 
body (Figure 1). They are responsible for the maintenance of a relatively constant 
fluid volume, electrolyte composition, excretion of metabolic waste and toxins, 
regulation of arterial pressure and regulation of acid-base balance amongst other 
key functions. An adult human kidney is roughly the size of a clenched fist and 
despite their unexceptional size or weight, they consume 25% of the ATP in a 
resting human, in order to carry out their functions [1]. Furthermore, renal tubular 
cells are packed with mitochondria to supply their energy demands [1].  

 
Figure 1 Anatomical location of the kidneys 
The kidneys are two bean shaped organs located within the retroperitoneal abdominal space. Blood 
supply to the kidney enters via the renal artery (red), where it progressively branches out eventually 
forming glomerular capillaries. Drainage of blood occurs via the renal vein (blue).  
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In relation to their function, the kidneys release the enzyme renin from the 
juxtaglomerular apparatus. Renin functions by activating the vasoactive products 
angiotensin I and II. The angiotensins exert their functions by inducing 
vasoconstriction and the retention of salt and water, thereby increasing blood 
volume in circulation and consequently increasing blood pressure [1]. The kidneys 
are also responsible for the majority of the secreted erythropoietin, which is released 
in response to low oxygen levels (hypoxia) [1, 2]. Erythropoietin stimulates the 
production of erythrocytes that are capable of carrying oxygen to potentially 
hypoxic sites. The primary function of the kidney is to filter the blood, eliminating 
metabolic waste products and foreign toxins. This is apparent in the fact that the 
kidneys receive a large volume of blood via the renal arteries connected to the 
abdominal aorta, through which the kidney receives 22% of the cardiac output 
volume [3]. This supply of blood to the kidney far exceeds the kidneys’ metabolic 
requirement and reflects its function in plasma filtration. Each day, an impressive 
180 litres of primary filtrate is processed through the kidneys of which 99% is 
reabsorbed into the kidney, ultimately generating 1,5 litres of filtered waste in the 
form of urine [4]. This process is accomplished through the nephron, the smallest 
functional unit of the kidney. 

The Nephron 
Each human kidney possesses roughly one million nephrons, each capable of 
filtering plasma and forming urine. Each nephron (Figure 2) consists of glomerular 
capillaries named the glomerulus, contained within the Bowmans capsule. In the 
glomerulus, filtrate is collected and guided into a system of complex tubules. The 
capillaries in the glomerulus are impermeable to larger proteins, but smaller organic 
molecules, salts and ions pass freely through the capillary tuft. The first set of 
tubules encountered by the glomerular filtrate is the proximal convoluted tubule 
where almost all glucose, amino acids, 65% of water, potassium, sodium chloride 
and bicarbonate are reabsorbed. In addition to this reabsorption, proximal tubule 
cells also excrete metabolic waste products into the lumen. Apart from the 
convoluted nature of these tubules, they display a lumen facing brush border to 
increase surface area for reabsorption. Further down the tubules, the filtrate enters 
the loop of Henle that reaches into the medulla and has three distinct segments.  
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Figure 2 Nephron anatomy 
Basic tubular segments of the nephron and their spatial arrangement within the kidney 

Within the first of these, the thin descending limb, water is reabsorbed passively 
through the tubular layer, due to the hyper osmotic pressure of the medulla. As a 
result, filtrate reaching the bend of the loop consists of higher concentrations of salt 
and urea than blood plasma. The filtrate then returns towards the kidney cortex, 
through the thin ascending limb of the loop of Henle where sodium chloride diffuses 
out of the tubule into the surrounding tissue. In the final thick ascending limb 
segment of the loop of Henle, sodium chloride and potassium can be reabsorbed 
further even against a concentration gradient. This is achieved via active transport 
and thus cells in the ascending are packed with mitochondria to supply high ATP 
demand [1]. The ascending loop of Henle leads to the distal convoluted tube, where 
it possesses similar reabsorption properties to the segment preceding it. The distal 
convoluted tubule, with specialised epithelial cells called macula densa, is also in 
contact with the juxtamedullary apparatus, thereby allowing for negative feedback 
loops to regulate the glomerular filtration rate and renal blood flow. This in turn 
regulates blood pressure [1]. The distal tubules connect to the collecting duct via the 
consecutive tubular structures of the cortex connecting tubule, cortical collecting 
tubule, medullary collecting tubule and ultimately leading to the the collecting duct. 
Eight to ten cortical collecting ducts join to form a single collecting duct that runs 
downward into the medulla. These ducts merge to form progressively larger 
channels, where roughly 4000 nephrons can contribute to the volume of filtrate that 
passes through the collecting duct. Within the ducts, the filtrate closely resembles 
urine as opposed to plasma, which is then collected in the bladder [1, 3, 4].  
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2 Hypoxia  

Oxygen plays a fundamental role in the physiology of humans and the vast majority 
of other species. Free molecular oxygen serves as a terminal electron acceptor in 
aerobic respiration that allows for the generation of cellular energy in the form of 
ATP. Other oxygen consuming biochemical reactions include fatty-acid 
desaturation and nucleic acid demethylation reactions which can change the 
configuration and function of DNA, RNA and histones [5]. The oxygen availability 
within cells is not always guaranteed and in fact, oxygen fluctuations and more 
specifically states of low oxygen (hypoxia) can occur. For example, hypoxia within 
tissues can occur due to several reasons including environmental conditions (e.g., 
high altitudes), increased rates of aerobic respiration (e.g., exercise) or as a result of 
damage to local vasculature that impedes delivery of oxygen to cells (e.g., wounds) 
[6]. Disease states, such as cancer, infection, inflammation and cardiovascular 
defects can also cause vascular insufficiency leading to hypoxia [7]. Under 
inadequate oxygen availability, aerobic organisms can undergo cellular dysfunction 
and eventual cell death [8]. Given the crucial role of oxygen in maintaining 
homeostasis and the various scenarios in which low-oxygen or hypoxia may be 
encountered, oxygen-sensing and subsequent hypoxia adaptation mechanisms are 
of utmost importance in maintaining biological function.  

Oxygen Sensing and Hypoxia Response Machinery 
Low oxygen sensing mechanisms and hypoxia response machinery are 
evolutionarily conserved in metazoans, signifying the crucial role of these signalling 
mechanisms in the survival and perpetuation of complex, multicellular organisms 
[6]. The conserved transcription factors hypoxia inducible factors (HIF) 1 and 2 play 
a pivotal role in the response to low oxygen levels and allow for an organism to 
improve the oxygen supply or undergo changes in gene expression that allows for 
adaptations to survive in hypoxic conditions. Other oxygen-sensitive regulatory 
systems operate in concert with the HIF transcription factors but is not within the 
scope of this thesis. The HIFs are heterodimer proteins and are members of the basic 
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helix-loop-helix/Per-Arnt-Sim homology (bHLH-PAS) protein family. They 
consist of two subunits: the alpha (α) subunit HIF-1α or HIF-2α (hereon 
collectively referred to as HIFα) and the beta unit, HIF-1β. While the expression of 
the latter is stable independent of oxygen levels, the alpha units are unstable under 
normoxic conditions. Apart from the bHLH-PAS domains, HIFα proteins also 
contain oxygen-dependent degradation domains (ODDD), N-terminal 
transactivation domains (NTAD) and C-terminal transactivation domains (CTAD) 
[9] (Figure 3).  

 
Figure 3: HIFα functional domains 
Illustration depicting the functional domains present in HIF-1α and HIF-2α with amino acid numbers 
indicated. The two proteins share a high degree of protein structure similarity but regulate unique and 
shared target genes. HIF-1α and HIF-2α contain two proline residues (P) and one arginine residue (N) 
which can be recognised for hydroxylation by the enzymes PHD and FIH-1 respectively.  

HIFα are only transcriptionally active upon heterodimerisation with HIF-1β and 
thus the stability of either HIF-1α and HIF-2α is crucial to the transcriptional 
response to hypoxia. There is a third HIFα isoform termed HIF-3α but this is less 
extensively studied and is understood to be primarily involved in the response to 
inflammation rather than hypoxia [10]. The stability of HIFα is strictly dependent 
upon the availability of oxygen – in normoxia HIFα has an exceptionally short half-
life of less than 5 minutes [11, 12]. The rapid degradation of HIFα is mediated 
through the ODDD of the HIFα proteins, where this domain is subjected to 
hydroxylation on two conserved and highly specific proline residues by prolyl 
hydroxylase domain (PHD) enzymes, namely PHD1, PHD2 and PHD3 [13]. 
Oxygen is a key substrate for the PHD enzymes and all three have a Km for oxygen 
within the 230-250µM range, values above the oxygen concentration in aqueous 
solutions saturated by ambient air [14]. Intracellular oxygen levels are generally 
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lower than this Km range, and it is understood that this Km range for the PHDs 
ensure that they are highly sensitive to oxygen [15]. Prolyl hydroxylation by the 
PHD enzymes occur when the other necessary substrates of iron and α-ketoglutarate 
are sufficiently present [16]. These enzymes and their kinetics are the starting point 
for sensing oxygen levels or hypoxia in metazoans, and in turn their functions allow 
for a cell to mount an adaptation response to hypoxia. Hydroxylation of the HIFα 
ODDD by PHD enzymes generates a binding site for the ubiquitin-ligase complex 
containing the von Hippel-Lindau tumour-suppressor protein (pVHL) [17-19], a 
culprit in the tumorigenesis of renal cell carcinoma which will be explored in the 
next section. As a result of the pVHL containing ubiquitin ligase complex binding 
to the hydroxylated HIFα, the latter protein is polyubiquitylated and directed 
towards proteasomal degradation in normoxic conditions [19-21].  

In hypoxic conditions, the necessary substrate of oxygen is insufficient for the 
PHDs to perform their function as hydroxylases on HIFα and thus HIFα is stabilised 
allowing it to translocate into the nucleus [22]. Once in the nucleus, HIFα 
heterodimerises with its ubiquitously available partner HIF1β to form the 
heterodimers HIF-1 or HIF-2. Here, these proteins bind to gene promoter regions, 
functioning as transcription factors [23]. It is within the nucleus that the HIFα 
heterodimers (i.e HIF-1/HIF-2, hereon referred to as HIFα) are able to exert their 
full potential as transcription factors by binding to DNA motifs on genes known as 
hypoxia response elements (HRE) [24]. One of the first genes found to have bound 
HIF was erythropoietin(EPO) [25] and later led to the definition of the consensus 
HRE sequence of ((A/G)CGTG), as other HIF bound genes were also found to 
contain this canonical sequence [26]. Once HIF is in contact with the HRE or in its 
proximity, other coactivators need to be recruited to form an intact initiation 
complex and this is mediated by the N- and CTAD. These domains recruit 
CBP/p300, SRC-1 and TIF-2 [27-29] although evidence for direct interaction has 
only been demonstrated between CBP/p300 and the CTAD [30]. The CBP/p300 
complex possess histone acetyltransferase activity, allowing for chromatin 
modification that primes genes for transcription [31]. The mechanisms of oxygen 
dependent HIF signalling is summarised in Figure 4. 
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Figure 4: Hypoxia signalling 
Simplified overview of HIF-1α and HIF-2α (HIFα) signalling in oxygenated and hypoxic conditions. In 
the presence of oxygen, HIFα is hydroxylated by the PHD enzymes, creating a site that is recognizable 
by the pVHL complex for polyubiquitination, destining HIFα for proteasomal degradation. In the 
absence of oxygen, PHD enzymes cannot perform their hydroxylation function and thus stabilised HIFα 
translocates into the nucleus and regulates the transcription of genes containing HREs. 

Other Mechanisms of HIFα stabilisation/regulation 
Apart from the described post-translational regulation of HIFα by the PHD 
enzymes, HIFα can also be regulated via two other proteins. The first of which is 
factor inhibiting HIF-1 (FIH-1). Within the CTAD of HIFα, a conserved asparaginyl 
residue is present and during normoxic conditions, it is hydroxylated by FIH-1 in a 
similar process to that of the PHD enzymes, where oxygen is an essential substrate 
[30]. However, unlike the degradation-based outcome of PHD dependent 
hydroxylation, hydroxylation by FIH-1 leads to steric hindrance at the dimerised 
HIF-1/2 CTAD site, preventing the localisation of necessary cofactors for the 
transactivation of transcription by HIF-1/2 within the nucleus (the function of HIF-
1/2 as a transcription factor is described in more detail in the next paragraph) [30]. 
FIH-1 is functional at lower oxygen concentrations than the PHDs and may serve 
as a contingency measure to target and neutralise HIF-1α/2α escaping degradation 
at mild hypoxia [32, 33]. Furthermore, FIH-1 has a higher affinity towards HIF-1α 
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compared to HIF-2α and may contribute to differences in transcriptional activity of 
the two HIFα isoforms [34]. HIFα can also be regulated by oxygen-independent 
mechanisms and the most studied mechanisms involve HSP90, whereby this protein 
binds to HIFα and stabilises the latter protein. It has also been shown that upon 
dissociation of this HSP90/HIFα complex by HSP90 inhibitors, RACK1 binds to 
HIFα and recruits ubiquitin ligase protein complexes leading to the eventual 
degradation of HIFα [35].  

Differential regulation of gene expression by HIF-1α 
and HIF-2α 

HIF-1α and HIF-2α are involved in the coordinated response to low oxygen 
pressures through their effects on gene expression of hundreds of genes known to 
contain HREs [36]. Given that HIF-1α and HIF-2α display similar domain 
architecture, DNA binding and activation mechanisms they can be expected to target 
and regulate overlapping target genes. However, they also display preferential 
specificity towards target genes. This is in part governed by the differences in HIF 
stabilisation over time and varying oxygen availability [37]. These differences are 
further explained by the recruitment of differential transcription machinery and 
cofactors specific to either of the isoforms and can be dependent on the type of 
tissue. Current evidence suggests that induction of HIF-1/HIF-2 target genes is not 
solely dependent on either of the transcription factors but also influenced by other 
factors that are available and which HIFα isoform these entities can selectively 
interact with, thus enhancing the transcriptional power of one isoform over the other 
or neither [15]. For example, in the transcription of Flk1 (VEGF-receptor 2), the 
endothelial cell transcription factor Ets1 cooperates with HIF-2α to drive Flk1 
expression in mouse endothelial cells [38]. Apparent responsiveness of target genes 
towards one HIFα isoform over the other can also be attributed to the level and/or 
activity of HIF-1α or HIF-2α within the examined cell type. For example, 
experiments in mouse embryonic fibroblasts revealed that endogenous HIF-2α 
bound to HREs but failed to elicit detectable target gene expression whilst HRE 
bound HIF-1α displayed target gene activity in the same setting. Upon 
overexpression of HIF-2α in these cells, the transcription of the examined target 
genes was effectively upregulated [39]. This suggests that the response to either HIF 
isoforms depends on expression and/or activity level of the HIFα isoforms present 
which could be a function of the cell type. In summary, HIF binding and gene 
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transactivation at promoter sites may be governed by the diversity of co-factors and 
other protein-protein interactions present [15].  

Given the differences in the ability of either HIFα isoform to support the 
activation of target genes, it is not surprising that these two transcription factors 
under certain conditions can promote the expression of different target genes. HIF-
1α is understood to be more closely associated with acute hypoxia and drives the 
expression of genes influencing the metabolic regulation of cells including the 
control of most glycolytic enzymes (e.g. PFKFB3, LDHA and PKM). Furthermore, 
the repertoire of genes upregulated by HIF-1 have also come to include genes 
involved in the maintenance of intracellular pH such as CAIX and MCT4 [40, 41]. 
HIF-1α induction also leads to a multifaceted suppression of mitochondrial 
respiration that includes the induction of pyruvate dehydrogenase kinases. Broadly 
speaking, HIF-1 orchestrates expression of genes involved in metabolic re-wiring 
in order to divert cells from aerobic metabolism to anaerobic glycolysis when 
oxygen is limited, a process termed the ‘Pasteur effect’ [42].  

HIF-2, on the other hand, is understood to be associated with chronic hypoxia and 
drives the expression of genes coding growth factors and regulates a hypoxic pro-
growth, stem-cell like program in cells [43]. The outcome of this gene expression 
programme is aimed at overcoming hypoxia by improving oxygenation in the 
hypoxic cells or tissue for example, by improving vascular coverage [44]. The 
majority of the evidence available on the differential expression of target genes by 
HIF-1 and HIF-2 come from studies in cancer cells and will be explored in the 
following section.  

Tumour Hypoxia 
Whilst low oxygen sensing and response mechanisms by way of PHD enzymes and 
HIFα have evolutionarily evolved to maintain cellular function in fluctuating 
oxygen conditions, the same mechanisms are at play in tumours. The existence of 
hypoxia within human tumours was first reported by Thomlison and Gray in 1955 
who correlated the presence of hypoxia with resistance to the anti-cancer therapies 
chemotherapy and radiation [45]. In general terms, solid tumours become hypoxic 
when the growth of the tumour mass outpaces the growth and coverage of local, 
functional vasculature that delivers oxygen to the tumour cells and 
microenvironment (Figure 5). Apart from the vasculature being inadequate in terms 
of coverage or quantity, these vessels are also malformed often containing blind 
ends, arteriovenous shunts and poor cellular junctions causing significant leakage 
[46].  
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Figure 5: Tumour Hypoxia 
Tumour cells in closest proximity to blood vessels are well oxygenated. Oxygen diffuses at a gradient 
through the tumour where tumour cells farthest from blood vessels have little to no access to oxygen, 
thus generating an area of hypoxic tumour with necrotic tissue.  

Hypoxic tumours compound the inherent malignant properties of tumours that 
confer them aggressive and resistant to treatments such as chemotherapy and 
radiation. The presence of hypoxia in tumours is a poor prognostic factor in a 
majority of cancer types whereby the tumour phenotype displays a number of 
characteristics directly related to HIF signalling. For example, tumour hypoxia 
causes increased genetic instability, resistance to apoptosis, invasion, metastasis and 
malfunctional angiogenesis [46,47]. These mechanisms are a result of HIF regulated 
target genes operating in tumours and in most instances can be linked to the activity 
of one of the HIFα isoforms [48]. Although the isoform specific transcriptional 
effects of HIFα signalling have been largely elucidated within the context of 
physiological hypoxia, there are conflicting reports and less conclusive evidence in 
terms of isoform specific regulation of tumorigenesis and tumorigenicity. Clear cell 
renal cell carcinoma (ccRCC) as a disease model sheds light on this and is of most 
relevance within this thesis.  
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HIF signalling in RCC: The HIFα Dichotomy 
A large majority (80%) of sporadic ccRCCs are characterised by constitutive, 
oxygen-independent hypoxia signalling due to loss of functional VHL [49]. An 
inactivating mutation in one of the VHL alleles and a heterozygous deletion of the 
chromosomal arm 3p results in the bi-allelic inactivation of VHL [49]. Additionally, 
in 3-10% of sporadic RCC cases, VHL is silenced via gene methylation [50]. The 
outcome of these genetic and epigenetic aberrations set the stage for dysregulated 
HIF signalling in ccRCC, whereby HIF-1α and HIF-2α are no longer subject to 
oxygen-dependent polyubiquitylation by the pVHL-ubuiqitin ligase complex and 
this phenomenon has been described as ‘pseudohypoxia’ (Figure 6). The stability of 
the HIFα transcription factors is significantly prolonged, allowing them to 
translocate, dimerise and exert their functions on downstream target genes. From an 
experimental and theoretical perspective, these features render ccRCC an ideal 
cancer type to model and study tumour hypoxia. 

The contribution of HIF-1α and HIF-2α towards tumorigenicity has been an area 
of intense research over the last 20 years. Currently a majority of the collective 
evidence suggests a tumour-suppressive role for HIF-1α and a pro-tumorigenic role 
for HIF-2α in ccRCC. All VHL null, established ccRCC cell lines express HIF-2α 
whereas many do not express HIF-1α [51-53]. Secondly, tumours fail to grow in 
mouse xenograft experiments where HIF-2α knockout RCC cell lines are implanted 
[54, 55]. In line with this, overexpressing constitutively stabilised HIF-2α but not 
HIF-1α results in xenograft tumour growth despite pVHL activity [56-58]. 
Furthermore, multiple studies point to HIF-2α being necessary and sufficient for 
tumorigenesis when VHL has been tissue-specifically inactivated in genetically 
engineered mouse models [59-63].  
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Figure 6: Pseudohypoxia 
In ccRCC tumours VHL is inactivated in a large majority of cases causing the oxygen-independent 
stabilisation of the two HIFα isoforms HIF-1α and HIF-2α. 

It has also been observed that the presence of HIF-2α in preneoplastic RCC lesions 
result in transformative processes leading to a neoplastic lesion [64]. Finally, HIF-
2α single-nucleotide polymorphisms have been linked to an increased risk of kidney 
cancer within the general population [65]. Two of the prevailing explanations for 
these possibilities lie in the poor post-translational regulation of HIF-2α by FIH-1 
and the downstream targets HIF-2α but not HIF-1α preferentially activate. HIF-1α 
is relatively more sensitive to FIH-1 as discussed previously and thus HIF-1α 
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transcriptional capacity may be dulled in comparison to that of HIF-2α. Either in 
conjunction or independently of this, HIF-2α may also have preference towards 
activating genes that are oncogenic in nature, such as genes required for a stem-cell 
like or dedifferentiated phenotype [66].  

Multiple lines of evidence also suggest the tumour-suppressive effect of HIF-1α. 
The chromosomal arm 14q, which contains the HIF1A gene, is often deleted in clear 
cell RCC tumours and is associated with poor prognosis [51, 67]. Re-introduction 
of wild-type HIF-1α in ccRCC cell lines lacking endogenous HIF-1α suppresses 
their proliferative potential in-vitro and in-vivo [51, 56]. In line with this, short-
hairpin RNA mediated knockdown of HIF1α in ccRCC cell lines already possessing 
endogenous HIF-1α promotes their proliferation at both in-vitro and in-vivo settings 
[51, 52]. Taking all of the experimental and observational evidence collectively, 
there is a strong case to be made that HIF-1α behaves as a tumour-suppressor 
whereas HIF-2α acts in an oncogenic manner in ccRCC tumours.  

Even though some evidence exists that the HIF dichotomy may be the case in 
other truly hypoxic tumours, there is a tendency within the literature to extrapolate 
these ccRCC based findings onto other tumour types. It is likely that the roles HIF-
1α and HIF-2α play within a tumour cannot be generalised and must be examined 
upon the context of oxygen availability, disease and cell type. It can be argued that 
convincing experimental evidence for the roles of HIF-1α and HIF-2α only exists 
within ccRCC and makes an undeniable argument for their polar and opposing roles 
in this disease.  
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3 Kidney Cancer 

Kidney Cancer encompasses all types of cancers arising from the kidney. Even 
though the majority of epidemiological data refer to kidney cancer cases, a 
staggering majority (90%) of kidney cancers are histologically defined as renal cell 
carcinomas (RCC) [68]which arise from the tubular epithelium of the nephron. In 
2020, there were an estimated 431,288 new cases of kidney cancer globally, making 
it the 14th most common cancer type [69]. Mortality from kidney cancer constituted 
1.8% of global cancer deaths [70]. The incidence of kidney cancer is approximately 
twofold higher in men than in women, a pattern that holds true over time, geographic 
regions and age groups. The causes of this differential risk of developing kidney 
cancer between sexes are not yet understood [71, 72] but behavioural patterns may 
play a role. Geographically, kidney cancer incidence rates are higher in Europe and 
North America and incidence also appears to be associated with higher median 
incomes. This, however, is hypothesised to be due to higher rates of abdominal 
imaging (e.g CT & MRI) in high-income populations as small renal masses are 
found incidentally.  

Kidney cancer but specifically RCC is an insidious disease, with an estimated 
average growth rate of 0.28cm a year [73]. The global mean age at diagnosis is 
approximately 75 years, although this can vary geographically: Sweden (67 years) 
[74] ,UK (74 years), India (67 years), China and Italy (82 years) [68]. The 
epidemiological causes of kidney cancer are poorly understood, but it is known that 
lifestyle and health factors such as smoking status [75], body weight [76], 
hypertension [77, 78], chronic kidney damage [79] and level of physical exercise 
[80] can contribute towards kidney cancer tumourigenesis. Exposure to 
environmental toxins have also been shown to be risk factors in the development of 
kidney cancer. Although the contribution of environmental toxins towards kidney 
cancer are challenging to quantify due to competing exposures and high variability 
in geographic risk factors, there is evidence that exposure to perflourinated 
chemicals and aristolochic acid can increase the risk of developing kidney cancer 
[81]. It could be argued that, given the blood filtering functions of the kidneys, 
tubular epithelial cells of the kidneys are exposed to a wide array of toxic chemicals 
compared to other organs such as the brain or prostate. Physiologically, there are 
safeguarding mechanisms against toxin exposure and subsequent kidney injury, 
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such as the kidney epitheliums’ regenerative capacity. It may well be that the very 
same regenerative mechanisms become dysregulated upon repeated kidney injury, 
creating a favourable pro-growth environment for tumorigenesis. This is potentially 
evidenced by the increased likelihood of patients with chronic kidney damage to 
develop kidney tumours [82].  

Renal Cell Carcinoma Subtypes 
Renal cell carcinoma is the name given to a group of tumours arising from the renal 
epithelium and reportedly consists of at least 16 different subtypes. The 
classification is based upon histopathological and genetic characteristics [83]. The 
three primary and most common subtypes of RCC consist of clear cell RCC 
(ccRCC), papillary RCC (pRCC) and chromophobe RCC (chRCC). They 
respectively represent 70-90%, 10-15% and 3-5% of all renal cell carcinomas [50]. 
Some of the other less common subtypes, with an incidence of less than 1% [84], 
will not be discussed in this thesis but include subtypes such as oncocytomas, 
collecting duct RCCs or unclassified RCCs.  

Clear Cell Renal Cell Carcinoma 
The classification of ccRCC was based on its histological appearance upon FFPE 
treatment and subsequent H&E staining. Under this processing, ccRCC cells appear 
to have a clear cytoplasm (Figure 7) due to the accumulation of glycogen and lipids 
which are displaced by the fixation and staining procedures. Coupled with an 
increased understanding of genetic aberrations and signalling mechanisms 
occurring in ccRCCs, the clear cell phenotype and to an extent the molecular 
features are understood to be a result of the metabolic rewiring that occurs in ccRCC 
due to constitutive HIF signalling [85, 86].  

ccRCCs typically display a relatively low mutagenic load, however they are 
characterised by large chromosomal deletions and gains. Near universal deletion of 
chromosome arm 3p is observed in more than 90% of ccRCCs (Figure 8) as well as 
the loss of 14q (46%), gain of 5q (60%) and 7q (40%) [87-90]. In 90% of sporadic 
ccRCC cases, the second chromosome 3p arm is plagued by an inactivating 
mutation, homozygous deletion or silencing via methylation [87, 91, 92]. Together 
with the deletion of the other chromosomal arm 3p, the result is the bi-allelic 
inactivation of VHL. As a consequence of these genetic and epigenetic aberrations, 
pVHL loss of function can be interpreted as an obligate event in ccRCC and is often 
referred to as a hallmark of this subtype. This argument is further strengthened by 
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the observation that patients with VHL syndrome, a condition that is characterised 
by germline or mosaic VHL loss-of-function, have a high predisposition towards 
developing hereditary ccRCC (and other select tumour types) upon loss of the 
remaining wild-type VHL allele [93]. These observations are consistent with our 
understanding of the ‘two-hit’ VHL inactivation in sporadic ccRCC cases [93]. 

 
Figure 7: ccRCC histology section 
H&E stained ccRCC tumour section displaying tumour cells with their distinctive ‘clear’ cytoplasm and 
high tumour vascularisation.  

As mentioned previously, constitutive HIF signalling leads to the upregulation of a 
wide array of prototypical hypoxia target genes. Apart from the metabolic rewiring 
that enhances the Warburg effect [94] in ccRCC cells and contributes towards the 
clear cell phenotype, HIF directed overproduction of VEGF leads to highly 
vascularised tumours [88, 95]. There is great interest and potential clinical benefit 
in uncovering the exact tumour characteristics that arise as a result of aberrant HIF-
1α or HIF-2α signalling. 

Due to loss of 3p in ccRCC, three genes apart from VHL are also lost. Similarly 
to VHL, other genes on the remaining chromosome arm 3p have a propensity to be 
heterozygously inactivated. Namely these three genes include SET domain-
containing 2 (SETD2), BRCA1-associated protein 1 (BAP1) and polybromo 1 
(PBRM1) [87, 96]. SETD2 is mutated in >40% of ccRCC tumours whilst BAP1 and 
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PBRM1 are mutated in approximately 10-15% [97-99]. All three of these genes are 
involved in chromatin and histone remodelling and indicate that chromatin 
modification may allow a selective advantage in a VHL null setting [100-102]. In 
addition to these genetic aberrations, ccRCC (and pRCC) tumours are defined by a 
PAX8/ HNF-driven transcriptional programme that is present in normal proximal 
tubule renal epithelial cells [103, 104]. This makes a strong case for the fact that 
these cells may be the cell of origin in ccRCC [104]. Additionally, this transcription 
factor driven programme in ccRCC tumour can further distinguish this tumour 
subtype from other RCC subtypes such as chRCC.  

 
Figure 8: Chromosome 3p deletions in ccRCC 
Frequency of Chromsome 3p deletions in ccRCC tumours and subsequently affected genes. Adapted 
from Lindgren at al. [85]  

Papillary renal cell carcinoma 
Papillary RCC is the second most common subtype of RCC but displays high 
heterogeneity. This is evidenced by the further subdivision of this tumour subtype 
into two histological types: type 1 and type 2. Type 1 is often multifocal and 
characterised by papillary structures that are lined with small tumour cells 
containing basophilic cytoplasm and small, uniform nuclei [105]. Type 2 is 
characterised by papillae covered with small cells containing eosinophilic 
cytoplasm and large irregular nuclei [106]. Type 1 pRCCs are clinically less 
aggressive and are linked to the overexpression and increased signalling of the MET 
receptor tyrosine kinase. MET alterations, through mutation, splice variation or gene 
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fusions have been found in 81% of all type 1 pRCCs and are thought to contribute 
towards tumorigenicity via increased cell proliferation [107]. Type 2 pRCC, the 
more aggressive of the two pRCC tumour types, display increased signalling in the 
NRF2-ARE pathway [108], a mechanism critical in the eradication of reactive 
oxygen species [109]. Furthermore, type 2 pRCC tumour can present with silencing 
of CDKN2A and mutations in the Hippo pathway tumour-suppressor NF2. 
Accumulated evidence suggests that there may be three or more distinct groups of 
tumours within the type2 pRCC subtype [110, 111] and thus pRCC as a whole 
represents a highly heterogenous RCC subtype. 

Chromophobe renal cell carcinoma 
Chromophobe RCC is the third most common subtype of RCC and is histologically 
characterised by perinuclear clearing and distinct cellular borders. It is the least 
aggressive subtype of RCC, potentially owing to the low number of somatic 
mutations found in these tumours. However, hypodiploidy is common and 80% of 
chRCC tumours have losses of chromosome 1, 2, 6, 10, 13, 17 and 21 [112, 113]. 
chRCCs are the most distinct subtype among the RCC subtypes, displaying a FOXI-
1 driven transcriptional programme [104]. This transcriptional signature is 
understood to be remnant of chRCC pre-malignant cells and are thought to stem 
from the collecting duct [85]. In around half of chRCC tumours, aberrations in TP53 
and mTOR pathway genes are found. 10% of chRCC are observed to have 
rearrangements in the promoter region of the TERT gene, elevating its expression 
[112, 114]. Around 5-10% of chRCC patients develop metastases and these tumours 
are commonly found to have a combination of imbalanced chromosomal 
duplications and mutations in TP53 and PTEN [112, 115].  

Clinical Management of RCC  

Disease manifestation and prognosis 
Within the clinical realm of RCC patient care, it is a well-known and familiar 
occurrence that a large majority of RCC patients are diagnosed incidentally. Usually 
through abdominal imaging for non-related or non-specific causes, patients are 
unexpectedly plunged into a reality where they are dealing with a potential cancer 
diagnosis. In a recent study recruiting 608 RCC patients, a large majority (60%) of 
recruited patients had been diagnosed incidentally [116]. There are two potential 
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non-exclusive explanations for this; the first being that abdominal imaging has 
increased over the last decade, especially in the western hemisphere and thus the 
likelihood of discovering a renal mass is increased. The second reason for this are 
the elusive symptoms RCCs display. In early stages, the disease generally does not 
display any symptoms and at more advanced stages, the symptoms are usually bone 
pain, deterioration of performance status and persistent cough [117]. Aggressive 
disease classically presents with haematuria, flank pain and a palpable abdominal 
mass [118]. These symptoms, in both aggressive and advanced tumours are difficult 
to diagnose due to their non-specific nature and delayed onset once the tumour has 
metastasised. This is evidenced in a study where 36% of patients were diagnosed 
incidentally with stage III and IV RCC tumours respectively [116][119]. Due to the 
nature of how RCC clinically presents pre-diagnosis, early diagnosis is recognized 
as a key strategy to improve patient outcomes.  

Prognostic factors in RCC can be classified into four categories: anatomical, 
histological, clinical and molecular. The former two categories are known to have 
more accumulated evidence in their support due to their historical use within the 
clinic. The classical anatomical prognostication score is based on the tumour, node 
and metastasis (TNM) classification (Table 1) which has been the most commonly 
used staging system in RCC [120]. The TNM staging system combines several well 
studied prognostic features of RCC tumours such as tumour size, invasion of the 
venous system, invasion into lymphatic system, extension into the adrenal gland, 
extension beyond the renal capsule or Gerota’s fascia and number of distant sites 
with metastasis. In all RCC subtypes, prognosis is well evidenced to deteriorate with 
increasing T, N and M classification [121]. The TNM classification can be based 
upon imaging (iTNM) or upon pathology (pTNM) once the tumour has been 
surgically removed. pTNM usually allows for more definitive information on the 
local extension of the tumour and gives precise information on the location of the 
tumour border. TNM staging can provide critical information in planning initial 
treatment [122].  

Histological prognostic factors aim to combine multiple tumour histological 
features and provide information on prognosis and tumour subtype. Although the 
four-tiered Fuhrman system was used up until 2012 to grade RCC tumours, it was 
viewed as suboptimal and thus has been replaced by the International Society of 
Urological Pathology (ISUP) grading system in 2012 [124]. Features taken into 
account in this current system include nuclear morphology, nucleolar prominence 
(eosinophilia), nuclear anaplasia, size of tumour cells, sarcomatoid and/or rhabdoid 
morphology [124, 125]. Although the ISUP grading system has been validated for 
use and provides prognostic insight into ccRCC and pRCC tumours, it has failed to 
show any link between ISUP grade and outcome for patients with chRCC tumours 
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[124]. Nevertheless, the ISUP grading system is applied to chRCC and other less 
common RCC subtypes but only for descriptive and diagnostic purposes and not for 
outcome prediction [124, 125].  

Table 1: Tumour (T), Node (N), Metastasis (M) staging system used to define and describe the spread 
of RCC [110].  

CATEGORY DEFINITION SUBDIVISION 
TUMOUR 
TX Primary tumour cannot be assessed  
T0 No evidence of primary tumour  

T1 
Primary tumour is ≤7 cm in greatest 
dimension and confined within the renal 
capsule 

1a: ≤4 cm in greatest dimension 
1b: Primary tumour is >4 but ≤7 cm in 
greatest dimension. 

T2 
Primary tumour is >7 cm in greatest 
dimension and confined within the renal 
capsule 

2a: Primary tumour is >7 cm but ≤10 
cm 
2b: Primary tumour is >10 cm 

T3 

Primary tumour extends into major veins or 
perinephric tissues but not into the ipsilateral 
adrenal gland and not beyond the perirenal 
(Gerota) fascia 

3a: Primary tumour extends into the 
renal vein, renal sinus fat, and renal 
capsule but not beyond the perirenal 
(Gerota) fascia 
3b: Primary tumour invades the IVC 
below the diaphragm 
3c: Primary tumour invades the IVC 
above the diaphragm 

T4 
Primary tumour invades beyond the perirenal 
(Gerota) fascia or invades the ipsilateral 
adrenal gland 

 

REGIONAL LYMPH NODES 
NX Lymph nodes cannot be assessed  

N0 No regional (retroperitoneal) lymph node 
metastasis  

N1 Regional (retroperitoneal) lymph node 
metastasis  

DISTANT METASTASIS 
M0 No distant metastasis  

M1 Distant lymph node or other metastasis, 
including noncontinuous adrenal involvement  

IVC=inferior vena cava 
 

Clinical prognostic factors can relate to tumour ‘external’ characteristics such as 
patient performance status, presenting symptoms, paraneoplastic syndromes and 
peripheral blood-based values for calcium, albumin, haemoglobin and C-reactive 
protein [126, 127]. These are primarily used for routine risk-stratification and 
treatment decisions where the link to outcome has been best evidenced in the 
metastatic setting [126]. Molecular prognostic factors can be used for predicting 
treatment independent/dependent patient outcomes based on the molecule assessed. 
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For example, immunocytochemical analysis of CAIX, PTEN and CXCR4 as well 
as gene expression and methylation status profiling have been investigated [128] 
but Ljungberg and colleagues argue that these have not improved current prognostic 
systems and thus are not part of routine clinical care [124]. Notwithstanding, 
expression levels of BAP1 and PBRM1, genes deleted in 90% of ccRCC can 
independently predict tumour recurrence [129]. Furthermore, a 16-gene signature 
has been shown to predict RCC relapse and has been validated in adjuvant trials 
[130]. However, this study seemingly fails to acknowledge which subtype of RCC 
this gene signature applies to; patients recruited had a ‘majority clear cell 
compartment’ but the authors do not definitively classify the tumour types enrolled 
in the trial. Prognostic information from cytokines and PD-L1 expression have also 
provided promising therapeutic results[131] but exploration of these molecules is 
not the routine in RCC clinical care [124] and will be explored later.  

Diagnosis and Imaging 
Most RCC masses are found incidentally during abdominal imaging for seemingly 
non-associated causes. However, upon finding a renal mass, the most common 
imaging modalities utilised to characterise them include computed tomography 
(CT), ultrasound (US) and magnetic resonance imaging (MRI) [132]. Contrast 
enhancement or restriction is the most critical characteristic when deeming a renal 
mass as malignant [133]. Positron emission tomography (PET) is increasingly being 
used for the characterisation of pRCCs however it is not advised in the use of ccRCC 
[124, 134, 135]. These imaging modalities are used to detect a renal mass and to 
obtain additional information on its size and spread into vessels, lymph nodes and/or 
distant organ sites. For renal masses, the Bosniak classification can provide risk of 
malignancy and guidance for management based on CT or MRI imaging [136]. 
Most cases of RCCs can be correctly assessed using one or more of these imaging 
modalities, however in instances where imaging information is insufficient, core-
needle biopsies may be used. Tumour biopsies and subsequent histology aid in 
selecting patients for surveillance (in case of benign tumours/poor patient 
performance status) or prior to ablative and primary systemic treatment [137]. 
Unfortunately, there are many limitations of core-needle biopsies such as risk of 
infection, increased risk of procedure related tumour cell seeding and inability to 
capture tumour heterogeneity [138]. 
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The Current Landscape of RCC treatment 

Treatment of Localised Disease 
Surgical removal of part (partial nephrectomy) or the entire (radical nephrectomy) 
kidney is still the only curative treatment for localised, low stage RCCs. Patients 
harbouring a T1 tumour benefit most from partial nephrectomy regardless of 
surgical approach based on renal function, oncological and quality of life outcomes 
[139]. This is based on multiple retrospective studies and one randomised controlled 
trial (RCT), where cancer-specific survival and other post-operative patient 
outcomes were assessed when partial or radical nephrectomy was employed. There 
are various techniques of surgery with regards to partial or radical nephrectomies. 
Surgeons have the option of performing open surgery, pure or robot-assisted 
laparoscopic surgery. Currently, there is no superiority between the techniques with 
regards to oncological outcomes however laparoscopic approaches have been 
shown to improve post-operative recovery given the relatively reduced loss of blood 
and use of analgesics [140]. The current surgical recommendation for small, 
localised tumours is one of the above-mentioned techniques depending on the 
equipment available to the surgeon as well as their level of expertise.  

Treatment of Metastatic RCC (mRCC) 
Within the context of metastatic RCC, surgery is most often not an option although 
patients may benefit from palliative cytoreductive procedures if the primary tumour 
site is impairing patient performance status or urological function [141]. RCCs most 
often metastasise to the lung, bone, liver, lymph nodes, adrenal gland and brain 
[142-144]. These tumours are notoriously poor responders to classical anti-cancer 
therapies such as radiotherapy and cytostatic drugs [145]. This observation could be 
explained by their relatively slow rate of growth (low proliferative rate) and 
(pseudo)hypoxic features. However, there is great promise in the new wave of anti-
cancer therapies that rely upon unleashing the immune system, specifically immune 
checkpoint inhibitors (ICI). Although conceptually a familiar approach within 
mRCC where immunostimulatory therapies such as interleukin-2 and interferon-α 
were extensively used in the 1990s, these were limited by extensive systemic 
toxicities [127, 145, 146]. However, judged by tumour response to these therapies 
and accounts of spontaneous regression of RCC in the 80-ties and 90-ties [147, 148], 
RCC is touted to be an immunogenic tumour type that may benefit from the new-
generation of immunotherapies. The treatment of mRCC can be classed into three 
eras: cytokine, tyrosine-kinase inhibitor (TKI) and the ICI eras (Figure 9).  
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Figure 9: Eras of mRCC therapies 
Timeline of mRCC systemic therapies over the last three decades 

Tyrosine-kinase inhibitor Era 
The identification of VHL loss in RCC and the understanding of subsequent 
signalling that leads to the aberrant and overexpression of many hypoxia targets, 
including VEGF ligands and receptors, paved the way for the U.S Food and Drug 
Administration (FDA) approval of adjuvant TKI therapies targeting these molecules 
in 2006 [139, 149]. Sorafenib and sunitinib were the first anti-angiogenic TKIs 
approved by the FDA and was later followed by the approval of five other anti-
angiogenic TKIs [149]. In addition to these, mTOR inhibitors and VEGF antibodies 
were also approved for use [150]. Given the highly vascular nature of ccRCCs, use 
of these therapies proved to regress but mostly stabilise disease and prolong survival 
of mRCC patients [43]. However, given the observed high adverse-event rates and 
poor tumour cytotoxicity in these patients [43], there was much to improve upon. 
With the emergence of ICIs, a transition would take place towards combination 
treatments with ICI and TKIs.  

Immune checkpoint inhibitor era 
Two of the most promising immune targets and hence investigated molecules are 
programmed death 1 (PD-1) and cytotoxic T-lymphocoyte-associated antigen 4 
(CTLA-4). CTLA-4 is an immunoinhibitory receptor present on T-cells and 
functions to dull the early activation of naïve and memory T-cells, hence termed an 
‘immune checkpoint’. The ligands for CTLA-4 are present on antigen presenting 
cells or on tumour cell surfaces. In the tumour setting, tumour cells are able to 
escape immune destruction via the inhibition of these T-cells which can no longer 
target and kill these tumour cells [151]. Therefore, there has been immense interest 
in blocking this checkpoint interaction from occurring which has led the 
development of anti-CTLA-4 antibodies (ipilumumab) which can competitively 
bind to the CTLA-4 receptor, effectively blocking it from any activating signals thus 
circumventing the inhibition of the T-cell mediated immune response. Proof of 
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concept for this was first recorded in metastatic melanoma, where blockade of this 
immune checkpoint with ipilimumab led to the activation of the host immune system 
against tumour cells resulting in tumour shrinkage [152-154]. 

PD-1 is a transmembrane inhibitory receptor expressed on activated T-cells and 
has two known ligands, PD-L1 and PD-L2 that are normally expressed on antigen-
presenting cells and pathologically on RCC cells as a means of immune evasion 
[155-157]. These ligands serve to bind and dampen the activity of T-cells. A 
retrospective analysis of 306 ccRCC patients who underwent nephrectomy revealed 
that patients with tissue expression of PD-L1 had significantly reduced 5-year CSS 
compared to those patients that did not display PD-L1 expression [158]. This data 
suggests that disrupting the inhibitory interaction between PD-1 and PD-L1/L2 
(collectively referred to as PD-L) could serve as an attractive approach to restore T-
cell capabilities against RCC tumours. RCC (along with 4 other tumour types) was 
one of the pioneer tumours to be included in testing this hypothesis, through an 
immunoglobulin that targeted PD-1, hence disrupting the PD-1/PD-L interaction. 
Bristol-Myers Squibb provided the first-in-human evidence that this approach could 
be efficacious in a pilot RCC patient, where they had a partial response [159]. Many 
patients and clinical trials later, the status quo of RCC immunotherapy guidelines 
sit on the recommendation that first-line treatment for metastatic ccRCC should be 
combination treatment with Pembrolixumab (anti-PD1 antibody) plus axitinib 
(VEGF TKI) [139]. This was borne out of the KEYNOTE-426 trial, where the 
combination treatment provided a median 5,6 month improvement in overall 
survival (OS) and 6% complete response rate improvement compared to treatment 
with only sunitinib (multiple tyrosine kinase inhibitor) [160, 161].  

Presently, the standard of care has shifted from TKIs, mTOR inhibitors and 
VEGF antibodies towards first-line combination treatment with TKI and dual ICI 
via anti-CTLA-4 and/or anti-PD-1 [139]. Six phase 3 randomised controlled trials 
have shown that ICI combinations have superiority over sunitinib alone [162]. 
Higher numbers of ccRCC patients on ICI combinations have achieved durable 
remissions in this setting, but unfortunately convincing evidence is lacking for 
second- and third-line settings [139].Currently, the recommendation for these 
settings is VEGF targeted therapy (in VEGF TKI naïve patients) but clinical trials 
are ongoing to determine the best treatment strategies [139].  

A Novel Therapeutic Target: HIF-2α 
The non-functionality of the pVHL protein and subsequent oxygen-independent 
stabilisation of HIFα is a near-definitive observation in ccRCC. As previously 
discussed, there is a strong case to be made that HIF-2α drives and maintains many 
of the tumorigenic processes seen in ccRCC. Given this, HIF-2α would constitute 
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an attractive druggable target in an effort to minimise these pathological 
characteristics of ccRCC. In the absence of a known ligand-binding domain in HIF-
2α and its structural similarity to HIF-1α, the latter has long been considered 
undruggable. However, biophysical studies revealed a small hydrophobic pocket 
that is able to bind small molecules in the PAS-B domain of HIF-2α [163, 164].  

Although initial molecules showed promise in the possibility of antagonising 
HIF-2α, these showed poor cellular potency and poor physical properties. Further 
structural modifications and testing led to the development of the first-generation 
HIF-2α specific inhibitor PT2385, which displayed improved specificity and 
cellular potency in pre-clinical models [165].In a phase-I dose-escalation trial 
involving 51 patients with metastatic ccRCC who had not responded to any previous 
lines of therapy, the PT2385 treatment showed partial response in 21%, complete 
response in 2% and disease stability in 52%. Importantly, PT2385 treatment 
displayed minimal adverse events with major events being fatigue, anaemia and 
peripheral oedema which can be relatively well-managed [166].  

Despite the clinically favourable profile of this first-generation inhibitor, its 
pharmacodynamics were highly variable within the in-vivo setting. This led to the 
development of PT2977 (Belzutifan), with other biophysical intermediaries tested 
along the way. Belzutifan has been trialled in VHL disease associated RCC as well 
as the metastatic ccRCC setting. In patients with VHL disease associated RCC, the 
objective response rate (ORR) was 49% with promising response rates in non-RCC 
tumours that VHL syndrome patients are known to develop [167]. Similarly to 
Belzutifans’ predecessor, the most common toxicities patients experienced were 
anaemia and fatigue [93]. Based on this data, Belzutifan was approved by the FDA 
in 2021 for use in adults with VHL disease who require therapy for RCC and other 
VHL disease related tumours [168].  

Within the sporadic, locally advanced or metastatic ccRCC setting, Belzutifan 
was trialled in the LITESPARK-001 study [169]. These patients had received at 
least one prior therapy, but Belzutifan monotherapy led to an ORR of 25% [169]. 
After a median follow up of more than 3 years, the median duration of response was 
not reached [169], indicating the drugs’ ability to stabilise disease at the very least. 
Adverse event rates and types were similar to previous reports from clinical trials 
using Belzutifan for RCC [169]. Preliminary results from an on-going Phase II study 
assessing the combination of Belzutifan plus cabozanitib (multiple TKI) in patients 
that are treatment naïve or had received prior immunotherapy/ TKI showed at least 
90% of patients showed tumour shrinkage [170]. This data demonstrates that 
combination of HIF-2α and TKI inhibition could offer more benefit than 
monotherapy with either drug. Additionally, these results make inlays towards 
establishing potential treatment avenues for pre-treated patients [171]. Although it 
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is unlikely that HIF-2α inhibitors will be the ‘magic bullet’ in the treatment of 
metastatic ccRCC tumour, combination therapy with other immunotherapies could 
be on the horizon and may re-define treatment paradigms for mRCC patients.  
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4 Liquid Biopsies in RCC 

The term ‘liquid biopsy’ was coined 13 years ago by Klaus Pantel and Catherine 
Alix-Panabières and referred to the clinical utility in assessing circulating tumour 
cells (CTCs) to detect cancer [172]. Soon afterwards, the term evolved to encompass 
the use of any fluid analyte that can be obtained via minimally- or non-invasive 
approaches. Although the term liquid biopsy only came into use in 2010 and is 
perhaps strictly applicable to tumours, for centuries humans have been obsessed by 
the idea of gathering disease related information via minimally invasive approaches. 
This is evidenced by the most crude and antiquated application of this concept when 
the Oxford University physician Thomas Willis, in 1674, noted that the urine of 
some of his patients tasted sweet - an observation that would aid future researchers 
to isolate the cause and symptoms of diabetes mellitus [173]. Over the years, various 
other tests have been researched and implemented within the clinic ranging from 
blood counts to faecal occult blood tests. In modern oncology, the aims of these 
liquid biopsies are similar; to accurately find actionable tumour-related information 
via minimally invasive approaches. Given the characteristics of RCC onset, 
limitations in current diagnostics and therapy, the gulf between the standard of care 
and the standard that can be achieved with liquid biopsies is immense.  

Liquid biopsy fluids & analytes 
Theoretically, a liquid biopsy can be performed on any bodily fluid in which 
tumour-associated analytes are present. This can range from blood, urine, 
cerebrospinal fluid, saliva, cyst fluid, bone marrow and sputum. Peripheral blood 
provides a plethora of analytes that can be separated and isolated simultaneously 
and thus has the potential to provide a wealth of tumour related information. For 
example, blood can be used to isolate CTCs, circulating tumour DNA (ctDNA), 
circulating tumour RNA (ctRNA), tumour-derived exosomes (displaying tumour 
surface markers or containing nucleic acids), tumour proteins and tumour-educated 
platelets [174]. For the purposes of this thesis, the focus will remain on CTCs and 
ctDNA.  
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Circulating Tumour Cells & Enrichment Approaches 
Circulating tumour cells are tumour cells that enter the systemic blood circulation 
after they have been shed by a tumour and were observed and reported in patients 
as early as the 1860s [175-177]. Entering the circulation is part of a multi-step 
process known as the metastatic cascade, most often taking place in aggressive 
tumours [178].  

CTC analysis can be divided into three stages: enrichment, detection and 
characterisation. One of the most critical issues facing CTC enrichment methods are 
the low numbers of CTCs detected in peripheral circulation. Whilst in circulation, 
CTCs can face many hurdles such as anoikis, shearing forces and immune 
surveillance which may contribute towards their low numbers [179-181]. 
Furthermore, blood contains a vast number of cells and cell-types, and depending 
on the technology used for enrichment, red blood cell lysis and removal is a 
necessary step that may contribute to the loss of CTCs. The most common and 
efficient positive CTC enrichment strategies aim to exploit differences between 
tumour cells and blood cells. These strategies can be broadly classified as label 
dependent or label independent (Figure 10). Label dependent strategies usually 
utilise an antibody-based approach whereas label independent approaches are 
typically based on differences in physical properties between CTCs and blood cells.  

The most well-known and only FDA approved CTC enrichment technology is the 
CellSearch® system which relies on antibody tagged magnetic beads to pull down 
CTCs that express EpCAM [182]. The clinical utility of the CellSearch® system 
was demonstrated in the metastatic breast cancer setting [183], where the number of 
captured CTCs were shown to be associated with progression-free survival (PFS) 
and OS [184]. The CellSearch® system is also FDA-approved for use in other 
EpCAM expressing tumour types such as metastatic colorectal and prostate cancer 
[185, 186]. Unfortunately, the use of CellSearch® has been explored in RCC 
patients with somewhat disappointing results. Positive CTC detection (≥ 1 CTC) 
ranged from 16% - 46% across CellSearch® based RCC studies [187-189] and when 
compared to CTC detection rates in prostate cancer (90%) [190], RCC seems 
incompatible with the CellSearch® system.  
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Figure 10: CTC enrichment approaches 
Commonly employed CTC enrichment approaches with label-dependent methods (left) where 
antibodies against a target of interest (e.g. EpCAM) are attached to magnetic beads, which can 
subsequently be used to pull down tumour cells (positive selection) or used to remove leucocytes 
(negative selection). Label-independent methods (right) which exploit differences in physical properties 
between CTCs and leucocytes, such as their size or deformability. Microfluidic CTC enrichment based 
on ClearCell® FX platform [251].  

Low and variable detection rates may be explained by the differences in EpCAM 
expression across RCC subtypes, where ccRCC is known to display the lowest 
expression out of the three primary subtypes [191, 192]. Another explanation for 
low detection rates may lie in the mixed-profile of RCC CTCs, where it has been 
shown that CTCs from RCC patients may have epithelial, mesenchymal, stem cell-
like or mixed-cell profiles [193, 194]. In line with this, it was shown by one research 
group that RCC tumours may acquire EpCAM expression, demonstrated by 
differences in expression between primary and metastatic tumour sites in the same 
patient [195]. This may pose a niche opportunity for use of the CellSearch® system 
in ccRCC. Other approaches have included using other CTC targets in addition to 
EpCAM, such as the use of CAIX, a well-characterised HIF-1α target gene that is 
commonly expressed on ccRCC tumour cells [21, 196, 197]. Apart from CTC 
capture markers, exclusion markers can also be used to exclude blood cells such as 
leucoytes (negative selection), and these usually involve the cluster of 
differentiation markers such as CD45 [196]. It is generally accepted that methods 



50 

that use multiple targets in order to capture CTCs and exclude blood cells are 
superior to single target capture methods, since CTCs are heterogenous with regards 
to expression of cell surface molecules [198-200]. Multi-target capture strategies 
allow for a wider range of CTCs to be enriched whereas an EpCAM only approach 
will miss EpCAM negative CTCs.  

Given the disappointing CTC detection rates with CellSearch® in RCC, a 
majority of studies exploring CTC enrichment have been intensely focused on label 
independent approaches that rely upon the biophysical properties of CTCs, such as 
size or deformability. Arguably, label independent approaches are not constrained 
by cell-surface marker expression or heterogeneity between CTCs [201, 202]. Size 
differences between CTCs and blood cells is a feature used to positively enrich CTC 
from whole blood samples. In general, tumour cells have been recorded to be larger 
than erythrocytes and leucocytes. In one study, dielectrophoretic field-flow 
fractionation was used to measure the diameter of tumour cells in the NCI-60 cell 
line panel in addition to blood cells, and it was found that tumour cell lines had a 
diameter in the range from 11.7-23.8µm and blood cells between 6.2-9.4µm [203]. 
Our group (Paper 3) as well as one other has shown that ccRCC tumour cell lines, 
including primary ccRCC cell lines, are on the higher end of the reported range, 
typically larger than 15µm [204, 205]. These findings classify ccRCC has a highly 
suitable tumour type for size-based enrichment approaches. CTCs can also be found 
in aggregates within the circulation, dubbed circulating tumour microemboli (CTM) 
and have been demonstrated to be present in the blood of RCC patients [206]. These 
are usually clusters of 2-50 CTCs together with leucocytes, cancer-associated 
fibroblasts, endothelial cells and platelets [207].These clusters, due to their 
increased size, may also be more suited for size and deformability-based isolation 
methods. Size-based isolation methods typically employ microfluidic chips, 
whereby blood cells and tumour cells are separated within a microfluidic capillary 
system. Deformability based separation techniques utilise a slit filtration system, 
relying on blood cells’ smaller size and greater ability to ‘deform’ and pass through 
the slit filter whilst larger, less deformable tumour cells are captured. Although size-
based isolation methods (in-comparison to label dependent approaches) have many 
advantages including improved processing speed and low cost of materials [208], 
they face issues with regards to microfluidic tube clogging, higher blood volume 
requirement and loss of smaller CTCs [209, 210].  

Once the hurdle of capturing and isolating sufficient CTCs from whole blood has 
been overcome, these CTCs then need to be detected and characterised. The most 
commonly applied method for the detection and characterisation of CTCs has so far 
been immunocytochemical analysis, including immunofluorescence detection 
[198]. However, DNA alterations/mutations, RNA expression and protein 
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expression can also be queried via methods such as sequencing, digital droplet PCR 
(ddPCR) and fluorescence in-situ hybridisation (FISH). Furthermore, CTCs may be 
cultured in-vitro or xenografted in-vivo, where therapy sensitivity/resistance and 
related mechanisms can be assessed (Figure 11).  

 
Figure 11: Possibilities with CTCs and ctDNA 
Overview of query possibilities with circulating tumour cells and circulating tumour DNA. Adapted from 
gene-quantification.de  

CTC Applications in RCC 
Given the role of CTCs in the metastatic cascade, their applicability in RCC 
screening and diagnosis have been limited and will most likely require more 
sensitive techniques to be developed. However, the presence and number of CTCs, 
as well as their RNA expression or mutational status has been used to gain clinically 
relevant information such as patient prognosis and metastasis prediction, treatment 
selection and treatment monitoring [209]. Although much investigation has been 
carried out with regards to these clinical applications in other tumour types, efforts 
within RCC have had variable success.  

Multiple studies have found that the presence of CTCs and/or CTMs in 
combination with tissue pathology were able to predict metastasis-free survival in 
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RCC patients [206, 211]. With regards to prognosis, it is a well-established fact that 
the presence of CTCs in the bloodstream correlates with poorer prognosis in many 
tumour types [184, 186, 200, 209]. With respect to RCC, multiple studies have also 
demonstrated that CTC counts, their characteristics and protein expression can 
significantly be associated with patient prognosis although there is a tendency for 
studies to correlate CTC counts to proxy predictive parameters such as tumour size 
[204]or Ki-67 expression [212], which in themselves are prognostic factors. CTCs 
in RCC have also been investigated to predict the effect of surgical technique on 
post-operative risk of metastasis and these studies conclude that open radical 
nephrectomies resulted in higher number of CTCs in the bloodstream in comparison 
to open partial nephrectomies or laparoscopic techniques [213, 214]. These findings 
make clear the importance of choosing the appropriate surgical techniques in an 
effort to minimise early post-operative metastasis thus improving patient prognosis. 

CTCs have also been used for the selection and monitoring of treatment in RCC. 
The role of CTCs in predicting outcome of TKI therapy has been inconclusive, 
where one study demonstrated that CTC positive patients had a significantly poorer 
response to TKI therapy [215] but another study found no association between the 
two parameters [195]. Promising results, however, have been reported in relation to 
treatment response with ICIs, where PD-L1 expression in patient CTCs was 
positively associated with tumour response to PD-1/PD-L1 blockade [216]. 
Furthermore, for ccRCC patients undergoing anti-PD-1 therapy, the overall CTC 
count and number of CTCs expressing PD-L1 was dynamic where these changes 
correlated with improved disease outcome [217]. This data demonstrates the 
possibility of real-time immunotherapy response monitoring in ccRCC patients.  

Circulating tumour DNA approaches and applications 
Another analyte which may be used within the context of liquid biopsies is 
circulating tumour DNA. These are typically 50-150bp long fragments of DNA that 
are known to originate from tumour cells or CTCs during apoptosis [218-220] and 
can be found in blood plasma and urine [221]. ctDNA only represents a subset of 
cell-free DNA (cfDNA) in blood or urine, where the former constitutes ≥ 5–10% in 
late-stage tumours and ≤ 0.01–0.1% in early-stage tumours [222]. Thus, a key 
challenge in ctDNA analysis approaches is differentiating between ctDNA and 
cfDNA. Due to these reasons, somatic mutations are present at low frequencies in 
cfDNA (<3%) [223] and conventional next-generation sequencing technologies are 
not optimised to detect variants below allele frequencies of 5% [224]. However, 
with the advent of more sophisticated and sensitive sequencing methods, this is most 
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likely a hurdle that can be overcome. Genetic aberrations which may be queried 
with ctDNA analyses are summarised in Figure 11. 

The last decade of research into ctDNA analysis in RCC has primarily focused 
on deciphering and optimising best approaches to detect ctDNA. Initially, studies 
used an approach where mutations found in the tumour guided detection of ctDNA 
in plasma [222, 225-228]. Although providing a high technical specificity, one 
drawback is that newly acquired mutations cannot be found within ctDNA with this 
approach. In one of these studies, the presence of ctDNA was investigated in 640 
patients with various tumour types. ctDNA was detected in 40% of metastatic RCC 
patients, which classified RCC as a low-ctDNA tumour type [222]. This is 
surprising since the tumour guided approach strategy has potential to be one of the 
most technically sensitive methods [229]. However, two studies that employed a 
large number of tumour-specific DNA variants applied these patient tumour 
individualised mutation panels to detect ctDNA, resulting in improvement of 
ctDNA detection rates [225, 228]. Together, these studies as well as studies 
preceding these have demonstrated that targeted-sequencing approaches, allowing 
for deeper coverage, improved the rates of ctDNA detection in RCC patients [226, 
228, 230]. This demonstrates that extremely sensitive methods are required for 
ctDNA detection and analysis in RCC, given its classification as a low ctDNA 
malignancy. Other notable approaches include global sequencing of plasma 
(cfDNA) [219] and targeted/global methylation analysis of plasma[231]. However 
these approaches yielded low sensitivity in RCC except for global methylation 
analyses [228, 232].  

A key parameter that needs to be upheld when assessing ctDNA is the 
concordance between mutations in ctDNA and the tumour tissue [229]. This is 
important when applying ctDNA findings to prognosticate patients and monitor 
response to therapy. The concordance between tumour tissue and ctDNA was shown 
to be 77% in one study with mRCC patients [233], but further exploration of this in 
larger patient cohorts is required. Furthermore, ctDNA analysis has the potential to 
overcome spatial and temporal tumour heterogeneity and was evidenced in a study 
where 9/10 tumour region-specific mutations were detected in ctDNA [226]. 
Clinical applications of ctDNA show promise, where multiple studies have 
evidenced the correlation between ctDNA detection in various stages of RCC and 
higher risk of death [231], shorter PFS [234, 235], CSS [234] or OS [233, 235]. 
Together, this accumulated data warrants the further gathering of evidence on the 
applicability of ctDNA in prognosticating RCC patients and should be expanded to 
include larger and more diverse cohorts. With advances in technologies that are able 
to more sensitively and specifically detect ctDNA, the inclusion of these ctDNA 
based liquid biopsy in the clinical management of RCC patients is inevitable.  
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The Present Investigation  

Overview and Aims 
Renal cell carcinoma is a sophisticated and nuanced malignancy whereby its 
complexity is demonstrated by the ever-evolving number of subtypes, despite their 
shared organ of origin. These subtype dependent characteristics are relevant in the 
diagnosis and prognostication of RCC patients. Furthermore, the most prevalent 
subtype of RCC, ccRCC, is to a large extent defined by its constitutive hypoxia 
signalling. Therefore, this thesis aimed to explore the subtype dependent 
transcriptomics and protein expression, subsequently harnessing this knowledge to 
establish and build on current biopsy and prognostication approaches in RCC.  

Specific aims of this thesis were: 
 
I. To investigate and validate novel HIF-2α specific target genes in ccRCC  

II. To explore novel transcription factors operating in ccRCC tumours that may 
inform tumour pathology and thus patient prognosis.  

III. To develop a liquid biopsy workflow in order to isolate, differentiate and 
subtype tumour cells from whole blood 

Paper I: SEMA5B is a HIF-2α specific target gene in 
renal proximal tubule cells 
More than 80% of ccRCCs are characterised by the presence of the non-functional 
pVHL protein, leading to the constitutive activation of (pseudo)hypoxia signalling 
in these tumours [66]. Furthermore, over the last decade and a half, HIF-2α has been 
heavily implicated in the multi-faceted tumorigenic properties of ccRCC tumours, 
whilst HIF-1α is understood to contribute towards tumour-suppression [43, 51]. In 
this vein, we sought to explore novel, downstream HIF-2α specific target genes 
operating in normal kidney epithelial tubule cells and then sought to extend these 
findings to ccRCC.  
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With the goal of emulating the early events that take place in the tumorigenesis 
of renal proximal tubular epithelial cells, we characterised an inhibitor-cell line 
model. We utilised the renal proximal tubule epithelial/TERT1 (RPTEC/TERT1) 
cell line, one of the few renal proximal tubule epithelial cell lines that can be 
continuously cultured whilst retaining many of the in-vivo characteristics of the 
parent cells [236]. This cell line was treated with the highly selective pVHL inhibitor 
(VH298) that binds pVHL with high affinity, thereby diminishing its ability to 
polyubiquitinate HIFα, downstream of PHD hydroxylation [15]. In combination 
with pVHL inhibition, we also inhibited HIF-2α with PT2385, a predecessor of 
Belzutifan which is currently FDA approved for the treatment of hereditary ccRCC 
[167, 168]. Prior to exploratory analyses on this model, we ensured that single and 
combination treatment of RPTEC/TERT1 cells with these inhibitors elicited a 
predictable HIF-1α/ HIF-2α expression profile. Furthermore, we observed a marked 
reduction in HRE activity in 786-O (only HIF-2α positive) upon HIF-2α inhibition, 
warranting the use of this inhibitor cocktail in exploring HIF-2α target genes in 
renal/RCC cells.  

RPTEC/TERT1 cells with pVHL and HIF-2α inhibition were subjected to 
mRNA-sequencing along with RPTEC/TERT1 cells with only pVHL inhibition. 
Differential gene expression (DGE) analysis was utilised to build a candidate list of 
potentially HIF-2α specific genes. Amongst the top ten most differentially 
expressed genes, a well described HIF-2α target gene SLC7A5 was present, 
validating our approach for seeking out HIF-2α targets. Nonetheless, from this list 
we selected SEMA5B to further validate the regulatory links to HIF-2α. The other 
genes on this list were excluded due to unconfirmed protein expression pattern 
(upon inhibitor treatment), poorly performing antibodies or poor expression in 
ccRCC tumours (TCGA). We were able to definitively validate the HIF-2α 
regulatory link to SEMA5B in ccRCC cell lines as well via pharmacological and 
RNA interference-based methods. With equal importance, we ruled out HIF-1α 
regulation of SEMA5B with the same methods. The role of SEMA5B in ccRCC 
tumour is not known due to conflicting evidence. However, our data linking 
SEMA5B to HIF-2α may provide some hints towards its functional capacity within 
tumours given the established understanding of HIF-2α and its oncogenic role in 
ccRCC.  

Further lines of evidence, such as HIF-2α expression correlation analysis with 
SEMA5B as well as the identification of HIF-2 binding sites on the HRE of 
SEMA5B reinforce our conclusions. We also noticed in our data that knocking 
down HIF-1α had the tendency to increase SEMA5B expression in RCC cell lines, 
possibly hinting at an opposing regulatory role for this transcription factor. This 
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divergent regulatory influence of the two transcription factors HIF-1α and HIF-2α 
would not be surprising given their polar classification within ccRCC [66]. 
Furthermore, it is well understood that the target gene specificity of HIF-2α (and 
HIF-1α) is highly cell-type and local transcription machinery dependent [15]. Given 
this, the conserved regulation between HIF-2α and SEMA5B between normal renal 
proximal tubule cells and in transformed ccRCC tumour cells could suggest that this 
pathway is important for tumorigenesis and the maintenance of tumorigenicity. 
Specifically, SEMA5B is known to be cleaved from the cell surface and functions 
in a paracrine manner as a repulsive cue for neuronal axons [237, 238]. Other data 
suggests that SEMA5B negatively regulates endothelial cell tube-formation and 
proliferation [239]. Extrapolating from these findings, it could be suggested that 
SEMA5B elicits an anti-angiogenic function within the tumour microenvironment, 
providing an inhibitory cue in order to balance VEGF driven angiogenesis. This 
would be especially relevant in ccRCC tumours where exaggerated levels of VEGF 
signalling are present irrespective of oxygen availability.  

In conclusion, we present multiple lines of evidence definitively linking the 
expression of HIF-2α to SEMA5B in normal and transformed renal proximal tubule 
cells, suggesting that HIF-2α regulates SEMA5B expression. Along these lines, we 
contribute to the known pool of HIF-2α targets in RCC and uncover some of the 
pseudohypoxia biology in these tumours. Further work is warranted to decipher the 
exact function(s) of SEMA5B in ccRCC. Depending on these results, the 
pharmacological inhibition of SEMA5B and other HIF-2α targets may be a 
necessary reality in the event that HIF-2α inhibition does not pass clinical trials. 
Targeting HIF-2α specific genes, downstream of HIF-2α, is likely to reduce the rate 
of adverse events in a patient, due to its targeted and specific nature as opposed to 
inhibiting an entire signalling cascade that may be required for non-tumour, 
physiological processes. This could especially be relevant and useful in combination 
therapy regimens where there is an increased likelihood of unpleasant side-effects 
for the patient.  

Paper II: Identification and validation of NFIA as a 
novel and prognostic marker in renal cell carcinoma  
Patient prognostication tools are an essential component of the clinical management 
of RCC patients and often guide therapy selection and disease monitoring 
frequency. Unfortunately, the use of molecular markers such as CAIX, PTEN or 
CXCR4 to prognosticate RCC patients is not the current standard of care, due to 
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their apparent prognostic inferiority compared to anatomical and clinical prognostic 
factors [139]. Given this, we aimed to explore novel molecular prognostic markers 
whilst using the previously characterised expression profile of the transcription 
factor HNF4A in the nephron [104] to guide our exploration. Furthermore, we 
strived to add to the currently available prognostic information of HNF4A in RCC 
patients.  

A bioinformatic analysis (SCENIC) was conducted on RNA expression profiles 
of ccRCC, pRCC and chRCC tumours within the TCGA, where transcription factor 
regulon activity was elucidated. Based on this analysis, NFIA conformed best to the 
subtype specificity and regulon activity levels to that of HNF4A, qualifying NFIA 
for further exploration. We observed that NFIA expression was elevated in ccRCC 
and pRCC but not chRCC tumours within the TCGA, confirming our observation 
from our SCENIC analysis. This subtype specific expression may in part be related 
to the cell of origin from which ccRCC and pRCC tumours arise from, as single-
cell RNA data revealed that renal proximal tubule cells display elevated levels of 
NFIA. We explored the relationship between NFIA expression in the TCGA RCC 
tumours and CSS, concluding that high NFIA expression favoured CSS. This data 
encouraged us to explore the relationship between NFIA protein expression and 
RCC patient outcomes in a tumour-microarray (TMA) consisting of 313 ccRCC and 
50 pRCC patients. We did not explore protein expression in chRCC patients, as 
initial exploration of this in the TCGA cohort proved that expression of NFIA was 
lacking in chRCC tumours and did not correlate with any clinical parameters.  

In the TMA we found that NFIA and HNF4A expression negatively correlated 
with ccRCC stage and grade. Furthermore, we consolidated our TCGA-based 
findings that increased NFIA and HNF4A expression yielded favourable CSS. We 
extended these investigations into the pRCC subtype, and although favourable CSS 
was still associated with higher NFIA expression, we could not see any convincing 
stage or grade dependent tendencies. Expression of HNF4A protein completely 
lacked any association to stage, grade or CSS in the pRCC subtype. This is the first 
time that investigation of stage, grade and CSS in conjunction with HNF4A protein 
expression has been carried out in a large cohort of RCC patients that includes pRCC 
tumours.  

We also tested whether NFIA could be used as an independent prognostic factor 
in ccRCC patients. Multivariable Cox-regression analysis was performed to 
determine if NFIA could be used to prognosticate ccRCC patients and showed that 
prognostication was achieved independently of tumour grade, tumour stage and four 
other clinicopathological parameters.  

The biological relevance of NFIA expression in ccRCC tumours is not yet 
understood. However, multiple reports describe NFIA as a tumour-suppressor gene 
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in brain tumours [240], melanomas [241] leukaemia [242]and lymphomas [243] 
whilst other reports suggest an oncogenic role for NFIB (a NFIA family member 
with high DNA-binding sequence homology[244]) in breast cancer [245, 246]. 
Furthermore, it is known that NFIA is required for embryonic development of the 
renal system. Mice that are NFIA heterozygous or homozygous null display 
developmental renal abnormalities [247]. In development of other organ systems, it 
is understood that NFIA contributes towards cell differentiation and proliferation 
[248]. Taken together, it could be postulated that NFIA is important for the correct 
development of the kidney via proliferative and differentiation processes.  

The above observations could explain the relationship between NFIA and ccRCC 
tumour aggressivity. NFIA expression might be retained in the adult kidneys, in 
cells such as renal progenitor cells which function to repopulate damaged kidney 
tubule cells [249]. It may well be that upon kidney injury (a known risk factor for 
RCC tumorigenesis [250]), the NFIA driven differentiation and proliferative 
programme ‘kicks in’ but in an unknown way becomes aberrant, giving rise to 
preneoplastic or early neoplastic lesions. This hypothesis would be in line with the 
high NFIA expression we describe in early stage and grade RCC tumours. In grade 
four ccRCC tumours, where we demonstrate a significantly lowered expression of 
NFIA, dedifferentiation of tumour cells is extensive. Without further investigation, 
it is challenging to postulate whether increased dedifferentiation is a result of 
lowered NFIA levels or if reduced NFIA expression is a result of other events, such 
as VHL inactivation in early ccRCC tumours and the subsequent HIF-2α expression 
in advanced stage/grade ccRCC tumours [66]. HIF-2α expression in ccRCC, 
especially in the absence of HIF-1α, in high grade tumours may provide the 
necessary influence over the transcriptome to maintain a dedifferentiated, stem-cell 
like phenotype [43] ruling out tumour dependence on an aberrant NFIA driven 
programme. Given these complexities, it is problematic to categorise NFIA as 
tumour-promoting or suppressing in ccRCC without extensive further work, but as 
it stands, our findings would hint at the latter.  

Finally, further work is required to validate the clinical utility of NFIA expression 
via the interrogation of larger, more diverse patient cohorts. Ideally, other staining 
approaches, antibodies and quantification approaches also need to be validated to 
test if the relationship between NFIA and CSS remains. If the correlations and 
relationship between NFIA and the clinical parameters examined withstands 
workflow variations and large patient cohorts, NFIA may serve to be a clinically 
useful prognostic biomarker.  
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Paper III: Size-based isolation and detection of renal 
carcinoma cells from whole blood 
Despite advances and clinical implementation of CTC enrichment methods, RCC 
patients have failed to benefit from these. The advent and implementation of 
CellSearch® in the clinic for breast cancer and prostate cancer has been successful, 
however due to the variable but generally poor expression of EpCAM on ccRCC 
and pRCC tumours, high enrichment rates have not been achieved with these 
tumours [185, 188, 195]. Instead of applying a label-dependent approach to isolate 
RCC CTCs, we validated and developed a workflow that utilises a label-
independent enrichment platform, ClearCell® FX, to isolate RCC CTCs [251]. We 
also analysed publicly available RCC tumour subtype-specific transcriptomic data 
to identify gene expression profiles which could be applied to characterise enriched 
RCC CTCs. Given the low, yet possibly interfering background of leukocytes in our 
CTC enriched sample, identified gene expression profiles were confirmed to be 
negative in healthy whole blood.  

RCC CTC enrichment was achieved via the ClearCell® FX platform that utilises 
a microfluidic chip to separate leucocytes from tumour cells. This platform had not 
been previously tested in the RCC setting, thus we investigated cell diameters of 
common RCC cell lines and primary RCC cells. We demonstrated that RCC tumour 
cells lines are generally much larger than leucocytes, suggesting the ClearCell® FX 
platform was suitable for RCC CTC enrichment. Through spike-in experiments, we 
showed that this platform could be used to enrich ccRCC tumour cells from whole 
blood with high sensitivity, where one ccRCC tumour cell in whole blood could be 
isolated and detected. In general, the ClearCell® FX platform demonstrated a 
recovery efficiency greater than 50% and 60% for RCC cell lines and primary RCC 
cells respectively.  

Although CTC isolation and analyses are not currently at the forefront of the RCC 
liquid biopsy realm, I do believe that their full potential has not yet been uncovered. 
Recently, a large amount of research has focused on ctDNA analysis, and great 
advancement has been made in isolating and deciphering tumour related 
information from these nucleic acid fragments. However, it could be argued that the 
potential for CTCs to inform clinical decisions is much greater than that of ctDNA 
in the post-metastatic setting. For instance, a wealth of information can be obtained 
from isolated CTCs, ranging from insights into therapy resistance/sensitivity (if 
isolated and cultured), analysis of tumour DNA, analysis of tumour RNA expression 
and insights into protein expression. Furthermore, the cross talk between CTCs and 
other blood cells is being investigated, where the biological significance of these 
within the metastatic cascade is of clinical interest [252, 253]. Limitations of ctDNA 
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are especially highlighted in RCC patients, due to their low ctDNA detection rates 
[222]. The CTC field is perhaps suffering from a lag in technological advancement, 
and though the analyses of CTCs in RCC may have been exhausted for the time 
being, I would not rule CTCs out of clinical contention.  
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Abstract
Prognostic tools are an essential component of the clinical management of patients with renal cell carcinoma
(RCC). Although tumour stage and grade can provide important information, they fail to consider patient- and
tumour-specific biology. In this study, we set out to find a novel molecular marker of RCC by using hepatocyte
nuclear factor 4A (HNF4A), a transcription factor implicated in RCC progression and malignancy, as a blueprint.
Through transcriptomic analyses, we show that the nuclear factor I A (NFIA)-driven transcription network is
active in primary RCC and that higher levels of NFIA confer a survival benefit. We validate our findings using
immunohistochemical staining and analysis of a 363-patient tissue microarray (TMA), showing for the first time
that NFIA can independently predict poor cancer-specific survival in clear cell RCC (ccRCC) patients (hazard
ratio = 0.46, 95% CI = 0.24–0.85, p value = 0.014). Furthermore, we confirm the association of HNF4A with
higher grades and stages in ccRCC in our TMA cohort. We present novel data that show HNF4A protein
expression does not confer favourable prognosis in papillary RCC, confirming our survival analysis with publicly
available HNF4A RNA expression data. Further work is required to elucidate the functional role of NFIA in RCC
as well as the testing of these markers on patient material from diverse multi-centre cohorts, to establish their
value for the prognostication of RCC.
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Introduction

Renal cell carcinoma (RCC) comprises a range of
tumour types arising from the epithelial cells of the
nephron, the functional unit of the kidney [1]. The
nephron is a tubular structure covered with a single
epithelial layer, with highly specialised cell types exe-
cuting discrete and highly specific uptake and excre-
tion of substances in a section-specific and strictly
regulated fashion [2,3]. According to the WHO classi-
fication, there are more than 50 established and provi-
sional distinct subtypes of RCC, each with a defined
morphology and genetic characteristic [4]. These char-
acteristics can be partly traced back to the cell type
in the nephron from which the tumour originated.

With the advent of single-cell sequencing, the tran-
scriptional wiring in different sections of the nephron
is currently being delineated, providing a detailed map
of the different cell types along the nephron [5].
The three major RCC types are clear cell RCC

(ccRCC), papillary RCC (pRCC), and chromophobe
RCC (chRCC), together representing 95% of all
RCCs. ccRCC and pRCC represent 75 and 15% of all
RCCs, respectively, and it is believed that they stem
from the proximal cells of the nephron [6]. Indeed, by
comparison with normal proximal tubule cells, ccRCC
and pRCC maintain a range of proximal characteris-
tics, including key transcription factors (TFs). In con-
trast, chRCC shows strong transcriptional similarities
to intercalated distal nephron cells [7,8]. All major
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RCC subtypes have been extensively characterised
with respect to genetic aberrations, and it is likely that
the genetic landscape of each subtype is selected for
based on the constitution of the transcriptional wiring
of the cell of origin. For example, ccRCC is initiated
by a functional loss of the von Hippel–Lindau (VHL)
tumour suppressor gene leading to a constitutive acti-
vation of the hypoxia-inducible factors (HIF1A and
HIF2A) and their respective transcriptional programme
[9,10]. Recent data indeed indicate that the oncogenic
effect of HIF activation in proximal tubule cells is
dependent on transcriptional cooperation with tissue-
specific transcriptional networks, including PAX8 and
HNF1B [11].
Another transcriptional regulator implicated in RCC

biology is the hepatocyte nuclear factor 4A (HNF4A),
a TF belonging to the nuclear receptor family, primar-
ily expressed in liver, gut, kidney, and pancreatic beta-
cells, where it acts as a master transcriptional regulator
[12]. In the kidney, HNF4A is specifically expressed
in the proximal tubule cells, regulating key target
genes vital to the designated function of this part of
the nephron [13–15]. We have shown that the HNF4A
transcriptional activity is maintained and characterises
ccRCC and pRCC, which are derived thereof. Further-
more, ccRCC tumours with increased malignancy dis-
play lower levels of HNF4A expression and related
target genes, indicating that de-differentiation and loss
of lineage fidelity play a major role in RCC tumori-
genesis [8]. HNF4A expression has been extensively
studied at a transcriptional level, but validation at the
protein level in RCC patients is limited to one study
with only 30 ccRCC patients [16]. In our current
study, we consolidate these findings utilising a larger
patient cohort whilst including pRCC, the second most
common RCC subtype.
Based on the concept that loss of lineage fidelity is

associated with RCC progression, we investigated
other TFs that mimic HNF4A expression in non-
tumour kidney tissue (herein referred to as normal kid-
ney) and RCC. One standout gene was nuclear factor
1A (NFIA), expressed in the proximal tubules of the
nephron. NFIA transcriptionally defines and regulates
the development of multiple organs [17] including
liver [18], brain [19], kidney [20], and lung [21]. NFIA
has been studied in brain tumours where it acts as a
tumour suppressor gene [22,23] and in oesophageal
cancer; NFIA expression provides prognostic informa-
tion [24]. To the best of our knowledge, neither the
protein expression nor the role of NFIA in RCC has
been previously studied.
In the current study, we confirm the grade and

subtype-specific expression of HNF4A in RCCs and

explore its utility as a prognostic marker. Second, we
show that NFIA, a proximal tubule-associated TF, is a
novel prognostic marker for ccRCC and pRCC, with
similar association to tumour aggressivity as HNF4A.

Materials and methods

Patient characteristics and tissue collection
The study comprised 376 patients with histopathologi-
cally verified RCC. Subtype-specific patient character-
istics are summarised in Table 1. All patients were
diagnosed at the Department of Urology, Umeå
University Hospital, Sweden between 1990 and 2010.
At metastatic disease, most patients were treated with
interferon or hormones, whilst a minority had pallia-
tive treatment only. All patients were subject to yearly
follow-up, screened in the medical records and
screened for being alive in the Swedish National Popu-
lation Register. The last follow-up was done in
December 2020. Cancer-specific survival (CSS) time
was defined as the time from diagnosis to the date of
death from RCC or alive at the end of December
2020. Histopathological classification of RCC type
was performed according to the Heidelberg classifica-
tion [25]. Nuclear grading was performed according to
Fuhrman et al [26]. The updated TNM classification
2017 was used for tumour stage grouping [27].
In the stage grouping, patients with Nx were joined
with N0, and patients with Mx joined with M0. The
distribution of Fuhrman grades, tumour, node, and
metastases status across grouped stages in ccRCC and
pRCC cohorts is presented in supplementary material,

Table 1. TMA patient cohort characteristics
Characteristics ccRCC (n = 313) pRCC (n = 50)

Age range 30–90 20–90
Median age 67 67
Sex
Female 138 16
Male 175 34

Grouped staging
I 112 19
II 48 13
III 71 9
IV 81 8

Grade
G1 30 7
G2 95 20
G3 130 16
G4 58 5

Median follow-up (years) 4.8 6.8
Dead by disease 153 22
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Figures S1 and S2. Tumour size, defined as the largest
tumour diameter, was measured primarily on the com-
puted tomography (CT) or magnetic resonance imag-
ing (MRI) scans. The median (range) tumour size was
7 (1–25) cm. The venous invasion was defined as
tumour invasion in major renal veins, verified micro-
scopically in the renal hilum. All patients were
followed with clinical and radiological examinations.

Tissue microarray construction
For tissue microarray (TMA) construction, tumour sec-
tions were screened by a pathologist and representative
tumour cores (0.6 mm in diameter) were arranged in
recipient TMA paraffin TMA blocks, as described pre-
viously [28]. Most tumours were represented by 2–4
valid tissue cores. Eight ccRCC and two pRCC
patients were excluded from analysis due to loss of
material during processing. All samples from included
patients were histopathologically re-evaluated and
TMAs, containing duplicate 1.00 mm cores, were
constructed from both non-tumour and tumour kidney
tissue using a tissue array machine (Beecher Instru-
ments, Microarray Technology, MD, USA).

Immunohistochemistry staining
The TMA blocks were sliced into 4 μm sections and
treated according to standard procedures including
de-paraffinisation and rehydration. Immunostaining
was performed using Dako’s Autostainerplus with
the EnVisionFlex High pH-kit (Dako, CA, USA)
and the following antibodies: HNF4A (HPA004712,
Atlas Antibodies, Bromma, Sweden) and NFIA
(HPA006111, Atlas Antibodies, Bromma, Sweden)
both at 1:200 dilution.

Image acquisition and data analysis
Digital images of slides were extracted using a Zeiss
Axion scanner (Jenna, Germany) at !200 magnifica-
tion. Image analysis was processed in QuPath v.0.3.2
(Queen’s University, Belfast, Northern Ireland). TMA
slides were de-arrayed and pre-processed as previously
described [29]. Cells were detected using cell detection
and cell classifiers were created and trained for each
tumour type to separate tumour cells from stromal
and immune cells. To evaluate the staining intensity,
3,3’-Diaminobenzidine (DAB) staining intensity clas-
sification was performed, and the Allred score was cal-
culated by QuPath for each core. For further statistical
analysis, the average of the Allred score of all cores
from each patient was calculated.

Ethical approval
The patients had provided informed consent, orally
before year 2000, and informed and written consent
from year 2000. The study was reviewed and approved
by the Ethical Review Board (Dnr: 2015-146-31M and
Dnr: 2018-296-32M) and the Ethical Board of Sweden
(Dnr: 2019-02579). All procedures regarding patients
were in accordance with the Helsinki Declaration. The
data used were anonymised and throughout the pro-
ject, all data were treated under the regulations of the
General Data Protection Regulation Act.

TCGA analysis
The Cancer Genome Atlas (TCGA) data were
downloaded from the GDC data portal (https://portal.
gdc.cancer.gov/) using the R package TCGAbiolinks
[30]. Additional clinical data regarding grade of the
KIRC cohort were downloaded separately from
firebrowse.org. For the data analysis, transcripts per
million unstranded data of tumour samples were
extracted for each RCC type, followed by a log2 trans-
formation after adding an offset of 1. TF network
activity was analysed using the R package single-cell
regulatory network inference and clustering (SCENIC)
according to Aibar et al [31]. In the first step, potential
TF targets were identified by GENIE3 followed by a
TF-motif enrichment analysis and identification of
direct targets (regulons) using RcisTarget. The last
step consisted of scoring the activity of regulons
performed by AUCell. Finally, the network activity
was binarised.

Single-cell RNA-sequencing analysis
Single-cell RNA-seq data of ccRCC patients were
obtained from Obradovic et al [32]. Raw data were
downloaded from https://data.mendeley.com/datasets/
nc9bc8dn4m/1. For the re-analysis, the data were sub-
set into normal adjacent tissue and further split into a
CD45 positive and a CD45 negative subset. For the
analysis in this paper, only the subset of CD45 nega-
tive of adjacent normal tissue was used. Re-processing
of the data was performed in R using Seurat (v.4.1.1)
[33] and harmony (v.0.1.0) [34] was used for data
integration. Initial Quality control comprised the
removal of cells with fewer than 200 and more than
5,000 features detected as well as a mitochondrial con-
tent >25%. Furthermore, features needed to be
expressed in a minimum of 50 cells to be included in
the data.
Before data integration, the data were normalised

using Seurat’s function NormalizeData followed by a
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feature selection to find the 2,000 most variable genes.
In addition, the data were scaled using ScaleData and
a principal component analysis was performed. Finally,
RunHarmony was used for data integration to adjust
for patient-to-patient variation. For visualisation, uni-
form manifold approximation and projection was
performed on the first 20 dimensions of the harmony
reductions. The Louvain algorithm implemented in
Seurat was used for cluster analysis with a resolution
parameter of 0.5. Seurat’s function FindAllMarkers
was applied for differential gene expression analysis to
annotate clusters. After initial annotation, the data
were again subset to include only cells of the nephron.
This subset was re-processed once again using the
same workflow as stated above.

Statistical analysis
Data were compiled, analysed, and visualised using
R (v.4.2.1). Survival analysis was performed by using
the log-rank test and the Kaplan–Meier method, where
patients who died from non-RCC causes and/or had
poor or missing cores were censored. As a threshold
for the Kaplan–Meier analysis, the median was used
for the TCGA data and an Allred score of 4 for the
TMA analysis. Pearson correlation was used for the
correlation analysis between the HNF4A and NFIA
staining. Multivariable testing was performed on all
clinical parameters that were found to be significant
with univariate analysis using the Cox regression
model. P < 0.05 was considered statistically significant.

Results

Analyses of TFs in RCC cohorts
Our previous work investigating transcriptional pro-
grams in the normal nephron and RCC revealed
HNF4A as a tumour-defining transcriptional marker in
ccRCC and pRCC [8]. Experimental studies have cor-
roborated the role and significance of HNF4A in RCC
tumorigenesis and lineage fidelity [13,14,35]. In our
current study, we set out to identify other novel TFs,
apart from HNF4A, that may be operating within RCC
tumours to build upon the molecular definitions of the
disease as well as understand clinical implications. We
identified expression signatures of the histological
RCC subgroups that can be intimately associated with
specific TF networks. We used the SCENIC package
that is designed to infer TFs and gene regulatory net-
works or ‘regulons’. Using this approach, we could
corroborate the signifying HNF4A activity in ccRCC

(KIRC) and pRCC (KIRP) within the TCGA data sets
(Figure 1A). In contrast, and as previously reported,
the FOXI1 signature is highly enriched in chRCC [8].
Thus, our SCENIC analysis defined key TFs seem to
be transcriptionally active and defined the different
molecular subtypes of RCC. Using our analysis, we
identified NFIA, a TF not previously studied within
the context of RCC. The expression of NFIA and its
target genes are highly enriched in the ccRCC and
pRCC cohorts, whilst the same is undetected or
extremely low in chRCC which is known to arise from
the distal segments of the nephron. The network
enrichment signature of NFIA in ccRCC and pRCC
subtype cohorts mimics the enrichment signature to
that of HNF4A. These observations were further
evidenced through our correlation analysis of HNF4A
and NFIA RNA in the TCGA cohort, where a signifi-
cantly positive correlation was seen in ccRCC
(R = 0.5) and pRCC (0.45) tumours (Figure 1B) (vali-
dation in supplementary material, Figure S3). In line
with this, our analysis of HNF4A and NFIA in normal
kidney single-cell data (Figure 1C) show an enrich-
ment of these TFs in the proximal tubular cells S2 and
S3 (Figure 1D).

Pan-TCGA HNF4A/NFIA expression
We next sought to dissect the expression pattern of
NFIA in TCGA-based RCC cohorts, relate this expres-
sion to HNF4A and finally validate the observations
from our SCENIC analysis. To broadly understand the
expression of NFIA in cancer and more specifically in
RCC, we analysed its expression at the transcriptional
level in the TCGA cohort which included 33 cancer
types (Figure 2A). In line with previous reports on the
role of NFIA in development and cancer, it is broadly
expressed across many tumour types [22]. This
includes ccRCC (KIRC) and pRCC (KIRP) whilst
having relatively low expression in chRCC which is in
line with our SCENIC analysis. Given that NFIA
expression is primarily enriched within the proximal
tubular segments of the nephron and to an extent is
conserved in ccRCC and pRCC tumours, this data fur-
ther validate our understanding of the proximal origin
of these RCC subtypes [36,37]. Based on this reason-
ing, it is unsurprising that chRCCs relatively lack
NFIA expression as they are thought to arise from
the intercalated cells of the collecting duct. We also
explored the expression of HNF4a within the
same tumour panel and as expected, there was a
greater disparity in expression level across tumours,
reflecting the highly tissue-specific expression of this
TF. As previously reported, expression of HNF4A
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within the RCC cohorts is largely restricted to ccRCC
and pRCC whilst remaining relatively low in chRCC
reflecting the cell of origin characteristics of the
respective tumour subtypes [8] (Figure 2B). As a result
of the low levels of HNF4A and NFIA expression in
the distal segments of the nephron and chRCC, we
excluded this subtype from subsequent analyses.

HNF4A and NFIA expression correlates with
favourable survival
To better understand the role HNF4A and NFIA play in
RCC, we analysed TCGA-based RNA expression of
NFIA and HNF4A in relation to grade (Figure 3A) and
stage in ccRCC and only stage in pRCC (TCGA grade
data is not available for pRCC) (Figure 3B,D). Higher
grades displayed lower levels of NFIA or HNF4A expres-
sion in ccRCC (p < 0.0001 and p < 0.01, respectively).
Furthermore, we dichotomised tumours based on expres-
sion level for HNF4A or NFIA and examined patient
overall survival between these two assigned groups
(Figure 3C,E). Within the TCGA ccRCC and pRCC
tumours, there is a tendency for higher stage tumours to

display relatively lower levels of NFIA expression in
comparison to low-stage tumours. In line with these
observations, when RCC tumours were grouped by
subtype, Kaplan–Meier survival plots show that high
NFIA expression confers better CSS probability in
ccRCC (p < 0.0001) and pRCC (p < 0.041). High
HNF4A expression correlated with favourable CSS
probability in ccRCC (p > 0.001) but not in pRCC.

HNF4A and NFIA expression confers better CSS
probability in the validation TMA cohort
To validate our TCGA data-derived findings, we opted
to immunohistochemically stain a TMA of RCC tumours
consisting of ccRCC (Figure 4A) and pRCC (Figure 4B)
for HNF4A and NFIA proteins. We related the Allred
score (a combination indicator of positively stained cell
percentage and intensity) of these TMA cores to tumour
grade, stage, and patient CSS (Figures 5 and 6). Lower
levels of NFIA were observed with higher ccRCC
tumour stages (p < 0.05) and grades (p < 0.0001)
(Figure 5A). A similar association was observed for
HNF4A in relation to tumour grade (p < 0.001) but not

Figure 1. Analysis of TCGA RCC cohorts and kidney single-cell RNA-seq data. (A) Regulon activity of target genes by selected transcrip-
tion factors within RCC subtypes in the TCGA cohort, with number of target genes indicated in brackets. (B) Correlation of NFIA and
HNF4 RNA expression in ccRCC (n = 540) and pRCC (n = 290) samples within the TCGA patient cohort. R = Pearson’s correlation coef-
ficient. Line is line of best fit; shaded area represents 95% CI. (C) Re-analysis dependent clustering of kidney single-cell RNA-seq data.
(D) RNA expression of NFIA and HNF4A in normal kidney cell types based on re-analysis.
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stage (Figure 5C). These results corroborate the mRNA
data, showing that the loss of NFIA and HNF4A protein
is associated with increased tumour malignancy in
ccRCC. In concordance, we were able to confirm that
both high NFIA (p < 0.0001) and HNF4A (p < 0.0001)
protein expression confers favourable survival in ccRCC
patients (Figure 5B,D).
Similarly to the TCGA data analysis in pRCC,

lower NFIA levels were only observed in stage III
compared to stage I (p < 0.05) and no trend with rela-
tion to grade was observed (Figure 6A). Furthermore,
a stage or grade-dependent HNF4A expression trend
was not observed (Figure 6C). In line with the TCGA
data, high HNF4A protein expression did not result in
a survival benefit for patients with pRCC tumours
(Figure 6D). For pRCC patients, high NFIA expres-
sion conferred a survival benefit (p = 0.02)
(Figure 6B). As the pRCC cohort encompasses a lim-
ited number of patients (n = 50), analysis on a larger
pRCC cohort is warranted to further clarify the role of
HNF4A and NFIA in this RCC subtype.

Prognostic significance of NFIA and HNF4A in
ccRCC
To investigate whether NFIA expression was an indica-
tor of CSS in ccRCC patients in the TMA cohort, we
performed univariable Cox regression analyses. High

NFIA expression in ccRCC patients indicated a
favourable effect on CSS (hazard ratio [HR] = 0.44,
95% CI = 0.32–0.62, p value < 0.001) (Table 2). Other
clinicopathological parameters were also assessed via
univariable Cox regression analysis to identify parame-
ters that would influence CSS in ccRCC patients. When
univariably tested, six out of nine parameters indicated a
statistically significant effect on CSS. Subsequently,
multivariable Cox regression analysis was performed to
ascertain whether NFIA expression level could serve
as a prognostic factor independently of these six
clinicopathological features. We found that high NFIA
expression could independently indicate better CSS
in ccRCC patients (HR = 0.46, 95% CI = 0.24–0.85,
p value = 0.014). A similar univariable and multivari-
able analysis was performed for HNF4A and although
HNF4A univariably had a significant effect on CSS, we
failed to detect such an effect on CSS when adjusted for
other clinicopathological features (supplementary mate-
rial, Table S1), suggesting that HNF4A protein expres-
sion is not an independent prognostic marker in ccRCC.

Discussion

Although the clinical outlook for RCC patients has
improved in the last decade, mainly due to the use of

Figure 2. Pan-TCGA expression of NFIA and HNF4A. Relative RNA expression (transcripts per million) of (A) NFIA and (B) HNF4A in
33 cancer types from TCGA data including ccRCC (KIRC, n = 540), pRCC (KIRP, n = 290), and chRCC (KICH, n = 65) RCC subtypes.
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molecular therapies such as kinase and checkpoint
inhibitors, RCC remains a difficult to treat disease
entity. Up to 30% of RCC patients develop tumour
recurrence after being considered disease-free at pri-
mary diagnosis [38–40]. This has highlighted the
importance of not only gaining further information
about RCC biology but also identifying patients that
may have poorer prognoses. TNM classification and
histological grade are currently the standard for deter-
mining RCC patient prognosis; however, its accuracy
remains suboptimal as it is likely to disregard patient-
related factors [41]. In the current study, we have iden-
tified a novel molecular marker, NFIA, that can

independently prognosticate RCC patients. We have
validated our findings through comparisons to the
well-established RCC and proximal tubule TF,
HNF4A, and presented novel data on its expression in
pRCC with relation to clinical parameters.
HNF4A is one of the most extensively studied

tissue-specific TF regulatory networks [42]. In line
with this, we based our search for a novel TF that is
operating within RCC in a similar manner to HNF4A.
Our SCENIC analysis identified a gene coding for TF
NFIA, which operates within the same RCC subtypes
as HNF4A. On this basis, we founded our subsequent
analyses of NFIA in comparison to HNF4A, using the

Figure 3. HNF4A and NFIA expression confers favourable survival in TCGA RCC cohorts. (A) Expression of NFIA and HNF4A in ccRCC
patients within TCGA, split by Fuhrman grade. n = 14 (G1), 236 (G2), 206 (G3), and 76 (G4). (B) Expression of NFIA in ccRCC and pRCC
tumours within TCGA, split by stage. ccRCC, n = 272 (stage I), 59 (stage II), 123 (stage III), and 83 (stage IV). pRCC, n = 172 (stage I),
21 (stage II), 52 (stage III), and 15 (stage IV). (C) Kaplan–Meier survival analysis of ccRCC and pRCC patients within TCGA based on high
(>median) or low (<median) expression of NFIA. ccRCC, n = 270 (high), 270 (low). pRCC, n = 145 (high), n = 145 (low). (D) HNF4A
expression in ccRCC and pRCC tumours within TCGA, split by stage. (E) Kaplan–Meier survival analysis of ccRCC and pRCC patients
within TCGA based on high (>median) or low (<median) expression of HNF4A.
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former as a blueprint for how an influential TF within
RCC may be uncovered. Our analysis of HNF4A and
NFIA in the single-cell kidney transcriptome and pan-
TCGA cohorts further likened the expression of NFIA
to HNF4A. Both TFs are primarily expressed in the
proximal tubule of the kidney, more specifically the
S2 and S3 populations. HNF4A is an important line-
age defining TF in proximal tubule development
[13,14] and maintenance [43]. In fact, studies also
show that NFIA is a key factor in development where
haploinsufficiency leads to a range of perinatal abnor-
malities including renal defects [20]. Given the key
role of these two TFs in proximal tubule development
and homeostasis, it is no surprise that there is a large
overlap in expression within the subpopulations of
proximal tubular cells. Our pan-TCGA expression
analysis of the two TFs shows that they are widely

expressed across multiple tumour types, but more
importantly, within RCC, the tumour subtype-specific
expression pattern is conserved between the two TFs.
This likely indicates the retention of some cell of ori-
gin gene expression characteristics even after transfor-
mation which warrants further investigation into the
potential role of NFIA in RCC.
We also looked at the correlation of these two TFs

in RCC subtype cohorts within the TCGA, which was
subsequently validated by correlation analysis using
the TMA cohort (supplementary material, Figure S3).
In both analyses, NFIA expression positively corre-
lated significantly with HNF4A expression. This could
indicate that NFIA may be under the regulation of
HNF4A or they are regulated by overlapping signal-
ling pathways. Alternatively, they operate indepen-
dently but display similar associations to disease

Figure 4. HNF4A and NFIA immunohistochemistry (IHC) staining on TMA tumours. (A) Representative IHC staining of HNF4A and NFIA
on ccRCC tumours within the TMA, with Allred score range indicated. Scale bar represents 50 μm. (B) Representative IHC staining of
HNF4A and NFIA on pRCC tumours within the TMA, with Allred score indicated. Scale bar indicates 50 μm.
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progression in ccRCC. Further work is required to elu-
cidate the mechanisms pertaining to their expression,
e.g. through the analysis of binding sites on both
genes. Regardless of the regulatory mechanisms in
place, the positive correlation provides further rele-
vance to NFIA in RCC by associating it with HNF4A,
a well-described TF behaving as a tumour suppressor
gene in ccRCC [16].
To gain further clinically relevant information

pertaining to NFIA, we compared its expression to clini-
cal variables such as tumour grade, stage, and CSS, and
compared this data to that of HNF4A. We performed
these analyses on the TCGA RCC patient cohort and
were able to validate our findings with analyses of the
TMA. In both TCGA and TMA cohorts, we observed that
the expression of NFIA significantly decreased with
increasing tumour malignancy. Interestingly, this trend
was not replicated with HNF4A, where our TMA data
showed a significant decrease in HNF4A expression with
increasing grade and stage, observations that were not
replicated in the TCGA data set. Additionally, high
tumour expression of NFIA or HNF4A conferred longer

CSS compared to low-expressing ccRCC tumours in both
TCGA and TMA cohorts. Given the discrepancy in
HNF4A expression in relation to tumour stage and grade
between the TCGA and TMA cohorts, we believe that
our TMA data portray the biologically relevant setting, as
it is based on protein data. Post-translational regulation is
likely to play a role in HNF4A abundance in tumours,
which could serve as an explanation for why differences
in HNF4A abundance between stages and grades
(in ccRCC) or stages (in pRCC) are not detected in RNA
data from the TCGA. Furthermore, our TMA data are
able to validate previously published TMA data from
ccRCC by Gao et al [16]. We are the first to validate that
HNF4A does not correlate with stage or grade and its
expression level does not confer any CSS advantage in
pRCC. Despite pRCCs and ccRCCs both arising from
proximal tubule segments of the nephron, pRCCs are
genetically and transcriptionally less uniform than
ccRCC tumours [44,45], where the latter can be defined
by a near-universal loss of VHL function [46]. This could
explain the inability of HNF4A expression to segregate
patients based on stage, grade or CSS in pRCC.However,

Figure 5. HNF4A and NFIA expression confers favourable CSS in the ccRCC patient TMA. (A) Allred score of ccRCC tumours stained with
NFIA, split by stage and grade. Stages I–IV, n = 108, 47, 69, and 80. Grades I–IV, n = 26, 94, 130, and 55. (B) Kaplan–Meier survival
analysis of ccRCC tumours based on high (≥4, n = 219) and low (<4, n = 83) NFIA Allred score. (C) Allred score of ccRCC tumours
stained with HNF4A, split by stage and grade. Sample numbers same (A). (D) Kaplan–Meier survival analysis of ccRCC tumours split by
high (≥4, n = 158) and low (<4, n = 145) HNF4A Allred score. Post hoc log-rank test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. NFIA but not HNF4A expression confers longer CSS in pRCC TMA. (A) Allred score of pRCC tumours stained with NFIA, split by
stage and grade. Stages I–IV, n = 19, 13, 9, and 7. Grades I–IV, n = 7, 20, 16, and 5. (B) Kaplan–Meier survival analysis of pRCC tumours
based on high (≥4, n = 32) and low (<4, n = 16) NFIA Allred score. (C) Allred score of pRCC tumours stained with HNF4a, split by stage
and grade. Same sample numbers as (A). (D) Kaplan–Meier survival analysis of pRCC tumours split by high (≥4, n = 35) and low
(<4, n = 12) HNF4a Allred score. Post hoc log-rank test *p < 0.05.

Table 2. Evaluation of the prognostic role of NFIA on CSS in univariable and multivariable analyses
Univariable Multivariable

Covariate Units Hazard ratio 95% CI P value Hazard ratio 95% CI P value

NFIA <4 Allred Score ref.
≥4 Allred Score 0.44 0.32–0.62 <0.001 0.46 0.24–0.85 0.014

Grade III–IV ref.
I–II 0.36 0.25–0.53 <0.001 0.30 0.15–0.61 0.001

Stage III–IV ref.
I–II 0.14 0.10–0.21 <0.001 0.14 0.06–0.33 <0.001

Age 0.99 0.98–1 0.16
Sex 0.91 0.66–1.3 0.59
C-reactive protein 1 1–1 <0.001 1.01 1.01–1.02 <0.001
Weight 0.99 0.97–1 0.037 1.01 0.99–1.03 0.951
Venous invasion No venous growth ref.

Sinus vein 2.01 1.04–3.89 0.038 2.45 0.85–7.03 0.096
Renal vein 2.37 1.57–3.59 <0.001 0.95 0.40–2.26 0.916
Vena cava 2.61 1.68–4.06 <0.001 0.68 0.31–1.46 0.312

Tumour diameter 1.01 1.01–1.02 <0.001 1.00 0.99–1.01 0.842
Bilateralness No

Primary 1.19 0.49–2.9 0.703
Secondary 1.07 0.34–3.36 0.906

ref., reference category.
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our TMA-based NFIA data suggest that the expression of
this TF in pRCC can segregate patients based on stage
and CSS but not grade, despite the high biological vari-
ability displayed by pRCC tumours.
Founded on our results that NFIA andHNF4A can seg-

regate patients based on stage, grade and CSS in the
ccRCC setting, we explored the potential use of NFIA
andHNF4A as independent prognostic marker in ccRCC.
HNF4A was unable to independently predict CSS, but
we found that NFIA is able to predict poor CSS in ccRCC
patients independently of clinicopathological parameters
such as tumour grade and stage. Although HNF4A is pre-
viously described in RCC literature, we show that NFIA
may be a better prognostication marker. Such evaluations
are critical to refine the pool of potential prognostication
markers within the management of RCC. With studies of
this nature, there are challenges with regard to the
applicability of immunohistochemistry-based methods
pertaining to reagents and quantification. Additionally,
observations need to be validated with other independent
cohorts. Nevertheless, robust prognostication tools are
essential for the effective clinical management of RCC
patients and the initiation and subsequent translation of
these biomarker investigations are a key step in improv-
ing patient survival.
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Abstract. Renal cell carcinoma (RCC) is a tumour type 
with an indolent growth pattern and rather vague symptoms. 
The present study developed a platform for liquid biopsy of 
RCC based upon the isolation of circulating tumour cells 
(CTCs). Founded on the observation that RCC tumour cells 
are considerably larger than leucocytes, the present study 
HPSOR\HG�D�PLFURÁXLGLFV�EDVHG�V\VWHP�IRU�LVRODWLRQ�RI�5&&�
CTCs from whole blood. Using this system, it was revealed 
WKDW�����RI�VSLNHG�LQ�5&&�WXPRXU�FHOOV�FRXOG�EH�UHWULHYHG�
using this approach. Furthermore, it was demonstrated that 
these cells could be molecularly detected with digital PCR 
XVLQJ�5&&�VSHFLÀF�JHQHV�GRZQ�WR�RQH�WXPRXU�FHOO��ZKLOVW�
avoiding detection in samples lacking tumour cells. Finally, 
subtype specific transcripts were identified to distinguish 
the different subtypes of RCC, which were then validated in 
patient tumours. The present study established a novel work�
ÁRZ�IRU�WKH�LVRODWLRQ�RI�5&&�&7&V�IURP�ZKROH�EORRG��ZLWK�WKH�
potential to detect these cells irrespective of subtype.

Introduction

Recently, liquid biopsies have garnered attention for their 
applications in personalised medicine. A liquid biopsy, 
as opposed to a tissue biopsy, requires that the analytical 
sample is derived from the bodily fluid of a patient by a 
minimally invasive method. This includes but is not limited 
WR�SHULSKHUDO�YHLQ�EORRG��VDOLYD��XULQH�DQG�FHUHEURVSLQDO�ÁXLG��
:KHQ�FRQVLGHULQJ�EORRG�DV�D�ELR�VRXUFH�WKHUH�DUH�SRWHQWLDO�

components that can be considered such as circulating tumour 
cells (CTCs), platelets or plasma as a source of circulating 
tumour (ct) nucleic acids (1). The choice of component used in 
a liquid biopsy assay will depend on the disease being queried, 
the potential for gathering tumour derived information and 
downstream applications.

Circulating tumour cells shed into systemic circulation by 
the primary tumour or metastases (2). Tumour cells enter the 
FLUFXODWLRQ�YLD�LQWUDYDVDWLRQ�DQG�W\SLFDOO\�DQ�HSLWKHOLDO�PHVHQ�
chymal transition as part of the metastatic cascade. However, 
CTCs may also be found in clusters in the circulation (3). 
CTCs and/or circulating tumour cell clusters can be isolated 
from blood in systemic circulation at which point their DNA, 
RNA, protein expression or functionality can be studied (4). 
,I�HIÀFLHQWO\�LVRODWHG��&7&V�DUH�ULFK�VRXUFHV�IRU�PXOWL�RPLF�
analyses that may not only aid in assessment of disease or 
disease progression but also in understanding aspects of 
tumour processes.

The majority (>90%) of solid lesions found in the kidney 
are renal cell carcinomas (5) and patients with the disease may 
EHQHÀW�IURP�WKH�DGYDQFHPHQW�RI�OLTXLG�ELRSV\�EDVHG�PROHFXODU�
detection (6). More than 60% of RCC patients are asymptom�
atic, and often radiologic diagnoses are made incidentally (5,7). 
20% of these cases are metastatic at diagnosis (8,9). For local 
disease, surgical resection is performed, however, 30% of 
these patients will experience recurrence within 5 years after 
surgery (9,10). Despite these circumstances, currently there 
DUH�QR�FRVW�HIIHFWLYH�RU�SUDFWLFDO�DSSURDFKHV�WR�GHWHFWLQJ�HDUO\�
metastases or monitoring recurrence (11).

The three most common RCC subtypes are clear cell RCC 
(ccRCC), papillary RCC (p1RCC & p2RCC) and chromophobe 
5&&��FK5&&��DFFRXQWLQJ�IRU�������������DQG����RI�FDVHV��
respectively (12,13). These tumour entities arise along the 
nephron with ccRCC and pRCC originating from cells of the 
proximal tubules and chRCC from the collecting duct. As a 
consequence, they are transcriptionally distinct, with ccRCCs 
DQG�S5&&V�UHWDLQLQJ�PXFK�RI�WKH�+1)�GULYHQ�WUDQVFULSWLRQDO�
program found in the proximal tubules and chRCC retaining 
WKH� )2;,��GULYHQ� SURJUDPPH� GHILQLQJ� FROOHFWLQJ� GXFW�
cells (12). Additionally, almost all ccRCC tumours lack a func�
WLRQDO�9+/�SURWHLQ��UHQGHULQJ�WKHP�SVHXGR�K\SR[LF�GXH�WR�WKH�
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accumulation of hypoxia inducible factor (HIF) proteins (14). 
These transcriptional differences between the subtypes set the 
stage for liquid biopsy approaches that could allow for subtype 
VSHFLÀF�PRQLWRULQJ�RI�5&&�WXPRXUV�

With regards to blood based liquid biopsies, it has been 
observed that RCC is a poor shedder of circulating tumour 
DNA (ctDNA) and hence may be better suited for CTC anal�
yses (15). Importantly, RCC cells are not suitable for the 
commonly used and FDA approved EpCAM based isolation 
strategies due to their poor expression of this surface marker, 
GHVSLWH�EHLQJ�RI�HSLWKHOLDO�RULJLQ����������$QWLJHQ�GHSHQGHQW�
enrichment methods, such as the use of the surface marker CA9 
in ccRCC, has been previously employed to successfully 
detect CTCs (18,19). However, this type of enrichment is 
limited to one subtype or population of RCC CTCs. In order 
to broadly enrich CTCs from a wider range of RCC subtypes, 
DQ�DQWLJHQ�LQGHSHQGHQW� DSSURDFK� LV�GHVLUDEOH� VXFK�DV� FHOO�
VL]H�EDVHG�HQULFKPHQW�RI�&7&V����������:H�KDYH�DGGUHVVHG�
this need by employing the ClearCell FX platform which 
XVHV�D�VL]H�EDVHG��PLFURIOXLGLF�HQULFKPHQW�DSSURDFK��7KLV�
platform enriches fully intact and viable CTCs directly from 
whole blood by exploiting the biophysical disparities between 
CTCs and other cells found in the blood through the Dean 
Flow Fractionation principle (21). Cells travelling through a 
VSLUDO�PLFURÁXLGLF�FKDQQHO�H[SHULHQFH�FRXQWHU�URWDWLQJ�ÁRZ�
vortices (collectively called a Dean vortex), which channel 
larger cells towards the inner wall of the channel and smaller 
cells towards the outer wall. In addition to this, there are cell 
GLDPHWHU�GHSHQGHQW�ZDOO�LQGXFHG�DQG�VKHDU�LQGXFHG�OLIW�IRUFHV�
which further focus the cells along opposing inner wall of the 
FKDQQHO��'LUHFW�HQULFKPHQW�LQ�EXIIHU�LV�EHQHÀFLDO��FRPSDUHG�
to the Parsortix system for example, where cells are enriched 
inside a cassette and washing out these cells may pose a risk of 
cell loss (22). Enriched, intact CTCs on a limited background 
of leucocytes within this buffer can then be processed down�
stream for applications such as gene expression querying. We 
have evaluated the performance of this platform in relation to 
enriching RCC cells and then explored and optimized methods 
IRU�VSHFLÀFDOO\�GHWHFWLQJ�WKHVH�FHOOV�WKURXJK�WKH�XVH�RI�VXEW\SH�
VSHFLÀF�ELRPDUNHUV�

Materials and methods

Primary patient tissue, primary cells, cell culture and healthy 
blood controls. A total of 16 primary RCC patient tumour 
samples (Table I) and 5 primary RCC cell were kindly provided 
by Dr Helén Nilsson, Department of Translational Medicine, 
Lund University for validation of selected biomarkers. Patient 
tumour samples were retrieved from the material collection 
established after Lund University ethical committee approval 
�DSSURYDO�QR��/8���������ZKHUH�LQIRUPHG�ZULWWHQ�FRQVHQW�ZDV�
obtained before archival. Human renal tissue dissociation and 
culturing was performed as described in Appendix S1 and 
previously described in Hansson et al (23). Tumour tissues 
obtained consisted of ccRCC, p1RCC, p2RCC and chRCC 
tissues and cells that were predetermined by a trained patholo�
JLVW�� FF5&&�FHOO� OLQHV�618����� �.RUHDQ�&HOO�/LQH�%DQN��
DQG�����2��$7&&��ZHUH�FXOWXUHG�LQ�530,�������&RUQLQJ��
Manassas, USA) and DMEM (Corning, Manassas, USA) 
respectively, both medium supplemented with 10% foetal 

bovine serum (Gibco, MA, USA). All cell lines were incubated 
LQ�D�KXPLGLÀHG�FKDPEHU�LQ����&22�DW���Ý&��ZHUH�675�DXWKHQ�
ticated, had a passage number of not more than 20 and were 
mycoplasma free. Healthy blood for controls were obtained 
from the Blood donation centre in Lund with informed written 
consent from patients and ethical permission obtained by the 
regional health care provider (Region Skåne, Lund, Sweden; 
approval no. 2018:19).

,GHQWLÀFDWLRQ�RI�5&&�VXEW\SH�VSHFLÀF�PDUNHU�JHQHV��&$� and 
6/&�$��ZHUH�VHOHFWHG�DV�FF5&&�VXEW\SH�VSHFLÀF�PDUNHUV�
based on a literature search and previously published data from 
Hansson et al�������7KH�VXEW\SH�VSHFLÀF�H[SUHVVLRQ�RI�WKHVH�
PDUNHUV�ZDV�FRQÀUPHG�LQ�WKH�7&*$�GDWD�VHW�DV�GHVFULEHG�
below. The same approach was also used to identify subtype 
VSHFLÀF�PDUNHUV�IRU�WKH�RWKHU�WZR�VXEW\SHV��S5&&�DQG�FK5&&��
/HYHO���51$�VHTXHQFLQJ�GDWD�SURFHVVHG�XVLQJ� WKH� ¶81&�
9��51$�6HT·�ZRUNÁRZ�ZDV�GRZQORDGHG�IURP�7KH�&DQFHU�
Genome Atlas (TCGA) data portal (https://portal.gdc.cancer.
gov/), as described in Lindgren et al (12). Statistical analyses 
ZHUH�SHUIRUPHG�XVLQJ�WKH�5�VRIWZDUH��KWWS���ZZZ�U�SURMHFW�
org). Differential gene expression between clear cell, papillary 
and chromophobe RCC (KIRC, KIRP and KICH, respectively) 
tumours was determined using the Limma Bioconductor 
package (24). For the analysis of taxonomy groups, samples 
from all 3 TCGA kidney cancer projects [chromophobe 
RCC (KICH), clear cell (KIRC), papillary kidney carcinoma 
(KIRP)] were merged into one single dataset (25). Molecular 
RCC taxonomy groups as well as clinical and histopatho�
logic parameters were used as presented in the article by 
Chen et al�������7KH�VHOHFWLRQ�FULWHULD�IRU�VXE�W\SH�VSHFLÀF�
expression were minimal expression in human blood (based on 
the blood datasets found in the Human Protein Atlas, available 
IURP�KWWSV���ZZZ�SURWHLQDWODV�RUJ��DQG�GLVWLQFW�5&&�VXE�W\SH�
VSHFLÀF�H[SUHVVLRQ��)RU�WKH�WZR�W\SHV�RI�SDSLOODU\�5&&�GHÀQHG�
by Chen et al (26) (p.e1 and p.e2) optimal markers for the more 
common p.e1 subtype (but also displaying elevated expression 
in p.e2 tumours) were selected (Table SI). These selection 
criteria resulted in a panel of 7 genes (Table II).

9HULILFDWLRQ� RI� VXEW\SH� VSHFLILF� JHQH� H[SUHVVLRQ�� cDNA 
synthesis for cell lines and primary tumours was performed 
XVLQJ�WKH�+LJK�&DSDFLW\�51$�WR�F'1$�NLW��4XDQWLWDWLYH�3&5�
�T3&5��ZDV�SHUIRUPHG�RQ�D�4XDQW6WXGLR���)OH[�5HDO�7LPH�
PCR system using TaqMan Gene Expression Master Mix and 
TaqMan Probes (Table III) (all from Applied Biosystems, 
Vilnius, Lithuania). Relative gene expression from qPCR 
data was calculated using the double delta Cq method and 
normalised to ơ-actin levels (27).

Cell size measurements. Cell diameter of RCC cell lines 
and primary cell lines were measured on a Nucleocounter 
1&�������&KHPR0HWHF��$OOHURG��'HQPDUN��XVLQJ�1&�6OLGH�
A8 with the Cell Viability and Cell Count Assay, according to 
manufacturer's instructions.

(VWDEOLVKPHQW� RI� &OHDU&HOO� );� V\VWHP� SHUIRUPDQFH� IRU�
5&&�FHOOV��Whole blood (7.5 ml) was processed for each 
run on the ClearCell FX system (Biolidics, Singapore). 
)LUVWO\�� UHG�EORRG�FHOOV� �5%&V��ZHUH� O\VHG�E\�D����PLQXWH�
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LQFXEDWLRQ�ZLWK�D�5%&�O\VLV�EXIIHU��*�%LRVFLHQFH��6W��/RXLV��
MO, USA) and discarded via centrifugation and removal of 
supernatant. The resulting cell pellet containing nucleated 
FHOOV�ZDV�UHVXVSHQGHG�LQ���PO�RI�&OHDU&HOO�);�UH�VXVSHQVLRQ�
buffer prior to being loaded onto the ClearCell FX system 
DQG� UXQQLQJ� ¶3URWRFRO��·��5HQDO�FDQFHU�FHOO� OLQH�618�����
and primary RCC cells were used to establish the recovery 
HIÀFLHQF\�RI�WKH�&OHDU&HOO�);�WXPRXU�FHOO�LVRODWLRQ�V\VWHP�
for RCC cells. Cells were labelled by incubating in serum free 
PHGLD��&RUQLQJ��0DQDVVDV��86$��ZLWK�D�ÀQDO�FRQFHQWUDWLRQ�
of 25 �M CellTracker Green CMFDA (Invitrogen, Carlsbad, 
USA) dye for 45 min. Cells were then washed with DPBS and 
diluted to varying numbers before being counted and spiked 
into 7.5 ml of healthy donor blood. The spiked blood sample 
was then processed and run through the ClearCell FX system 
according to manufacturer's instructions. The isolated output 
cells were then pelleted, resuspended in a lower volume and 
DOLTXRWHG�LQWR�D����ZHOO�SODWH��/DEHOOHG�DQG�LVRODWHG�FHOOV�ZHUH�
FRXQWHG�XVLQJ�DQ�LQYHUWHG�LPPXQRÁXRUHVFHQFH�PLFURVFRSH�WR�
FDOFXODWH�WKH�UHFRYHU\�HIÀFLHQF\�

51$�H[WUDFWLRQ��JOREDO�SUHDPSOLÀFDWLRQ�DQG�F'1$�FOHDQ�XS��
RNA extraction for ClearCell FX output samples were 
performed according to manufacturer's instructions using 
WKH�1RUJHQ�%LRWHN�6LQJOH�&HOO�51$�3XULÀFDWLRQ�NLW��1RUJHQ�
Biotek Corp., Thorold, Canada) and RNA was eluted in 14 �l of 
3&5�FOHDQ�ZDWHU��*OREDO�SUH�DPSOLÀFDWLRQ�RI�51$�DQG�F'1$�
FOHDQ�XS�ZDV�SHUIRUPHG�RQ�51$�H[WUDFWV� IURP�&OHDU&HOO�
);� V\VWHP� RXWSXWV� XVLQJ� WKH� 60$57�6HT� Y��8OWUD� /RZ�
Input RNA kit (Takara Bio Inc., Shiga, Japan) according to 

PDQXIDFWXUHU�LQVWUXFWLRQV��3UH�DPSOLÀHG�F'1$�ZDV�SXULÀHG�
using AMPure XP magnetic bead solution (Beckman Coulter, 
USA) and eluted in 20 �l TE buffer. RNA concentration, 
51$�LQWHJULW\�QXPEHU�DQG�SUH�DPSOLÀHG�F'1$�FRQFHQWUD�
tion from ClearCell FX system outputs was assessed on the 
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 
USA). Primary patient tumour tissue (<30 mg) was processed 
E\�GLVUXSWLRQ�LQ�D�7LVVXH/\VHU�XVLQJ�7UL]RO��4LDJHQ��+LOGHQ��
Germany). Homogenization was achieved by flushing the 
GLVUXSWHG�VDPSOH�WKURXJK�D�4,$VKUHGGHU�FROXPQ��6XEVHTXHQW�
51$�H[WUDFWLRQ�ZDV�SHUIRUPHG�XVLQJ� WKH�4LDJHQ�51HDV\�
0LQL��4LDJHQ��+LOGHQ��*HUPDQ\��NLW�DFFRUGLQJ�WR�PDQXIDF�
turer's instructions. RNA concentration and quality from 
cultured cells and primary tumour material was assessed on 
D�1DQRGURS�������7KHUPR�)LVKHU�6FLHQWLÀF��:DOWKDP��86$��

5HDO�WLPH�PRQLWRULQJ�RI�JOREDO�SUH�DPSOLILFDWLRQ��Global 
SUH�DPSOLÀFDWLRQ�ZDV�PRQLWRUHG�LQ�UHDO� WLPH�WR�REWDLQ�WKH�
optimal cycle number by adding 0.1X SYBR Green (Sigma 
Aldrich, Darmstadt, Germany) and allowing the reaction to 
run for 40 cycles (28).

Statistical analyses. 0DQQ�:KLWQH\�8��PHDQ�DQG�6(0�FDOFX�
lations were performed on GraphPad Prism software (Graph 
3DG�6RIWZDUH��6DQ�'LHJR��86$���.UXVNDO�:DOOLV�ZLWK�'XQQ
V�
FRPSDULVRQ� FDOFXODWLRQV� ZHUH� SHUIRUPHG� RQ� 5�VRIWZDUH�
(Vienna, Austria) and GraphPad Prism.

Results

7XPRXU�FHOO� LVRODWLRQ�VWUDWHJ\��In this study we set out to 
GHYHORS�D�PHWKRG�IRU�HIÀFLHQW�LVRODWLRQ�RI�&7&V�IURP�5&&�
SDWLHQW�EORRG��3UHYLRXV�VWXGLHV�KDYH�LQGLFDWHG�WKDW�ODEHO�IUHH��
VL]H�EDVHG�HQULFKPHQW� LV�SDUWLFXODUO\�ZHOO�VXLWHG�IRU�5&&��
ZKLFK�OHG�XV�WR�HPSOR\�WKH�VL]H�EDVHG�&OHDU&HOO�);�V\VWHP�
for our study (16,29).

Table I. Patient tumour characteristics for biomarker panel 
validation.

Patient ID RCC subtype Furhman grade Stage

R294T ccRCC F2 pT1a
R320T ccRCC F1 pT1b
R375T ccRCC F3(I) pT3a
R363T ccRCC F3(I) pT3a
R256T chRCC F3 pT3a
5���7� FK5&&� �� S7�D
5���7� FK5&&� �� S7�D
R275T chRCC F3(I) F3 (I)
R221T p1RCC F3 pT2b
R163T p1RCC F2 pT1b
R376T p1RCC F2(I) pT1b
R188T p1RCC F1 pT3a
R290T p2RCC F4 pT3b
R303T p2RCC F2(I) pT1b
R321T p2RCC F2(I) pT1b
R199T p2RCC F4 pT3a

ccRCC, clear cell renal cell carcinoma; chRCC, chromophobe 
RCC; p1RCC, papillary type 1 RCC; p2RCC, papillary type 2 
RCC. (I) denotes tumour grading according to 2016 WHO/ISUP 
system (39).

Table II. Biomarkers selected to distinguish RCC subtypes.

RCC subtype Selected markers

Clear Cell RCC 6/&�$���&$�
Papillary RCC 6267'&���6/&��$���/551�
Chromophobe RCC 6/&��$���$73�9�$�

7DEOH�,,,��7DT0DQ�SUREHV�XVHG�IRU�VXEW\SH�VSHFLÀF�PDUNHUV�

Gene name TaqMan probe

&$�� Hs00154208_m1
6/&�$�� Hs00997374_m1
6267'&�� Hs00383602_m1
6/&��$�� Hs00197519_m1
/551�� Hs00379905_m1
6/&��$�� Hs01104163_m1
$73�9�$�� Hs00220986_m1
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)LJXUH����&HOO�GLDPHWHUV�RI�SULPDU\�5&&��FXOWXUHG�5&&�DQG�QRQ�5&&�FHOOV��$2��$FULGLQH�2UDQJH��FF5&&��FOHDU�FHOO�UHQDO�FHOO�FDUFLQRPD��S�5&&��SDSLOODU\�
type 1 RCC; RBC, red blood cell lysis.
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In order to confirm that RCC tumour cells were large 
HQRXJK�WR�EH�VXFFHVVIXOO\�HQULFKHG�LQ�D�VL]H�GHSHQGHQW�V\VWHP��
we measured the cell diameters of two ccRCC cell lines along 
with 5 primary cell lines (ccRCC and p1RCC). This data 
VKRZHG�WKDW�FXOWXUHG�5&&�WXPRXU�FHOOV�618�����DQG�����2�
are approximately 18 �m in diameter whilst cultured primary 
WXPRXU� FHOOV� DUH� ODUJHU� DQG�PHDVXUH� EHWZHHQ� ������ �P�
(Fig. 1). These values are greater than the lower ClearCell FX 
isolation size threshold of 14 �m suggesting that our choice 
of enrichment method is likely suitable for isolation of CTCs 
from RCC patients. A small fraction of leucocytes from whole 
blood are larger than 14 �m, these are also presumably enriched 
and isolated together with the tumour cells. Furthermore, we 
PHDVXUHG�WKH�FHOO�GLDPHWHU�RI�IRXU�QRQ�5&&�WXPRXU�FHOO�OLQHV�
�0&)����7��'��0HO�-X6R��3&���WR�FRQÀUP�WKDW�WXPRXU�FHOOV�
in general, and RCC cells in particular, are larger than most 
leucocytes.

&OHDU&HOO�);�V\VWHP�SHUIRUPDQFH�RQ�5&&�FHOOV��To estab�
OLVK�WKH�UHFRYHU\�HIÀFLHQF\�RI�WKH�&OHDU&HOO�);�V\VWHP�ZLWK�
5&&�FHOOV��ZH�SHUIRUPHG�FHOO�VSLNH�LQ�H[SHULPHQWV��)RU�WKHVH�
H[SHULPHQWV�ZH�HPSOR\HG�WKH�FF5&&�FHOO�OLQH�618�����DQG�
SULPDU\�5&&�FHOO�OLQHV��7KH�FHOOV�ZHUH�ODEHOOHG�ZLWK�D�ÁXRUHV�
FHQW�WUDFNHU�DQG�WKH�QXPEHU�RI�ÁXRUHVFHQW�FHOOV�ZHUH�FRXQWHG�
�UDQJH�RI�FHOOV�VSLNHG�LQ���������EHIRUH�PL[LQJ�WKHP�ZLWK�
7.5 ml of healthy donor blood. After lysis of the reticulocytes, 
WKH�EORRG�VDPSOH�ZDV�VXEMHFWHG�WR�VL]H�EDVHG�LVRODWLRQ�XVLQJ�
the ClearCell FX system. The output, containing a background 
of approximately 10,000 leukocytes and the enriched labelled 
618�����FHOOV�ZHUH�WKHUHDIWHU�DQDO\VHG�XVLQJ�D�ÁXRUHVFHQW�
microscope. These experiments show that on average, the 
V\VWHP�LV�DEOH�WR�UHFRYHU�����RI�618�����FHOOV�DQG�����RI�
primary RCC cells that are spiked into whole blood (Fig. 2A). 
6SLNHG�LQ� DQG� UHFRYHUHG� FHOO� QXPEHUV� DUH� UHSRUWHG� LQ�
7DEOH�6,,��:H�DOVR�SHUIRUPHG�LPPXQRÁXRUHVFHQFH�VWDLQLQJ�RQ�
ClearCell FX enriched samples originating from whole blood 
VSLNHG�ZLWK�618�����FHOOV��7R�GLVWLQJXLVK�5&&�FHOOV�IURP�
leucocytes we stained cells for CD45 (leukocytes) and CA9 
�D�ZHOO�HVWDEOLVKHG�PDUNHU�IRU�FF5&&�FHOOV���:H�ZHUH�DEOH�WR�
FOHDUO\�GLVWLQJXLVK�&$��SRVLWLYH��&'���QHJDWLYH�618�����FHOOV�
on a background of only CD45 positive leucocytes (Fig. 2B)

$VVHVVPHQW�RI�51$�TXDOLW\�� SUH�DPSOLILFDWLRQ�DQG�DVVD\�
reproducibility. Next, we wanted to establish and validate 
D�PHWKRG� WR� GHWHFW� 5&&�VSHFLILF� 51$� WUDQVFULSWV� IURP�
the ClearCell FX enriched CTC fraction. First, RNA was 
extracted and subjected to quality and quantity assessment 
(Fig. S1). Once the quality was deemed acceptable (RIN >5), 
ZH�SHUIRUPHG�JOREDO�SUH�DPSOLÀFDWLRQ�RI�UHYHUVH�WUDQVFULEHG�
F'1$�WR�\LHOG�VXIÀFLHQW�VDPSOH�PDWHULDO�DQG�WR�LQFUHDVH�WKH�
relatively low transcript copy numbers from the enriched 
618�����FHOOV�SUHVHQW�RQ�D�EDFNJURXQG�RI�OHXNRF\WHV�LQ�WKH�
VDPSOH��3ULRU�WR�JOREDO�SUH�DPSOLÀFDWLRQ�RI�F'1$�IURP�WKH�
&7&�HQULFKHG�VDPSOHV�� WKH�SUH�DPSOLÀFDWLRQ�SURFHVV�ZDV�
PRQLWRUHG�ZLWK�TXDQWLWDWLYH�3&5�XVLQJ�618�����F'1$��LQ�
order to determine the optimal number of cycles required 
�)LJ��6�%���$�VXFFHVVIXO�SUH�DPSOLÀFDWLRQ�UHDFWLRQ�VKRXOG�
\LHOG�DQ�LQFUHDVH�LQ�IUDJPHQWV�LQ�WKH������������EDVH�SDLU�
range, which was observed in our samples via fragment 
analysis. (Fig. S1C).

'LJLWDO� 3&5� GHWHFWLRQ� RI� FF5&&� FHOOV� DIWHU� VL]H�EDVHG�
enrichment. In order to identify ccRCC specific marker 
genes suitable for assessing the presence of ccRCC cells in 
RXU�VSLNHG�LQ�VDPSOHV��ZH�DQDO\VHG�GDWD�IURP�WKH�SXEOLFO\�
available TCGA (The Cancer Genome Atlas) database and 
WKH�VXEVHTXHQW�VXE�W\SH�FODVVLÀFDWLRQ�E\�&KHQ�et al (26), as 
GHÀQHG�ZKHQ�SRROLQJ�WKH�WKUHH�5&&�GDWDVHWV��8VLQJ�/LPPD�
analyses, we extracted a gene list with the most differentially 
expressed genes, when comparing ccRCC to pRCC and chRCC 
(Table SI). &$� and 6/&�$� were amongst the most differen�
tially expressed genes in ccRCC and were selected for further 
exploration (Fig. 3A). &$��LV�D�ZHOO�GRFXPHQWHG�K\SR[LD�GULYHQ�
gene and 6/&�$��GLVSOD\V�D�KLJKO\�FF5&&�VSHFLÀF�H[SUHV�
sion pattern, as described by us and others (23,30). We tested 
the reproducibility of the digital PCR assays of these marker 
JHQHV�RQ�SUH�DPSOLÀHG�F'1$��)LJ���%���,QFUHDVLQJ�WKH�LQSXW�
cDNA yielded higher copies/�l in a linear fashion. Next, we 
assessed the limit of detection of our assays within the context 
of enriched tumour cell samples. We performed a titration of 
WXPRXU�FHOOV��618������VSLNHG�LQWR�����PO�RI�ZKROH�EORRG�
UHVXOWLQJ�LQ�VDPSOHV�ZLWK�GHÀQHG�QXPEHUV�RI�WXPRXU�FHOOV�
after enrichment. We reliably detected transcripts of &$� at 
the one cell level with more transcripts being detected with 
higher cell numbers. Similarly, 6/&�$� transcripts could also 
EH�GHWHFWHG�IURP�HQULFKHG�VDPSOHV�FRQWDLQLQJ����WR�����FHOOV�
(Fig. 3C). However, transcripts were less reliably detected 
at the one cell level with 6/&�$�. Enriched samples from 
healthy blood controls (4 samples per marker) were also tested, 
consistently giving readouts of less than 1 copy/�l.

5&&� VXEW\SH�VSHFLILF� ELRPDUNHU� SDQHO��With the aim of 
broadening the applicability of our method to include pRCC 
DQG�FK5&&��ZH�LGHQWLÀHG�JHQHV�WKDW�DUH�GLIIHUHQWLDOO\�DQG�
VSHFLÀFDOO\�H[SUHVVHG�ZLWKLQ�WKHVH�VXEW\SHV��7DEOH�6,���:KHQ�
selecting markers for p1RCC and p2RCC, markers were 

)LJXUH����&OHDU&HOO�);�UHFRYHU\�HIÀFLHQF\�DQG�LPPXQRÁXRUHVFHQFH�EDVHG�
GHWHFWLRQ�RI�5&&�FHOOV���$��618�����DQG�SULPDU\�5&&�FHOO�OLQH�VSLNH�LQ�
DQG�UHFRYHU�HIÀFLHQFLHV������+RUL]RQWDO�OLQHV�UHSUHVHQW�DYHUDJH�UHFRYHU\�
HIÀFLHQF\�DQG�HUURU�EDUV�DUH�VWDQGDUG�HUURU�RI�PHDQ��6(0���0DQQ�:KLWQH\�
U Test, *3������ �WZR�WDLOHG��� �%�� ,PPXQRIOXRUHVFHQFH�EDVHG� GHWHFWLRQ�
RI�VSLNHG�618�����FHOOV�HQULFKHG�IURP�ZKROH�EORRG�XVLQJ�WKH�&OHDU&HOO�
FX system. The output material from 7.5 ml of whole blood spiked with 
SNU349 cells were immobilized by cytospin centrifugation and labelled 
with antibodies against CD45 and CA9 for detection of leukocytes and 
ccRCC cells, respectively. Fluorophore signal is merged. Purple, CA9; 
Green, CD45; Blue, DAPI. RCC, renal cell carcinoma.
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chosen so they indicated a papillary subtype and not based 
on a papillary type 1 or 2 subtype. The selection criteria for a 
marker included minimal or absent expression in human blood, 

based on analyses of blood datasets within the Human Protein 
$WODV���������DQG�KLJK�5&&�VXEW\SH�VSHFLÀF�H[SUHVVLRQ�EDVHG�
on Limma analyses of TCGA expression data, which is based 

)LJXUH����6SHFLÀFLW\��UHSURGXFLELOLW\�DQG�GHWHFWLRQ�RI�FF5&&�FHOOV�ZLWK�6/&�$� and &$����$��6SHFLÀFLW\�RI�6/&�$� and &$� expression in RCC tumours 
within TCGA database. (n=103 ccRCC.e1, 255 ccRCC e.2, 137 ccRCC e.3, 77 chRCC, 134 p1RCCa, 71 p1RCCb, 52 p2RCC). ****P<0.0001. (B) Digital PCR 
DVVD\�HIÀFLHQF\�RI�6/&�$� and &$��RYHU�LQFUHDVLQJ�SUH�DPSOLÀHG�F'1$�LQSXWV�ZLWK�OLQH�RI�EHVW�ÀW���&��'LJLWDO�3&5�EDVHG�FRSLHV��O�PHDVXUHPHQW�RI�
618�����VSLNHG�EORRG�VDPSOHV�DIWHU�&OHDU&HOO�);�HQULFKPHQW�DQG�GRZQVWUHDP�SURFHVVLQJ��&RSLHV��O�DOVR�VKRZQ�IRU���HQULFKHG�EORRG�VDPSOHV�ZLWKRXW�
VSLNHG�LQ�618�����FHOOV��FF5&&��FOHDU�FHOO�UHQDO�FHOO�FDUFLQRPD��FK5&&��FKURPRSKREH�5&&��S�5&&��SDSLOODU\�W\SH���5&&��S�5&&��SDSLOODU\�W\SH���5&&��
cDNA, complementary DNA.
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)LJXUH����5HODWLYH�H[SUHVVLRQ�RI�QRQ�FF5&&�PDUNHUV�GHULYHG�IURP�/LPPD�DQDO\VLV�RI�7&*$�H[SUHVVLRQ�GDWD��5HOHYDQW�VXEW\SHV�DUH�VKRZQ�DFFRUGLQJ�WR�
Chen et al (26) taxonomy. ccRCC cohorts and p1RCC cohorts grouped for Dunn's comparison test (n=103 ccRCC.e1, 255 ccRCC e.2, 136 ccRCC e.3, 77 chRCC, 
134 p1RCCa, 71 p1RCCb, 52 p2RCC). ***P<0.001, ****P<0.0001. ccRCC, clear cell renal cell carcinoma; chRCC, chromophobe RCC; p1RCC, papillary type 1 
RCC; p2RCC, papillary type 2 RCC.
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on the Chen et al������FODVVLÀFDWLRQ�RI�5&&�WXPRXUV��7KHVH�
selection criteria resulted in a panel of 5 genes in addition to 
the ccRCC markers &$� and 6/&�$� (Fig. 4).

7R�YDOLGDWH�WKH�VXE�W\SH�VSHFLÀF�H[SUHVVLRQ�RI�WKH�VHOHFWHG�
markers we analysed RNA extracted from primary tumour 
VDPSOHV��)LJ������2QO\�5&&�VXEW\SHV�WKDW�ZHUH�FRQÀUPHG�WR�

be one of the three primary subtypes were included in this 
SDWLHQW�FRKRUW��7DEOH�,,���2XU�H[SUHVVLRQ�GDWD�ZDV�LQ�OLQH�ZLWK�
the pattern seen in the TCGA data set. The two markers for 
the ccRCC subtype (6/&�$���&$�) clearly distinguished this 
subtype from the rest in the tumour samples tested. Using a 
joint set of markers to distinguish the papillary RCC subtype 

)LJXUH����T3&5�EDVHG�P51$�H[SUHVVLRQ�UHODWLYH�WR�EHWD�DFWLQ�IRU�DOO�VHOHFWHG�PDUNHUV�LQ�SDWLHQW�SULPDU\�5&&�WXPRXU�WLVVXH��+RUL]RQWDO�OLQHV�UHSUHVHQW�
DYHUDJH�P51$�H[SUHVVLRQ�DQG�HUURU�EDUV�UHSUHVHQW�6(0��Q ��IRU�HDFK�VXEW\SH���'DWD�ZHUH�DQDO\VHG�XVLQJ�.UXVNDO�:DOOLV�ZLWK�SRVW�KRF�'XQQ
V�WHVW��*P<0.05. 
&RPSDULVRQV�QRW�UHDFKLQJ�VLJQLÀFDQFH�QRW�LQGLFDWHG��FF5&&��FOHDU�FHOO�UHQDO�FHOO�FDUFLQRPD��FK5&&��FKURPRSKREH�5&&��S�5&&��SDSLOODU\�W\SH���5&&��
p2RCC, papillary type 2 RCC.
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also allowed for clear separation of this subtype from the other 
two. Finally, the markers for the chRCC subtype distinguished 
these tumours extremely well, showing elevated RNA expres�
VLRQ�LQ�D�VXEW\SH�VSHFLÀF�PDQQHU��:H�DGGLWLRQDOO\�WHVWHG�DOO�
PDUNHUV�RQ���KHDOWK\�YROXQWHHU�EORRG�VDPSOHV�DQG�IRXQG�WKHP�
WR�EH�QHJDWLYH�IRU�RXU�5&&�VSHFLÀF�PDUNHUV��)LJ��6���

Discussion

Despite the recent surge in liquid biopsy development and 
clinical implementation in other cancer types, RCC seems to 
have largely missed this wave. Potential explanations range 
from the poor compatibility of RCC cells with EpCAM 
EDVHG�LVRODWLRQ�PHWKRGV�WR�WKH�XVH�RI�FHOO�IUHH�'1$��ZKHUH�
RCC tumours have shown to be poor shedders of ctDNA (15,16). 
Additionally, CTC based liquid biopsy approaches have their 
LQKHUHQW�SUH�DQDO\WLFDO�FKDOOHQJHV�������7KH�ÀUVW�RI�WKHVH�LV�WKH�
sparsity of CTCs in the blood of patients, hence the enrichment 
SURFHGXUH�UHTXLUHV�KLJK�UHFRYHU\�HIÀFLHQF\��6HFRQGO\�� WKH�
LVRODWLRQ�SURFHGXUH�LV�RIWHQ�D�WUDGH�RII�EHWZHHQ�HIÀFLHQF\�DQG�
VSHFLÀFLW\��KLJK�&7&�QXPEHUV�DUH�GHVLUDEOH�EXW�DUH�GLIÀFXOW�
to obtain with minimal contamination of leucocytes. Finally, 
sample material is often limited, and methods are required 
WR�JHQHUDWH�VXIÀFLHQW�DQDO\WLFDO�PDWHULDO�IRU�PXOWLSOH�GRZQ�
stream analyses, such as in the case of querying the expression 
RI�PXOWLSOH�GLVHDVH�VSHFLÀF�WUDQVFULSWV�

Here we develop a method that overcomes the hurdles 
associated with a CTC based liquid biopsy approach in RCC. 
The use of the ClearCell FX system successfully isolated 
VSLNHG�LQ�5&&�WXPRXU�FHOOV�IURP�ZKROH�EORRG�ZLWK�D�UHFRYHU\�
rate of 66% for primary cells, which is higher than previously 
reported recovery rates with other isolation systems such as 
CellSearch®, RosetteSep® or Parsortix® (16,29,34). These 
observations are in line with the characteristics of RCC tumour 
cells as our data and others' show that tumour cells including 
RCC cells are typically larger than 15 �m, suiting them for 
LVRODWLRQ�ZLWK�D�VL]H�EDVHG�DSSURDFK�WKDW�HQULFKHV�FHOOV�ODUJHU�
than 14 �m (17,35).

After enrichment, our data show that we are able to 
successfully detect ccRCC tumour cells present in the 
HQULFKHG�VDPSOH�YLD�G3&5�DQG�LPPXQRÁXRUHVFHQFH��:LWK�RQH�
of the ccRCC markers, &$�, we were able to consistently and 
reliably detect down to one ccRCC tumour cell via dPCR in 
the ClearCell FX enriched sample. The other ccRCC marker 
6/&�$� was marginally less consistent at low cell numbers. 
This is likely due to the differences in transcript numbers 
of these two genes present in ccRCC cells, where the abso�
lute transcript levels in ccRCCs are higher for &$� than for 
6/&�$�, both in cultured ccRCC cells and within the ccRCC 
cohort of the TCGA. We still reliably detected 6/&�$� 
transcripts in enriched samples that contained 8 or more 
ccRCC cells, demonstrating the relevance of the described 
ZRUNÁRZ�LQ�UHODWLRQ�WR�WKH�UHSRUWHG�QXPEHU�RI�&7&V�LVRODWHG�
IURP�FF5&&�SDWLHQWV�XVLQJ�D�VL]H�EDVHG�DSSURDFK��WKDW�PD\�
range from 1 to >100 cells per 10 ml whole blood (17,36). 
,PSRUWDQWO\�� WKH� SUH�DPSOLILFDWLRQ� VWHS� LQWURGXFHG� LQ� RXU�
ZRUNÁRZ�JHQHUDWHV�DQ�H[FHVVLYH�DPRXQW�RI�F'1$�IRU�PXOWLSOH�
analyses.

)LQDOO\��ZH�FXUDWHG�D���PDUNHU�JHQH�SDQHO�WR�GLVWLQJXLVK�
the three major RCC subtypes. This is facilitated by the fact 

that RCC subtypes arise from differing cells of origin and have 
IXUWKHU�GHÀQLQJ�IHDWXUHV�EDVHG�RQ�WKHLU�VXEW\SH�VSHFLÀF�RQFR�
genetic alterations (37). For example, ccRCC and papillary 
RCC arise from the proximal segment of the nephron whereas 
chRCCs arise from the collecting duct. These anatomical 
distances translate into transcriptomic and functional differ�
ences since cells perform distinct functions along segments of 
WKH�QHSKURQ����������$V�D�FRQVHTXHQFH��FK5&&�VSHFLÀF�PDUNHUV�
DUH�XQFKDOOHQJLQJ�WR�GHÀQH�DQG�VKRZ�D�SURQRXQFHG�VXEW\SH�
VSHFLÀF�SDWWHUQ��,Q�VWDUN�FRQWUDVW��FF5&&V�DQG�S5&&V�DULVH�
from the same proximal segment of the nephron, making them 
IDU�PRUH�GLIÀFXOW�WR�PROHFXODUO\�GHÀQH��+RZHYHU��WKH�YLUWXDOO\�
XQLYHUVDO�ORVV�RI�9+/�DQG�WKH�UHVXOWLQJ�SVHXGR�K\SR[LF�GULYH�
can be leveraged to distinguish ccRCCs from pRCCs, while 
S5&&�VSHFLÀF�PDUNHUV�DUH�OHVV�SUHFLVH��7KLV�LV�HYLGHQW�LQ�RXU�
primary tumour tissue analysis where overlapping expression 
RI�S5&&�VSHFLÀF�PDUNHUV�ZLWK�FF5&&�PDUNHUV�LV�REVHUYHG��
'XH�WR�WKLV��LGHQWLÀFDWLRQ�RI�IXUWKHU�S5&&�VSHFLÀF�PDUNHUV�LV�
warranted. The lack of available cell lines as well as the rarity 
of these RCC subtypes posed a challenge in validating these 
PDUNHUV�ZLWKLQ�WKLV�ZRUNÁRZ��8OWLPDWHO\��WKHVH�PDUNHUV�ZLOO�
require enriched CTCs from pRCC or chRCC patient blood 
for validation.

Although a few primary ccRCC tumours show raised 
H[SUHVVLRQ� IRU�QRQ�FF5&&�VSHFLILF�PDUNHUV��ZH�SUHGLFW� LW�
would be straightforward to assign them as ccRCC due to the 
relatively high expression of their respective markers &$� 
and 6/&�$���9LFH�YHUVD��WKH�H[SUHVVLRQ�RI�WKH�FRPELQDWLRQ�
of the papillary markers can be leveraged against the low 
H[SUHVVLRQ�RI�QRQ�SDSLOODU\�PDUNHUV�WR�GHVLJQDWH�D�SDSLOODU\�
subtype. Thus, overlapping expression of subtype specific 
PDUNHUV�LV�XQOLNHO\�WR�DIIHFW�WKH�RYHUDOO�VXE�W\SH�GHVLJQDWLRQ�
of a CTC isolate for these reasons. Regardless, it is warranted 
and required to explore the use of these markers on CTCs from 
RCC patient blood.

There were certain limitations to the present study. Firstly, 
VL]H�EDVHG�&7&�LVRODWLRQ�SODWIRUPV�FDQ�PLVV�VPDOOHU�&7&V��
as CTC sizes in patients may vary more than observed in this 
study with cultured and primary cells. Furthermore, the scarce 
availability of CTCs in patient blood can add to the recovery 
VXIÀFLHQF\�RI�&7&V�

In conclusion, we established a clear workflow for the 
isolation and detection of RCC tumour cells from whole blood 
with obvious implications for use with CTCs in RCC patients. 
Further work is required to experimentally validate our novel 
��PDUNHU�JHQH�SDQHO�RQ�D� ODUJHU�FRKRUW�RI�SDWLHQW� WXPRXUV�
and to demonstrate its ability in classifying tumour subtype. 
This should be complemented with a larger cohort of healthy 
controls as well as RCC patients with other confounding 
FRQGLWLRQV��VXFK�DV�LQÁDPPDWRU\�RU�NLGQH\�GLVHDVHV�
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Appendix S1

Dissociation of human renal tissue. The cortical tissue 
farthest from the tumor was selected and put in ice-cold 
'XOEHFFR
V�PRGLÀHG�(DJOH
V�PHGLXP��,QYLWURJHQ��&DUOVEDG��
&$��VXSSOHPHQWHG�ZLWK�����IHWDO�FDOI�VHUXP�DQG����SHQL-
FLOOLQ�VWUHSWRP\FLQ�� 6DPSOHV� ZHUH� ULQVHG�� PLQFHG�� DQG�
VXEMHFWHG� WR�RYHUQLJKW� FROODJHQDVH� WUHDWPHQW� DW���Ý&� LQ� D�
SURFHVVLQJ�PHGLXP� FRQVLVWLQJ� RI�+DP
V� )����'XOEHFFR
V�
PRGLÀHG�(DJOH
V�PHGLXP�>�����Y�Y���,QYLWURJHQ@��VXSSOHPHQWHG�

ZLWK����IHWDO�FDOI�VHUXP�����SHQLFLOOLQ�VWUHSWRP\FLQ��FROODJH-
QDVH�,9�DW�D�ÀQDO�FRQFHQWUDWLRQ�RI�����8�PO��,QYLWURJHQ���DQG�
GHR[\ULERQXFOHDVH�,�W\SH�,,�DW�D�ÀQDO�FRQFHQWUDWLRQ�RI�����8�PO�
�6LJPD�$OGULFK��6W��/RXLV��02���$IWHU� WULWXUDWLRQ�E\� VORZ�
UHSHDWHG�SLSHWWLQJ�WKURXJK�D����PO�SLSHWWH��WKH�UHVXOWLQJ�WLVVXH�
VXVSHQVLRQ�ZDV�VHULDOO\�SDVVHG�WKURXJK�WLVVXH�VWUDLQHUV�ZLWK�
PHVK�VL]HV�RI�����DQG�����P��UHVSHFWLYHO\��WKHUHE\�H[FOXGLQJ�
JORPHUXOL�IURP�WKH�SUHSDUDWLRQ��7KH�VXVSHQVLRQ�ZDV�WUHDWHG�
ZLWK��;�WU\SVLQ²('7$�IRU���PLQXWHV�DQG�WKHQ�ZDV�SDVVHG�
WKURXJK�D�����P�VWUDLQHU��ZKLFK�UHVXOWHG�LQ�VLQJOH�FHOOV�
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WRWDO�51$�LQSXW�IURP�618�����FHOOV��9HUWLFDO�UHG�OLQH�UHSUHVHQWV�VHOHFWHG�QXPEHU�RI�F\FOHV�IRU�SUH�DPSOLÀFDWLRQ�RI�IXWXUH�
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Table SII. Spiked-in and recovered cell numbers. 

Cell type Cells spiked in Cells recovered Recovery efficiency 

Cell line 

 SNU-349 120 54 45% 

 SNU-349 10 5 50% 

 SNU-349 232 118 51% 

 SNU-349 229 123 54% 

 SNU-349 93 59 63% 

Primary cells 

 R046T 161 103 64% 

 R081T 218 145 67% 

 R376T 166 105 63% 

 R378T 183 118 64% 

 R091T 176 129 73% 
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