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Abstract 

    

Renal cell carcinoma (RCC) is one of the top ten most common 

malignancies worldwide. The field of clinical proteomics has seen successes 

in recent years, and advancements in technology is making ever more 

possible the ability to answer clinical questions. This study used proteomics 

to investigate two key clinical questions in RCC biology. Firstly, two 

comparative studies were performed to investigate biomarkers that may 

predict response to sunitinib, the predominant  drug used to treat metastatic 

RCC. Serum (12 patients) and FFPE tissue (16 patients) samples from 

sunitinib responding and non-responding patients were analysed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), to discover novel 

markers of response. Two candidate biomarkers were initially validated 

using Western blot or immunohistochemistry. Two serum (IGFBP5, CDH1) 

and two FFPE tissue (CD70, hCAP18) proteins were identified as promising 

candidate biomarkers, initial validation of CD70 and hCAP18 was 

performed. Secondly, furthering the understanding of RCC biology may 

improve rational drug design and biomarker identification. Five cell lines 

carrying mutations of VHL, the predominant tumour suppressor gene in 

RCC, were compared to investigate the proteomic impact of VHL mutation. 

The scaffold protein IRS2 was identified as highly expressed in the absence 

of VHL, and this protein was initially validated by Western blot in in vitro cell 

lines. The techniques used in this study revealed logical biological 

alterations, of which three proteins were validated using an independent 

technique. Further validation of the identified proteins is on-going, with the 

hope that they may impact upon patient care. The advantages and 

disadvantages of the proteomic analysis of serum, FFPE tissue, and in vitro 

cell lines is discussed.  
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1. Introduction 

 

1.1. Renal cancer 

Kidney cancer represents one of the ten most common adult cancers. Over 

320,000 new cases were diagnosed and over 140,000 people died, worldwide, in 

2012 (Ferlay J, 2013). Incidence peaks in the sixth decade of life, and is higher in 

more developed regions of the world. Earlier onset (mid 40s) is more commonly 

associated with inherited forms of the disease. Kidney cancer prevalence has been 

steadily increasing for a number of decades (Mathew et al., 2002), an effect which 

has been only partially linked to improved early diagnosis through more liberal use 

of imaging techniques. Men are twice as likely to develop kidney cancer as women, 

with a global age standardised incidence rate of 6.0 per 100,000 individuals, 

compared to 3.1 in women, though a particular acceleration in female incidence has 

been observed in recent years (Mathew et al., 2002). 

 

1.1.1. Aetiology 

Although around 2-4% of renal cell carcinoma (RCC) is hereditary (Cairns, 2010), 

the majority of cases are sporadic. Established lifestyle and iatrogenic risk factors 

associated with RCC are smoking (Hunt et al., 2005), obesity (Renehan et al., 

2008), pulmonary hypertension (Weikert et al., 2008), and acquired renal cystic 

disease (Port et al., 1989). Available data suggests an elevated risk of RCC with 

increased dietary fat and protein intake (Armstrong and Doll, 1975), and an inverse 

relationship with fruit and vegetable intake (Lee et al., 2009). Other suspected risk 

factors include level of exercise and alcohol consumption, which appear to 

demonstrate an inverse relationship with incidence (Chow et al., 2010). 
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1.1.2. Pathology 

Approximately 90% of kidney cancers are RCC (Valera and Merino, 2011) and 

these manifest in a variety of histologies, of which the most common (60-80%) 

subtype is conventional (clear cell) RCC (ccRCC) (Brannon and Rathmell, 2010). 

The remainder is mostly made up by papillary (10-15%), chromophobe (5-10%), 

and collecting duct (<1%) subtypes (Table 1.0.1) (Kovacs et al., 1997), although 

variants within each subtype often results in an overlap in presentation. Benign 

renal oncocytomas are morphologically similar to chromophobe RCC and their 

differential diagnosis can be difficult, however they lack the genetic changes found 

in RCCs (Herbers et al., 1998). Clear cell RCC originates in the proximal tubules of 

the nephron and is so-called due to the clear appearance of the cytoplasm on 

inspection by light microscopy, following extraction of the intracellular lipid and 

glycogen deposits with organic solvents (Figure 1.0.1A). Histologically, a variety of 

architectural patterns may be observed in ccRCC including alveolar, solid, and 

acinar forms. The malignant epithelial cells are heavily interspersed with arborising 

vessels, and are easily distinguished from papillary RCC (pRCC), which also 

originates from the proximal tubules but is so called due to the papillary growth 

pattern observed in this renal tumour (Figure 1.0.1B). Chromophobe RCC, which 

originates in the intercalated cells of the distal tubules, is distinctive due to the 

eosinophilic cytoplasm (Figure 1.0.1C). Sarcomatoid changes, a histological 

progression associated with aggressive disease, may be observed in all histological 

subtypes and it is therefore no longer recognised as a unique histotype (Jiang et 

al., 1998).  
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Table 1.0.1: Heidelberg Classification of RCC 

Subtype Prevalence Originating cells Major genetic abnormalities 

Conventional 

(clear cell) 

60-80% Proximal convoluted 

tubule 

Loss of 3p, 6q, 8p, 9p, 14q. 

Gains at 5q22. 

Papillary 10-15% Proximal convoluted 

tubule 

Trisomy of 3q, 7, 8, 12q, 16q, 

17, 20q. Loss of 1p, 4q, 6q, 9p, 

13q, X, Y 

Chromophobe 5-10% Intercalated cells of 

distal tubules 

Loss of 1, 2, 6, 10, 13, 17, 21 

Collecting 

duct 

<1% Medullary collecting duct No consistent pattern 

Unclassified 3-5% NA NA 

Adapted from (Kovacs et al., 1997), (Jiang et al., 1998) and (Prasad et al., 2006). 

NA, not available.  

Figure 1.0.1: Histology of RCC subtypes 

Clear cell (A), papillary (B), chromophobe (C), and normal renal cortex (D) tissue, 

as viewed by haemotoxylin/eosin stained sections.   
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1.1.3. Clinical Presentation and Diagnosis 

Early diagnosis of ccRCC can be difficult due to its frequent asymptomatic 

presentation; the classical triad of symptoms - haematuria, abdominal pain, and a 

palpable abdominal mass - are infrequently presented together. Amongst 

symptomatic patients, macroscopic or microscopic haematuria is most common, 

followed by abdominal pain and mass. Less common symptoms include fever, 

fatigue, coughing, and weight loss. Approximately 30% of patients present with 

locally advanced or metastatic disease; a further 30% with apparent localised 

disease at presentation will relapse after surgery (Hollingsworth et al., 2007). At 

present, many RCCs are incidentally detected due to imaging-based investigations 

of other symptoms (Ljungberg et al., 2010, Jayson and Sanders, 1998).  

 

 

1.1.4. Staging and Prognosis 

Following diagnosis, management of localised RCC usually involves surgical 

resection. Determination of prognosis is a crucial step in cancer management and a 

variety of parameters are used to assess this, including anatomical and clinical 

features. Stage, grade, platelet count, anaemia, localised symptoms, and patient 

performance status (European Cooperative Oncology Group (ECOG) performance 

status or the Karnofsky performance status) are the most widely used clinical 

features in determining a patient’s prognosis. Tumour staging is performed using 

the tumour-node-metastasis (TNM) system (Tables 1.0.2 and 1.0.3), which 

assesses anatomical tumour features: size and extent of tumour invasion, lymph 

node involvement, and presence of metastases. Nuclear grading is commonly 

performed using the Fuhrman grading, which is a system based on histological 

characteristics of the tumour.  
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Table 1.0.2: 2009 TNM staging classification system 

Anatomical staging of RCC tumours according to the Tumour Node Metastasis 

system. (Sobin et al., 2009) 

Primary tumour (T) 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Tumour 7 cm or less in greatest dimension, limited to the kidney 

T1a Tumour 4 cm or less in greatest dimension, limited to the kidney 

T1b Tumour more than 4 cm but not more than 7 cm in greatest dimension 

T2 Tumour more than 7 cm in greatest dimension, limited to the kidney 

T2a Tumour more than 7 cm in greatest dimension but less than 10cm 

T2b Tumours greater than 10 cm limited to the kidney 

T3 Tumour extends into major veins or perinephric  tissues, but not into 

the ipsilateral adrenal gland and not beyond Gerota’s fascia 

T3a Tumour grossly extends into the renal vein or its segmental (muscle-

containing) branches, or tumour invades perirenal and/or renal sinus 

(peripelvic) fat but not beyond Gerota’s fascia 

T3b Tumour grossly extends into the vena cava below diaphragm 

T3c Tumour grossly extends into vena cava or its wall above the 

diaphragm or invades the wall of the vena cava 

T4 Tumour invades beyond Gerota’s fascia (including contiguous 

extension into the ipsilateral adrenal gland) 

Regional lymph nodes (N) 

NX Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in a single regional lymph node 

N2 Metastasis in more than one regional lymph node 

Distant metastasis (M) 

M0 No distant metastasis 

M1 Distant metastasis 
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Table 1.0.3: TNM stage grouping 

Staging of RCC tumours according to the Tumour Node Metastasis system. (Sobin 

et al., 2009) 

Stage T stage N stage M stage 

Stage I T1 N0 M0 

Stage II T2 N0 M0 

Stage III T3 N0 M0 

 T1, T2, T3 N1 M0 

Stage IV T4 Any N M0 

 Any T N2 M0 

 Any T Any N M1 

 

 

A number of nomograms integrating varying combinations of these and other 

features have been developed to aid prognostication (Sun et al., 2011) and these 

have been shown to be more effective in predicting prognosis than any of the 

independent prognostic features alone (Table 1.0.4). The most commonly used 

nomograms include the UCLA Integrated Staging System (UISS) (Zisman et al., 

2001), the Stage, Size, Grade, and Necrosis (SSGN) system (Frank et al., 2002), 

and the postoperative Karakiewicz nomogram (Karakiewicz et al., 2007a). Staging 

systems using molecular markers, such as the Molecular Integrated Staging 

System (MISS) (Table 1.0.4) have also been developed, and a number of individual 

molecular biomarkers have been investigated for their prognostic potential, but as 

yet none have been shown to improve upon the current systems for determining 

prognosis.  
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Table 1.0.4: Integrated staging systems for outcome prediction of RCC 

patients 

System Histological 

subtype 

Variable Reference 

UISS (UCLA 

Integrated 

Staging System) 

 

 

RCC 

TNM stage; 

performance status; 

Fuhrman grade 

 (Zisman et al., 

2001)  

 

SSGN (Stage, 

Size, Grade, and 

Necrosis score) 

 

 

Conventional 

TNM stage; Fuhrman 

grade; pathological 

size; necrosis 

(Frank et al., 2002) 

Postoperative 

Karakiewicz 

Conventional, 

papillary, 

chromophobe 

 

TNM stages; tumour 

size; Fuhrman grade; 

symptoms classification 

(Karakiewicz et al., 

2007a) 

MISS (Molecular 

Integrated 

Staging System)  

 

Conventional 

UISS clinical variables; 

Ki-67; p53; gelsolin; 

CA9; CAXII; PTEN; 

EpCAM; vimentin 

(Kim et al., 2005, 

Kim et al., 2004) 

 

1.2. Biology of RCC 

There are four hereditary forms of RCC. von Hippel-Lindau (VHL) disease, 

hereditary papillary RCC (HPRCC), and Birt-Hogg-Dubé (BHD) syndrome are the 

inherited forms of the clear cell, papillary type 1, and chromophobe subtypes, 

respectively (Linehan et al., 2009). The fourth familial RCC is hereditary 

leiomyomatosis and RCC (HLRCC), the renal tumours observed with this 

autosomal dominant familial syndrome tend to be of less common subtypes 

including papillary type 2, and collecting duct.   

 

The most common genetic alteration in sporadic ccRCC is inactivation of the von 

Hippel Lindau (VHL) gene, which is located on chromosome 3p25 (Latif et al., 
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1993). Biallelic somatic VHL inactivation occurs in the majority of non-familial 

ccRCC cases (Young et al., 2009, Nickerson et al., 2008), mostly through loss of 

heterozygosity (LOH) of chromosome 3p, point mutation, or through promoter 

hypermethylation. Other chromosomal abnormalities frequently observed in ccRCC 

include deletions at 6q, 8p, 9p, and 14q, and duplications at band 5q22 (Kovacs et 

al., 1997). Recently, large scale targeted and whole exome sequencing studies 

have revealed a number of other frequently mutated genes, with a marked 

prevalence for genes involved in chromatin biology. The most commonly mutated 

gene, after VHL, is polybromo 1 (PBRM1) (Varela et al., 2011). Other mutated 

genes include SET domain containing 2 (SETD2) (Dalgliesh et al., 2010), lysine 

(K)-specific demethylase 5C (JARID1C) (Dalgliesh et al., 2010), lysine (K)-specific 

demethylase 6A (KDM6A) (Dalgliesh et al., 2010), and BRCA1 associated protein-1 

(BAP1) (Pena-Llopis et al., 2012). Interestingly, PBRM1, BAP1, and SETD2 are all 

located at 3p21, and would therefore be lost alongside VHL in a 3p loss (Gossage 

et al., 2014). Oncogenes do not seem to be amplified in ccRCC; genotyping of 17 

common oncogenes in 83 RCC samples revealed only one BRAF and one HRAS 

mutation (Thomas et al., 2007).  

 

1.2.1. VHL mutations in RCC 

Significant steps in the understanding of the genetic and functional landscape of 

RCC have come from studying patients with VHL disease. This autosomal 

recessive syndrome, which is characterised by germline inactivation of one VHL 

allele, predisposes the sufferer to a variety of malignancies which include, but are 

not limited to, phaeochromocytomas, central nervous system haemangioblastomas, 

and RCCs. Loss of heterozygosity (LOH) of the second allele occurs in the majority 

of cases, and the resulting neoplasms that form are frequently multifocal in nature 

(Linehan et al., 2009). More than 150 germline VHL disease mutations have been 
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classified into four subtypes by correlation of genotype with clinical presentation of 

the disease (Kim and Kaelin, 2004) (Table 1.0.5).  Type 1, which generally involves 

major VHL disruptions such as truncations, and Type 2B, which involves more 

minor VHL mutations, are the two subtypes that lead to the development of RCC 

(Maher et al., 2011).  

 

Table 1.0.5: Subtypes of VHL disease and their neoplastic profile 

VHL disease subtypes are characterised by their neoplastic predisposition to RCC, 

haemangioblastomas, and phaeochromocytomas.  

Subtype Tumour predisposition 

Type 1 RCC and haemangioblastomas 

Type 2A Haemangioblastomas and phaeochromocytoma 

Type 2B RCC, haemangioblastomas and phaeochromocytoma 

Type 2C Phaeochromocytoma  

 

1.2.2. VHL functions in RCC 

The VHL protein is comprised of three exons, which together form two domains: 

alpha and beta. The alpha domain is formed from exon 3 and is responsible for 

elongin C binding. The beta domain is made up from exons 1 and 2, and is 

responsible for HIF, PKC, Jade1, Sp1, and microtubule binding. Exon 1 also 

contains an octaplex repeat of the motif GXEEX, which is of unknown function. The 

vhl gene (Latif et al., 1993) encodes a full length protein 213 amino acids in length, 

internal translation initiation gives rise to a truncated form lacking the first 53 amino 

acids (Iliopoulos et al 1998, Schoenfeld et al 1998; Blakenship et al, 1999). The 

smaller pVHL 18 isoform is found in both the nucleus and the cytoplasm, whereas 

the larger pVHL 24 isoform is found primarily in the cytoplasm (Iliopoulos 1998), 
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however both appear to retain tumour suppressor activity (Stebbins et al 1999). The 

protein product of VHL (pVHL) acts as the substrate recognition subunit of an E3 

ubiquitin-ligase complex, which also contains cullin-2 (CUL2), RING-box protein 

(RBX) 1, elongin B, and elongin C. 

 

VHL is perhaps most well-known for targeting members of the hypoxia inducible 

factor (HIF) family for destruction (Maxwell et al., 1999). HIF is a heterodimeric 

transcription factor consisting of a labile α subunit (HIF-1α, HIF-2α, and HIF-3α) and 

a constitutively expressed, stable β subunit (HIF-1β/ARNT) (Wang et al., 1995). 

VHL-defective cell lines have been shown to display a bias towards HIF-2α 

expression (Maxwell et al 1999; Krieg et al 2000), and HIF-2α has since been 

shown to have tumour promoting properties, in contrast to HIF-1α which appears to 

repress tumour growth, in a xenograft model of renal cancer (Raval et al, 2005). 

Under normal conditions HIF is responsible for allowing cells to survive in a hypoxic 

environment (Semenza, 1998); over 100 survival related genes are under the 

control of this transcription factor (Ke and Costa, 2006), including proteins involved 

in glucose metabolism (e.g. GLUT-1), angiogenesis (e.g. VEGF), and apoptosis 

(e.g. NIP3). Upstream control of HIF is via the phosphatidylinositol-3-kinase 

(PI3K)/Akt/mTOR cascade, a pathway which has recently been identified as highly 

important in RCC pathogenesis (Weinstein et al., 2013, Ciriello et al., 2013). 

Downstream control of HIF is via proteasomal degradation; hydroxylation of HIF on 

two prolines and one asparagine, which occurs continuously in the presence of 

oxygen, allows VHL to recognise HIF (Figure 1.0.2) (Ohh et al, 2000). 

Ubiquitination and subsequent destruction via the proteasomal pathway prevents 

inappropriate inactivation of the hypoxic response. Loss of VHL during VHL 

pathogenesis creates a pseudohypoxic state, whereby HIF is stabilised and a 

plethora of tumour survival genes are switched on.  
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1.2.3. The hypoxic response 

As the diffusion distance of oxygen in tissues is only around 100-200μm (Hoeben et 

al., 2004), angiogenesis is a key hurdle that must be achieved by the developing 

cancer to enable growth past the microscopic size (Folkman, 2007). Steps in the 

hypoxic response include a switch to glycolysis to allow anaerobic respiration, also 

known as the Warburg effect (Warburg, 1956), as well as neovascularisation and 

angiogenesis to enable a source of nutrients and oxygen, upregulation of anti-

apoptotic proteins to avoid hypoxia-induced death, and upregulation of invasion 

pathways to allow hypoxic escape.  

 

Angiogenesis is a multi-stepped process during which new blood vessels form from 

pre-existing vessels. VEGF is the most important growth factor in angiogenesis, 

and to date seven VEGF family members have been identified (Hoeben et al., 

2004), of which VEGF-A is predominant. The VEGF receptors are receptor tyrosine 

kinases (RTKs) that signal via multiple pathways (Olsson et al., 2006), and include 

the members VEGFR-1, -2, -3, and flt-3. Sensing of VEGF by the VEGF receptors 

initiates the proliferation and migration of endothelial cells in neighbouring vessels 

towards the chemotactic signal. Stabilisation of the new vasculature is driven by the 

platelet derived growth factor (PDGF), which stimulates differentiation of the 

perivascular cells which surround the newly formed vascular endothelial cells.  
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Figure 1.0.2:  HIF and VHL in normoxia and pseudohypoxia. 

During normoxia HIF is targeted for destruction via the proteasome. The inactivation of VHL leads to the stabilisation of HIF, and the switching on 

of angiogenesis related proteins.  
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1.2.4. Alternative functions of VHL 

Though the VHL-HIF axis has received the most attention, additional pVHL 

interactors have revealed roles other than proteasomal targeting and which support 

the role for VHL as a tumour suppressor. Restoration of VHL function is sufficient to 

suppress in vivo tumour formation (Iliopoulos et al., 1995, Schoenfeld et al., 1998, 

Gnarra et al., 1996), reinforcing its role as a tumour suppressor protein. The role of 

HIF-2α in oncogenic transformation is disputed, whilst inhibition of HIF-2α appears 

to be sufficient to prevent tumour growth (Kondo et al., 2002, Kondo et al., 2003), it 

seems that this does not inhibit all tumourigenic functions; expression of RCC 

markers and impaired extracellular matrix interactions are still observed despite 

HIF-2α inhibition (Hughes et al., 2007), indicating that the molecular pathogenesis 

of RCC is far more complex than simple upregulation of HIF. Furthermore, the 

mutant pVHL found in patients with type 2C VHL disease is not defective in its 

ability to regulate HIF, yet these patients still go on to develop familial 

phaeochromocytomas (Hoffman et al., 2001, Clifford et al., 2001). Finally, sufferers 

of Chuvash polycythemia harbour homozygous VHL mutations that result in a pVHL 

unable to regulate HIF, however these patients are not predisposed to tumour 

formation (Ang et al., 2002). All these points support additional, HIF independent, 

roles for VHL in the pathogenesis of RCC.  

 

Many studies have investigated additional functions of VHL, including activities 

outside of its role as an ubiquitin ligase substrate recognition subunit.  Aside from 

HIF, other degradation targets of VHL include proteins involved in transcription, 

translation, and regulation of protein degradation. The deubiquitinating enzymes 

VDU1 and VDU2 are substrates of VHL (Li et al., 2002a, Li et al., 2002b), their role 

is potentially directly antagonistic to that of the E3 ubiquitin ligase complex; they 

would therefore be important targets. Two further targets are the transcription factor 
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Sp1 (Mukhopadhyay et al., 1997) and atypical protein kinase C (Okuda et al., 

2001). Interestingly these two proteins have been shown to be important in the 

activation of VEGF transcription (Pal et al., 1997, Pal et al., 1998) and are therefore 

important in the pathogenesis of RCC. VHL also ubiquitinates the RNA polymerase 

II subunits A (RPB1) and G (RPB7) (Kuznetsova et al., 2003, Na et al., 2003); 

RPB7 has been shown to be involved in translation initiation of VEGF (Na et al., 

2003), explaining why this protein is a VHL target. Expression of RPB1 in RCC cells 

has been linked to tumourigenesis, and is regulated by VHL following oxidative 

stress-dependent hydroxylation by prolyl hydroxylase domain-containing protein 1 

(PHD1) (Mikhaylova et al., 2008).  

 

Non-ubiquitin based functions of VHL involve the stabilisation of the master tumour 

suppressor p53 (Roe et al., 2006) and also of the transcriptional co-activator Jade-1 

(Panchenko et al., 2004, Zhou et al., 2004). Stabilisation of Jade-1 is VHL disease 

subtype dependent, with Type 1 and Type 2B mutations showing no stabilisation or 

partial stabilisation, respectively, whilst Type 2A mutations are not hindered in their 

ability to stabilise Jade-1 (Zhou et al., 2004). Jade-1 is a transcription factor which 

may have tumour suppressor activity; the inability of RCC forming VHL disease 

subtypes to stabilise Jade-1 may therefore suggest its role in the pathogenesis of 

RCC (Zhou et al., 2005). The epithelial-mesenchymal transition (EMT) is widely 

regarded as a crucial step in metastasis and cellular interactions with the ECM are 

extremely important in this process. Loss of VHL has been implicated in EMT 

(Pantuck et al., 2010), and in further support of this VHL has been shown to have 

important roles in cell-ECM interactions (Davidowitz et al., 2001), and  in fibronectin 

deposition, the latter of which may have implications for tumour angiogenesis (Ohh 

et al., 1998). VHL can also impact upon cellular shape through its regulation of 

microtubule assembly. Microtubules fulfil roles in cell shape, motility, and assembly 
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of the mitotic spindle, and loss of VHL has therefore been linked to chromosomal 

instability (Hergovich et al., 2003, Thoma et al., 2009). All of the above supports a 

tumour suppressor role for VHL, and indicates that a complex interplay of protein 

interactions is likely to be involved in the VHL-dependent tumourigenesis of RCC.  

 

1.3. RCC therapeutics 

As renal cell carcinoma is notoriously resistant to conventional chemotherapy, 

radiotherapy, and hormonal therapy, an improved understanding of RCC biology 

has been necessary to allow the development of targeted therapies. The last 

decade has heralded a new era in the management of metastatic RCC, with the 

approval of seven new agents. Response to therapy is assessed using RECIST 

criteria, which is based upon changes in the tumour size, determined from CT 

scans of the tumour and any metastatic lesions (Eisenhauer et al., 2009). 

 

1.3.1 Immunotherapy 

Until the development of targeted therapies the only drugs found to have any effect 

against mRCC were the cytokines IFN-α and IL-2. Most patients receive no clinical 

benefit from these drugs; a retrospective Cochrane review found an average of only 

12.9% of patients responded to cytokine therapy (Coppin et al., 2005). High dose 

IL-2 is still occasionally administered due to its ability to achieve complete 

responses in a subset of patients, however due to the severe toxicity profile of this 

drug it is reserved for patients who are assessed as having a favourable prognosis.  

 

1.3.2. Angiogenesis inhibitors 

The concept of targeting angiogenesis as a cancer therapy was first proposed by 

Judah Folkman (Folkman, 1971), and supported by research showing that a 



- 32 - 

 

 

reduction in tumour vascularity is associated with an increased progression free 

survival (PFS) and overall survival (OS) in metastatic RCC (mRCC) (Lamuraglia et 

al., 2006). The panoply of anti-angiogenesis drugs currently includes tyrosine 

kinase inhibitors (TKIs), mammalian target of rapamycin (mTOR) inhibitors, and 

antibody-induced VEGF blockade. These therapies have revolutionised patient 

care, and sequential therapy has been proposed to allow progression free survival 

up to 27 months, and overall survival up to 40 months (Escudier et al., 2009b).    

 

1.3.2.1 TKI inhibitors 

Tyrosine kinase inhibitors (TKIs) are a class of small molecule inhibitors designed 

to target receptor tyrosine kinases (RTKs). There are 58 known RTKs in humans, 

which include growth factor receptors and key modulators of intracellular signalling 

pathways, such as those involved in proliferation, metabolism, angiogenesis, and 

migration (Lemmon and Schlessinger, 2010). The principal target of anti-angiogenic 

TKIs are the VEGFR receptors, however many of the TKIs bind a number of other 

targets (Karaman et al., 2008), especially the PDGFRs, and are therefore often 

known as multi-tyrosine kinase inhibitors (MTKs). These non-specific interactions 

have been suggested to account for a variety of off-target effects leading to a wide 

variety of drug-induced toxicities (Bergers and Hanahan, 2008), which can be 

significant (Boehm et al., 2010). Currently four TKIs have been approved for clinical 

use in the UK, of which sunitinib and pazopanib are currently used in the front line 

setting.  

 

 

Sunitinib 

Sunitinib is an indoline ATP-mimetic directed against VEGFR-1, -2, and -3, 

PDGFR-α and -β, mast/stem cell growth factor receptor Kit (c-Kit/SCFR), fms-like 
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tyrosine kinase 3 (Flt-3), and colony stimulation factor-receptor 1 (csf-1) (Mendel et 

al., 2003, O'Farrell et al., 2003), though the inhibitory profile has been shown to be 

significantly broader than this (Karaman et al., 2008). By targeting both the 

VEGFRs and the PDGFRs, sunitinib is able to target both the vascular endothelium 

and the supporting pericytes, respectively (Erber et al., 2004). During a phase III 

trial whereby 750 RCC patients were randomised to either sunitinib or IFN-α, an 

improvement in median progression free survival (PFS) (11 months [95% CI 10-12] 

versus 5 months [95% CI 4-6]) and objective response rate (ORR) (31% versus 

6%) was observed in the sunitinib arm (Motzer et al., 2007). Though these are 

clearly significant improvements, nearly a third of patients fail to see any clinical 

benefit, and many experience significant drug-induced toxicity. In a pooled analysis 

of two phase II studies, all grade gastrointestinal disorders were the most common 

adverse event including diarrhoea (49.1%), nausea (49.7%), and stomatitis 

(41.4%). Other reported toxicities included fatigue (60.4%), mucosal inflammation 

(17.8%), skin discolouration (32.0%), hypertension (16.6%), and palmar-plantar 

syndrome (12.4%) (Kollmannsberger et al., 2007). A retrospective analysis of 1059 

patients from 6 clinical trials found that overall, 38% had an objective response, 

including 1% who displayed a complete response (Molina et al., 2014).  

 

 

 Pazopanib 

Pazopanib is a recently approved synthetic indazolylpyrimidine TKI, targeted 

against VEGFR-1, -2, and -3, PDGFR-α and -β, and c-Kit (Hamberg et al., 2010). In 

a placebo controlled phase III trial of 435 patients pazopanib was superior both in 

terms of median PFS (9.2 months versus 4.2 months; hazard ratio (HR) 0.46 [95% 

CI 0.34-0.62]; P<0.0001) and ORR (30% versus 3%; P<0.001) (Sternberg et al., 

2010). A head-to-head comparison with sunitinib revealed that the two drugs have 
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a similar PFS (8.4 months versus 9.5 months; HR 1.05 [95% CI 0.90-1.22]), though 

pazopanib had a slightly improved ORR (31% versus 25%; P = 0.03), and 

appeared to be slightly better tolerated (Motzer et al., 2013b).   

 

 

Sorafenib 

Sorafenib is a second line MTK directed against VEGFR-1, -2, and -3, PDGFR-β, 

and Raf kinase. A placebo controlled trial of 903 patients who had progressed on 

previous systemic therapy saw an improvement in median PFS in the sorafenib arm 

(5.5 versus 2.8 months; HR 0.44 [95% CI 0.35-0.55]; P<0.01). Overall survival was 

similar (17.8 versus 15.2 months; HR 0.88 [95% CI 0.74-1.04], P = 0.146) however 

when data from placebo-assigned patients who crossed over was censored, the 

difference became significant (17.8 versus 14.3 months; HR 0.78 [95% CI 0.62-

0.97]; P=0.029). Sorafenib was generally well tolerated, most adverse events were 

grade 1 or 2 (Escudier et al., 2007a, Escudier et al., 2009a). 

 

 

Axitinib 

Axitinib is a second generation small indazole TKI which is highly potent for 

VEGFR-1, -2, and-3, it also binds PDGFR-β and c-Kit (Escudier and Gore, 2011). A 

phase III trial of 723 randomised patients comparing axitinib to sorafenib in the 

second line setting, after progression on a previous systemic therapy, found no 

difference in median overall survival (20.1 months versus 19.2 months; HR 0.969 

[95% CI 0.8-1.174]; P=0.3744), however an improved median PFS was achieved in 

the axitinib cohort (8.3 months versus 5.7 months; HR 0.656 [95% CI 0.522-0.779]; 

P<0.0001), establishing axitinib as a viable therapy for use in the second line 

setting (Motzer et al., 2013a).  
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1.3.2.2. mTOR inhibitors 

mTOR inhibitors are rapamycin analogs that target the serine/threonine kinase 

mTOR. The mTOR protein is part of the PI3K/Akt/mTOR cascade and has 

important roles in cell growth, metabolism, proliferation, and motility. Furthermore, a 

downstream target of mTOR is the eukaryotic initiation factor 4E binding protein 

(4E-BP1), which in turn switches on the transcription of HIF, cyclin D, c-Myc, and 

other proteins implicated in cancer progression. Currently two mTOR inhibitors 

have been approved for clinical use in the second line setting.  

 

 

Temsirolimus 

Temsirolimus is a derivative of rapamycin which specifically prevents progression 

from G1 to S phase by forming a complex with FKBP12 and preventing formation of 

the mTOR-raptor complex (Heng et al., 2010). Following retrospective stratification 

of 111 patients from a small phase III study into risk groups (Atkins et al., 2004), it 

was found to have unexpected benefit for prognostically poor risk patients.  A 

subsequent phase III trial with 626 poor risk patients compared temsirolimus alone 

to IFN-α alone and combination therapy. The median overall survival times 

recorded were 10.9 months, 7.3 months and 8.4 months respectively; revealing that 

temsirolimus alone gives a better overall survival (temsirolimus alone versus IFN 

alone HR 0.73, 95% CI 0.58-0.92, P=0.008). An improvement in PFS (3.8 months 

versus 1.9 months versus 3.7 months, respectively) and ORR (8.6% versus 4.8% 

versus 8.1%, respectively) was also achieved (Hudes et al., 2007).  

 

Everolimus 

Everolimus is a specific partial inhibitor of mTORC1, which prevents formation of 

the activated mTOR complex.  A phase III placebo controlled trial of 410 patients, 
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who had previously progressed on VEGF-targeted therapy, indicated an 

improvement in median PFS (4.9 months versus 1.9 months; HR 0.33 [95% CI 

0.25-0.43]; P<0.001), but no difference in median OS (14.8 months versus 14.4 

months; HR 0.87 [95% CI 0.65-1.15]; P=0.162) (Motzer et al., 2010).  

 

1.3.2.3. Monoclonal antibodies 

Using antibodies in cancer therapeutics offers a highly specific mechanism for 

neutralising the action of a protein. Currently only one monoclonal antibody has 

been approved for use in the treatment of RCC; bevacizumab is a humanised 

monoclonal antibody directed against VEGF. On its own Bevacizumab has shown 

disappointing results, however a phase III trial enrolling 649 patients found 

combination therapy with IFN-α gave improvements in PFS (10.2 months versus 

5.4 months; HR 0.63 [95% CI 0.52-0.75]; P=0.0001) over IFN-α plus placebo 

(Escudier et al., 2007b). A minor improvement in overall survival was found in a 

separate phase III study enrolling 732 patients to receive bevacizumab plus IFN-α, 

or IFN-α monotherapy (18.3 months versus 17.4 months; HR 0.86 [95% CI 0.73-

1.01]; P=0.069) (Rini et al., 2010b). 

 

1.3.3. Emerging therapies 

Tyrosine kinase inhibitors are the predominant therapy used in the management of 

metastatic RCC and a panoply of TKIs are now available, with many more in 

various stages of development or approval. Despite differences in toxicity profiles, 

significant improvements are yet to be made in efficacy, a scenario that is unlikely 

given their similar mode of action.  
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Other angiogenesis inhibitors in the research pipeline include inhibitors of other 

members of the PI3K/Akt/mTOR cascade, such as the PI3K inhibitor BKM120 and 

the dual PI3K-mTOR inhibitor NVP-BEZ235 (Figlin et al., 2013). Therapies involved 

in VEGF blockade such as ziv-aflibercept, a soluble decoy receptor that binds to 

VEGF, and ramicirumab, a fully human immunoglobulin monoclonal antibody 

targeting VEGFR-2 are also under development (Kanesvaran and Tan, 2014). 

Recent studies suggest, however, that dual inhibition of mTORC1 and mTORC2 in 

mRCC has no clinical benefit over inhibition of mTORC1 alone (Powles, 2014).  

 

A significant amount of research focus currently surrounds studies investigating 

how to harness the power of the immune system, for instance through controlling 

the action of immune checkpoint regulators. Examples include inhibitors of the 

immune system regulators PD-1 and PD-L1, and CTLA-4. These proteins have 

been found to be involved in immune evasion, and inhibitors of these targets 

include nivolumab, a PD-1 inhibitor currently in phase III trials; MPDL3280A, a PD-

L1 monoclonal antibody currently in a phase II trial; and tremelimumab, a 

monoclonal antibody targeting the T cell inhibitor CTLA-4. Nivolumab has recently 

shown promising results in a dose-ranging phase II trial, which recorded an ORR of 

20% and overall survival exceeding two years (Motzer, 2014). Furthermore, a 

phase I study investigating combination therapy of nivolumab with the CTLA-4 

inhibitor ipilimumab achieved an objective response rate of 39% (Hammers HJ, 

2014). 

 

1.4. Biomarkers in RCC management 

Biomarkers have the potential to impact on all areas of cancer management 

including diagnosis, prognosis, therapy selection, and response monitoring.  Any 
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indicator of a change in biological behaviour may act as a biomarker as long as it is 

sufficiently sensitive and specific, cost effective, and easy to implement. Renal cell 

carcinoma is marred by a lack of useful clinical biomarkers, and despite hundreds 

of published candidate marker studies, none have made it into routine clinical use. 

Recently, a few biomarker initiatives have been undertaken to identify novel 

biomarkers for the management of RCC including the CAncer GEnomics of the 

KIDney (CAGEKID) consortium, the Tumour Cancer Genome Atlas (TCGA) 

initiative, the National Institute for Health Research funded ‘Biomarker pipeline’, the 

TArgeted therapy in Renal cell cancer: Genetic and Tumour related biomarkers for 

response and toxicity (EuroTARGET) collaboration, the Personalised RNA 

interference to Enhance the Delivery of Individualised Cytotoxic and Targeted 

therapeutics (PREDICT) consortium, and the Scottish Collaboration on 

Translational Research into RCC (SCOTRRCC) (Vasudev et al., 2012).  

 

 

1.4.1. Diagnostic biomarkers 

Though protein biomarkers are starting to become more commonly used in 

determining the histogenesis of a renal neoplasm (Tan et al., 2013), we are still no 

closer to identifying a clinically validated ccRCC specific diagnostic biomarker, 

though recent genetic studies have made some headway in this field (Lasseigne et 

al., 2014). Potential biomarkers for diagnosis may include both serum/urine 

markers that would enable the screening of a population, and tissue markers that 

aid in the diagnosis of a suspected cancer. Unfortunately, although there is a 

survival advantage when RCC is detected early, due to the low overall incidence of 

RCC it would not be feasible to screen the population for this disease, except in 

high risk groups, as the marker would need to be both 100% sensitive and 100% 

specific to eliminate the risk in an incorrect diagnosis. However a marker that aids 
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in the tissue diagnosis of RCC would still be useful and several proteins have been 

investigated as potential molecular diagnostic tools. Previous studies have shown 

that ccRCC tissue is positive for vimentin, AE1/AE3 keratins, CD10, RCC marker, 

and carbonic anhydrase IX (CA9), and negative for CD117, kidney-specific 

cadherin, and parvalbumin (Truong and Shen, 2011). Other diagnostic suggestions 

include the tissue proteins Pax 2 and Pax 8 (Ozcan et al., 2012) and CD70 

(Diegmann et al., 2005), and a three plasma protein panel comprising of N-

methyltransferase (NNMT), L-plastin (LCP1), and non-metastatic cells 1 protein 

(NM23A) (Su Kim et al., 2013). Several genetic and epigenetic alterations have 

also been investigated, including changes in gene expression (Sanford et al., 

2011), DNA methylation status (Costa et al., 2011), and miRNA expression 

(Youssef et al., 2011). As yet, no marker has improved upon the diagnostic 

accuracy of the pathological examination of tissue. Several factors are likely to be 

responsible for the failure to identify suitable diagnostic markers, of which the 

complex and heterogenous molecular landscape of the tumour is likely a significant 

contributor, along with limitations in equipment sensitivity and the ability to access 

sufficient samples to design properly controlled and well powered studies.  

 

1.4.2. Prognostic biomarkers  

A large number of proteins have been investigated for their prognostic utility, and 

these have been reviewed extensively elsewhere (Funakoshi et al., 2014, 

Eichelberg et al., 2009). Large scale validation is often missing from these studies, 

however a few of the more promising targets have been validated in relatively large 

clinical cohorts, including CA9, B7H1, IMP3, and Ki67, of which CA9 and Ki67 have 

both previously been integrated into a prognostic staging system (Kim et al., 2005, 

Kim et al., 2004). Though carbonic anhydrase 9 (CA9) has contradictory studies, 

the largest study to date investigated staining intensity in 321 patients (Bui et al., 



- 40 - 

 

 

2003), where low staining was an independent poor prognostic factor for survival 

(HR 3.10; P<0.001). B7H1 (PD-L1) has also been shown to be a powerful 

prognostic marker, in a study of 196 tissue specimens high expression was 

associated with increased risk of death (HR 4.53 [95% CI 1.94-10.56]; P<0.001) 

(Thompson et al., 2004). Independent validation of insulin-like growth factor 2 

mRNA-binding protein 3 (IMP3) in 716 patient specimens demonstrated that 

elevated tissue levels were associated with increased risk of death (HR 1.42; 

P=0.024) and risk of metastasis (HR 4.71; P<0.001) (Hoffmann et al., 2008). 

Likewise, a retrospective study of Ki-67 expression in 741 patient specimens found 

high expression was associated with a two-fold increase in the risk of death (HR 

2.18 [95% CI 1.52-3.11]; P<0.001). Multiple other proteins have been investigated 

including HIF, VEGF, MMP2, MMP9, CXCR3, CXCR4, and survivin (Eichelberg et 

al., 2009), however despite hundreds of studies no single protein has yet been 

found to outperform current clinical methods, and they are infrequently used in 

routine prognostication (Tan et al., 2013). Several studies have demonstrated the 

ability to improve upon the prognostic power of pre-existing nomograms when they 

are used in conjunction with molecular markers such as CA9 (Kim et al., 2004, Sim 

et al., 2012) and C-reactive protein (CRP) (Karakiewicz et al., 2007b, Jagdev et al., 

2010). This is essential for a biomarker to be accepted, but these proteins have not 

yet made it into routine clinical use in this context.  

 

In addition to prognostic nomograms, other nomograms have been developed to 

aid in assessing a patients prognosis following therapeutic intervention. The two 

most commonly used nomograms in predicting survival in mRCC patients treated 

with anti-angiogenesis inhibitors are the MSKCC score and IMDC criteria (Heng 

score). The MSKCC score, which was originally developed to predict survival in 

cytokine treated patients (Motzer et al., 2002) uses the Karnofsky performance 
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status, lactate dehydrogenase concentration, haemoglobin concentration, corrected 

serum calcium level, and time from nephrectomy to diagnosis as predictors. This 

score has since been largely superceded by the IMDC criteria, which has been 

shown to be 73% accurate at predicting mortality in patients treated with 

angiogenesis inhibitors; external validation has shown it to have slightly improved 

discriminatory ability over the MSKCC score (Kwon et al., 2013). Factors measured 

in the Heng score are the Karnofsky performance status, haemoglobin 

concentration, corrected serum calcium, time from diagnosis to treatment, 

neutrophil count, and platelet count (Heng et al., 2009). Though other nomograms 

have been developed (Manola et al., 2011, Bamias et al., 2013), none have yet 

made a significant improvement on the Heng score, and molecular markers may 

therefore assist in increasing the predictive accuracy. 

 

1.4.3. Predictive and pharmacodynamic biomarkers 

With a modest clinical benefit, considerable associated toxicity and a high 

economic burden, the TKI inhibitors have come under considerable scrutiny since 

their introduction eight years ago. Survival or progression free survival benefits are 

limited and often measured in months (Kerbel, 2008). At present, no marker yet 

exists to predict or monitor response to sunitinib, and there is currently very little to 

guide selection of the most appropriate treatment for a patient. Generally, 

prognostic risk factors and nomograms are used, combined with knowledge of 

specific risk factors that may make a particular drug choice inappropriate. A large 

number of studies have investigated potential predictive biomarkers including both 

molecular and clinical characteristics; however most have not been sufficiently 

validated to enable the distinction between their predictive or prognostic capabilities 

to be confirmed. Successful examples of predictive markers in other cancers 

include amplifications of the HER2 gene or overexpression of the 
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oestrogen/progesterone receptors in breast cancer patients, which predicts 

sensitivity to trastuzumab or tamoxifen respectively (Sawyers, 2008). It must be 

noted here that Her2 expression is of mixed significance, with both predictive and 

prognostic implications (Weigel and Dowsett, 2010). Genetically, lung cancer 

patients with mutations in KRAS or in the kinase domain of EGFR display 

resistance (Pao et al., 2005) or sensitivity (Lynch et al., 2004, Paez et al., 2004) 

respectively, to erlotinib or gefitinib. Of note, in these examples the target of 

therapies involved are located on the tumour cells themselves, therefore their 

expression or mutation is more easily predictive of their therapeutic benefit.  

 

1.4.3.1. Protein biomarkers 

Molecular biomarkers have the potential to provide a rapid, objective test to 

determine the correct therapeutic intervention. Research into molecular biomarkers 

has covered a variety of samples types, with a particular emphasis on serum and 

tissue-derived markers of response. Hypothesis driven approaches have led the 

way, with considerable effort investigating proteins related to pathways which are 

biologically relevant to anti-angiogenic therapies, such as targets involved in 

angiogenesis, matrix remodelling, and hypoxia.  

 

Serum 

Studies investigating potential serum markers of response to sunitinib (Table 1.0.6) 

have been heavily focussed on angiogenic proteins. Conflicting results regarding 

the utility of VEGF-A have been observed, with two studies showing an improved 

outcome, and three showing poorer outcome (Deprimo et al., 2007, Kontovinis et 

al., 2009, Porta et al., 2010, Farace et al., 2011, Harmon et al., 2014). Furthermore, 

VEGF-A levels have been shown to characteristically rise and fall with cycles of 

therapy (Harmon et al., 2011, Deprimo et al., 2007), and may therefore be 
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indicative of a systemic response to the drug. The angiogenic factor showing most 

promise is perhaps VEGFR-3, with three studies demonstrating a correlation 

between serum protein levels and clinical response (Deprimo et al., 2007, Rini et 

al., 2008, Harmon et al., 2014). Harmon and colleagues conducted a two arm study 

which assessed baseline serum levels of VEGFR-3 in 33 sunitinib and 30 IFN 

treated patients from a phase phase III study. VEGFR-3 remained predictive for 

overall survival after multivariate analysis (P = 0.037), together with IL-8 (P = 

0.013), which has been a subject of interest regarding its potential role in TKI-based 

resistance (Huang et al., 2010). Levels of circulating MMP-9 have been shown to 

be elevated in non-responders by two separate groups (Perez-Gracia et al., 2009, 

Miyake et al., 2014). In the study by Miyake, circulating levels of MMP-2, MMP-9, 

TIMP-1 and TIMP-2 in both sunitinib treated (n = 52) and healthy controls (n = 30) 

were compared, and the authors found the ratio of MMP-9 to TIMP-2 was 

significantly correlated with reduced progression free survival (HR 2.19, P = 0.038). 

Two independent studies have also found a link between elevated levels of CRP 

and poorer response, warranting further investigation of this protein (Miyake et al., 

2014, Fujita et al., 2012). These serum studies are, however, generally hampered 

by a lack of sample numbers, and it will be difficult to fully assess the utility of any 

of these markers until larger studies have been conducted. 

 

Tissue 

There seems to be greater concordance between results in tissue-based studies 

(Table 1.0.7). Results for HIF-1α are conflicting, however three independent studies 

have found a correlation between HIF-2α levels and improved response, 

progression free survival, and overall survival (Patel et al., 2008, Saez et al., 2012, 

Garcia-Donas et al., 2013). Both VEGFR-2 and VEGFR-3 have multiple studies 

linking their expression with clinical benefit which may seem at odds with the results 
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found in serum (Table 1.0.6), however in both cases, whilst it appears that high 

expression in tissue is favourable, it also appears that presence of the receptor in 

the serum is unfavourable and it is possible that sVEGFR-3 may serve to ‘mop up’ 

circulating sunitinib. The hypoxia marker CA9 appears to be highly correlated with 

survival, and a recent study by Stewart et al looked at differences in both 

expression and variance between sunitinib treated (n = 23) and sunitinib naïve (n = 

22) patients (Stewart et al., 2014). The authors also investigated tumour 

heterogeneity by looking at multiple tissue regions. Out of 55 proteins investigated, 

only CA9 was found to be significantly differentially expressed with treatment, 

whereby increased expression was associated with good overall survival (HR 0.26 

[95% CI 0.11-0.61], P = 0.001), and intratumoural heterogeneity of expression 

increased with sunitinib therapy. Despite a number of promising studies, none of 

these have conclusively proven the predictive power of the biomarker in question in 

a sufficiently large study. Prospective studies are warranted to test these 

biomarkers further.  
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 Table 1.0.6: Potential serum biomarkers of clinical benefit in sunitinib treated patients  

Serum biomarkers investigated for their ability to predict clinical benefit in sunitinib treated patients. Reported P value and number of patients is 

shown. 

Biomarker Significance  Patients Comment Reference 

VEGF-A  

 

 

 

P < 0.05  

P = 0.01  

P = 0.004  

P = 0.02  

P = 0.0108  

63 

42 

84 

46 

63 

Greater initial  (cycle 1) increase in PR patients   

Greater increase associated with worse PFS  

High baseline associated with worse PFS 

Greater initial increase associated with worse OS 

Low baseline level associated with PFS 

(Deprimo et al., 2007) 

(Kontovinis et al., 2009) 

(Porta et al., 2010) 

(Farace et al., 2011) 

(Harmon et al., 2014) 

VEGF-C  P = 0.0006  57 Low baseline associated with better PFS (Rini et al., 2008) 

sVEGFR-2  P < 0.05  63 Greater initial (cycle 1) decrease in PR patients (Deprimo et al., 2007) 

sVEGFR-3 

 

P < 0.05  

P = 0.006  

P = 0.037  

63 

59 

63 

Greater initial decrease in PR patients 

Low baseline associated with better PFS  

Low baseline associated with OS  

(Deprimo et al., 2007) 

(Rini et al., 2008) 

(Harmon et al., 2014) 

TNF-a  P = 0.045  31 High level associated with worse OS (Perez-Gracia et al., 2009) 
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P = 0.009  31 Higher level in PD patients (Perez-Gracia et al., 2009) 

NGAL P = 0.02  84 High baseline associated with worse PFS (Porta et al., 2010) 

SDF-1a P = 0.002  

P = 0.007  

46 

46 

Initial decrease (day 1-14) associated with worse PFS 

Initial decrease (day 1-14) associated with worse OS 

(Farace et al., 2011) 

(Farace et al., 2011) 

MMP-9 P = 0.027  

P = 0.024  

P = 0.042 

31 

31 

31 

Higher level in PD patients than PR or SD 

High levels associated with worse TTP 

Increased risk of PD 

(Perez-Gracia et al., 2009) 

(Perez-Gracia et al., 2009) 

(Perez-Gracia et al., 2009) 

MMP-9/ TIMP-2 ratio P = 0.038  52 Elevated ratio associated with reduced PFS (Miyake et al., 2014) 

CRP P = 0.027 

P = 0.016 

P = 0.002 

P = 0.036 

52 

41 

41 

41 

Abnormal levels associated with reduced PFS 

Normal levels associated with objective response 

Normal levels associated with PR and SD 

Normal levels associated with PFS 

(Miyake et al., 2014) 

(Fujita et al., 2012) 

(Fujita et al., 2012) 

(Fujita et al., 2012) 

IL-8 P = 0.013 63 High baseline associated with poor response (Harmon et al., 2014) 

MMP-2 P = 0.018 74 Higher baseline associated with tumour response (Motzer et al., 2014) 

Ang-2 P = 0.0215 74 Lower baseline associated with tumour response (Motzer et al., 2014) 

NT-pro-BNP P < 0.0001 36 Initial increase (<15 days) associated with worse response (Papazisis et al., 2010) 
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P = 0.001  36 Greater increase associated with worse PFS (Papazisis et al., 2010) 

OS, overall survival; PFS, progression free survival; TTP, time to progression; PR, partial response; SD, stable disease; PD, progressed disease.  

 

 

Table 1.0.7: Potential tissue biomarkers of clinical benefit in sunitinib treated patients  

Tissue biomarkers investigated for their ability to predict clinical benefit in sunitinib treated patients. Reported P value and number of patients is 

shown. 

Biomarker Significance Patients Comment Reference 

HIF-1α  P = 0.003  

P = 0.001  

P < 0.0001  

P < 0.0001  

P = 0.001  

P = 0.034  

49 

71 

71 

71 

65 

149 

High expression associated with CR and PR 

High expression associated with response rate 

High expression associated with PFS 

High expression associated with OS 

Higher expression associated with worse PFS 

High expression associated with worse response 

(Patel et al., 2008) 

(Saez et al., 2012) 

(Saez et al., 2012) 

(Saez et al., 2012) 

(Muriel Lopez et al., 2012) 

(Motzer et al., 2014) 
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P = 0.011  41 High expression associated with PFS (Dornbusch et al., 2013) 

HIF-2α P = 0.001  

P = 0.04  

P = 0.04  

P = 0.024  

P = 0.048  

49 

71 

71 

67 

67 

High expression associated with CR and PR 

High expression associated with better PFS 

High expression associated with better OS 

High expression associated with better response 

High expression associated with better OS 

(Patel et al., 2008) 

(Saez et al., 2012) 

(Saez et al., 2012) 

(Garcia-Donas et al., 2013) 

(Garcia-Donas et al., 2013) 

VEGF-A  P = 0.0092  67 High expression associated with better OS (Garcia-Donas et al., 2013) 

VEGFR-2 

 

  

P = 0.039  

P = 0.0025  

P = 0.016  

40 

40 

58 

High expression associated with better response 

High expression associated with better PFS 

High expression associated with tumour reduction 

(Terakawa et al., 2013) 

(Terakawa et al., 2013) 

(You et al., 2014) 

VEGFR-3 P = 0.012  

P = 0.026  

67 

41 

High expression associated with better PFS 

High expression associated with better PFS 

(Garcia-Donas et al., 2013) 

(Dornbusch et al., 2013) 

CXCR-4 P = 0.026  

P = 0.027  

62 

62 

High expression associated with worse response 

High expression associated with worse PFS 

(C et al., 2012) 

(C et al., 2012) 

CA9 

 

P < 0.001  

P = 0.02  

67 

131 

High expression associated with better response 

High expression associated with survival  

(Muriel Lopez et al., 2012) 

(Stewart et al., 2014) 
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 P = 0.034  42 High expression associated with OS (Dornbusch et al., 2013) 

PTEN P = 0.003  67 Positivity associated with response (Muriel Lopez et al., 2012) 

P21 P = 0.025  67 High expression associated with worse response (Muriel Lopez et al., 2012) 

PDGFR-β P = 0.026  67 High expression associated with better response  (Garcia-Donas et al., 2013) 

FSHR P < 0.0001  50 Higher percent of FSHR positive vessels in PR pts (Siraj et al., 2012) 

P-VEGFR2 P = 0.01  

P = 0.02  

48 

48 

Positivity associated with worse PFS 

Positivity associated with worse OS 

(del Puerto-Nevado et al., 2014) 

(del Puerto-Nevado et al., 2014) 

CD34 P = 0.033  41 High expression associated with PFS (Dornbusch et al., 2013) 

PDGFR-α P = 0.005  42 High expression associated with worse OS (Dornbusch et al., 2013) 

VEGFR-1 P = 0.026  41 High expression associated with good OS (Dornbusch et al., 2013) 

OS, overall survival; PFS, progression free survival; TTP, time to progression; CR, complete response; PR, partial response; SD, stable disease; 

PD, progressed disease. 
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1.4.3.2. Genetic markers 

A number of studies have also investigated genetic factors in predicting sunitinib 

response, including mRNA and microRNA expression, VHL mutation status, and a 

variety of single nucleotide polymorphisms (SNPs). A prospective study which 

assessed the association between 16 SNPs across 9 genes with sunitinib response 

(n=89) and toxicity (n=95) found two VEGFR-3 SNPs and a SNP in the high 

metabolising variant of the cytochrome P450 gene CYP3A5*1, which were 

associated with reduced PFS and an increased risk of dose reductions due to 

toxicity, respectively (Garcia-Donas et al., 2011). VEGFR-3 polymorphisms have 

been found to be associated with PFS and OS in at least two further genetic studies 

(Scartozzi et al., 2013, Beuselinck et al., 2013), reaffirming the notion that VEGFR-

3 may have a role in the efficacy of sunitinib. A retrospective study investigating 

PFS and OS in 136 sunitinib treated patients found that carriers of polymorphisms 

in CYP3A5, NR1I3, or ABCB1 had improved PFS and OS. No association with 

VEGFR-3 was found in this study (van der Veldt et al., 2011), indicating a lack of 

reproducibility between studies. A more recent study of sunitinib treated patients (n 

= 91) investigating VEGFR1 SNPs found two polymorphisms, rs9582036 and 

rs9554320, which were associated with PFS, and OS (Beuselinck et al., 2014). 

Interestingly, rs9582036 has been found to be predictive for bevacizumab response 

in pancreatic cancer (Lambrechts et al., 2012), and therefore may be a pan-

angiogenesis inhibitor effect.  

 

MicroRNAs (miRNA) have been found to have numerous roles in cancer, and a few 

studies have investigated their role in assessing response to sunitinib. In a screen 

of 673 miRNAs using samples from 41 patients with marked response or resistance 

to sunitinib, 64 miRNAs were found to be differentially expressed. Of these, miR-
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942, miR-628, miR-133a, and miR-484 were significantly associated with 

decreased time to progression and OS (Prior et al., 2014). Another miRNA study 

investigated the expression of 287 miRNAs, and two predictive models were 

generated, one for prolonged response (miR-410, miR-1181, miR-424) and one for 

poor response (miR-192, miR-193-5p, miR-501-3p) (Gamez-Pozo et al., 2012). 

Finally, the role of VHL mutation status has shown conflicting results. Two studies 

have shown an association between VHL mutation and improved clinical outcome, 

with carriers of mutant VHL either demonstrating a higher response rate (51% 

versus 32%, n=123, p=0.04) (Choueiri et al., 2008) or improved clinical outcome 

(Rini et al., 2006). However a third study demonstrated no link between VHL 

mutation status and sunitinib efficacy (Garcia-Donas et al., 2013), and more 

research is clearly needed to unravel this contradiction.   

 

1.4.3.3. Clinical biomarkers 

A variety of clinical features have been investigated for use as surrogate 

biomarkers for sunitinib efficacy including adverse events following therapy, and 

clinical features of the patient prior to therapy. The most widely researched adverse 

event is hypertension, with multiple studies reporting a link between hypertensive 

patients and improved progression free survival, overall survival, and objective 

response rate (Rixe et al., 2007, Rini et al., 2011a, Bono et al., 2011, Szmit et al., 

2012). In a retrospective pooled study from three clinical trials (N = 544), patients 

who developed treatment-induced hypertension had improved PFS (12.5 months 

[95% CI 10.9-13.7] versus 2.5 months [95% CI 2.5-3.8]; P <0.001), improved OS 

(30.9 months [95% CI 27.9-33.7] versus 7.2 months [95% CI 5.6-10.7]; P<0.001), 

and an improved objective response rate (54.8% versus 8.7%). An association 

between hypertension and response has also been shown for other anti-VEGF 

therapies including axitinib (Rini et al., 2011b), tivozanib (Bhargava, 2010), and 
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bevacizumab (Rini et al., 2010a), suggesting hypertension may be a class effect of 

anti-angiogenesis inhibitors. Though hypertension seems like a promising clinical 

biomarker, it is important to remember that this feature is post-hoc and would not 

predict ahead of treatment, however it may assist in a decision on whether to 

continue therapy. Identifying surrogate markers that predict for the development of 

hypertension may help in this regard. A study of 255 patients investigating the 

association between single nucleotide polymorphisms (SNPs) and the development 

of hypertension found that an ACG haplotype in the VEGFA SNPs rs699947, 

rs833061, and rs2010963, and the presence of a C allele in the eNOS SNP 

rs2070744, were both associated with the development of grade 3 hypertension in 

a multivariate analysis (P = 0.031 and P = 0.045) (Eechoute et al., 2012). Another 

study found the VEGF SNP rs2010963 to be associated with the development and 

duration of sunitinib-induced hypertension (P = 0.05) (Kim et al., 2012b). A 

decrease in mean microvessel density may therefore be linked to clinical response 

in sunitinib treated patients (van der Veldt et al., 2010a, Vasudev et al., 2013). A 

further study has linked a decrease in active angiogenesis to improved clinical 

outcome (del Puerto-Nevado et al., 2014); these go hand in hand with sunitinib’s 

mode of action and have rational biological explanations.  

 

Other drug-induced adverse events investigated include leukopenia (Fujita et al., 

2014), hypothyroidism (Kust et al., 2014, Wolter et al., 2008, Schmidinger et al., 

2011), hyponatremia and neutrophilia (Kawashima et al., 2012), fatigue (Donskov et 

al., 2012, Davis et al., 2011), and the development of palmar-plantar syndrome 

(Donskov et al., 2012, Puzanov et al., 2011). Potential predictive clinical features 

include characteristics of the tumour, such as the initial tumour size (Yuasa et al., 

2011, Basappa et al., 2011) or an early reduction in size (Abel et al., 2011) which 

have shown some promise in predicting PFS or OS.  
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1.4.3.4. Imaging biomarkers  

The development of advanced imaging techniques such as dynamic contrast 

enhanced MRI (DCE-MRI) and ultrasound (DCE-US), and computed tomography 

(CT) has allowed for anatomical parameters such as tumour size and density, blood 

flow, and vessel density to be observed, and a number of studies have investigated 

their use in monitoring clinical outcome (O'Connor and Jayson, 2012). An early 

reduction in size and density has been associated with good clinical outcome in a 

number of studies (Abel et al., 2011, Thiam et al., 2010, Salem et al., 2014). In a 

study of 75 patients receiving sunitinib in a neoadjuvant setting, an early (≤60 days) 

reduction (≥10%) in the size of the primary tumour was a significant predictor for 

overall survival (HR 0.26 95% CI 0.08-0.89; p=0.031) (Abel et al., 2011). Another 

study of 27 patients with unresectable tumours who received sunitinib, found that 

those who were later suitable for cytoreductive surgery demonstrated an early 

response to sunitinib and had improved response to sunitinib, compared to those 

who remained unsuitable for surgery  (p=0.005) (Salem et al., 2014). Interestingly, 

a recent meta-analysis also found that early response to sunitinib was associated 

with improved PFS and OS (Molina et al., 2014). 

 

Sunitinib targets the vasculature, and a predictable decrease in tumour vascularity 

following sunitinib treatment has been shown in in vivo studies (Hillman et al., 

2009). A reduction in vascularity has also been linked to survival in TKI treated 

patients (n=30) whereby decreased attenuation, measured using contrast 

enhanced CT scanning following treatment with sunitinib or sorafenib, was 

associated with primary tumour response (p=0.0053) (Cowey et al., 2010). A similar 

study (n=53) found decreased attenuation in one or more metastatic lesion was 

associated with PFS (Smith et al., 2010a). A decrease in the rate of glucose uptake, 

and therefore metabolic activity of the tumour in sunitinib treated patients, 
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measured using positron emission tomography/computed tomography (FDG 

PET/CT) has been associated with survival (Namura et al., 2010) and has been 

used to classify patients into different response groups based on the change in 

tumour size and/or labelled glucose uptake (Ueno et al., 2012). Patients (n=35) 

treated with sunitinib were classified into three response groups based on these 

parameters; median PFS was 458±146, 131±9, and 88±26 days for the good, 

intermediate, and poor response groups respectively (Ueno et al., 2012, Kakizoe et 

al., 2014).  

 

Biomarkers based on imaging parameters are currently advantageous as tumour 

imaging is already routine in cancer management.  However the techniques 

employed in many of these studies are highly specialised and it is not clear how 

they would be transferred into the NHS and routine clinical care. The most 

significant problem with these imaging studies is their size, without larger 

prospective studies it is difficult to fully determine the clinical utility of these 

markers. It is also not possible, from these studies, to determine if these markers 

are predictive or prognostic.  

 

1.4.3.5. Circulating cells 

The relationship between clinical benefit and changes to circulating cells, brought 

about by changes to the vasculature, has been investigated by a number of groups. 

In a study of circulating endothelial cells (CECs) in 26 patients, an elevation of 

CECs within 28 days of starting sunitinib was associated with a PFS above the 

study median (p=0.0109) (Gruenwald et al., 2010). A later study found no link with 

CECs, but instead found baseline levels of circulating progenitor cells (CPCs) to be 

predictive of PFS (P=0.01) and OS (P=0.006), in 46 patients treated with sunitinib 

(Farace et al., 2011). Another study found an increase in the number of apoptotic 
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circulating tumour cells (CTCs) was associated with better outcome (P=0.01) (Rossi 

et al., 2012). Furthermore, a decrease in the number of circulating regulatory T cells 

was correlated with overall survival (P<0.05) in a cohort of 28 sunitinib treated 

patients (Adotevi et al., 2010). A few studies have looked at the neutrophil-to-

lymphocyte ratio (Dirican et al., 2013, Park et al., 2014, Keizman et al., 2011), all of 

which have found a lowered ratio to be predictive of clinical benefit. In a study of 

109 patients, Keizman et al found a ratio of <3 was associated with overall survival 

(HR 0.3; P=0.043). Though most of these studies are fairly small, their findings 

warrant further investigation. 

 

1.4.4. Resistance to anti-angiogenic therapy 

Therapeutic resistance most likely explains the variation in response to sunitinib, 

and this may be intrinsic (no clinical benefit from the start of therapy) or acquired 

(the patient stops responding after an undetermined period of time). Understanding 

what causes resistance to sunitinib is important to allow improved cancer 

management, through monitoring potential resistance markers, and through rational 

design of tailored drug combinations to inhibit multiple signalling pathways.  Many 

theories exist on the specific molecular and physiological factors that cause 

resistance, and these have been extensively reviewed elsewhere (Bergers and 

Hanahan, 2008, Vasudev and Reynolds, 2014, Sierra et al., 2010), however it is 

likely that it comes about either through the adaptation of a stress response, thus 

allowing survival in a more hostile environment, or through the activation of 

alternative signalling pathways to circumvent the blockage.  

 

Though the VEGF cascade is the most prominent pro-angiogenic route, it is by no 

means the only mechanism through which angiogenesis can occur. Despite the 
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continued inhibition of VEGFR, the upregulation or pre-existence of alternative pro-

angiogenic factors which are not targeted by sunitinib, such as angiopoietin-1 

(Casanovas et al., 2005), interleukin-8 (IL-8) (Huang et al., 2010), and the delta-

notch pathway (Li et al., 2011), can allow angiogenic escape in preclinical models 

treated with anti-angiogenesis inhibitors. IL-8 especially has been found to be an 

important mediator of sunitinib resistance in RCC (Huang et al., 2010), and has 

been found to be associated with poor clinical outcome both in sunitinib (Harmon et 

al., 2014) and pazopanib (Tran et al., 2012) treated patients. Other mechanisms 

that may allow the development of a new blood supply include the recruitment of 

bone marrow-derived cells, and modification of the existing vasculature. Bone 

marrow-derived vascular progenitors have been shown to allow neovascularisation 

in glioblastoma and, of relevance to RCC, this can be driven by a HIF-mediated 

mechanism (Du et al., 2008). Vascularisation by using pre-existing vessels, through 

mechanisms including intussusceptive microvascular growth (IMG), glomeruloid 

angiogenesis, vasculogenic mimicry, and looping angiogenesis have been 

proposed as additional methods for the tumour to secure a blood supply (Vasudev 

and Reynolds, 2014). Finally, increased tumour invasiveness may also play a role, 

through invasion of surrounding normal tissues and subsequent vessel co-option 

(Bergers and Hanahan, 2008), a mechanism which has been reported in a large 

number of tumours including primary and metastatic lesions (Vasudev and 

Reynolds, 2014). Increased aggressiveness has been reported following VEGF 

therapy (Paez-Ribes et al., 2009), moreover, sunitinib was found to upregulate the 

presence of pro-invasive proteins (Broutin et al., 2011), and cause a more 

metastatic phenotype in an in vivo model (Ebos et al., 2009).  
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The pre-existence, upregulation, or adaptation of factors allowing the tumour to 

secure an alternative vascular supply may represent an escape mechanism through 

which the tumour overcomes the hypoxia brought on by anti-angiogenic therapy. 

Supporting the pre-existing vasculature, for example through increased pericyte 

coverage of the endothelial cells, has been suggested as another route through 

which the tumour may adapt to vascular attack (Bergers and Hanahan, 2008). 

However as many TKIs also inhibit the platelet derived growth factor receptor 

(PDGFR) found on pericytes, this is an unlikely scenario in mRCC. TKIs have also 

been proposed to cause the destruction of mature vessels through their 

dependency on VEGF signalling, however as mature vessels may have differing 

dependencies on VEGF survival signals (Sitohy et al., 2012), VEGF blockade may 

only be targeting a subset of vessels. Survival signals may also come from 

infiltrating stromal cells, though the mechanism is not known a variety of cells have 

been proposed to provide support (Vasudev and Reynolds, 2014). Finally, the 

tumour may become resistant through a molecular mechanism such as point 

mutations of the inhibitor binding site, overexpression of the target receptor, or 

constitutive activation of downstream signalling pathways (Sierra et al., 2010).  

 

 

1.5. Clinical proteomics  

The technological advances made in recent years have significantly changed the 

landscape of cancer research, from the completion of the human genome project to 

the development of technologies allowing us to perform nucleic acid profiling 

experiments, expression analysis, and mutation detection; our ability to understand 

the molecular basis of carcinogenesis has reached unprecedented levels. There 

are, however, many questions that cannot be answered solely by genetic and 
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transcriptomic studies, such as the expression, activity, and interactions of the 

cellular proteins – the workhorses of the cell. Investigating the proteome for 

biomarkers and druggable targets provides a means to investigate a snapshot of 

the real-time activities of the cell. Furthermore, it is generally accepted that 

transcription of a gene does not guarantee its expression (Vogel and Marcotte, 

2012); post translational modification can switch on, switch off, or target a newly 

synthesised protein for immediate destruction. The genetic and transcriptomic 

landscape may therefore not fully reflect the complexity of the cellular environment.  

 

1.5.1. RCC proteomics 

Proteomic analysis of renal cell carcinoma has mostly focussed on identifying new 

biomarkers, with multiple profiling studies completed on tissue, serum, urine, and 

cell lines, and these have been reviewed elsewhere (Craven et al., 2013b). Recent 

studies investigating the tissue proteome of RCC have profiled both primary and 

metastatic lesions. A label-free analysis of eight matched primary RCC mass and 

normal tissue identified 1761 proteins, and two differentially expressed proteins, 

Adipose differentiation-related protein and Coronin 1A, were further validated using 

immunohistochemistry (Atrih et al., 2014). This same study also used pathway 

analysis to identify a number of upregulated cancer-related pathways, a technique 

which is gradually being used with more frequency. A different study of twelve 

matched primary tumour and normal RCC tissue samples identified 213 

dysregulated proteins, of which actyl-CoA acyltransferase 1 and manganese 

superoxide dismutase were validated in a further 6 matched pairs using Western 

blot (Zhao et al., 2014). Focussing on metastatic lesions, which can be very 

different to the primary tumour (Gerlinger et al., 2012), analysis of 6 metastatic and 

primary lesions by mass spectrometry found dysregulation of 29 proteins, of which 

profilin-1, 14-3-3 zeta, and galectin-1 were validated in an independent cohort of 22 
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primary and 26 metastatic lesions by Western blot (Masui et al., 2013). These are 

all small analyses, nevertheless these proteins have been validated on a small-

scale, and further investigation of their expression is warranted.  

 

Analyses of fluids have mostly focussed on serum, with other studies looking at 

tumour interstitial fluid, and urine. A recent study of serum from 58 ccRCC patients, 

20 additional pre- and post-op ccRCC patients (40 samples), and 64 healthy 

volunteers identified peptides from RNA-binding protein 6 (RBP6), tubulin beta 

chain (TUBB), and zinc finger protein 3 (ZFP3) as upregulated in ccRCC, with 

levels in post-op ccRCC patients lowering towards normal levels (Yang et al., 

2014). Though a few small studies have looked at using urinary peptide profiles to 

diagnose RCC (Wood et al., 2013), fewer studies have investigated the urinary 

proteome.  Mass spectrometric analysis of 89 RCC patients and 76 normal controls 

identified a potential role for 14-3-3 beta/alpha, which was subsequently validated 

by Western blot (Minamida et al., 2011), however its upregulation in bladder cancer 

and cystitis means it may not be RCC-specific (Minamida et al., 2011). Finally, 

analysis of RCC tumour interstitial fluid revealed the differential expression of 539 

proteins through spectral counting, of which 138 were found to be significantly 

different. Small-scale validation was completed for two proteins (NNMT and ENO2) 

by Western blot, and two by ELISA (ENO2 and TSP1) (Teng et al., 2011). Though 

early validation has been completed for many of these, large scale validation is 

generally missing. Nevertheless, renal proteomics has seen successes elsewhere, 

with the recent identification and validation of ACY1 as a predictor of delayed graft 

function in renal transplantation patients (Welberry Smith et al., 2013), providing 

confidence that this technology is starting to come of age. 
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As VHL appears to be lost very early on in pathogenesis (Zhuang et al., 1995, 

Lubensky et al., 1996), investigating the proteomic impact of VHL mutation may 

therefore be a feasible method to identify new biomarkers and drug targets that are 

present early in cancer development. Another means to investigate the RCC 

proteome is through the use of in vitro cell lines. Our labs and others have used cell 

lines to investigate VHL dependent changes, and this has revealed many 

alterations in the absence of VHL. In a proteomic 2D-PAGE study using the VHL 

defective cell line UMRC2 transfected with empty vector (-VHL) or wild type VHL 

(+VHL), 30 proteins were shown to change in the absence of VHL (Craven et al., 

2006), including multiple mitochondrial proteins and the cytoskeletal GTPase septin 

2 (SEPT2). The same cell lines were later enriched for membrane proteins and 19 

differentially regulated proteins were revealed, including CD166 and CD147 

(Aggelis et al., 2009). CD147 especially has roles in tumour growth, metastasis, 

and metabolism in multiple cancers (Kanekura and Chen, 2010).  

 

1.5.2. Proteomic techniques 

The proteomics field has developed significantly over recent years, with the most 

significant leap forward coming from the development of protein-suitable mass 

spectrometry. This technology allows identification of proteins within a sample by 

measurement of their mass-to-charge ratio and their abundance, identification is 

achieved by comparing the measured mass to a database of the known human 

proteome. Initial studies focussed on separation of proteins by 1D and 2D SDS-

PAGE, with subsequent analysis of gel bands and spots by mass spectrometry. 

These techniques were limited mostly in their depth of coverage, with identifications 

limited to the most abundant proteins. Current methods allow mass spectrometric 

analysis of whole proteomes from both clinical and in vitro samples, allowing the 

comparison of different cell and disease phenotypes. Large-scale proteomic 
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profiling studies have recently identified over 10000 proteins in a single cell line 

(Nagaraj et al., 2011), furthermore, a recent publication reported the first draft of the 

human proteome (Kim et al., 2014, Wilhelm et al., 2014). It should be noted that 

these proof-of-concept studies often combine multiple fractionation technologies to 

improve the mining depth of current mass spectrometers, and would not currently 

be feasible in a medical research facility with many hundreds of samples requiring 

analysis. Other methods for identifying proteins in a sample include antibody array-

based techniques, which require a hypothesis-driven approach to assess the type 

of proteins likely to be present in the sample.  Following identification of a protein 

species, validation is essential and this is usually performed using an antibody-

based technique such as Western blotting, enzyme linked immunosorbent assay 

(ELISA), or immunohistochemistry (IHC). However this can also be performed using 

the mass spectrometry-based technique multiple reaction monitoring (MRM), or 

using an array-based platform such as Luminex.  

 

Despite these technical developments, there is still significant room for 

improvement in the proteomic field. Accurately quantifying protein amounts 

between samples in a reproducible fashion has not had the success of the genomic 

industry, and though many techniques are available there is, as yet, no gold 

standard for general protein quantification of a complex mixture. Current mass 

spectrometric quantification methods include both labelled and label-free 

experiments, each with their own advantages and disadvantages. Labelled 

techniques include stable isotope labelling by amino acids in cell culture (SILAC), 

isobaric tag for relative and absolute quantification (iTRAQ), isotope coded affinity 

tags (ICAT), and QConCAT. SILAC, iTRAQ and ICAT allow labelling of an entire 

sample, whereas QConCAT involves the creation of a labelled peptide specific to 

the protein of interest. Labelling techniques have the advantage of allowing low fold 
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changes to be identified, and greater confidence in the quantification of the 

identified proteins, however they are expensive processes which can be labour 

intensive. In contrast, label-free mass spectrometry, which relies on spectral 

counting or ion intensities to perform relative quantification are cheaper and 

quicker, however there is greater risk for technical error in the results, and high fold 

changes are generally required to improve confidence in the results. The difficulty in 

measuring highly complex samples is another problem for mass spectrometry, 

especially those samples with a large dynamic range of concentrations – such as 

serum. Methods to overcome this have focussed on pre-fractionation, and tools to 

perform this include chemical processes such as reverse phase chromatography 

which separates proteins based on their hydrophobicity, ion exchange (strong 

cation exchange (SCX)/ strong anion exchange (SAX)) and size exclusion 

chromatography (SEC), which rely on charge or size, respectively, on which to 

separate. Alternatively, affinity chromatography can be used, which separates 

based on a biological component of the sample. The dynamic changes of the 

proteome mean that there is a relatively high level of both spatial and temporal 

variability, even between cells of the same type. Nevertheless, the proteomic field is 

now starting to yield answers to clinically important questions (Mischak et al., 2012, 

Fuzery et al., 2013). 

 

 

1.5.3. Proteomic analysis of different sample types 

 

1.5.3.1.  Serum proteomics  

Serum has been estimated to contain tens of thousands of protein isoforms 

(Anderson, 2002, Archakov et al., 2007). The potential for tumour-made proteins to 

enter the blood through secretion or membrane shedding may enable this fluid to 
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contain disease-specific biomarkers. Serum is also an easily accessible fluid which 

can be obtained at any stage during a clinical intervention, thus giving the 

opportunity for longitudinal monitoring. Moreover, serum is not subjective to the 

spatial heterogeneity observed in tissue samples, although inter-individual 

variability can be very high. All of these features make serum a highly interesting 

clinical sample for proteomic studies. The most recent update of the human plasma 

proteome database reported 10,546 proteins, however only 3,784 of these have 

been found in two or more studies (Nanjappa et al., 2014), underlining two of the 

most significant problems of serum proteomics: depth of mining and reproducibility. 

The concentration of serum proteins spans ten orders of magnitude; this large 

range is problematic, due to the masking of low abundance proteins by high 

abundance proteins. The most comprehensive single study to-date confidently 

identified 2928 proteins, in this study the authors used two successive stages of 

fractionation to simplify the complex mixture and improve the discovery rate (Liu et 

al., 2007). Although this level of fractionation is not generally a feasible approach in 

clinical studies due to the significant amount of time necessary to undertake this 

level of mining, some prefractionation is essential. Many studies have investigated 

different types of fractionation, including the use of size exclusion, ion exchange, 

and reversed phase chromatography, however these generally require multiple 

fractions to achieve a significant depth of mining, thus increasing the analysis time. 

Removal of the most abundant proteins by immunodepletion has been shown to be 

a quick method to aid in unmasking lower abundance proteins. A 52.3% increase in 

the number of identifications, compared to neat serum, was achieved when using 

the MARS-14 column (Smith et al., 2011b), which selectively depletes the 14 most 

abundant proteins in human serum. Though there are concerns surrounding co-

depletion when using this technique (Bellei et al., 2011), the one-step increase in 

identifications justifies this technique for clinical serum-based studies. Though 



- 64 - 

 

 

serum studies have poor reproducibility, performing repeat injections of the same 

sample may help alleviate this due to the selection of different peptides for 

fragmentation (Barnea et al., 2005). Downstream validation of putative targets using 

a sensitive and specific technique is essential to confirm the clinical utility of any 

identified targets; this was recently achieved with a panel of three serum 

biomarkers identified to predict response to bevacizumab (Collinson et al., 2013). 

 

1.5.3.2. Tissue proteomics 

A few thousand proteins can be identified from tissue studies without the need for 

any pre-fractionation; furthermore this sample does not suffer from the signal 

masking effects brought about by a few high abundance proteins, as seen in serum, 

unless the sample is particularly vascular. Acquiring tumour tissue is, however, a 

highly invasive process, thus removing the ability for multiple sampling. Moreover, 

due to an averaging out of the protein intensities within the sample, tissue studies 

are sensitive to infiltrating non-tumour cells, and all tissue blocks must therefore be 

pathologically reviewed prior to analysis to ensure the block is predominantly 

tumour. Tumour heterogeneity is another serious problem with tissue-based studies 

and significant protein, transcript, and genetic differences have been observed in 

different regions of the same tumour, and between different metastatic sites 

(Gerlinger et al., 2012). Finally, due to embedding of a significant amount of tumour 

tissue in formalin fixed-paraffin embedded (FFPE) blocks, very little – if any – 

sample may remain for storage as frozen sections, a sample type which requires 

significant infrastructure to bank properly which can make storage of this sample 

type problematic. Acquiring sufficient samples for an adequately powered study can 

therefore be challenging. The development of techniques to extract proteins from 

FFPE tissue blocks has helped alleviate one of these problems; with FFPE blocks 

routinely stored in pathology archives, access to multiple samples is now much 
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easier. Furthermore, these blocks have long term follow up data associated with 

them, enabling the clinical implications of the studies to be explored with greater 

depth. Studies in our lab have revealed there are comparable numbers of 

identifications between fresh frozen and FFPE stored blocks (Nirmalan et al., 2011), 

and that there is no loss in the number of protein identifications from specimens 

spanning up to a decade in age, with over 2000 proteins being identified per sample 

(Craven et al., 2013a).   

 

 

1.5.3.3. Cell based proteomics  

In vitro model systems have traditionally provided a platform on which to answer 

biological questions which may not otherwise be easily answered. Advantages of 

such a system include the ability to closely monitor and control the environment, the 

ability to genetically modify the cells to represent a variety of disease phenotypes, 

an essentially limitless supply of sample, and the homogenous nature of the 

resulting sample which removes complications from infiltrating non-tumour cells. 

Though the homogenous nature of in vitro samples allows for the detection of very 

low abundance proteins, it does not reflect the complexity of a tissue, and this 

oversimplification of the model may therefore bring results that do not translate into 

clinically valid findings. Furthermore, some of these immortalised cancer cell lines 

have been used for many years, and cell line validation is essential to ensure 

significant genetic and epigenetic alterations have not taken place. Finally, it is also 

unknown how sensitive many of these cell lines are to minor cell culture stressors, 

and how this may impact on the phenotype and thus the reliability of the cell line in 

question. Validation of findings in clinical samples is essential to truly determine the 

utitlity of any differential protein expressions identified. A cell-based mass 

spectrometry study can easily yield many thousands of proteins, indeed with 
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multiple levels of fractionation and a high speed mass spectrometer it is possible to 

identify over 10000 proteins (Nagaraj et al., 2011). The development of techniques 

such as Filter Aided Sample Preparation (FASP) (Wisniewski et al., 2009) and 

Suspension Trapping (STrap) (Zougman et al., 2014) have allowed for low 

quantities of cell lysate to be used to routinely identify over 3000 proteins. 

Furthermore, the potential for downstream studies investigating the functional 

aspects of a protein of interest, such as immunoprecipitation, make in vitro models 

an attractive method to investigate the proteome.  

 

 

1.6. Study aims 

The overall project aim was to identify clinically relevant markers that will assist with 

the management of renal cell carcinoma, focussing on (a) diagnosis of RCC and (b) 

prediction of the response to therapeutic intervention.  

 

Predictive biomarker study 

 To determine if baseline proteins could predict for response to sunitinib, by 

comparing baseline nephrectomised tissue of patients subsequently treated 

with sunitinib, in a non-hypothesis driven approach. 

 To determine if quantifiable changes occur in protein profiles over time, and 

if markers of sunitinib response can be found in serum, by analysing 

baseline and longitudinal serum samples of responders and non-

responders.  

 To validate potential targets identified in the discovery patient set using 

Western blot, ELISA, and immunohistochemistry.  
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Early tumourigenesis study 

 To find proteins specific to the VHL-mediated tumourigenesis of renal cell 

carcinoma by comparing the proteomes of isogenic cell lines carrying four 

clinically relevant VHL disease mutations, plus a wild type control. 

 To validate potential markers using Western blot, immunoprecipitation, and 

RT-PCR. 

 

A tripartite approach was used to investigate the utility of different samples for 

biomarker mining. Markers predictive of response to sunitinib were investigated 

using nephrectomised tissue and longitudinal serum collected from patients treated 

with sunitinib. Proteins that may shed light on the early tumourigenesis of RCC, and 

thus provide early biomarkers of disease, were investigated using cell lines carrying 

VHL disease relevant mutations. Potential candidates were validated using a 

variety of techniques including western blot, immunoprecipitation, and 

immunohistochemistry.  
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2. Materials and Methods 

All solutions were made using Milli-Q ultrapure water (18MΩ resistance). Unless 

otherwise specified, all laboratory chemicals were purchased from Sigma.  

 

 

2.1. Sample collection and preparation 

 

2.1.1. Patients 

An investigation into potential biomarkers to predict response to sunitinib was 

carried out using clinical samples. Both serum and renal tissue from patients with 

clear cell metastatic RCC treated with sunitinib at St. James’ University Hospital 

were collected with informed consent and ethics approval (Ref.10/H1306/7). 

Sunitinib was administered at a starting dose of 50 mg once a day (p.o.) using a 

standard four weeks on/two weeks off repeating schedule. Best response was 

assessed by CT scan according to RECIST v1.1 criteria (Eisenhauer et al., 2009) 

(Table 2.0.1). Patients were selected for comparative analysis of response to 

sunitinib with the assistance of a renal oncologist. As far as possible, patients were 

matched for age, grade, gender, pathological stage, presence of metastases, and 

degree of toxicity. Follow up data including intrapatient dose reductions and 

toxicities were recorded.  

 
 

2.1.1.1 Serum samples 

Longitudinal blood samples were collected from relapsed mRCC patients at 

baseline before treatment initiation, two weeks into the first cycle, then 

consecutively at the start of each treatment cycle (Figure 2.0.1). Venous blood 

samples were collected by the on-site sample processing team - according to 
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standard operating procedures - into 9 ml Z serum clot activator tubes (Greiner 

BioOne, Stonehouse, UK). Samples were left to clot for at least 45 minutes (max 2 

hours) before being centrifuged at 2000 x g, for 10 minutes at room temperature. 

Serum was aliquotted and then stored at -80°C until further use.    

 

Table 2.0.1: RECIST criteria used to assess response to therapy in solid 

tumours 

Response Determination 

CR Disappearance of all target lesions. Any pathological lymph nodes (whether 

target or non-target) must have reduction in short axis to <10 mm. 

PR At least a 30% decrease in the sum of diameters of target lesions, taking as 

reference the baseline sum diameters. 

SD Neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify 

for PD, taking as reference the smallest sum diameters while on study. 

PD At least a 20% increase in the sum diameters of target lesions, taking as 

reference the smallest sum on study. In addition to the relative increase of 

20%, the sum must also demonstrate an absolute increase of at least 5 mm.  

(The appearance of one or more new lesions is also considered progression). 

PD, progressive disease; SD, stable disease; PR, partial response; CR, complete 

response. Adapted from (Eisenhauer et al., 2009) 
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Figure 2.0.1: Sunitinib cycles and sample collection 

Tissue was taken at nephrectomy (Nx). Blood samples were collected at baseline - 

before treatment initiation (C1W0), two weeks into the first cycle (C1W2), and at the 

start of every cycle thereafter, until treatment cessation (TxC). C, cycle number; W, 

week number within cycle. Broken arrow indicates an unspecified period of time. 

 

 
 
 
 
 
 
 
 
 
 

2.1.1.2. Tissue samples 

Formalin Fixed-Paraffin Embedded (FFPE) tissue blocks from the pathology archive 

were requested and carefully reviewed by an expert urological pathologist. As far as 

possible, all patients were matched for age, grade, gender, pathological stage, 

presence of metastases, and degree of toxicity. Multiple blocks were requested for 

each patient, and the age of the blocks spanned a range of 1-11 years. Pathological 

review allowed for the histological type to be confirmed and a representative region 

from a single block per patient to be marked for subsequent analysis; most blocks 

required macrodissection. Representative blocks were chosen to maximise tissue 

recovery and minimise contamination from necrosis, normal tissue, and 

inflammatory areas. Following review, 10μm sections were cut (total surface area 

approx 5 cm2) onto glass slides, oven dried, and then heated on a hot plate at 60°C 

for 30 minutes.  
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 2.1.2. RCC cell lines 

To investigate the proteomic changes brought about by mutation of VHL, four 

subtypes of VHL disease, generated as previously described (Clifford et al., 2001) 

from stable transfections of the parental cell line RCC4 were compared. The RCC4 

renal cancer derived cell line carries the C194G loss-of-function mutation in exon 1 

of vhl, causing a switch from serine to tryptophan at position 65 (Ser65Trp). Five 

stable transfectants were previously generated from this parental line which had the 

following modifications introduced via a pcDNA3.1 vector: full length wild type VHL 

(WTHAB6), empty vector (RCC4/T), and three mutations representative of VHL 

disease types 2A, 2B and 2C (RCC4/2A, RCC4/2B, RCC4/2C, respectively). The 

RCC4 VHL mutation (C407G/S65W) and the type 2A (T505C/Y98H) mutations are 

both located in exon I, the type 2B (R167Q/G713A) and type 2C (L188V/C775G) 

mutations are both in exon III (Figure 2.0.2).  All five cell lines were kindly donated 

by Professor Eammon Maher (Abdulrahman et al., 2007). All VHL-disease cell lines 

were Short Tandem Repeat (STR) profiled to confirm their lineage.  

 

 

Figure 2.0.2: Location of VHL mutations in RCC4 transfectants 

Location of VHL mutations in RCC4/T (S65W/C407G), RCC4/2A (T505C), 

RCC4/2B (G713A), and RCC4/2C (C775G).  
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2.1.2.1 Cell culture 

Three replicates of each cell line were routinely passaged at 85-90% confluence by 

washing with PBS+0.1% w/v EDTA and incubating for 3-4 minutes with 0.5 ml 

trypsin-versene. The five VHL cell lines were grown in MEM-α culture medium (Life 

Technologies, Paisley, UK) supplemented with 10% v/v FCS and 2 mM glutamine. 

The first passage following revival from liquid nitrogen storage contained 1 mg/ml 

Geneticin to select for plasmid-carrying cells, and the cells were passaged five 

times prior to downstream analysis. Cells were grown in triplicate to provide 

independent replicates, and maintained at 37°C, 5% CO2.  

 

 

2.2. Protein enrichment, extraction, and separation  

 

2.2.1. Immunodepletion of serum with a MARS14 column 

Immunodepletion was performed using a MARS14 column (4.6 x 100 mm) (Agilent 

Technologies, Wokingham, UK), which uses antibodies to capture 14 of the most 

abundant proteins from human serum (Table 2.0.2). Proteins not bound by the 

antibodies on the column (‘peak 1’) constituted the lower abundance fraction, 

proteins recognised and bound by the column (‘peak 2’) formed the high abundance 

fraction. Samples were depleted and analysed as previously described (Smith et 

al., 2011a). Briefly, depletion was performed on an Agilent 1200 series HPLC using 

the proprietary buffers for the MARS14 column: Buffers A and B. The column was 

operated at room temperature and stored at 4°C in between uses, the autosampler 

and fraction collector were operated at 4°C. Samples were diluted 1:3 in Buffer A 

and filtered through a 0.22 μm centrifugal Spin-X filter (Corning, Amsterdam, NL) to 

remove large aggregates. A total of 160 μl was injected onto the column, containing 
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40 μl neat serum (average concentration of neat serum, 76 μg/μl; range, 52.86-

103.52 μg/μl) per depletion. A single depletion was performed per sample. The 

column was operated at maximum 60 MPa with the following programme: 0-21 

minutes 100% Buffer A, 0.125 ml/min; 21-23 minutes 100% Buffer A, 1 ml/min; 23-

30 minutes 100% Buffer B, 1 ml/min; 30-41 minutes 100% Buffer A, 1 ml/min. 

Fractions were collected in 1 minute intervals. The peak 1 and peak 2 fractions 

were individually pooled and frozen at -80°C until further use. An identical 

programme, using Buffer A as the sample, was performed between samples to 

wash the column and minimise protein carry-over.  

 

Table 2.0.2: Proteins immunodepleted by the MARS-14 column 

Albumin α2-macroglobulin  

IgG IgM 

Transferrin Apolipoprotein A1 

α1-antitrypsin α1-acid glycoprotein 

Fibrinogen Complement C3 

IgA Apolipoprotein A2 

Haptoglobin Transthyretin 

The 14 serum proteins depleted by the MARS14 column.  

 

2.2.2. Generation of cell lysates from RCC cell lines 

Cells were grown to 85-90% confluence in T150 flasks, the media was aspirated off 

and the cells were washed five times in ice-cold PBS. Excess liquid was removed 

using a stripette. Cells were lysed into 1.5 ml 5% w/v SDS/50 mM Tris-HCl, pH 7.6 

and sonicated for 1 minute using a Soniprep 150 (MSE, London, UK) to disrupt the 

DNA. DTT (15 mM) was added and the samples were heated to 95°C for 5 minutes 

to denature the proteins and reduce the disulphide bonds. The lysate was clarified 
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by centrifugation in a microfuge at 14,000 x g for 10 minutes, then the supernatant 

was aliquotted and stored at -80°C until further use.  

 

2.2.3 Protein extraction from FFPE tissue 

FFPE tissue sections were first dewaxed and rehydrated using five sequential 

incubations of organic solvents: (1) five minutes in 100% xylene; (2) five minutes in 

100% xylene; (3) five minutes in 100% ethanol; (4) five minutes in 90% ethanol; (5) 

five minutes in 70% ethanol. The sections were macrodissected with a sterile 

scalpel as necessary and the required regions were scraped into 400 μl sample 

buffer (5% w/v SDS/50 mM Tris-HCl pH7.6), vortex mixed and heated to 105°C for 

45 minutes to extract, and denature the proteins. The extracts were cooled on ice 

for five minutes and then the DNA was sheared using a Soniprep 150 (MSE, 

London, UK). DTT (15 mM) was added to the extracts, followed by heating to 95°C 

for 5 minutes to break and reduce the disulphide bonds. Extracts were clarified by 

centrifugation for 10 minutes at 4°C, and then aliquots were stored at -80°C until 

further use. 

 

2.2.4. Immunoprecipitation 

RCC4/T cells were grown in T150 flasks and allowed to reach 85% confluence, 

then cell monolayers were scraped into PBS + 0.1% w/v EDTA, pelleted, and 

washed twice in PBS. The cells were centrifuged, the supernatant was removed, 

and the cells were lysed into a modified RIPA buffer (150 mM NaCl, 50 mM Tris-

HCl pH 7.4, 1% v/v NP40, 0.2% w/v sodium deoxycholate, protease inhibitor 

cocktail tablet). Cell lysis was allowed to occur on a spinner at room temperature for 

15 minutes. The lysate was clarified by centrifugation at 14,000 x g for 10 minutes, 

filtered through a 0.45μm Acrodisc® filter (Pall Life Sciences, Portsmouth, UK), and 

either frozen at -20°C or used immediately. Immunoprecipitation was performed at 
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room temperature using capture antibody at 4 μg/ml, or an equal concentration of 

species-matched normal IgG, which was added directly to the cell lysate and 

incubated on a spinner at room temperature for 45 minutes. Magnetic protein G 

coupled Dynabeads® (Life Technologies, Paisley, UK) were prepared by washing 

once in the modified RIPA buffer, resuspended in the same buffer, and added to the 

protein-antibody mix (20μl/100μl sample). The mix was allowed to incubate at room 

temperature on the spinner for 45 minutes. The magnetic beads were captured 

using a strong magnet and the supernatant was retained. The bead pellet was 

washed once in modified RIPA buffer, and then resuspended in Laemmli buffer 

(62.5 mM Tris-HCl (pH 6.8), 10% v/v glycerol, 2% w/v SDS, 15 mM DTT), and 

heated at 95°C for 5 minutes. The magnetic beads were captured using a magnet 

and the supernatant was kept for downstream analysis.  

 

2.2.5. 1D SDS-PAGE 

Protein samples were diluted in Laemmli buffer, denatured and reduced by heating 

to 95°C for 5 minutes, allowed to cool, then separated (10 μg/lane) on 12% 

acrylamide gels cast in-house, or 8-16% Criterion tris-glycine gels. A Tris-glycine 

running buffer was used (25 mM Tris, 192 mM glycine, 0.1% w/v SDS) and the gels 

were run at 120V for 60-90 minutes in a Mini-Protean II gel electrophoresis kit (Bio-

Rad, Herts, UK), or  Criterion™ Cell gel tank (Bio-Rad, Herts, UK), respectively.  

For very low or very high molecular weight proteins, a Bis-Tris gel (Life 

Technologies, Paisley, UK) was used. Proteins were diluted in a modified Laemmli 

buffer (62.5 mM Tris-HCl (pH 6.8), 10% v/v glycerol, 2% w/v SDS, 20 mM DTT), 

denatured and reduced by heating to 95°C for 5 minutes, allowed to cool, then 

separated (10 μg/lane) on 10% or 12% NuPAGE® Bis-Tris gels (Life Technologies, 

Paisley, UK). MES (Life Technologies, Paisley, UK) or MOPS (Life Technologies, 

Paisley, UK) running buffer was used to assist in the resolution of very low, or very 
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high, molecular weight proteins respectively. Gels were run at 150V for 60-90 

minutes in a Novex® electrophoresis tank (Life Technologies, Paisley, UK).  

 

 

2.3. Protein assays 

 

2.3.1. Bradford assay 

Protein concentrations of serum samples were determined using a modified 

microplate Bradford assay. Reactions were set up in sample tubes using PBS as 

the diluent (1/50 dilution). Standards (range: 1.0-20.0 μg/ml) were made using 1 

mg/ml BSA diluted in PBS. Samples and standards were transferred to a 96-

microwell plate in duplicate (200 μl/well), and then 50 μl of Bradford reagent (Bio-

Rad, Herts, UK) was added to each well and mixed thoroughly with a multichannel 

pipette. The plates were incubated for 20 minutes before reading the absorbance at 

620nm using a MultiSkan Ex (Thermo, Hemel Hempstead, UK). PBS + Bradford 

reagent was used as the background, which was subtracted during analysis. 

Microsoft Excel 2007 was used to plot a standard curve and calculate 

concentrations.  

 

2.3.2. Spectrofluorometer 

To determine protein concentration by spectrofluorometry, the tryptophan 

autofluorescence of the protein samples was measured, and then this intensity was 

multiplied   by an assay-determined normalisation factor to account for the average 

amount of tryptophan found in the human proteome. Protein samples in lysis buffer 

(2.5% w/v SDS/50 mM Tris-HCl pH 6.8, 15 mM DTT) were heated to 95°C to 

denature the proteins and reduce disulphide bonds. Protein intensity was measured 
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using a Jasco Spectrofluorometer (Jasco, Dunmow, UK) controlled using the 

proprietary software. Briefly, a background of 8M urea was used to maintain a 

denaturing environment, and the amino acid tryptophan (0.1 μg/μl) was used as the 

amino acid standard. Peak intensities were measured at a wavelength of 285 nm, in 

increments of 1nm. The peak intensity for the urea background was measured, and 

the intensity for tryptophan was determined by adding 1 μl, mixing, and measuring, 

and this step was then repeated to give two tryptophan measurements. Samples 

were then measured by sequentially adding 1μl of each sample, mixing thoroughly, 

and recording the intensity. The equation used to determine the concentration of 

each of the samples is shown in Equation 1. The urea background (U) was 

subtracted from the first (W1) and second (W2) tryptophan samples, and from each 

of the test samples (S). To determine the concentration of each test sample, the 

difference in intensity between the two tryptophan values was determined, and this 

was divided by the amount of tryptophan (A) used in micrograms (0.1 μg used 

here), to determine an assay specific standard normalisation factor. Next, the 

intensity measured for each test sample was divided by the assay specific 

normalisation factor, and multiplied by a global normalisation factor of 70. The 

global normalisation factor was determined assuming that tryptophan accounts for 

1.3% of the human protein amino acid composition (Kulak et al., 2014). 
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Equation 1: Determining sample concentration from spectrofluorometry 

Determination of sample concentration using spectrofluorometer-determined 

intensities. S, sample intensity; U, urea background intensity; W1, first tryptophan 

intensity reading; W2, second tryptophan intensity reading; A, tryptophan standard, 

μg.  

 

{
𝑆−𝑈

[
(𝑊2−𝑈)−(𝑊1−𝑈)

𝐴
]
} 70  

 

 

2.4. Staining proteins 

 

2.4.1. Colloidal Coomassie blue staining of 1D SDS-PAGE gels 

Gels were first fixed in 50% ethanol/10% acetic acid overnight, to wash out SDS 

and precipitate the proteins into the gel. Colloidal Coomassie staining was 

performed using Brilliant Blue G – Colloidal Coomassie concentrate (Sigma, Dorset, 

UK), diluted 4:1 with methanol prior to use. Staining was allowed to continue for at 

least 1 hour. Gels were destained for 1 minute with destain 1 (25% v/v methanol, 

10% v/v acetic acid), then further destained using destain 2 (25% v/v methanol) 

until an optimal protein pattern was observed.  

 

2.4.2. Silver staining of 1D SDS-PAGE gels 

Gels were fixed as described above (Section 2.4.1.), and silver staining was 

performed using the ProteoSilver™ Silver Stain Kit (Sigma, Dorset, UK) according 

to the manufacturer’s instructions. The gels were allowed to develop until an 
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optimum protein pattern was observed, then halted according to the manufacturer’s 

instructions.  

 

2.4.3. Haematoxylin and Eosin staining of tissue sections 

FFPE tissue sections were haematoxylin and eosin (H&E) stained prior to 

pathological review. Sections were dewaxed in xylene (4 x 3 minutes), and 

rehydrated through 100% ethanol (4 x 3 minutes), 90% ethanol (1 x 3 minutes), and 

70% ethanol (1 x 3 minutes). Sections were washed in running tap water (2 

minutes), stained with Mayer’s haematoxylin (2.5 minutes), and rinsed in running 

tap water again. The Mayer’s pigment was blued with Scott’s tap water (2 minutes), 

then slides were washed in running tap water (1 minute) and stained with eosin (2 

minutes). Slides were washed once more with running tap water (1 minute), blotted 

dry, and dehydrated through four changes of 100% ethanol (15 seconds, 1 minute, 

5 minutes, 5 minutes). Sections were cleared in xylene (3 x 3 minutes) and 

mounted with DPX mounting medium.  

 

 

2.5. Tryptic digestion of proteins 

 

2.5.1. On-membrane digestion of serum proteins 

Depleted serum samples were concentrated using a 0.5 ml 10kDa molecular weight 

cut off (MWCO) Amicon filter (Millipore, Watford, UK). Concentration from a total 

starting volume of approximately 2ml was performed at 4°C, 14000 x g for 

approximately 30 minutes, to 150μl. The samples were frozen at -80°C in a fresh 

sample tube until further use. All centrifugation steps were performed at 14000 x g 

at 4°C. The unbound (Peak 1) samples were heated to 95°C for 5 minutes with DTT 



- 80 - 

 

 

to denature and reduce the proteins (final concentration 50 mM), centrifuged for 5 

minutes, and then transferred to a 0.5 ml 30 kDa MWCO Amicon filter (Millipore, 

Watford, UK). Samples were washed with 300 μl 50mM ammonium bicarbonate 

(ABC), centrifuged for 10 minutes to clarify the solution, then incubated in the dark 

for 10 minutes with 80 μl 100 mM iodoacetamide to alkylate the cysteines. The 

solution was centrifuged for a further 5 minutes, then the proteins were washed on 

the filter with 250 μl 50 mM ABC five times and a fresh collection tube was 

attached. Digestion was performed in a wet chamber at 37°C overnight using 

sequencing grade modified porcine trypsin at a 1:50 enzyme:protein w/w ratio 

(Promega, Southampton, UK). Peptides were extracted with 140 μl MilliQ by 

centrifugation, and the peptides were pooled from two extractions. The 

concentration was measured using a NanoDrop 8000 (Thermo, Hemel Hempstead, 

UK) and the solution was concentrated to approximately 10μl using a Concentrator 

Plus (Eppendorf, Stevenage, UK) vacuum centrifuge.    

 

 

2.5.2. Filter Aided Sample Preparation (FASP) digestion of tissue 

extracted proteins 

Due to the presence of SDS in the tissue lysates, it was necessary to use the Filter 

Aided Sample Preparation (FASP) protocol to process these samples, which was 

carried out using a modified version of the published method (Wisniewski et al., 

2009). In this method, the chaotropic agent urea was used to break the SDS 

micelles and wash SDS out of the sample. Urea was then washed out with ABC. 

Samples were diluted into lysis buffer (5% w/v SDS 100 mM Tris-HCl, 10 mM 

dithiothreitol (DTT), lysed using a Soniprep 150 (MSE, London, UK), clarified by 

centrifugation at 14000 x g, and denatured at 95°C for 5 minutes. Due to the heat 

labile nature of urea, all the following centrifugation steps were performed at 20°C, 
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14000 x g. The lysates were diluted with 8M urea to reduce the SDS concentration 

(final concentration 0.4%), transferred into a 30kDa MWCO Amicon filter (Millipore, 

Watford, UK), and centrifuged for 10 minutes. Proteins were washed three further 

times with 400μl 8M urea to remove SDS and centrifuged for 20 minutes each time. 

The cysteine residues were alkylated for 10 minutes in the dark using 100 mM 

iodoacetamide (IAA), followed by centrifugation for 10 minutes. Excess IAA was 

then washed away with 400μl 8M urea, by centrifugation for 20 minutes.  The urea 

was then diluted out with four washes of 50mM ABC, followed by 20 minutes of 

centrifugation each time. The MWCO filters were transferred to new collection 

tubes, 45μl 50mM ABC was added and then sequencing grade modified porcine 

trypsin (Promega, Southampton, UK) was added (enzyme:protein ratio 1:50). The 

tryptic digests were incubated in a wet chamber at 37°C overnight. Peptides were 

extracted in two steps with 140μl MilliQ, the extractions were pooled and their 

concentrations were measured using the NanoDrop (Thermo, Hemel Hempstead, 

UK).  

 
 

2.5.2.1. Peptide clean up using STAGE Tips 

Samples that were digested using FASP were cleaned prior to mass spectrometric 

analysis using the STop And Go Extraction (STAGE) tips method (Ishihama et al., 

2006). To prevent damage to the packed tip, all centrifugation steps were 

performed at 5000 x g, at room temperature. Packed tips were made using five 

plugs of Empore™ C18 octadecyl discs (Sterlitech, Washington, USA) pushed 

down into a P200 tip and inserted into the top of a sample tube. The STAGE Tip 

was wetted with 50 μl methanol and centrifuged for 1 minute, then the tip was 

activated with 80 μl Velos Buffer B (80% v/v acetonitrile (ACN), 0.1% v/v formic 

acid, 0.01% v/v trifluoroacetic acid). The tip was washed with 100 μl Velos Buffer A 

(5% v/v ACN, 0.1% v/v formic acid, 0.01% v/v trifluoroacetic acid). The sample was 
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loaded onto the top of the tip (maximum 10 μg/plug), then centrifuged for 3-4 

minutes, washed with 100 μl of Velos Buffer A and then centrifuged for a further 3-4 

minutes. Proteins were eluted into a fresh collection tube with 80 μl Velos Buffer B, 

the eluate was collected then added onto the top of the tip and centrifuged through 

the tip once more. The concentration was measured using a NanoDrop (Thermo, 

Hemel Hempstead, UK) and the solution was concentrated to approximately 10μl 

using a Concentrator Plus (Eppendorf, Stevenage, UK) vacuum centrifuge.  

 

2.5.3. Suspension Trapping (STrap) digestion of cell lysate proteins 

In this combined protein digestion and peptide clean up protocol (Zougman et al., 

2014), a pipette tip is packed with both a quartz matrix and a C18 resin. The SDS is 

washed out with other contaminants whilst the undigested proteins are trapped in a 

suspension held by the quartz matrix. The proteins are digested, and as the 

peptides pass through the C18 resin they are desalted and concentrated. Briefly, 

the STrap tip (S-tip) was assembled by inserting 3 plugs of C18 Empore resin, 

followed by 11 plugs of MK360 quartz fiber (Munktell Filter Ab, Falon, Sweden), into 

a P200 pipette tip, then the plugs were gently compacted down. To the S-tip, 120 μl 

of STrapping buffer (90% v/v methanol, 100 mM Tris/HCl pH 7.1) was added, and 

the tip was allowed to sit for 1 minute. The S-tip was inserted into a 1.5 ml 

microcentrifuge tube with a hole punctured in the lid; the two components together 

created the ‘spin-unit’. To prepare the sample, 60 μg of cell lysate - prepared as 

previously described (Section 2.2.2.) - was concentrated to 30 μl, alkylated with 150 

mM IAA (stock 0.9 M in H2O) for 15 minutes in the dark, and acidified with 

phosphoric acid (final concentration, 1.2% v/v).  The alkylated and acidified sample 

was slowly added into the S-tip, and the spin-unit was centrifuged at 2800 x g for 2 

minutes, and the flow through disposed of. Next, 70μl of STrapping buffer was 

added into the S-tip and it was placed into a fresh microcentrifuge tube, the device 
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was centrifuged at 2800 x g for 45 seconds. To wash out the methanol, 30 μl of 50 

mM ABC was added to the S-tip and centrifuged through for 30 seconds at 2800 x 

g. To enable digestion, 22μl of typsin was added to the top of the spin-unit (0.033 

μg/μl, in 50mM ABC) and pushed into the filter stack with the aid of a syringe. The 

Spin-unit was closed off using a 10 μl filter tip, and incubated at 47°C for 60 

minutes. After incubation, 50 μl of ABC was added and the device was centrifuged 

for 1 minute at 2300 x g. To wash out impurities, 100 μl of 0.5% v/v trifluoroacetic 

acid (TFA) in H2O was added and centrifuged through the spin-unit for 90 seconds 

at 2500 x g. The STrap-tip was once again placed into a fresh microcentrifuge tube 

and 80 μl of elution buffer (70% v/v acetonitrile, 0.5% v/v formic acid, in H2O) was 

added, the device was briefly centrifuged for 5 seconds at 2500 x g to allow the 

buffer to enter the matrix, then incubated at room temperature for 30 seconds. 

Finally the spin-unit was centrifuged for 1 minute at 2500 x g to elute the peptides.  

The eluate was concentrated to approximately 10 μl using a Concentrator Plus 

(Eppendorf, Stevenage, UK) vacuum centrifuge.  

 

2.6. Protein identification 

Protein identification was performed by reverse-phase fractionating and injecting 

the digested peptides onto the mass spectrometer, where they were ionised using a 

nano-electrospray ionisation source, before being focussed and passed through to 

the Orbitrap for the first analysis. During this stage the m/z of the ions is 

determined; this is carried out by using a fourier transform to deconvolute each ions 

signal, which is generated by their speed and tangent as they move around the 

central coaxial spindle-like electrode, and is dependent on their mass. A highly 

accurate fingerprint of their mass – a peptide mass fingerprint – is generated, and 

the top most abundant ions are selected for further analysis. Fragmentation by 
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collision-induced dissociation ensues (MS/MS), and the fragments are measured in 

the linear ion trap (LTQ) quadrupole cell, which uses four electrodes with oscillating 

radio and electrical fields to trap the ions and measure their m/z value. Three sets 

of data are thus achieved using this technique: the retention time of the peptides on 

the C18 column, the peptide mass fingerprint as measured by the Orbitrap, and the 

peptide fragmentation pattern as measured by the ion trap. The mass peak lists 

were then compared to the UniProt database using the MaxQuant software suite 

(Cox and Mann, 2008a), to analyse the proteins in the sample.  

 

2.6.1. LTQ-Orbitrap Velos Mass Spectrometry 

Digested peptides were separated by online reversed-phase capillary liquid 

chromatography (LC) and analyzed by electrospray tandem mass spectrometry 

(MS) using either two or three injections per sample. The sample concentrations 

were normalised to one another within an experiment (total amount of protein 

injected varied between experiments; see individual studies) and injected onto an 

in-house prepared 20 cm reversed phase fused-silica capillary emitter column 

(inner diameter 75 μm, packed with 3.5 μm Kromasil C18 media) using a Dionex 

UltiMate 3000 RSLCnano nanoflow system (Thermo, Hemel Hempstead, UK), or a 

Thermo EasyNano system (Thermo, Hemel Hempstead, UK). The LC setup was 

connected to a linear quadrupole ion trap-orbitrap (LTQ-Orbitrap) Velos mass 

spectrometer (Thermo, Hemel Hempstead, UK) equipped with a Proxeon 

nanoelectrospray ion source (Thermo, Hemel Hempstead, UK). The total 

acquisition time was 240 min per injection, the major part of the gradient (from 10 to 

210 min) being 4–25% v/v ACN in 0.1% v/v formic acid at a flow rate of 400 nl/min. 

Survey MS scans were acquired in the Orbitrap with the resolution set to 60000. Up 

to 20 most intense ions per scan were fragmented and analyzed in the linear trap.  
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2.6.2. Protein Identification using MaxQuant 

The raw Xcalibur files were searched against either an IPI or Uniprot human protein 

sequence database with the MaxQuant suite of software (Cox et al., 2009, Cox and 

Mann, 2008b).  The initial maximal mass tolerance for the MS scan was set to 10 

ppm, the fragment mass tolerance for MS/MS was set to 0.5 Thomson. The 

maximum false protein and peptide discovery rates were set to 0.01. Default 

settings were kept except (i) ‘Label Free Quantitation’ and (ii) ‘second peptides’ 

were switched on, and (iii) ‘fast LFQ’ and (iv) ‘match between runs’ were switched 

off.  ProteinGroups files from MaxQuant were filtered to remove proteins that were 

identified from the decoy database, known contaminants, and proteins that were 

identified with only one peptide.  

 

2.7. Validation of protein expression profiles 

 

2.7.1. Western Blotting 

Proteins were separated by 1D SDS-PAGE and then transferred onto Hybond™-C 

Super membranes (GE Healthcare LifeSciences, Little Chalfont, UK) in transfer 

buffer (250 mM Tris, 192 mM Glycine, 10% v/v methanol) using a Mini Protean II 

(Bio-Rad, Hemel Hempstead, UK) at 100V for 1 hour, or using a Criterion™ Blotter 

(Bio-Rad, Hemel Hempstead, UK). Following transfer, blots were stained with 

Ponceau S solution (Sigma, Dorset, UK), allowing the quality of the transfer to be 

checked. The Ponceau S was washed off using MilliQ, then the blot was blocked 

using blocking buffer (TBS + 0.1% v/v Tween-20 + 10% w/v skimmed milk powder) 

for 1-2 hours. Blots were washed in TBST (TBS + 0.1% Tween-20) for 3 x 5 

minutes and incubated with the primary antibody for a defined period (antibodies 

were titrated to determine optimal concentrations and incubation conditions) (Table 
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2.0.3). The blots were washed in TBST three times for five minutes each to remove 

excess primary antibody, and then incubated with the appropriate EnVision 

secondary HRP-labelled antibody (Dako, Ely, UK), diluted 1/100. Excess secondary 

antibody was washed off with three x five minute TBST washes and then the blots 

were incubated with the luminol substrate, SuperSignal® West Dura Extended 

Duration Substrate (Thermo, Hemel Hempstead, UK) for five minutes. Blots were 

visualised using Kodak BioMax MS film (Sigma, Dorset, UK) on a Medical Film 

Processor (Konica Minolta, Banbury, UK).  

 

Table 2.0.3: Antibodies used in Western blots of cell and tissue lysates 

Antigen Species Clone Clone Conc/dil Source Cat No. 

VHL Rabbit pAb - 1/100 SDIX 2319.00.02 

HIF1a Mouse pAb - 1/100 Sigma SAB1405933 

CA9 Mouse mAb M75 1/80000 (Oosterwijk 

et al., 1986) 

NA 

IRS2 Rabbit mAb EP976Y 1/200 Abcam ab52606 

Cathelicidin Mouse mAb OSX12 1/1000 Abcam ab87701 

CD70 Mouse mAb 2F2 2.5μg/ml Abcam ab51664  

NA, not applicable. Dilution provided where a concentration was not available. pAb, 

polyclonal; mAb, monoclonal.  

 

2.7.2. Immunohistochemistry 

To determine the most appropriate antibody concentration to use, 

immunohistochemistry protocols were first optimised using OCT-embedded frozen 

tissue, before analysing FFPE sections. Sections (3-5μm) were cut onto slides 

(FFPE, or OCT-embedded frozen). FFPE sections were first dewaxed in xylene (3 x 

5 minutes) and rehydrated in 100% ethanol (3 x 1 minute). Antigen retrieval was 

undertaken using proteinase-K. Briefly, proteinase-K was resuspended in 
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resuspension buffer (10 mM Tris-HCl pH 7.5, 20 mM CaCl2, 50% v/v glycerol) and 

diluted in PBS (100 μl/50ml). Sections were incubated with the proteinase K 

solution at 37°C for 25 minutes, then rinsed in TBS. OCT-embedded frozen 

sections were allowed to thaw and fully dry at room temperature, then were fixed in 

acetone for 2 minutes, and air dried fully again. For all sections, endogenous 

peroxidase was blocked for 20 minutes using 0.6% v/v hydrogen peroxide made 

fresh in methanol, and the slides then washed in running water for 10 minutes. The 

slides were next mounted onto Shandon coverplates with TBS, and loaded into the 

Sequenza (Thermo, Hemel Hempstead, UK). The sections were blocked for 20 

minutes using casein (Vector Laboratories, Peterborough, UK), diluted 1/10 in 

Zymed antibody diluent (Life Technologies, Paisley, UK). Primary antibody (Table 

2.0.4) was diluted in Zymed antibody diluent (Invitrogen, Paisley, UK), and 

incubated at room temperature for 1 hour. Slides were washed twice in TBS (4 

minutes, then 5 minutes), then incubated with Novolink™ post-primary block (Leica 

Biosystems, Newcastle Upon Tyne, UK) for 30 minutes. Slides were washed twice 

more in TBS (4 minutes, then 5 minutes), and incubated with the Novolink™ HRP 

Polymer secondary antibody (Leica Biosystems, Newcastle Upon Tyne, UK) for 30 

minutes. Slides were washed twice in TBS (4 minutes, 5 minutes), removed from 

the Sequenza, and incubated with ImmPACT™ DAB Peroxidase Substrate (Vector 

Laboratories, Peterborough, UK) for 5-10 minutes. The reaction was stopped by 

placing the slides into tap water, and the slides were rinsed in running tap water for 

1 minute. Counterstaining was performed using Meyer’s haematoxylin for 20 

seconds, then slides were rinsed in tap water (1 minute), Scott’s tap water (1 

minute), and tap water (1 minute). Slides were dehydrated through three changes 

of absolute ethanol (3 x 1 minute), air dried for 5 minutes, then through four 

changes of xylene (4 x 1 minute). Coverslips were mounted with DPX mounting 

medium.  
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Table 2.0.4: Antibodies used in immunohistochemistry studies 

Antigen Species Clonality Clone Conc Source Cat No 

CD70 Mouse mAb 2F2 2.5 μg/ml Abcam ab51664  

CD31 Mouse mAb JC70A 15 μg/ml Dako 102870 

mAb, monoclonal 

 

2.8. Data analysis 

 

2.8.1. Statistics 

Statistical analyses were performed by Dr David Cairns and Michelle Wilson (with 

the Clinical and Biomedical Proteomics Group). Principal components analysis and 

hierarchical cluster analysis were used as multivariate methods of exploratory data 

analysis to examine the data for outliers and check for visible groupings in the data. 

Differential expression of proteins between patient groups, cell lines, and time 

points for longitudinal analyses was assessed using non-parametric statistical tests 

on the changes in peptide values, intensity, and LFQ intensity, considering each 

protein separately. Analyses of longitudinal time points were performed using the 

Friedman test. Cell lines were assessed using Kruskal Wallis to determine if there 

was a significant difference between any pair of data. Pairwise comparisons for all 

studies were performed using the Wilcoxon Mann Whitney test.  The false 

discovery rate was calculated using the q-value method (Storey, 2002). Heat maps 

were generated by determining the Z-score for each protein, and colour coded per 

sample depending on the determined score. Clustering was performed to enable an 

optimal pattern of expression to be determined, based on grouping similar 

expression patterns between responders and non-responders. Exploratory 

comparisons of mass spectrometric injections were performed, by generating Venn 
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diagrams and boxplots to enable data visualisation and comparison of statistical 

parameters. All analysis was undertaken in the R environment for statistical 

computing (Team, 2011).  

 

 

2.8.2. Bioinformatics 

Uniprot identifiers were extracted from the list of identified proteins. Protein 

functions were determined using a combination of UniProt and SwissProt, Gene 

Ontology, and literature searching. Uniprot identifiers were converted into 

ENSEMBL gene IDs using UniProt’s ID mapping service 

(http://www.uniprot.org/mapping/). Pathway analysis was performed using Ingenuity 

Pathways Analysis (Qiagen, Crawley, UK) and a variety of online tools, including 

DAVID (david.abcc.ncifcrf.gov/‎), GeneMania (www.genemania.org/‎), and KOBAS 

(kobas.cbi.pku.edu.cn/‎). 

 

2.9. Genomic and transcriptomic methods 

 

2.9.1. DNA sequencing 

Sequencing was performed over the vhl mutations in the five RCC4 cell lines to 

ensure only the expected mutations were present. Cells from 80% confluent flasks 

were washed once with PBS + 0.1% w/v EDTA, then lifted with 0.5ml trypsin-

versene as described above (Section 2.1.2.1.). Cells were resuspended in PBS + 

0.1% w/v EDTA, transferred to a 15 ml Falcon tube, washed twice, then frozen at -

20°C. DNA was recovered using the mini QIAprep kit (Qiagen, Crawley, UK), 

according to the manufacturer’s directions, and quantified using the NanoDrop 8000 
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(Thermo, Hemel Hempstead, UK). Recovered DNA was frozen at -80°C until 

required.  

 

All PCR and sequencing reactions were performed by Dr. Claire Taylor, St James’s 

University Hospital. The cDNA transgene was amplified from WTHAB6, RCC4/2A, 

RCC4/2B, and RCC4/2C using the PCR primer pair V3/V6 (Table 2.0.5). The 

endogenous VHL at the site of the inactivating mutation was amplified using the 

PCR primer pair M3529/M3538 in all five cell lines and wild type VHL. PCR was 

carried out using the HotStarTaq PCR Master Mix kit  (Qiagen, Crawley, UK). 

Reactions contained 20ng of total DNA, (11.25 pmol) forward primer, (11.25 pmol) 

reverse primer, 10ul HotStarTaq master mix, and, for primer set M3529/M3538, 

10% of v/v DMSO in a total volume of 20 μl. For both primer sets the cycling 

conditions were: denaturation at 95°C for 15 minutes, and 40 cycles of denaturation 

at 95°C for 30 seconds, annealing at (50-65°C) for 30 seconds, and extension 72°C 

for 60 seconds, followed by a final extension at 72°C for 10 minutes. PCR products 

(5 μl) were cleaned up using 2 μl ExoSAP-IT (Affymetrix, High Wycombe, UK).  

 

Sequencing over the inactivating RCC4 mutation in the genomic copies of this gene 

was performed using both the primer pair M3529/M3538 and M3533/M3536 (Table 

2.0.5). Primer pair M3529/M3538 were located in the 5’untranslated region (UTR) 

and intron 1 respectively, to ensure endogenous VHL was amplified and not the 

transgene. Primer pair M3533/M3536 were used to sequence over the mutation. 

Primer pairs for sequencing over the respective cell line specific mutations were 

picked to give the best possible view of the known mutation site. Sequencing was 

performed using the M3537/V6 pair (WTHAB6), V5/V6 (RCC4/2A) and M3541/V6 

(RCC4/2B and RCC4/2C). Sequencing reactions were performed using the 
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BigDye® ready reaction mix (Life Technologies, Paisley, UK). Reactions contained 

1 μl of cleaned PCR product, 0.5 μl of BigDye Terminator v3.1 (Applied Biosystems, 

Warrington, UK), 3.5 μl Half Big Dye reagent (Molecular Devices, California, USA), 

and 0.5 μl of 3.2 μM primer in a total volume of 10 μl. Sequencing conditions were 

25 cycles of 96°C for 10 sec, 60°C for 5 sec and 60°C for 4 min. Unincorporated 

nucleotides and primers were removed by ethanol precipitation. Sequencing 

products were resuspended in 20 μl of formamide and run on an Applied 

Biosystems 3130 genetic analyser (Life Technologies, Paisley, UK) using POP7 

polymer and 36 cm well-to-read capillaries. Data analysis was carried out by visual 

inspection of electropherograms and using Mutation Surveyor software 

(SoftGenetics, Pennsylvania, USA).  

 

Table 2.0.5: Forward and reverse primers used for PCR and sequencing of 

VHL 

Primer pairs were selected to cover both the endogenous VHL and to enable the 

best view of the mutation. Primers pairs for PCR (PCR) and sequencing (S) are 

shown.  

Target Pair Forward primer Reverse primer 

cDNA – PCR V3/V6 Agtacggccctgaagaagac tgcgctcctgtgtcagccgctccaggt 

gDNA – PCR M3529/M3538 Cccgggtggtctggatcg accgtgctatcgtccctgct 

gDNA – S M3533/M3536 Agtcgggcgccgaggagt aggcggcagcgttgggtag 

gDNA – S M3529/M3538 Cccgggtggtctggatcg accgtgctatcgtccctgct 

WTHAB6 – S M3537/V6 Cgtcgtgctgcccgtatg tgcgctcctgtgtcagccgctccaggt 

505 – S V5/V6 catcttctgcaatcgcagtccgcgcgt tgcgctcctgtgtcagccgctccaggt 

713 – S M3541/V6 ccaaactgaattatttgtgccatc tgcgctcctgtgtcagccgctccaggt 

775 – S M3541/V6 ccaaactgaattatttgtgccatc tgcgctcctgtgtcagccgctccaggt 
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2.9.2. RT-PCR 

Transcript levels may be investigated through the use of quantitative RT-PCR, by 

measuring the appearance of product over time through successive cycling. The 

TaqMan system involves the use of a probe, which is specific to a sequence 

between the primer pair, and has a fluorescent label together with a quencher 

attached (Gibson et al., 1996, Livak et al., 1995). The probe binds to the cDNA 

during the annealing step, and when polymerase extends over the probe the 

quencher is released, allowing the fluorescent signal to be measured. Successive 

cycling results in an increase of the signal, which may be used in a relative 

comparison of target gene mRNA presence in the samples tested.  

 

Cells were grown to 85% confluence, washed, and mRNA was extracted using the 

Qiagen RNeasy kit, according to the manufacturer’s guidelines. The concentration 

of mRNA was determined using the NanoDrop 8000 (Thermo, Hemel Hempstead, 

UK). Total RNA was reverse transcribed into cDNA using SuperScript™ First 

Strand Synthesis System (Invitrogen, Paisley, UK). Reaction mixtures were set up 

in triplicate, and included 3 ng total RNA, 4 μl First Strand buffer, 2 μl dNTP mix (10 

mM), 1.6 μl MgCl2 (100 mM), 1 μl oligo(dT) primers (Eurogentec, Southampton, 

UK), 1 μl DTT (100 mM), 0.5 μl RNasin (Invitrogen, Paisley, UK), and 1 μl 

SuperScript III, in a total volume of 20 μl. RNA was boiled at 95°C for 5 minutes, 

before adding to the reaction mixture. Reverse transcription was carried out by 

incubation at 50°C for 1 hour to allow primer extension, followed by incubation at 

72°C for 15 minutes to terminate the reaction. TaqMan primers were selected, 

based on best coverage, for IRS2 (Hs00275843_s1) and ACTB (Hs01060665_g1) 

(Applied Biosystems, Warrington, UK) and included a FAM-MGB labelled probe. 

Quantitative PCR was set up in triplicate for the target and for the endogenous 
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control. A triplicate reaction volume included 50 μl TaqMan Universal master mix 

(Applied Biosystems, Warrington, UK), 5 μl of TaqMan probe mix, 20 μl of PCR 

reaction mix, in a volume of 100 μl. A total of 25 μl was transferred to each of three 

wells of a PCR reaction plate (Life Technologies, Paisley, UK). Quantitative PCR 

was carried out using a 7500 real time PCR machine (Applied Biosystems, 

Warrington, UK), using the ΔΔCt method (Livak and Schmittgen, 2001). 
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3. The analysis of serum for the discovery of biomarkers 

predictive of response to sunitinib 

3.1. Introduction  

Around a third of metastatic RCC patients fail to see any clinical benefit from 

sunitinib, and despite a plethora of publications on putative biomarkers none have 

yet made it into clinical use. As serum contains a snapshot of all proteins – both 

intracellular and extracellular – due to low level tissue leakage (Anderson, 2002), 

this fluid may hold the key to finding a protein, or proteins, that can predict response 

to sunitinib. Furthermore, obtaining a blood sample from a patient is less invasive 

than acquiring a tissue sample, and this also raises the potential for procuring 

multiple longitudinal samples to monitor patient response to the drug. Finally, the 

averaging across spatial location of all the serum proteins means intra-patient 

heterogeneity – a significant issue in tissue based profiling – is not a problem in 

serum studies. Serum is therefore an attractive source for biomarker mining, and 

this experiment aimed to investigate the potential for using this fluid for biomarker 

discoveries in a non-hypothesis driven manner.   

 

Serum-based research is problematic in a mass spectrometry setting due to the 

large concentration range of the proteins found within this sample, which spans ten 

orders of magnitude. The most clinically useful biomarkers are likely to be found in 

the pg-ng/ml range (Anderson, 2002), but these are masked by the more abundant 

proteins when using standard mass spectrometry techniques. Prefractionation of 

serum is essential to improve the chances of observing the less abundant proteins. 

In this study serum samples were immunodepleted using a MARS14 column, which 

selectively depletes the 14 most abundant proteins in human serum. 
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Immunodepleted serum from sunitinib-responding and non-responding patients 

were compared, using mass spectrometry, at baseline and longitudinally during the 

course of therapy, to investigate if proteins could be identified that predicted 

response to sunitinib, either prior to therapy or soon after treatment initiation.   

 

3.1.1. Aims 

 Investigate if differences in protein expression could be found between 

sunitinib responders and non-responders in a pilot scale study, using serum 

collected at baseline. 

 Analyse protein changes over the course of therapy to determine if protein 

profiles could be used to monitor response.  

 Identify a set of putative biomarkers of response to sunitinib, for downstream 

multiplexed validation in a large patient cohort. 

 

3.2. Patient selection 

Patients with metastatic clear cell RCC treated in the first line setting with sunitinib 

were selected based on best response according to RECIST 1.1 criteria 

(Eisenhauer et al., 2009). Those with partial response as best response were 

designated ‘responders’, and those with progressive disease were designated ‘non-

responders’. Patients were matched as much as possible for age, gender, grade, 

pathological stage, presence of metastases, and drug-related toxicity. Patients were 

selected independently for the baseline and longitudinal arms of the study.  
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3.2.1. Patients selected for the baseline study 

Five responders (PR1-PR5) and five non-responders (PD1-PD5) were selected for 

analysis at baseline (Table 3.0.1), using serum samples taken prior to treatment 

initiation. Patients were similar for gender, age, grade, and stage, however non-

responding patients were found to have poorer performance status, and higher 

Heng and MSKCC scores, compared to the sunitinib responding patients. In 

addition, more non-responding patients had metastatic disease at the time of 

presentation. Dose reductions of sunitinib were more common in the non-

responding group, this was mostly due to toxicity and may have resulted in the 

patients receiving sub-optimal doses. Finally, four out of five responders and two 

out of five non-responders received nephrectomies following diagnosis.  

 

3.2.2. Patients selected for the longitudinal study 

Patients were chosen based on best response and availability of longitudinal 

samples, and were matched as much as possible for all other factors (Table 3.0.1). 

Four responders (PR1, PR2, PR6, PR7) and three non-responders (PD1, PD3, 

PD4) were selected for longitudinal analysis; two of the responders (PR1 and PR2) 

and all three non-responders were also analysed in the baseline study. As with the 

baseline study, the two patient groups were similar for age, gender, stage, and 

grade. A difference was observed between the groups when performance status, 

MSKCC score, IMDC criteria (Heng score) and the presence of metastases at 

presentation were considered, with the non-responding patients scoring more 

poorly in all these aspects (Table 3.0.1). All four responders, compared to only one 

out of the three non-responders, received a nephrectomy. Longitudinal samples 

were frequently available for responders spanning many months and these patients 

were analysed across 5-6 time points: baseline before treatment initiation, two 
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weeks into the first cycle, and the start of alternating cycles up to one-year post 

initiation of therapy. Non-responders generally did not remain on therapy for long 

periods and consequently had fewer samples available, these patients were 

therefore analysed across baseline before treatment initiation, two weeks into the 

first cycle, and the start of the second or third treatment cycle depending on sample 

availability. The samples were numbered sequentially, from T1 to T6, to indicate the 

time point they were associated with.  
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Table 3.0.1: Overview of patients used in both arms of the serum study 

Overview of the patients used in the baseline and longitudinal serum studies. Patients were picked based on best response, and matched as 

much as possible thereafter. Absolute numbers of patients are provided, with percent of the within group population shown in brackets. MSKCC 

(Motzer et al., 2002) and IMDC (Heng) (Heng et al., 2009) scoring, 0 = favourable, 1-2 = intermediate, 3+ = poor. PR, partial response; PD, 

progressive disease. Unknown – data was not available on these patients. Fuhrman grade 2 is not shown as no patients with this grade were 

present in the study.  

 

 Baseline study Longitudinal study 

 Responders (PR) Non-responders (PD) Responders (PR) Non-responders (PD) 

Outcome, n (%) PR 5 (100) 0 (0) 4 (100) 0 (0) 

PD 0 (0) 5 (100) 0 (0) 3 (100) 

Gender, n (%) Male 3 (60) 4 (80) 2 (50) 2 (67) 

Female 2 (40) 1 (20) 2 (50) 1 (33) 

Age, y Median (range) 76 (54 - 77) 67 (54 - 76) 73 (62 – 82) 58 (54 – 76) 

Duration on sunitinib, y Median (range) 1.91 (0.81 - 2.74) 0.42 (0.22 - 0.77) 2.7 (1.90 - 3.38) 0.42 (0.22 - 0.54) 

Average (± SE) 1.93 (± 0.36) 0.46 (± 0.09) 2.67 (± 0.3) 0.39 (± 0.09) 
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Prior nephrectomy, n 

(%) 

Yes 4 (80) 2 (40) 4 (100) 1 (33) 

No 1 (20) 3 (60) 0 (0) 2 (67) 

Fuhrman grade, n (%) 1 1 (20) 1 (20) 0 (0) 0 (0) 

3 1 (20) 2 (40) 2 (50) 2 (67) 

4 1 (20) 0 (0) 1 (25) 0 (0) 

Unknown 2 (40) 2 (40) 1 (25) 1 (33) 

Pathology stage, n (%) T1a/T1b 1 (20) 0 (0) 2 (50) 0 (0) 

T2a/T2b 0 (0) 0 (0) 0 (0) 0 (0) 

T3a/T3b 1 (20) 1 (20) 2 (50) 1 (33) 

T4 1 (20) 1 (20) 0 (0) 0 (0) 

Unknown 2 (40) 3 (60) 0 (0) 2 (67) 

MSKCC score, n (%) Favourable 3 (60) 0 (0) 3 (75) 0 (0) 

Intermediate 2 (40) 4 (80) 1 (25) 3 (100) 

Poor 0 (0) 1 (20) 0 (0) 0 (0) 

Heng score, n (%) Favourable 3 (60) 0 (0) 3 (75) 0 (0) 

Intermediate 2 (40) 3 (60) 1 (25) 2 (67) 
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Poor 0 (0) 2 (40) 0 (0) 1 (33) 

Metastases, n (%) Synchronous 2 (40) 5 (100) 0 (0) 3 (100) 

Metachronous 3 (60) 0 (0) 4 (100) 0 (0) 

Performance status, n 

(%) 

0 3 (60) 1 (20) 1 (25) 0 (0) 

1 2 (40) 3 (60) 3 (75) 3 (100) 

2 0 (0) 1 (20) 0 (0) 0 (0) 

Dose reduction, n (%) Yes 1 (20) 4 (80) 1 (25) 2 (67) 

No 4 (80) 1 (20) 3 (75) 1 (33) 
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3.3. Using a MARS14 column to immunodeplete serum 

samples 

Depletion of baseline and longitudinal serum samples was performed using a 

MARS14 column, which depletes the 14 most abundant proteins found in human 

serum, using a protocol previously optimised in our laboratory (Smith et al., 2011a). 

Neat serum (40 μl) was diluted and depleted using a MARS14 column on an Agilent 

1200 series HPLC. A representative HPLC chromatogram from a MARS14 

depletion is shown in Figure 3.0.1. The ‘Peak 1’ fraction, which contained the 

unbound proteins, was eluted first. The ‘Peak 2’ fraction, which consisted of high 

abundance proteins bound by the column, was eluted separately. Analysis of the 

fractionated samples indicated that the proportion of the peak 1 proteins averaged 

5.35% ± 0.28 (SE) of the starting injected material. Analysis of neat serum and 

peak 1 by SDS-PAGE was performed to check the quality of the depletion (Figure 

3.0.2). A noticeable difference in the gel banding pattern was observed between 

depleted (D) and neat serum (S) samples; with few, more abundant proteins 

present in the neat serum samples, compared to the depleted samples which 

appeared to have a greater number of less abundant proteins.   
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Figure 3.0.1: Chromatogram from a representative immunodepletion 

Representative chromatogram from a MARS14 immunodepletion. Unbound 

proteins were eluted in peak 1, high abundance proteins were eluted separately in 

peak 2. Green and red lines indicate the collection of a fraction, protein abundance 

was measured in milli absorbance units (mAU). 

 

 

 

 

 

 

 

  

Figure 3.0.2: 1D-PAGE analysis of depleted serum 

Representative SDS-PAGE gel of six peak 1 (1D-6D) and six neat serum (1S-6S) 

samples. Molecular weight markers are shown on the left, arrow indicates albumin. 
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Of note, consistent with previous studies (Tu et al., 2010, Smith et al., 2011a), mass 

spectrometric analysis of the depleted serum samples revealed that 

immunodepletion was not complete; most of the depleted proteins remained 

detectable in all of the patient samples.  The number of peptides identified ranged 

from 1.20±0.37 for transthyretin, to 57.40±3.28 for α2-macroglobulin. Using the 

intensity of all the identified proteins to assess the contribution of the depleted 

proteins to the total protein ion intensity, it was found that the proteins targeted for 

removal accounted for 5.6% of the total measured mass spectrometry protein 

intensity, with individual proteins accounting for between 0.002% and 2.54% of the 

total measured mass spectrometry protein intensity (data not shown). No 

association was found between the intensity of depleted proteins remaining in each 

sample (range 2.8-12.2%), and the number of protein identifications in each sample 

(range 253-335); a regression analysis between protein number and total intensity 

accounted for by depleted proteins revealed no correlation (r2=0.04) (data not 

shown), indicating the incomplete removal of the proteins intended for depletion did 

not impact upon the number of identifications.   

 

3.4. Analysis of patient serum collected at baseline 

Serum samples, collected at baseline from five responders and five non-

responders, were analysed by mass spectrometry following immunodepletion as 

previously described, and data were analysed using the MaxQuant software suite. 

The total number of identifications was different depending on the quantification 

method used: 404 and 352 proteins were identified based on peptide and LFQ data, 

respectively. Of those identifications based on LFQ data, 74.1% were common to 

both patient groups (Figure 3.0.3). The complete set of raw and analysed data can 

be found on supplementary data files S4, S5, and S6. 
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Figure 3.0.3: Overlap of proteins identified in baseline serum in non-

responders and responders 

Overlap between responders (blue) and non-responders (green), indicating 74.1% 

of proteins were common to both groups, based on LFQ data.  

 

 

 

 

 

 

 

 

 

 

3.4.1. Differential protein expression in the baseline serum of 

responders and non-responders 

As expected, most proteins did not show significant differences in their levels 

between responders and non-responders. The number of significantly different 

proteins differed according to the quantitation method used, with five, six, seven, 

and eight significant proteins identified through peptide number, intensity, LFQ, and 

MSMS count respectively (Table 3.0.2). Not all proteins that demonstrated a 

present/absent pattern were significantly different; those that failed to reach 

significance were absent from many patients in both groups. Most of these were 

significant through only one quantitation method, with 20 proteins significant 

through at least one quantitative method, four proteins significant across two 
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quantitative methods, one protein (RNASE4) significant across three quantitative 

methods, and no proteins significant across all four methods (data not shown).  

When peptide data was analysed, five proteins demonstrated a significant change, 

of which only one of these had a fold change ≥5 (PRG2). Although 23 proteins 

demonstrated a present/absent pattern at the peptide level, 22 of these were 

identified with ≤3 peptides and were therefore close to the limit of detection. A 

greater number of proteins demonstrated present/absent changes, or large fold 

differences, when LFQ data was considered (Table 3.0.2). In the LFQ dataset, 91 

proteins demonstrated an on/off response in either group, however only one of 

these, MRC1, was significantly different, with three further proteins approaching 

significance (DPP4, CDH1, PLA2G7).  

 

Table 3.0.2: Overview of differentially expressed proteins in baseline serum 

The number of differentially expressed proteins between responders and non-

responders at different fold changes, based on peptides and LFQ data. Sig, total 

number of significantly different proteins  (P<0.05). 

  Sig On/off ≥10 fold ≥5 fold ≥2.5 fold 

Peptides 
Responders 1 9 0 2 7 

Non-responders 3 14 0 5 7 

LFQ 
Responders 4 40 3 3 17 

Non-responders 3 51 2 7 21 

 

 

Data were filtered based on their significance level and fold changes, and visually 

inspected for their number of peptides and LFQ intensity. Both peptide and LFQ 

values were used to calculate fold changes (LFQ fold changes not shown). Ten 

proteins of interest were chosen based on both peptide and LFQ data (LFQ data 
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not shown), and biological interest (Table 3.0.3), and included both significantly 

different and non-significantly different proteins. Six proteins were chosen that were 

upregulated in the non-responders, these were OIT3, S100A8, CTSZ, hCAP18, 

MSN, and GOLM1.  Four proteins that were upregulated in the responders were 

chosen, these were PRG2, HEG1, PLA2G7, and CDH1. Of these ten targets, OIT3, 

S100A8, CTSZ, PRG2 and HEG1 demonstrated significant differences between the 

responders and non-responders (Figure 3.0.4). Interestingly, S100A8 was also 

found to be upregulated in the non-responders of the longitudinal study.  

 

Table 3.0.3: Baseline serum proteins selected as candidate biomarkers 

Proteins selected for downstream investigation in responders (↑PR) and non-

responders (↑PD). Fold values are based on the mean number of peptides 

identified.  P values are shown for LFQ, intensity (inten), peptides (pept), and 

MSMS. * significant, according to Wilcoxon rank-sum test. NC, not calculated; 

uncalculated fold values due to presence/absence differences.  

Gene  Uniprot R/NR Fold Peptides Pept Inten LFQ MSMS 

OIT3 Q8WWZ8 ↑NR 9.00 1.8 0.071 0.025* 0.424 0.025* 

S100A8 P05109 ↑NR 2.00 5.6 0.034* 0.032* 0.095 0.073 

CTSZ Q9UBR2 ↑NR NC 1.0 0.023* NC NC NC 

hCAP18 P49913 ↑NR 2.00 3.2 0.133 0.151 0.131 0.090 

MSN P26038 ↑NR NC 1.2 0.072 0.072 0.424 0.072 

GOLM1 Q8NBJ4 ↑NR NC 0.8 0.071 0.072 0.433 0.071 

PRG2 P13727 ↑R 8.00 1.6 0.038* 0.075 0.180 0.057 

HEG1 Q9ULI3 ↑R 3.00 1.2 0.146 0.045* 0.424 0.057 

PLA2G7 Q13093 ↑R 3.67 2.2 0.083 0.091 0.072 0.089 

CDH1 P12830 ↑R 2.67 1.6 0.072 0.205 0.072 0.134 
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Figure 3.0.4: Baseline candidates chosen for downstream investigation 

Candidate proteins upregulated in either non-responders or responders, according 

to peptide values. Y axis, number of peptides; X axis, patient group – non-

responders (PD) (left) and responders (PR) (right). 
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3.4.2. Bioinformatic analysis of baseline serum proteins 

Analysis by DAVID of the full baseline dataset revealed an overrepresentation of 

proteins from the extracellular region, as expected for proteins identified from 

serum. Biological functions identified as overrepresented included response to 

wounding, defence response, proteolysis, and inflammatory response (Table 3.0.4). 

Upregulated proteins were investigated further using DAVID’s Functional 

Annotation Clustering; three clusters were found to be significantly enriched in the 

non-responders; secreted proteins (2.77 enrichment score), inflammatory proteins 

(2.58 enrichment score), and membrane location (1.58 enrichment score). Only one 

cluster, secreted proteins (2.82 enrichment score), was found to be significantly 

enriched in the responders. A GeneMania analysis also indicated that inflammatory 

proteins were enriched in the non-responders (P=0.0005), as well as proteins 

related to bacterial defence (P=0.0002) and neutrophil chemotaxis (P=0.03). No 

functions were found to be significantly enriched in the responders.   

 

 

 

 

 

 

 

 

 



- 109 - 

 

 

Table 3.0.4: Overrepresented biological functions in the baseline dataset 

Gene Ontology_FAT terms, assigned by DAVID v6.7, on 278 recognised IDs.  

Term Proteins P value Benjamini 

Extracellular region 208 5.4E-114 1.3E-111 

Secreted 182 1.8E-123 3.5E-121 

Response to wounding 86 1.5E-57 3.0E-54 

Defence response 74 1.4E-39 5.0E-37 

Proteolysis 59 1.8E-14 1.1E-12 

Inflammatory response 58 5.6E-40 2.3E-37 

Plasma membrane 58 4.9E-2 2.5E-1 

Immune response 56 6.2E-21 5.8E-19 

Cell adhesion 50 3.4E-16 2.3E-14 

Carbohydrate binding 44 2.1E-24 4.2E-22 

 

 

3.5. Analysis of patient serum collected longitudinally 

Longitudinal immunodepleted serum samples from four responders and three non-

responders were concentrated, digested with trypsin, and separated over four hours 

by reversed phase liquid chromatography coupled online to an Orbitrap Velos mass 

spectrometer. Each sample was injected three times, for a total of 12 hours analysis 

time per sample. Due to limitations in the number of samples that could be 

analysed concurrently, samples from the responding and the non-responding 

patients were analysed independently in two separate batches; a sample from one 

responding patient was analysed alongside the non-responding samples to act as a 

control across the two batches. Data from the two studies were combined and peak 

lists were searched against the human IPI database, using the MaxQuant software 

suite. In total, 371 and 343 proteins were identified in the responders and non-
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responders respectively, with an overlap of 68.8% (Figure  3.0.5). Pairwise 

comparisons were performed using LFQ values between responders and non-

responders at each time point. Due to the low number of biological samples and 

therefore the high amount of technical and biological variability, between group 

comparisons did not reach significance. The lowest P value achieved was 0.125, at 

this probability value 42 proteins demonstrated a difference between responders 

and non-responders across all three time points, and 164 proteins demonstrated a 

difference between responders and non-responders at any one time point, including 

112, 79, and 104 proteins at time points T1, T2, and T3 respectively. The complete 

set of raw and analysed data can be found in supplementary data files S1, S2, and 

S3. 

 

Figure 3.0.5: Overlap of proteins identified in longitudinal serum in 

responders and non-responders 

Overlap between responders (blue) and non-responders (green), indicating 68.8% 

of proteins were common to both groups, based on LFQ data 
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3.5.1. Differential protein expression in longitudinal serum between 

responders and non-responders  

Using peptide and LFQ data, protein profiles were visually inspected for pattern of 

response, quantification level, and inter- and intra-patient variability. Table 3.0.5. 

shows eight proteins that demonstrated a difference between responders and non-

responders at the peptide and LFQ level, most of these were elevated in the 

responders, probability values were calculated using LFQ values. Patterns of 

protein response were generally acute; the largest difference between responders 

and non-responders frequently occurred during time points T1 and/or T2. ALDOA, 

IGFBP5, LDHA, and S100A8 all show an acute response, with measured levels 

generally peaking at T2. A more chronic change was demonstrated by CECR1, 

CNTN1, ICAM2, and MAN2A1, with levels changing more consistently towards T3.  

Figure 3.0.6 shows the protein abundance profiles for all eight longitudinal targets, 

based on LFQ values (peptide data not shown).  

 

 

 

 

 

 

 

 

 



- 112 - 

 

 

Table 3.0.5: Proteins selected as candidate biomarkers in longitudinal serum 

The probability (Pval) of a difference between responders and non-responders at 

time points T1, T2 and T3 are provided. ‘Peptides’ refers to the total number of 

peptides used to identify the protein species of interest.  

Protein UniProt T1 Pval T2 Pval T3 Pval Peptides R/NR 

ALDOA P04075 0.125 0.125 0.125 5 ↑R 

CECR1 Q9NZK5 0.125 0.125 0.125 6 ↑R 

CNTN1 Q12860 0.125 0.125 0.125 6 ↑R 

ICAM2 P13598 0.181 0.181 0.181 4 ↑R 

IGFBP5 P24593 0.181 0.125 0.250 4 ↑R 

LDHA P00338 0.181 0.125 0.125 4 ↑R 

MAN2A1 Q16706 0.125 0.125 0.125 7 ↑R 

S100A8 P05109 0.125 0.125 0.125 10 ↑NR 
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Figure 3.0.6: Longitudinal candidates 

Longitudinal targets upregulated in responding and non-responding patients, based 

on LFQ data. Y axis, LFQ intensity, X axis, time points T1-T6. Blue lines, 

responders, red lines, non-responders.  
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3.5.2. Reproducibility of label-free mass spectrometry 

As the responders and the non-responders were analysed in separate mass 

spectrometry analyses, it was necessary to investigate the level of reproducibility 

between the two batches. On inspection of the data for individual proteins, the 

measured LFQ levels appeared to be frequently higher in the responders group as 

compared to the non-responders group, raising the possibility that differences 

between patient groups were due to inter-batch variability. Regression analysis of 

the control sample from a responding patient, which was processed and re-

analysed alongside the non-responder samples, was performed. The quantitative 

values for peptides, intensity, and LFQ from both analyses were also compared. All 

quantitative values were found to be highly correlated between the two runs (r2 ≥ 

0.9) (Figure 3.0.7). For both of the peptide and intensity values, the line of equality 

(x=y) indicated the original data was typically higher than the re-run data, 

suggesting these values were generally elevated overall in the responder analysis. 

Interestingly the opposite was found for the LFQ data, with the line of equality falling 

below the line of best fit indicating the non-responder protein levels were generally 

higher. This difference with the intensity and peptide values as compared to the 

LFQ values may be due to normalisation of the LFQ value during the MaxQuant 

analysis. Nevertheless, the high levels of correlation between the two separate 

batches indicate there is a high level of reproducibility between label-free mass 

spectrometry analyses completed at separate times, providing confidence in the 

ability to directly compare the two separate batches.  
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Figure 3.0.7: Correlation of data acquired during separate label-free batches 

Correlation of the repeated sample in the first batch (PR7_A) and second batch 

(PR7_B). The line of equality (orange) and line of best fit (green) is shown. The first 

batch included the responder samples, the second batch included the non-

responder samples.  

 

 

3.5.3. Bioinformatic analysis of longitudinal serum proteins 

Analysis of the combined responders and non-responders dataset by DAVID v6.7 

indicated that there were a significant number of secreted proteins. Protein 

functions that were significantly overrepresented included response to wounding, 

cell adhesion, and carbohydrate binding (Table 3.0.6).  The data achieved by 

DAVID analysis was corroborated by analysis of the responders by Ingenuity 

Pathways Analysis, which indicated that the majority of the proteins were from the 

plasma membrane or the extracellular space. The predominant protein types in 

these two locations were transmembrane receptors and peptidases, respectively.   
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Table 3.0.6: Overrepresentation analysis of longitudinal serum samples 

Top overrepresented Gene Ontology annotations as determined by DAVID v6.7, 

from a list of 1274 overrepresented records, based on 356 protein IDs that were 

recognised by DAVID.  

Term Genes P value 

Extracellular region 245 3.5E-123 

Plasma membrane 114 6.5E-02 

Response to wounding 97 2.9E-60 

Defence response 77 6.2E-35 

Proteolysis 68 1.4E-14 

Inflammatory response 61 2.2E-37 

Cell adhesion 58 3.2E-17 

Carbohydrate binding 52 6.1E-27 

 

 

3.6. Validation of differential serum protein exression 

It was not possible to validate serum proteins levels in responders and non-

responders using antibody based techniques due to the absence of suitable and 

specific antibodies. A collaboration was established to take these proteins forward 

using multiple reaction monitoring (MRM), but unfortunately due to staffing issues at 

the external lab this was not achieved. However analysis of one protein (CDH1) is 

now going to be undertaken using a commercially available ELISA, and analysis of 

another protein (IGFBP5) will be performed using an Illuminex assay. Levels will 

initially be checked in the discovery set of patients, and analysis of baseline and 

longitudinal samples will be performed, focussing on the two week (T2) and end of 

first cycle (T3) samples, as most of the candidate proteins demonstrated changing 

levels in this time frame. Following this, putative candidates will be validated in a 
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larger patient cohort, using a case-controlled set of patients to allow the 

assessment of their predictive over their prognostic value to be assessed.  

 

3.7. Discussion 

Despite significant improvements in the range of available therapeutics to treat 

mRCC patients, median overall survival remains in the order of two years. Though 

some studies have hypothesised on an ability to reach much longer survival times 

(Escudier et al., 2009b), these are yet to be realised. The predominant TKI used to 

treat mRCC patients, sunitinib, has variable response rates and significant drug-

induced toxicity. Whilst some patients do achieve partially durable responses, 

ultimately most patients acquire resistance and subsequently relapse. Further, 

there is evidence to suggest that TKI therapies can drive a more aggressive 

phenotype by positive selection of resistant cell populations (Paez-Ribes et al., 

2009, De Bock et al., 2011). It is paramount that we understand why only a 

percentage of patients respond to therapy and why the majority of patients stop 

responding after an undetermined period of time. Predicting response to sunitinib is 

therefore an urgent requirement of cancer management in mRCC.  

 

Though many studies have investigated potential biomarkers, these have generally 

been hypothesis-driven approaches that have focussed on validation of pre-

selected targets, chosen through biological reasoning. Further, none of these have 

yet made it into clinical use. The cytokine IL-8 has so far shown promise in 

predicting sunitinib response (Harmon et al., 2014, Huang et al., 2010) and has also 

been found to be predictive of pazopanib efficacy (Tran et al., 2012). Soluble 

VEGFR-3 has also shown reasonable consistency between studies (Deprimo et al., 

2007, Rini et al., 2008, Harmon et al., 2014) and larger studies are necessary to 
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investigate these markers further. However, using a non-hypothesis driven 

approach to mine patient samples may allow for the identification of protein targets 

that would not otherwise have been considered. This study therefore aimed to 

compare patients with semi-durable sunitinib responses (‘responders’) to those who 

received no clinical benefit (‘non-responders’). A non-hypothesis driven approach 

was used, which focussed on profiling of the serum proteome of patients, both at 

baseline, and longitudinally during the course of therapy.  

 

 

3.7.1. Serum as a source of clinical biomarkers 

The constant perfusion of tissues by peripheral blood means that serum may 

harbour tumour-specific proteins, and it has therefore received increasing attention 

as a source of biomarkers in recent years. With improved chromatographic and 

mass spectrometric methods the number of proteins identified in serum is 

constantly increasing; the most recent update from the Human Plasma Proteome 

project reported data on 10546 proteins, of which 3784 had been identified in at 

least two studies (Nanjappa et al., 2014), although it must be noted that many of 

these come from a study whereby many of the IDs did not reach significance due to 

the high false discovery rate (Liu et al., 2007). However the complexity of serum is 

such that, despite an effective mining range of 105 by current mass spectrometers, 

additional fractionation methods such as immunodepletion are essential to allow 

identification of the lower abundance proteins.  

 

The Agilent Multiple Affinity Removal System (MARS) method has previously been 

shown by our group to be highly effective in reducing complexity, with a 52.3% 

increase in the number of protein identifications compared to neat serum (Smith et 
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al., 2011a). Although this technique routinely allows mining of 350-450 proteins 

(Smith et al., 2011a, Millioni et al., 2011), a number which is consistent with this 

study, it must be remembered that this is still a very low number in comparison to 

tissue and cell based profiling studies, which routinely profile over 3000 proteins. 

The MARS14 column depletes serum of the top 14 most abundant proteins from 

human serum, which equates to around 94% of the total serum proteins, with 

around 98-99% efficiency. Due to the abundance of the MARS14 targets proteins in 

neat serum they remain detectable by mass spectrometry (Tu et al., 2010). Most of 

the MARS14 target proteins were identified in the depleted serum analysed in this 

study, however the presence of these proteins did not appear to correlate with the 

number of identifications made, suggesting they were not the largest contributor to 

limiting the number of sample identifications (as compared to cell and tissue 

studies). Furthermore, analysis of the neat serum and depleted samples by 1D-

PAGE indicated that these proteins were greatly reduced in concentration when 

compared to neat serum. Even after depletion of these MARS14 targeted proteins 

there is still a high number of classical serum proteins that are considerably more 

abundant than the low abundance proteins, such as tissue leakage products and 

cytokines (Anderson, 2002), and these most likely contribute significantly to 

reducing the mining depth in this study.  

 

A concern of immunodepletion studies is the risk of co-depleting proteins of interest 

bound to carrier proteins such as albumin (Mehta et al., 2003). The ‘depletome’ and 

‘albuminome’ have been coined to describe these co-depleted proteins, and 

investigations into the number of proteins co-depleted with albumin vary from 24 - 

67 depending on the method used to isolate these proteins (Scumaci et al., 2011, 

Gundry et al., 2007). It is probable that some proteins were co-depleted with 
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albumin in this study, and a future investigation could focus on investigating the 

‘depletome’, to determine if it contains any potential biomarker candidates. 

 

3.7.2. Identification of serum biomarkers using mass spectrometry 

Using mass spectrometry to capture a phenotypic protein snapshot of the sample 

allows for proteins to be identified that could not be predicted solely through 

genomic or transcriptomic profiling (Kim et al., 2014). Furthermore, when applied to 

biomarker studies the proteomic profiling of clinical samples also removes the need 

to pre-emptively predict proteins of interest. In this study proteins that could be 

expected to demonstrate a dynamic profile in response to TKI therapy include 

tumour-derived proteins, inflammatory proteins, and proteins related to 

angiogenesis such as cytokines, proteases, and cell adhesion molecules (Carmeliet 

and Jain, 2011).  Additionally, proteins and peptides derived from stromal-epithelial 

interactions, immune cell MHC (major histocompatibility complex) presentation, 

apoptosis, cytokines, and other tissue leakage products may passively diffuse into 

the circulation (Scumaci et al., 2011), and these are likely to provide a source of 

clinically useful biomarkers. Changes in these proteins would indicate both a 

systemic response to therapy and a direct impact on the vasculature, and perhaps 

even the tumour itself. Even though we are now routinely observing cell adhesion 

molecules and cytokine receptors, the abundance of many of these would likely be 

too low to detect in a serum study with current technologies.  Analysis using 

Ingenuity Pathways Analysis, and DAVID indicated that many of the identified 

proteins were from the plasma membrane and the extracellular space, representing 

two of the predominant locations from which plasma proteins derive. The types of 

protein identified included transmembrane receptors, and proteins involved in 

proteolysis, wound healing, immune response, and cell adhesion - those that one 

would expect to find in a serum sample. It is important to note here that many of the 
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proteins identified in this study have previously been identified in cancer tissue, and 

published studies about their function may not have relevance in a serum setting, 

considering the proteins identified in this study have been either shed or released 

into the serum through another mechanism. 

 

One drawback to mass spectrometry based research is the difficulty in accurate 

protein quantification. Currently the most effective tools are labelling-based 

methods, though the implementation of a labelling study when handling clinical 

samples can be prohibitive due to the high cost, impracticability of the sample type, 

or the difficulty in multiplexing. By contrast, label-free quantitation is a quick and 

cheap method to gauge the relative protein levels in any sample. However, due to 

the absence of labels, the samples are not analysed in tandem, and the quantitation 

is therefore more sensitive to technical and systematic sources of variation. On an 

Orbitrap Velos, label-free quantitation is performed using the peptide precursor ion 

signal intensity as a measurement of its relative abundance in the sample. 

Following analysis of the data using MaxQuant a number of quantitative values are 

reported, including peptide number, intensity, label free quantitation (LFQ) intensity, 

and MS/MS values (Cox and Mann, 2008a). The run-specific LFQ value, which is 

calculated from the intensity value, is determined using a number of in software-

calculated normalisations to try and minimise the effects of technical variation 

amongst the samples. The LFQ value risks over- or de-amplifying a change, as the 

value is inferred based on assumption of average protein intensities. By contrast, 

the peptide value is an unmodified representation of the presence of a protein in the 

sample; however it does not account for differences in loading, and is biased 

towards larger proteins with more peptides. Both peptide and LFQ values have 

positive and negative consequences, and without a more in-depth analysis of the 

quantitative power of each technique both methods should be considered when 
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making decisions about putative biomarker targets. A further consideration of label-

free techniques is the reproducibility. A previous study found the reproducibility of 

label-free LC-MS/MS analysis of serum proteins to be fairly high (Smith et al., 

2011a) and similar results were observed here, nevertheless comparisons of 

relative levels between patient groups must be viewed cautiously and validated 

extensively. This is especially important for the longitudinal study, for which the two 

study arms were independently analysed, and differences between patient groups 

could therefore be due to technical variance as opposed to a real difference. The 

forthcoming validation of the candidate proteins identified in this study will resolve 

this question.  

 

3.7.2.1. Biomarker candidates identified from baseline serum 

Ideally response to sunitinib would be predicted at baseline, thus saving the patient 

any unnecessary drug associated side effects. A comparison of serum from 

responding and non-responding patients collected at baseline resulted in the 

identification of a wide range of proteins, and a number of proteins appeared to be 

differentially expressed between the responders and non-responders. Analysis 

using DAVID indicated there was over representation of proteins involved in 

inflammation in the non-responders, a clinical manifestation which has been 

associated with the progression of cancer (Rakoff-Nahoum, 2006); this 

inflammatory upregulation may be involved in promoting invasion and metastasis, 

which in turn may assist in intrinsic and acquired resistance to anti-angiogenic 

therapy.  

 

Focussing on the proteins that demonstrated the greatest differences in relative 

concentration, a number of these were involved in the promotion or prevention of 
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invasion and metastasis, depending on whether they were identified in the non-

responders or responders, respectively. (Bergers and Hanahan, 2008). The most 

highly upregulated proteins in the non-responders were cathelicidin (hCAP18), 

cathepsin Z (CTSZ), moesin (MSN), golgi membrane protein 1 (GOLM1), 

calgranulin A (S100A8), and oncoprotein induced transcript protein 3 (OIT3).  All of 

these, except for OIT3, have been shown to be upregulated in various cancers and 

four of these have roles in tumourigenesis and promoting metastasis. Interestingly, 

the inflammatory protein calgranulin A was also found to be upregulated in the non-

responders in the longitudinal arm of the study.  

 

Human cathelicidin (hCAP18) is an antimicrobial propeptide, the active peptide LL-

37 is upregulated during inflammation and wound repair (Chow et al., 2013). This 

inflammatory protein has also been shown to be upregulated in lung (von Haussen 

et al., 2008), breast (Heilborn et al., 2005), and epithelial ovarian cancers (Coffelt et 

al., 2008), and also appears to aid in driving tumourigenesis through promotion of 

proliferation and invasion. Interestingly LL-37 has also demonstrated an ability to 

induce apoptosis, and these seemingly contrasting roles may well be explained by 

LL-37’s ability to cause double stranded DNA breaks: at low peptide levels this 

promotes tumourigenesis, and at high concentrations this encourages apoptosis 

(Chow et al., 2013). Cathepsin Z (CTSZ) also promotes metastasis, this is a 

cysteine protease located at 20q13.3, a region which has been associated with 

metastatic potential in many cancers (Hidaka et al., 2000). The cysteine proteases 

are frequently implicated in cancer and CTSZ was associated with invasiveness in 

gastric cancer (Krueger et al., 2005), and with driving metastasis in hepatocellular 

carcinoma (Wang et al., 2011), and breast cancer (Sevenich et al., 2010). The pro-

metastatic capability of CTSZ has been linked to its ability to interact with integrins 

(Akkari et al., 2014). Moesin (Membrane Organising Extension Spike Protein), 
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which is a member of the ERM (Ezrin, Radixin, Moesin) family and of the band 4.1 

superfamily, is involved in membrane-cytoskeletal linkage, and therefore has a role 

in cell shape, adhesion, and motility.  Levels of this protein have been shown to be 

upregulated in breast cancer (Charafe-Jauffret et al., 2007), papillary thyroid 

carcinoma (Brown et al., 2006), and oral squamous cell carcinoma (Kobayashi et 

al., 2004).  In vitro studies using 3D matrices also found that moesin plays a role in 

invasion (Estecha et al., 2009). The presence of these proteins at baseline may 

therefore provide the tumour with an intrinsic mechanism to encourage co-option of 

normal vessels, and invasion into normal tissue, thus enabling escape of the drug-

induced hypoxia.  

 

Though its functional role in cancer is yet to be determined, Golgi membrane 

protein 1 (GOLM1) was identified as one which was commonly dysregulated in 20 

cancer types, including kidney, by QRT-PCR analysis (Lu et al., 2007). Serum 

levels were found to be upregulated in hepatocellular carcinoma (Bachert et al., 

2007, Marrero et al., 2005), and urine levels have been investigated for prostate 

cancer diagnosis (Varambally et al., 2008). Though multiple studies have 

demonstrated an upregulation of this protein its exact role is yet to be determined 

(Kim et al., 2012a), however it is possible that it promotes tumour pathogenesis and 

may therefore support the innate resistance of the tumour. Very little is known about 

oncoprotein Induced transcript protein 3 (OIT3). Early studies indicated it was 

present specifically in liver and it appeared to be downregulated in hepatocellular 

carcinoma (Xu et al., 2003), recent studies however suggest it may have a role in 

normal kidney physiology, where it has been proposed to be involved in uric acid 

excretion (Yan et al., 2012). None of these functions have an obvious tie to drug 

resistance, and the exploratory nature of proteomic profiling means that novel 

proteins with an as yet undetermined function may be identified as potential 
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biomarkers. Interestingly, a slight elevation of C-reactive protein (CRP) was found 

in the non-responders in the baseline study, a protein that has previously been 

linked with poor response to sunitinib (Miyake et al., 2014, Fujita et al., 2012).  

 

 

In contrast to the metastasis-promoting proteins found to be upregulated in the non-

responders, the proteins found at higher levels in the responders may function to 

limit the invasive capability of the tumour and therefore prevent metastatic escape 

as a means of drug resistance. The most highly upregulated proteins in this group 

of patients were cadherin 1 (CDH1), platelet-activating factor acetylhydrolase 

(PLA2G7), protein HEG homolog 1 (HEG1), and bone marrow proteoglycan 

(PRG2). Interestingly, CDH1 and PLA2G7 have both previously been shown to 

have roles in preventing tumour formation through limiting metastatic spread. 

Cadherin 1 (CDH1), also known as E-cadherin, is a highly conserved adhesion 

molecule which is involved in the formation and maintenance of cell-cell junctions, 

and is crucial in the development of epithelia (Pecina-Slaus, 2003). Loss of CDH1 

expression has been reported in multiple cancers (Berx and van Roy, 2009), 

including RCC – an IHC study of 131 ccRCC tissue specimens found positive 

staining in only 5% of these cases (Langner et al., 2004). Changes to the adhesive 

properties of cells are associated with tumourigenesis, and the loss of CDH1 is 

characteristic of a switch from a benign to a metastatic lesion (Birchmeier and 

Behrens, 1994). It is therefore regarded as a suppressor of invasion, although 

following metastasis it is possible that E-Cadherin expression is switched back on 

again (Bukholm et al., 2000). The absence of this protein from the non-responders 

may therefore be linked to a more metastatic phenotype, tying in with the apparent 

upregulation of metastasis-associated proteins observed in the non-responders. 

Importantly however, this study detected soluble levels of CDH1, rather than tissue 
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levels, and it may have a different role in this setting. A recent in vitro study on 

murine skin cells suggested soluble CDH1 may be oncogenic, through its ability to 

activate the PI3K/Akt/mTOR pathway (Brouxhon et al., 2014). Platelet-activating 

factor acetylhydrolase (PLA2G7) is a secreted enzyme that degrades the platelet 

activating factor (PAF). PAF has been shown to have a variety of roles in cancer 

with most studies suggesting a tumour-promoting role, such as the promotion of 

oncogenic transformation (Kume and Shimizu, 1997) and metastasis (Braeuer et 

al., 2011). PAF also seems to have a role in angiogenesis (Kim et al., 2011) and in 

increasing vascular permeability, however as this is via a VEGF-based route it is 

unlikely that the absence of PLA2G7 in the non-responders allows angiogenic 

escape, and it is more likely that PLA2G7 exerts is effects through decreasing 

metastasis in the responders. PLA2G7 itself appears to be upregulated in both 

prostate (Vainio et al., 2011) and hepatocellular carcinoma (Smith et al., 2003), and 

it is possible that the effects of PLA2G7 and PAF are both tissue specific (Xu et al., 

2013).  

 

Further links to potential limitation of invasive capacity were found in the 

responders, with a differential regulation of bone marrow proteoglycan (PRG2). 

PRG2 is the pro-form of the cytotoxic eosinophillic major basic protein (MBP), which 

comprises the major constituent of eosinophil granules. Interestingly PRG2 has 

been shown to have proteinase inhibitor capability; by complexing with pregnancy-

associated plasma protein-A (PAPP-A) it abrogates the action of this protein 

(Overgaard et al., 2000), one function of which is to degrade IGFBP-5 (Laursen et 

al., 2001), which was found to be elevated in the serum of responders in the 

longitudinal arm of this serum study, and may have a role in preventing metastasis 

(Sureshbabu et al., 2012). PRG2 may therefore have a role in increasing the levels 

of the anti-metastatic IGFBP-5.  The last protein identified as an interesting 
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biomarker candidate was HEG1. As with GOLM1 and OIT3, no defined function has 

yet been ascribed to HEG1, which is a homolog of the Zebrafish heart of glass gene 

and which shows limited similarity to other human proteins. It was shown to be 

significantly underexpressed in malignant serous epithelial ovarian cancer tissue 

samples (Birch et al., 2008), and HEG1 null mice demonstrate serious deformities 

of the heart, blood vessels and lymphatic vessels (Kleaveland et al., 2009) 

indicating that HEG1 has an important role in vessel formation and integrity. Its 

apparent links to vascular integrity make this an interesting differentially expressed 

protein, and it is possible that improved vessel integrity may aid drug delivery in the 

responders.  

 

 

3.7.2.2. Biomarker candidates identified from longitudinal serum  

Monitoring protein changes over time in a longitudinal study opens up the possibility 

of looking for dynamic temporal changes in response to therapy. In this way it might 

be possible to predict response or to observe a change in response before a 

radiologically confirmed progression. Eight proteins were identified as putative 

biomarker candidates for longitudinal monitoring of response, of which seven were 

upregulated in the responders. These included proteins upregulated in an acute 

phase setting, and may be indicative of an early response to therapy or an early 

marker of a reduction in tumour vascularity; although the median time to an 

observed partial response has been stated as 2.3 months (Motzer et al., 2006), a 

reduction in tumour vascularity can be observed within three weeks (Lamuraglia et 

al., 2006). A few proteins demonstrated a more gradual chronic change, which may 

reflect physiological changes to the tumour itself.  Validation of these protein 

changes is essential, and although initial plans for MRM validation have not been 

realised, steps have now been taken to validate two of these proteins using 
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alternative techniques: IGFBP5 will be validated using Luminex, CDH1 will be 

validated using ELISA.  

 

Proteins changing acutely were aldolase A (ALDOA), lactate dehydrogenase 

(LDHA), insulin-like growth factor binding protein-5 (IGFBP5), and Calgranulin A 

(S100A8). The glycolytic proteins ALDOA and LDHA were both acutely upregulated 

in the two week on-treatment sample in the responders, both of these proteins have 

been implicated in response to hypoxia and their upregulation in responders during 

therapy may be associated with a reduction in tumour vascularity and the 

accompanying tumour hypoxia. Many groups have investigated the role of LDHA in 

cancer (Miao et al., 2013) and contrary to previous opinion, recent studies indicate 

that elevated levels of lactate – the product of the LDHA enzyme – accompany less 

metastatic breast cancer tumours, with more highly metastatic breast cancers 

producing less (Xu et al., 2014). Furthermore, elevated levels of lactate 

dehydrogenase were found to be associated with better response to therapy in 

mRCC patients treated with the mTOR inhibitor temsirolimus (Armstrong et al., 

2012). In contrast to these results, ALDOA mRNA has been associated with 

metastasis and worse prognosis in lung adenocarcinoma (Du et al., 2014), and the 

ALDOA protein has been found to be upregulated in the tissue (Pfleiderer et al., 

1975) and serum (Takashi et al., 1992) of renal cell carcinoma patients. However 

importantly, these studies were tumour-normal comparisons, whereas this study 

was a tumour-tumour comparison. The fact that LDHA and ALDOA are both 

elevated during hypoxia may instead indicate that the anti-angiogenic therapy is 

working efficiently, without escape via an alternative method of angiogenesis 

(Bergers and Hanahan, 2008).  
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Another acutely upregulated protein was IGFBP5. This protein is one of a group of 

proteins involved in the regulation of insulin-like growth factors (IGFs). The IGFs are 

involved in the promotion of proliferation and IGFBP5 has therefore been 

anticipated to reduce the metastatic potential of tumour cells (Sureshbabu et al., 

2012). It is possible that elevated levels in the responders may be involved in 

mopping up IGF and reducing metastasis, whereas its absence in the non-

responders may allow for continued signalling through the IGF axis and increased 

invasive capability. In contrast to these effects, the inflammatory mediator 

Calgranulin A (Kerkhoff et al., 1998) was found to have a greater acute upregulation 

in the non-responders when compared to the responders. This protein has been 

found to be upregulated in multiple cancers (Cross et al., 2005), and has been 

implicated in attracting circulating tumour cells following upregulation by 

premetastatic tissues (Hiratsuka et al., 2006). The elevated levels in all patients 

suggest this effect may be due to treatment-induced inflammation, however the 

higher levels in non-responders could be due to a secondary mode of expression in 

these patients, perhaps brought about by premetastatic conditioning and increased 

metastatic potential in these patients, as the ability to invade normal tissues and to 

migrate along normal vessels through co-option has been proposed as a method of 

drug resistance in anti-angiogenics (Bergers and Hanahan, 2008). 

 

A more chronic change in protein levels was demonstrated by the proteins 

contactin-1 (CNTN1), adenosine deaminase (CECR1), intercellular adhesion 

protein 2 (ICAM2), and alpha mannosidase 2 (MAN2A1), all of which demonstrated 

changing levels in the responders, with low or absent expression in the non-

responders. The cell adhesion protein CNTN1 demonstrated a consistent decrease 

between baseline and the two week sample in all responding patients. CNTN1 has 

previously been shown to be overexpressed in glioblastoma and lung 
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adenocarcinoma, where it has also been implicated in tumour invasiveness and 

metastatic capacity (Su et al., 2006, Eckerich et al., 2006). A decrease in levels 

may therefore reflect a reduction in tumour burden, and a decrease in metastatic 

potential; CNTN1 could potentially aid in response to drug by preventing metastatic 

escape. Another protein that may assist in this regard is CECR1. Undetected in the 

non-responders, levels of this protein tended to decrease over time in the 

responders. CECR1 is secreted by monocytes undergoing proliferation, and may 

have a regulatory role in proliferation. Importantly, plasma levels were shown to 

decrease following treatment with chemotherapy, and a reduction in levels was 

correlated with tumour regression in different cancer types (Roberts and Roberts, 

2012). CECR1 may therefore have a similar role in this study, and a decrease may 

also correlate with tumour response.  

 

Due to the exploratory nature of this work, it may not be immediately obvious why 

certain proteins demonstrate their observed response. The upregulation of alpha 

mannosidase 2 (MAN2A1) in the responders does not have an obvious explanation, 

but may be due to some, as yet, unknown mechanism of drug sensitivity. MAN2A1, 

which is a key protein involved in the N-glycosylation pathway, was elevated in the 

responders and detected at only low levels in the non-responders. Complex 

carbohydrate structures are known to be important in cancer signalling and 

metastasis, and various studies have investigated inhibiting MAN2A1 in cancer 

treatment (van den Elsen et al., 2001).  

 

 

3.7.3. Concluding remarks 

The proteins found to be upregulated in the non-responders have links to 

tumourigenesis and metastasis, and may therefore represent escape mechanisms 
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that the tumour has in place to avoid the toxic effects of therapy. Whilst other 

studies investigating response to sunitinib have identified proteins linked to 

angiogenesis and invasion, very few of these proteins were identified in this study 

(data not shown), and this is likely due to the technical limitations of the study; 

those proteins are too low in abundance to be easily detected by these techniques. 

Profiling serum using mass spectrometry remains a difficult task. This study has 

potentially found some interesting targets that are supported by biological 

reasoning, and therefore warrant further investigation, but the number of 

identifications is still low when compared to the thousands that are identified in cell 

and tissue samples. Even with MARS14 depletion there is still a significant amount 

of masking of low abundance proteins (Tu et al., 2010), and to get to the very low 

abundance proteins greater levels of fractionation may be required.  Other methods 

such as SCX, or a supermix column, may assist with improving the depth of mining, 

though the latter has been implicated in depleting known disease biomarkers, this is 

a particular risk of this column as the targeted proteins have not been fully 

evaluated (Patel et al., 2012). It may not be necessary to mine to the full depths of 

serum, comparisons of extreme phenotypes may reveal proteins in high enough 

abundance to be detected by current means, but validation of these targets is 

essential to confirm this. Many of the chosen targets were different between the 

baseline and longitudinal studies as they were chosen for separate reasons, with 

the longitudinal study focussing on protein changes over time as opposed to solely 

at baseline. 

 

The main limitations of the study are in the low sample numbers used, and the 

inability to validate the targets using in-house techniques.  Due to the significant 

amount of time it takes to profile clinical samples, proteomic mining studies are 

frequently designed to compare the extreme phenotypes of a limited number of 
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‘discovery’ patients, with subsequent validation in a wider cohort.  This strategy has 

been successfully used in other studies (Collinson et al., 2013, Welberry Smith et 

al., 2013), but confirmation of the clinical utility of the potential markers cannot be 

verified until validation has been carried out, first in the discovery set of patients and 

then in a larger cohort using a complementary technique. Certainly in a study as 

small as this, these findings can only be viewed as exploratory until confirmation of 

their differential expression pattern has been achieved. Limited sample numbers 

has a knock-on effect on the variation of the study, between-patient variation is 

considerable and it is important to control for as many factors as possible to try and 

limit the impact of this potential source of error. Numerous factors must be 

accounted for, including gender, age, pathological stage, nuclear grade, chronicity 

of disease, amongst others. Though every care was taken to try and normalise 

these factors, inevitably, due to a low sample population from which to choose 

(n=50 at the time of the study) it was not possible to fully match these patients. It 

cannot therefore be ruled out that the proteins identified in this study are markers of 

variation, or of prognosis, as opposed to predictive of sunitinib treatment. Finally, 

concern has been raised over use of the RECIST method of evaluating tumour 

response (Eisenhauer et al., 2009, Therasse et al., 2000), especially when 

considering therapies known to cause extensive necrosis such as sunitinib (Faivre 

SJ and S, 2007) as this can mimic progressive disease. Concern is focussed on the 

potential underestimation of responders, and alternative methods that have been 

suggested include the Choi criteria (van der Veldt et al., 2010b, Choi et al., 2007), 

and the Mass, Attenuation, Size, and Structure (MASS) criteria (Smith et al., 

2010b). A change in the method of assessing response may therefore have a 

knock-on effect on the number of samples available as a few SD patients may 

become PR patients, for example decreasing the percentage change required for a 

partial response from a 30% decrease to 10%, and classifying all others as non-



- 133 - 

 

 

responders (Thiam et al., 2010). This could increase sample numbers in both 

studies, making it easier to normalise other factors. 

 

It may be that no single marker has the necessary sensitivity and specificity to allow 

for accurate prediction of response to sunitinib. Differential expression between the 

responders and non-responders in this study was fairly low, with no very large fold 

changes observed between the responders and non-responders. This may be due 

to a difficulty in measuring protein levels using a label-free technique, which has a 

higher level of technical variation at low fold changes. Alternatively it could be due 

to diminished differences in a tumour versus tumour comparison, or perhaps it may 

be reflective of the real situation, whereby there are many small differences 

between the responders and non-responders. In this situation a nomogram may 

have a greater predictive power than any single protein, whereby measurement of 

multiple targets are combined into a panel of protein markers, which may provide 

greater predictive power than any one protein alone. Early studies for pazopanib 

(Tran et al., 2012) and bevacizumab (Collinson et al., 2013) have shown promise in 

this area. Either way, proper validation is critical. Many studies investigating 

predictive markers do not properly test the predictive nature of the marker, whereby 

levels are measured in both a treated and untreated population, and their 

prognostic utility cannot therefore be ruled out. These samples in the numbers 

required only come from large trials, and the validation study must therefore be 

designed prospectively, alongside the trial. Another purpose of validation is to 

ensure the measured effects are due to response, and not a systemic effect to 

sunitinib itself. Sunitinib has been shown to inhibit a range of kinases far beyond its 

target range (Karaman et al., 2008), which may explain the wide-ranging toxic side 

effects seen with this drug. Furthermore, previous studies in non-tumour bearing 

mice have shown that sunitinib has a considerable systemic effect, with 
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upregulation of many proteins including osteopontin and stem cell factor (Ebos et 

al., 2007). This must be considered for the longitudinal arm of this study, but this 

would not impact upon the baseline study, which used serum from patients who had 

not yet been exposed to sunitinib. Therefore, in the same way that VEGF and 

VEGFR-2 have treatment related peaks and troughs (Deprimo et al., 2007), 

verifying which proteins are directly an on-treatment response is essential, and this 

could potentially be done by collecting and analysing an additional on-treatment 

sample.  

 

Finally, recent serum studies have yielded markers that have shown promise in 

their field (Collinson et al., 2013, Welberry Smith et al., 2013), and both of these 

studies used similar techniques to those used here. The responses demonstrated 

by these putative markers are distinct and biologically relevant. Many of the 

proteins identified here have previously been identified in tissue, and it must be 

considered that their function in a serum setting may be different, nevertheless they 

may potentially pave the way to validating a baseline predictor of response, or a 

longitudinal pharmacodynamic monitoring marker. A critical next step in this study 

would be to validate these findings with a larger cohort of patient samples using a 

sensitive and specific technique; the putative targets discussed already have been 

selected for further investigation, and steps are currently being taken to pursue 

validation of these targets using Luminex and ELISA.
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4. Using in vitro cell lines to discover early markers of 

renal cell carcinoma pathogenesis 

 

4.1. Introduction 

The management of RCC is marred by a lack of reliable biomarkers. Though it is 

understood that VHL inactivation is a key step in the pathogenesis of the majority of 

sporadic RCCs, it is not fully known what impact the different VHL mutations have 

on the functioning of the cell. VHL has many documented functions, which includes, 

but is not limited to the targeting of HIF for degradation and the downstream 

repercussions of this. Inactivation of VHL is known to allow the accumulation of HIF 

and the destabilisation of the tumour suppressor Jade-1, amongst others. VHL 

disease is an inherited disorder with a prevalence of 1 in 36,000 live births, and 

predisposes the sufferer to a variety of benign and malignant tumours, including 

RCC (Kim et al., 2010). Genotype studies of cancers arising from both sporadic and 

familial RCC (resulting from VHL disease) have revealed an array of VHL 

mutations. Those arising from familial RCCs have been categorised based on 

genotype-phenotype studies into four different VHL disease subtypes: type 1, type 

2A, type 2B and type 2C (Kim et al., 2010). Each subtype predisposes to a different 

combination of renal cell carcinoma, haemangioblastoma, or phaeochromocytoma 

(Table 4.0.1), with type 1 and type 2B giving rise to RCC. RCC is not seen in type 

2C, and infrequently seen in type 2A. In this investigation, the impact of VHL 

disease-specific mutations on the proteome were investigated, using five isogenic 

cell lines carrying mutations clinically relevant in VHL disease, and corresponding to 

the different VHL disease subtypes. A comparative analysis looking at VHL specific 

proteomic changes was carried out first, using two cell lines with and without 
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functional VHL. A further study investigated the impact of renal cell carcinoma-

specific VHL mutations, by comparing the proteomes of all five cell lines.  

 

4.1.1. Aims 

The specific aims of this chapter were: 

1. To investigate proteomic changes brought about by VHL inactivation using an in 

vitro model 

2.  To investigate VHL-dependent changes using cell lines carrying RCC forming 

and non-RCC forming mutations. 

3. To validate expression of target proteins in cell lines and clinical samples. 

 

4.2. Characterisation of VHL disease-specific cell lines 

Using the RCC4 cell line – which carries a VHL inactivating C194G mutation in 

exon 1 – five cell lines were generated by stably transfecting RCC4 with a 

pcDNA3.1 vector carrying full length wild type VHL (WTHAB6); empty vector 

(RCC4/T); or full length VHL with one of three VHL mutations relevant to type 2A, 

type 2B, and type 2C VHL disease (Table 4.0.1). Cell lines were kindly donated by 

Professor Eammon Maher (University of Cambridge). The wild type control 

(WTHAB6) carries the RCC4 mutation in its genome, but also carries wild type VHL 

to replace any lost function. The type 1 disease cell line (RCC4/T) carried only an 

empty vector; the RCC4 phenotype of an inactive VHL was maintained in this cell 

line. The type 2A disease cell line (RCC4/2A) carries a T505C point mutation in 

exon 1, the type 2B disease cell lines (RCC4/2B) carries a G713A point mutation in 

exon 3, and the type 2C disease cell line (RCC4/2C) carries a C775G point 

mutation in exon 3.  
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Table 4.0.1 VHL disease cell line models 

Cell lines used in this study are shown. The mutation* numbering used throughout 

this study is consistent with that used in the original publication of these cell lines 

(Clifford et al., 2001). RCC, renal cell carcinoma; HB, haemangioblastoma; PH, 

phaeochromocytoma. 

Cell  

Line 

Disease 

subtype 

Mutation* WT 

codon 

Mutant 

codon 

Protein Cancer 

WTHAB6 Wild type - - - - - 

RCC4/T Type 1 C407G TCG TGG Ser65Trp RCC/HB 

RCC4/2A Type 2A T505C TAC CAC Tyr98His HB/PH 

RCC4/2B Type 2B G713A CGG CAG Arg167Gln RCC/HB/PH 

RCC4/2C Type 2C C775G CTG GTG Leu188Val PH 

 

 

4.2.1. Confirmation of vhl mutations 

Sanger sequencing was performed to ensure the expected mutations were present, 

both for the somatic RCC4 mutation and the three disease-specific mutations. The 

cells were grown to 85% confluence and DNA was recovered using the QIAamp 

DNA mini kit. Sanger sequencing was kindly performed by Dr Claire Taylor. The 

expected RCC4 germline C194G mutation was confirmed in all cell lines (data not 

shown). For cDNA sequencing of VHL mutations carried on the plasmid, primer 

pairs that spanned exons were used to ensure genomic DNA was not amplified. 

The type 2A, type 2B, and type 2C mutations, as detailed in the Table 4.0.1, were 

found in the expected cell lines (Figure 4.0.1), and were absent from both the 

WTHAB6 and RCC4/T cell lines.  
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Figure 4.0.1: Sanger sequencing of the VHL disease cell line mutations 

VHL mutations present in the five RCC4-derived cell lines. Wild type is shown in the 

left hand panel, and the mutant is shown in the right hand panel. All five cell lines 

were confirmed to have the expected mutations.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.2. Western blot confirmation of hypoxic phenotype 
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The phenotype of the cell lines was checked by performing Western blots probing 

for VHL, the VHL target hypoxia inducible factor 1-alpha (HIF-1α), and the hypoxic-

regulated protein carbonic anhydrase 9 (CA9) (Figure 4.0.2). A dominant band of 

24kDa, corresponding to the larger VHL p24 isoform, was observed in WTHAB6, 

RCC4/2A, RCC4/2B, and RCC4/2C, though WTHAB6 appeared to express lower 

levels. No VHL bands were observed in RCC4/T, which was not transfected with 

any form of VHL. Two further bands at 19kDa and 18kDa, corresponding to the 

VHL p19 and VHL p18 respectively which are missing the first 53 amino acids of 

the VHL gene, were visible in the 775 cell line, which appeared to express larger 

amounts of VHL than the other cell lines. In the HIF-1α blots a band of 92kDa, 

corresponding to the expected size for HIF-1α, was observed in all five cell lines. 

RCC4/T displayed considerably higher levels than all the other cell lines, and the 

amount present in WTHAB6 was very low, as expected. CA9 was absent from the 

WTHAB6 cell line, and was found in the RCC4/T, RCC4/2A, RCC4/2B, and 

RCC4/2C cell lines, with a doublet at the expected location of 52kDa. Considerably 

higher levels of CA9 were found in RCC4/T than any of the remaining cell lines, 505 

was the next highest expressing cell line, very low levels were detected in RCC4/2B 

and RCC4/2C. No specific binding was observed in the control Western blots (data 

not shown).   
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Figure 4.0.2: Western blot characterisation of VHL disease-cell line 

phenotypes 

Cell lysates were probed with antibodies specific to VHL, HIF-1α, and CA9, as 

detailed in materials and methods. Membranes were probes for β-actin (ACTB) as 

a loading control. WT, WTHAB6; 1, Type 1 (RCC4/T); 2A, RCC4/2A; 2B, RCC4/2B; 

2C, RCC4/2C.  

 

 

 

 

 

 

 

4.3. Comparison of plus/minus VHL proteome  

VHL is frequently lost in sporadic RCC (Young et al., 2009, Nickerson et al., 2008) 

and therefore the initial experiment focussed on investigating the proteomic 

differences brought about by VHL inactivation. Three replicates of the wild type 

VHL-transfected cell line (WTHAB6) and the VHL negative cell line (RCC4/T) were 

compared by LC-MS/MS, as described in materials and methods (Zougman et al., 

2014). In total, 4494 proteins were identified (with at least two peptides, including 

one unique) across both cell lines. An analysis of the overlap of protein 

identifications found that 4.2% and 1.7% of the proteins were unique to either 

RCC4/T or WTHAB6 respectively, and 94.2% proteins were common to both cell 
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lines (Figure 4.0.3). The complete set of raw data can be found in supplementary 

data files S7 and S8.  

 

Figure 4.0.3: Presence/absence analysis of proteins present in RCC4/T and 

WTHAB6 

Overlap of protein identifications. A presence/absence comparison for RCC4/T and 

WTHAB6, demonstrated that 94.2% of all protein identifications were common to 

both cell lines. 

 

 

 

 

 

 

 

To investigate the validity of the dataset, the expression of known RCC markers 

was investigated. Two proteins known to be regulated by VHL, carbonic anhydrase-

9 and hemeoxygenase-1 (HMOX1), plus perilipin-2 (PLIN2) which is upregulated in 

RCC, were found to be upregulated in RCC4/T versus WTHAB6 at the peptide level 

(Figure 4.0.4) and the LFQ intensity level (data not shown). Both CA9 and PLIN2 

were detected only in RCC4/T, and HMOX1 was upregulated 2.3 fold in RCC4/T 

versus WTHAB6 (Figure 4.0.4). PLIN2, which is involved in lipid storage, may be 

involved in the fatty appearance of conventional RCC (Yao et al., 2007, Yao et al., 

2005). Another protein which has been linked to this morphology is the very low-

density lipoprotein receptor (VLDLR), which was also found at a similar level to 
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PLIN2. Proteins that were not expected to change, such as β-2-microglobulin and 

β-actin, were found to have a similar level of expression between the two cell lines 

(data not shown). 

 

Figure 4.0.4: Upregulation of CA9, PLIN2, and HMOX1 in RCC4/T 

Bar graphs show the upregulation of carbonic anhydrase-9 (CA9), heme oxygenase 

1 (HMOX1), perlipin-2 (PLIN2), and very low density lipoprotein receptor (VLDLR) 

in Type 1 (RCC4/T) versus wild type VHL (WTHAB6) disease cell lines. Bars show 

average number of peptides identified by LC-MS/MS from a triplicate experiment, 

error bars show SEM.   
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4.3.1. Differentially expressed proteins between WTHAB6 and RCC4/T 

Differentially expressed proteins were identified by first comparing present/absent 

proteins, followed by comparisons of protein fold changes. Proteins that were 

unique to RCC4/T included insulin receptor substrate 2 (IRS2), perilipin-2 (PLIN2), 

brefeldin A-inhibited guanine nucleotide-exchange protein 3 (ARFGEF3), and 

protein jagged-1 (JAG1). Proteins that were unique to WTHAB6, and were therefore 

lost with VHL-transfection, included carbonic anhydrase 2 (CA2), Echinoderm 

microtubule-associated protein-like 2 (EML2), and thymidine phosphorylase 

(TYMP). Following visual inspection of the data IRS2, CA2, and EML2 were 

shortlisted as interesting candidates for potential downstream investigation in 

further samples (Tables 4.0.3-4.0.4, Figure 4.0.5). Analysis by DAVID (Huang et al., 

2009a, Huang et al., 2009b) of the RCC4/T unique proteins (≥2 peptides) indicated 

that there were 80 statistically significant overrepresented clusters, the top five of 

these were phosphoprotein (p=0.0000012), acetylation (p=0.000022), t-SNARE 

(p=0.000065), mitochondrion (p=0.00023), and GTPase regulator activity 

(p=0.0065). There were 25 significantly overrepresented clusters in the WTHAB6 

unique protein (≥2 peptides) list. The top 5 upregulated pathways were 

carbohydrate biosynthetic process (p=0.0061), N-glycan biosynthesis (p=0.0068), 

cell division (p=0.0078), mitochondrion organisation (p=0.0012), and 

glycosyltransferase (p=0.0026). As DAVID sources pathways from multiple 

databases, there was a lot of redundancy in the pathways identified.  

 

A further method to looking at unique proteins involved filtering the dataset set 

based on significance values and fold changes. Analysis of the data revealed 31 

proteins were significantly (P<0.05) different between WTHAB6 and RCC4/T, when 

comparing peptide data. No proteins were found to be significant through analysis 

of LFQ data. These 31 proteins included 27 that were unique to either WTHAB6 or 
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RCC4/T, however these were identified with only 1 peptide and were thus below the 

threshold for confident identification. The remaining four proteins demonstrated a 

≤2 fold change, which is not outside the level of technical variability in a label-free 

study. No proteins were calculated to have a probability value below 0.047 due to 

the power limitations of the study, as only three replicates were used. Proteins were 

therefore identified that had a trend towards significance, by raising the threshold to 

p<0.077.  At this threshold, and with a requirement for a minimum 2.5 fold change, 

156 and 64 proteins were identified by inspecting peptide and LFQ data 

respectively. In the peptide analysis, this included 33 upregulated by RCC4/T, 54 

upregulated by WTHAB6, and 69 proteins demonstrating an on/off response (Table 

4.0.2). In the LFQ data this included 21 proteins upregulated by RCC4/T, 18 

proteins upregulated by WTHAB6, and 25 proteins demonstrating an on/off 

response (Table 4.0.2). There was some concordance between the data with some 

proteins being found upregulated in both datasets, however these proteins were 

infrequently regulated at the same fold level. Of the WTHAB6 upregulated proteins, 

12 proteins were found in both datasets; 18 proteins upregulated by RCC4/T were 

found to be upregulated in both datasets. 
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Table 4.0.2: Numbers of differentially expressed proteins in WTHAB6 and 

RCC4/T   

Number of proteins (IDs) differentially expressed in WTHAB6 and RCC4/T, with 

≥2.5 fold change, or were found in only one cell line, based on peptide data and 

LFQ intensities.  

 ≥2.5 - < 5 fold ≥5 - < 10 fold ≥10 fold On/off 

 WT RCC4/T WT RCC4/T WT RCC4/T WT RCC4/T 

Peptide 35 21 14 10 5 2 29 40 

LFQ 3 3 14 10 1 8 10 15 

 

 

4.3.1.1. Proteins upregulated in WTHAB6 versus RCC4/T 

Proteins upregulated by WTHAB6 were shortlisted based on fold change, average 

number of peptides, and visual inspection of the data to identify potential 

candidates for downstream investigation. Both peptide and LFQ data were taken 

into consideration. The eleven proteins with the greatest upregulation were 

shortlisted (Table 4.0.3). The greatest upregulation was shown by protein niban 

(FAM129A), carbonic anhydrase 2 (CA2), TBC1 domain family member 4 

(TBC1D4), neurofilament medium polypeptide (NEFM) (Figure 4.0.5), dipeptidyl 

peptidase 4 (DPP4), and fibronectin (FN1).  

 

The upregulated proteins with p<0.077 were investigated using DAVID v6.7 (Huang 

et al., 2009a, Huang et al., 2009b), KOBAS v2.0 (Xie et al., 2011a), and 

GeneMania (Warde-Farley et al., 2010). Different annotations were achieved for 

proteins identified through analysis of peptide and LFQ intensities, the candidate 

proteins identified through both methods were therefore combined to give an 
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overview for both datasets, giving 99 WTHAB6 proteins, and 91 proteins for 

RCC4/T. Functional annotation clustering using DAVID v6.7 revealed multiple 

overrepresented annotations in the wild type cell line, these included Mitochondrion 

(enrichment score (ES) = 3.25, P = 1.6x10-4), Nucleotide binding (ES = 1.04, P = 

2.9x10-2), Cellular amino acid catabolic process (ES = 1.12, P = 4.7x10-2), and 

Response to oxygen levels (ES = 1.03, P = 3.5x10-2). Analysis using DAVID’s 

functional annotation chart also indicated that multiple proteins annotated with 

acetylation (P = 1.1x10-3) and phosphoprotein (P = 6.2x10-3) were present. No 

significantly upregulated functions were identified through either KOBAS 2.0 or 

GeneMania analysis.    

 
4.3.1.2. Proteins upregulated in RCC4/T versus WTHAB6 

The fifteen most upregulated proteins in RCC4/T compared with WTHAB6 were 

shortlisted (Table 4.0.4) based on the same criteria as used for the wild type cell 

line, these proteins included insulin receptor substrate (IRS2), spermatogenesis-

associated serine-rich protein 2 (SPATS2), Myc box-dependent-interacting protein 

1 (BIN1), tensin-1 (TNS1), and prolow-density lipoprotein receptor-related protein 1 

(LRP1) (Figure 4.0.5). In the DAVID analysis of the Type 1 VHL transfectant, 

mitochondrial proteins also appeared to be enriched (ES = 1.9, P = 8.2x10-3), other 

enriched processes included Fatty acid metabolic process (ES = 1.65, P = 1.6x10-

2), Nuclear lumen (ES = 1.58, P = 8.0x10-4), and response to hypoxia (ES = 1.34, P 

= 2.8x10-2). A high number of proteins annotated with acetylation (P = 1.7x10-7) and 

phosphoprotein (6.9x10-5) were also found in this dataset, these annotations were 

therefore not unique to either set of data and were more likely pan annotations. 

Analysis by GeneMania indicated several functions were listed as upregulated, 

these were very similar to those identified by DAVID and included response to 
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hypoxia, mitochondrial matrix, and fatty acid metabolic process. No functions were 

found to be significantly upregulated in the KOBAS analysis.  

 

Figure 4.0.5: Differential protein expression in RCC4/T and WTHAB6 

Upregulated proteins in RCC4/T and WTHAB6. Average number of peptides across 

three replicates is shown. Bars show SEM.  
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Table 4.0.3: Proteins upregulated in WTHAB6 versus RCC4/T.  

Proteins with the largest fold changes in WTHAB6 versus RCC4/T are shown based on peptide data. Fold change proteins are shown for those 

with ≥8 fold change. NC, not calculated, due to presence/absence expression pattern.  

Protein name Gene 

name 

Uniprot Fold 

(peptides) 

P value 

(peptides) 

Fold 

(LFQ) 

P value 

(LFQ) 

Average 

peptides 

Protein Niban FAM129A Q9BZQ8 NC 0.059 NC 0.064 10.33 

Carbonic anhydrase 2 CA2 P00918 NC 0.059 NC 0.064 7.33 

Echinoderm microtubule-associated protein-like 2 EML2 O95834 NC 0.064 NC 0.197 3.33 

TBC1 domain family member 4 TBC1D4 O60343 21.00 0.072 NC 0.064 7.00 

Neurofilament medium polypeptide NEFM P07197  14.25 0.077 NC 0.064 21.00 

Dipeptidyl peptidase 4 DPP4 P27487 12.00 0.077 NC 0.064 4.00 

Pyruvate dehydrogenase phosphatase regulatory subunit, 

mitochondrial 

PDP-1 Q8NCN5  11.00 0.072 NC 0.064 3.67 

Fibulin 1 FBLN1 P23142  9.00 0.077 - - 3.00 

Fibronectin FN1 P02751 6.57 0.100 38.82 0.100 65.67 

http://www.uniprot.org/uniprot/P07197
http://www.uniprot.org/uniprot/Q8NCN5
http://www.uniprot.org/uniprot/P23142
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Tissue factor pathway inhibitor 2 TFPI2 P48307 4.50 0.077 NC 0.064 3.00 

Splicing factor 3B subunit 4 SF3B4 Q15427 3.33 0.059 NC 0.064 3.33 

 

Table 4.0.4: Proteins upregulated in RCC4/T versus WTHAB6  

Largest fold changes in RCC4/T versus WTHAB6, On/off changes are shown for proteins with an average number of peptides ≥3. NC, not 

calculated, due to presence/absence expression pattern 

Protein name  Gene name Uniprot Fold 

(peptides) 

P value 

(peptides) 

Fold 

(LFQ) 

P value 

(LFQ) 

Average 

peptides 

Insulin receptor substrate 2 IRS2 Q9Y4H2  NC 0.064 NC 0.064 8.67 

Spermatogenesis-associated serine-rich protein 2 SPATS2 Q86XZ4 12.00 0.072 NC 0.064 4.00 

Butyryl-CoA dehydrogenase ACADS P16219  10.00 0.072 NC 0.064 3.33 

Myc box-dependent-interacting protein 1 BIN1 O00499  9.50 0.077 16.13 0.077 6.33 

Prolow-density lipoprotein receptor-related protein 1 LRP1 Q07954 8.50 0.077 16.39 0.077 11.33 

Tensin-1 TNS1 Q9HBL0  8.00 0.077 11.78 0.077 10.67 

Adenosine deaminase ADA P00813 6.49 0.077 NC 0.064 4.33 

http://www.uniprot.org/uniprot/Q9Y4H2
http://www.uniprot.org/uniprot/Q86XZ4
http://www.uniprot.org/uniprot/P16219
http://www.uniprot.org/uniprot/O00499
http://www.uniprot.org/uniprot/Q9HBL0
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Nuclear receptor corepressor 2 NCOR2 Q9Y618 5.32 0.077 7.15 0.077 5.33 

Nuclear-interacting partner of ALK ZC3HC1 Q86WB0 4.67 0.077 NC 0.064 4.67 

Pseudouridine-5-monophosphatase HDHD1 Q08623 4.50 0.077 NC 0.064 3.00 

E3 ubiquitin-protein ligase listerin LTN1 O94822-3 4.50 0.059 NC 0.064 3.00 

Peptidase M20 domain-containing protein 2 PM20D2 Q8IYS1 3.75 0.077 11.19 0.077 5.00 

Fumarylacetoacetase FAH P16930 3.66 0.077 9.10 0.077 3.67 

Alpha N-terminal protein methyltransferase 1A METTL11A Q9BV86 3.33 0.077 NC 0.064 3.33 

Inositol 1,4,5-trisphosphate receptor type 3 ITPR3 Q14573 3.25 0.077 7.04 0.077 8.67 
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4.4. Investigation into IRS2 expression 

Due to the differential expression between the plus and minus VHL cell lines, IRS2 

was chosen for further initial downstream investigation. This protein is a scaffold 

protein with links to metastasis in other studies. Furthermore, it is involved in PI3K 

signalling, and may be controlled by hypoxia.  

 

4.4.1. Western blot examination of IRS2 expression 

Expression levels of IRS2 in RCC4/T and WTHAB6 were first confirmed by Western 

blot, and they were found to corroborate the mass spectrometry data (Figure 4.0.6), 

with high levels in RCC4/T as observed by a band at approximately 160kDa, higher 

than the predicted molecular weight of 130kDa but consistent with the literature-

reported size during Western blot analysis. A considerably lower level of expression 

was found in WTHAB6 after an extended exposure (data not shown). To ensure the 

expression pattern was not due to any potential slowing of growth at 85% 

confluence, the experiment was repeated with cells grown to 50% confluence. No 

difference in expression pattern was observed (data not shown).  

 

To confirm the differential expression pattern of IRS2 in RCC4/T and WTHAB6, and 

to investigate whether the difference in expression of IRS2 was present in other 

VHL-transfected RCC cell lines with different genetic backgrounds, the expression 

of IRS2 was investigated in two further plus/minus VHL cell line pairs. UMRC2 and 

786-0, RCC cell lines that both carry a defective VHL, have previously been stably 

transfected with a plasmid carrying full length, wild type VHL, to replace lost VHL 

function. IRS2 was found to be highly expressed in the RCC4/T and 786-0/-VHL 

cell lines, and absent from WTHAB6 and the VHL positive 786-0/+VHL cell line, i.e. 
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following VHL transfection (Figure 4.0.6). No detectable expression was observed 

in either of the UMRC2 cell lines. The three vhl mutations in these three cell lines all 

occur in exon I (Table 4.0.5), with the UMRC2 point mutation lying between the 

RCC4 point mutation and the 786-0 frameshift mutation. Therefore the difference in 

IRS2 stability may not be solely explained by the exonic location of the mutation, 

however there are multiple binding sites of different moieties on exon I of VHL, and 

there is likely an explanation for the difference in IRS2 expression in the disruption 

of these binding sites.  

 

Figure 4.0.6: IRS2 expression in RCC4/T and 786-0 

Cell lysates were probed with anti-IRS2 (EP976Y). Gels were checked for 

normalisation using a parallel coomassie staining (data not shown).  
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Table 4.0.5: Background VHL mutations present in three RCC cell lines 

The VHL specific mutations that are present in RCC4, UMRC2, and 786-0. Point 

mutations are present in RCC4 and UMRC2, a frameshift (fs) mutation is present in 

786-0. The polypeptide mutation is also shown. 

Cell line Genomic mutation Protein mutation 

RCC4 C194G S65W 

UMRC2 G245C R82P 

786-0 311delG G104fs 

 

4.4.2. Investigation into IRS2 expression in clinical samples from RCC 

patients 

Protein levels of IRS2 were investigated by Western blot in matched frozen tissue 

acquired from nephrectomised RCC patients, with the intention of determining the 

clinical significance of IRS2 expression. However it was not possible to determine 

any difference in IRS2 expression between the tumour and normal tissues, due to 

the high amount of non-specific binding of the IRS2 antibody to multiple bands in 

the tissue samples.  

 

4.4.3. Examination of IRS2 transcripts  

Protein expression levels reflect the dynamic phenotype of the functioning cell, 

however investigating transcript levels can also provide useful information on how a 

protein’s expression is controlled. Although the absence of a transcript would 

confirm the absence of a protein product, the presence of the transcript does not 

confirm the presence of an active protein, as the protein may be rapidly degraded, 

or may be the target of inactivating post-translational modifications.  
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An endogenous control (‘housekeeping’ gene) was chosen through a combination 

of literature searching and proteomic data from the RCC4/T and WTHAB6 cell lines. 

Desirable attributes were a similar level of expression between the RCC4/T and 

WTHAB6 proteomes, a low standard error, and a high a number of average 

peptides. There were 14 literature-identified endogenous controls that were also 

present in the data set, and seven further novel candidates were also identified. 

Five potential candidates were chosen based on ≥3 average number of peptides, 

and ≤0.5 standard error (data not shown), including three already known 

endogenous controls, ACTB, HPRT1, and B2M (Jung et al., 2007, Glenn et al., 

2007), and two novel genes, RPL37A and RPL30. ACTB was found to have the 

highest expression with the lowest standard error. ACTB had also been 

investigated in other studies (Jung et al., 2007, Glenn et al., 2007) and it was 

therefore chosen as the endogenous control for this study; all qRT-PCR 

experiments were performed using this control.   

 

To check for detectable levels of IRS2 RNA, a titration (range 0.04-80ng/ul) was 

performed using RCC4/T. The cells were grown to 85% confluence; mRNA was 

harvested using the RNeasy kit and then reverse transcribed to cDNA. IRS2 and 

ACTB specific TaqMan probes were used in the qRT-PCR analysis. IRS2 mRNA 

was detected in all RNA dilutions (data not shown); a starting RNA amount 0.8ng/ 

µl was chosen for future analyses. Next, the amount of IRS2 mRNA in RCC4/T and 

WTHAB6 was compared. RCC4/T was used as the control sample, and the level of 

IRS2 mRNA in WTHAB6 was determined as a proportion of the mRNA level 

observed in RCC4/T. A 100-fold lower amount of IRS2 mRNA was observed in 

WTHAB6 as compared to RCC4/T, suggesting IRS2 expression may be controlled 

at the transcript level (Figure 4.0.7.). 
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Figure 4.0.7: Presence of IRS2 mRNA in RCC4/T and WTHAB6 

Relative levels of IRS2 mRNA in WTHAB6 as a function of RCC4/T. Values were 

calculated using the delta-delta-Ct method (Livak and Schmittgen, 2001).  

 

 

 

 

 

 

 

 

4.5. Investigation into the binding partners of IRS2 

IRS2 is known to interact with a number of proteins and, through its role as a 

scaffold protein, it functions to relay messages downstream. To this end it was 

hypothesised that an immunoprecipitation of IRS2 may shed light on novel 

interaction partners of IRS2 and serve to provide further information on the role this 

protein plays in RCC pathogenesis. SDS-PAGE analysis of the immunoprecipitated 

proteins and the supernatant revealed a complex mixture of proteins in the 

immunoprecipitated fractions; a large number of proteins were brought down non-

specifically by IgG (Figure 4.0.8). A strong band around 130kDa was observed in 

the IRS2 antibody lane, which was absent from the control antibody lane, and a few 

other bands were present in the IRS2 immunoprecipitation lane that appeared to be 

absent from the rabbit IgG immunoprecipitation lane, which may be IRS2-specific 

interactors.  
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Figure 4.0.8: SDS-PAGE analysis of immunoprecipitated IRS2 

Proteins associated with IRS2 were immunoprecipitated using anti-IRS2 (EP976Y). 

A control immunoprecipitation was performed using anti-Rabbit IgG. I.IP, IRS2 

immunoprecipitation; I.SN, IRS2 supernatant; R.IP, Rabbit IgG 

immunoprecipitation; R.SN, Rabbit supernatant. Arrow indicates the location of 

IRS2.  

 

 

 

 

 

 

 

 

 

 

To confirm the IRS2 immunoprecipitation did precipitate the target protein, a 

Western blot of the recovered proteins was performed (Figure 4.0.9). The Western 

blot revealed that high levels of IRS2 were brought down by the 

immunoprecipitation (I.IP lane), but precipitation was not complete, as some 

remained in the supernatant (I.SN lane).  The presence of IRS2 in the rabbit IgG 

supernatant lane (R.SN) and its concomitant absence from the rabbit IgG 

immunoprecipitate (R.IP) lane indicates that rabbit IgG did not precipitate IRS2. 

Interestingly, multiple bands were observed in the IRS2 immunoprecipitation lane, 

which were not observed in the other lanes, and may be fragments of IRS2.  
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Figure 4.0.9: Western blot analysis of immunoprecipitated IRS2 

Proteins associated with IRS2 were immunoprecipitated using anti-IRS2 (EP976Y), 

a control immunoprecipitation was performed using anti-Rabbit IgG.  I.IP, IRS2 

immunoprecipitation; I.SN, IRS2 supernatant; R.IP, Rabbit IgG 

immunoprecipitation; R.SN, Rabbit supernatant IRS2 (I) versus rabbit IgG (R), 

pulldown (IP) and supernatant (SN).  

 

 

 

 

 

 

To investigate the interaction partners of IRS2, immunoprecipitated proteins were 

analysed by mass spectrometry. Proteins were recovered as described above, 

digested using the modified FASP-based procedure, and analysed in a two hour 

gradient on the Orbitrap Velos. In this analysis 879 proteins were confidently 

identified, most proteins were common to both precipitations and therefore 

represented the non-specifically bound fraction, 8.8% (77) of the identifications 

were unique to IRS2, and 6.6% (58) were only found in the rabbit IgG fraction. In 

the IRS2 precipitation, the target protein IRS2 was identified with 24 peptides 

(Figure 4.0.10). IRS2 was also found in the control pulldown, indicating some non-

specific binding of IRS2 had occurred, though intensity, and sequence coverage 

were all considerably lower in this pull down (data not shown). By filtering for 

proteins identified with a minimum four fold change in the number of peptides 

identified, and a minimum of three peptides required for identification, 46 proteins 

were found to be unique or upregulated in the IRS2 pulldown. The proteins with the 
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greatest fold change, and which are therefore more likely to be true interactors, are 

listed in Table 4.0.6. Proteins immunoprecipitated with IRS2 include the RNA 

binding proteins Heterogeneous nuclear ribonucleoproteins C1/C2 (HNRNPC) and 

RNA-binding protein (RALY), the nuclear matrix protein matrin-3 (MATR3), and the 

14-3-3 theta (YWHAQ) protein, which has previously been shown to interact with 

IRS2 (Figure 4.0.10). Analysis of the 46 co-immunoprecipitated proteins by DAVID 

indicated an overrepresentation of RNA binding (P=8.5x10-16), phosphoproteins 

(P=2.9x10-9), RNA splicing (1.4x10-6), and spliceosome (2.8x10-6) proteins.   

 

 

Figure 4.0.10: Enrichment of IRS2 and YWHAQ in IRS2 immunoprecipitation 

IRS2 and YWHAQ were found to be enriched in the IRS2 immunoprecipitation 

versus the rabbit IgG immunoprecipitation, based on number of peptides identified.  
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Table 4.0.6: Proteins enriched by IRS2 immunoprecipitation 

Proteins with a fold change ≥4, and with ≥4 identified peptides.  

Gene names Protein names 

 

IRS2 RabIgG Fold  

HNRNPC Heterogeneous nuclear ribonucleoproteins C1/C2 10 1 10.0 

MATR3 Matrin-3 9 1 9.0 

RALY RNA-binding protein Raly 9 1 9.0 

UPF1 Regulator of nonsense transcripts 1 13 2 6.5 

CDC5L Cell division cycle 5-like protein 6 1 6.0 

MRPL37 39S ribosomal protein L37, mitochondrial 6 1 6.0 

SRRM2 Serine/arginine repetitive matrix protein 2 9 2 4.5 

HNRNPUL2 Heterogeneous nuclear ribonucleoprotein U-like 

protein 2 

13 3 4.3 

RBMX RNA-binding motif protein, X chromosome 12 3 4.0 

IGF2BP2 Insulin-like growth factor 2 mRNA-binding protein 

2 

8 2 4.0 

CEP250 Centrosome-associated protein CEP250 11 0 - 

NOP14 Nucleolar protein 14 7 0 - 

CDKN2AIP CDKN2A-interacting protein 7 0 - 

PARN Poly(A)-specific ribonuclease PARN 6 0 - 

GADD45GIP1 Growth arrest and DNA damage-inducible 

proteins-interacting protein 1 

5 0 - 

MRPL24 39S ribosomal protein L24, mitochondrial 5 0 - 

PRPF31 U4/U6 small nuclear ribonucleoprotein Prp31 4 0 - 

LDHB L-lactate dehydrogenase B chain 4 0 - 

EXOSC10 Exosome component 10 4 0 - 

ZFR Zinc finger RNA-binding protein 4 0 - 
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IRS2 immunoprecipitated proteins identified with ≥ 4 fold change, or an on/off 

change with a minimum of 3 peptides for identification (46 IDs), were submitted for 

analysis by Ingenuity Pathways Analysis (IPA). This analysis revealed a significant 

upregulation of RNA processing proteins. Top upregulated networks were ‘RNA 

post-transcriptional modification; Hereditary disorder’ and ‘RNA damage and repair; 

Protein Synthesis; Gene Expression’, with 18 and 12 proteins involved in these 

networks respectively.  The top upregulated molecular pathways were also 

dominated by mechanisms involving RNA processing and protein synthesis 

proteins (data not shown). The top disease was identified as Cancer, with 43 

proteins attributed to this, indicating many of the proteins involved may support the 

growth of the RCC4 cells.  

 

4.6. Proteomic analysis of VHL disease mutant cell lines 

To investigate the impact of VHL disease-specific VHL mutations on the cellular 

proteome, an exploratory mass spectrometry study of four cell lines carrying VHL 

mutations plus a wild type control was conducted. The mutations carried by the 

Type 1 (RCC4/T) and Type 2B (RCC4/2B) cell lines lead to the development of 

RCC, and as such differences in these two cell lines were of particular interest. In 

total, 4680 proteins were confidently identified, with at least two peptides (including 

one unique). The cell lines were very similar to one another; 62.5% of proteins were 

common to all five cell lines (Figure 4.0.11), with 11.5%, 8.8%, 7.7%, and 9.6% 

found in any one cell line, two cell lines, three cell lines, or four cell lines 

respectively. The percentages of unique proteins identified in each cell line were 

fairly similar with 1.3%, 2.9%, 3.2%, 1.7%, and 2.4% unique proteins found in 

WTHAB6, RCC4/T, RCC4/2A, RCC4/2B, and RCC4/2C respectively. All possible 

pairwise comparisons found that 255 proteins demonstrated a significant difference 
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(p<0.05) between any cell line pair. Nine proteins were significant at the p<0.01 

level, however eight of these were upregulated in a single cell line, with the 

remaining protein upregulated in both the Type 1 and wild type cell lines, and it was 

therefore not of clinical interest to the development of RCC.  The complete set of 

raw and analysed data can be found in supplementary data files S9, S10, and S11. 

 

Figure 4.0.11: Shared proteins between the five VHL disease cell lines 

Shared proteins between the five cell lines, based on peptide data, with a threshold 

cut off of at least 1 peptide.  
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4.6.1. Proteins differentially regulated in Type 1 and Type 2B 

Type 1 and type 2B VHL disease predisposes the sufferer to the development of 

multifocal RCC, and as such these two cell lines were of particular interest for 

proteomic mining. Data were analysed to allow comparison of these two cell lines 

with the remaining three cell lines, to hopefully identify proteins that may be 

involved in the development of RCC. Previous analysis of the gene expression 

microarray profile of these five cell lines revealed 19 differentially expressed genes 

(Abdulrahman et al., 2007). Five of these 19 genes were identified in this dataset; 

ACTA2, ALDH9A1, SEC31A, SNRPN, and PALLD, however none of these were 

found to be differentially expressed in this proteomic analysis. The known RCC 

markers CA9 and HMOX1 were both found in the current analysis (Figure 4.0.12), 

with upregulation of CA9 found in RCC4/T and upregulation of HMOX1 found in 

both the RCC forming transfectants.  

 

Figure 4.0.12: Expression of known RCC markers in VHL disease 

transfectants 

Expression of known RCC markers in vhl mutant cell lines. Values shown are 

average peptides across three replicates ± SEM. 
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4.6.1.1. Heat map comparison of VHL disease-cell line proteomes  

Deciding a suitable method through which to analyse the data was a significant 

problem in this analysis. As there were five cell lines to consider, a simple pairwise 

comparison was not feasible. The data were first analysed using heat maps to allow 

graphical representation of the differential expression, and to hopefully identify a 

characteristic pattern of expression. Visualising mass spectrometric data using heat 

maps, whilst a less traditional method for viewing proteomic data, is a method 

which is increasingly being used as it allows for patterns in the data to be quickly 

observed. The heat maps were constructed by comparing the Z-score for each cell 

line replicate to the protein’s average, considering each protein separately, and 

colour coded based on the Z-score value. Heat map analysis of all the identified 

proteins revealed no pattern of expression, as most of the proteins did not show a 

significant difference across the cell lines. Next, the represented proteins were 

limited to those that were determined to be significantly different from the wild type 

cell line, based on pairwise comparisons for each of peptide values, LFQ 

intensities, and intensity values. Data were clustered to give an optimal pattern of 

expression revealing significant differences between the wild type cell line and any 

other cell line (Figure 4.0.13). 
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Figure 4.0.13: Heat maps of significantly different proteins in VHL 

transfectants of RCC4 

Proteins were colour coded and grouped according to their Z-score away from the 

mean for all cell lines, then clustered compared to the wild type cell line. Values 

range -3 Z-score (dark blue), -2 Z-score (mid blue), -1 Z-score (light blue), 0 Z-

score (white), +1 Z-score (light red), +2 Z-score (mid red), +3 Z-score (dark red).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to the high amount of variation observed in the peptide heat maps, subsequent 

maps focussed on the LFQ intensities due to the inbuilt normalisation with this 

value, thus limiting the bias caused by focussing on the simpler peptide value, and 
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the more highly variable intensity value (data not shown).  By limiting the list to 

proteins significantly different from wild type, 55 proteins were revealed that were 

significantly different in the RCC4/T or RCC4/2B cell lines versus wild type (Figure 

4.0.14). Most of these were upregulated proteins, and cyclin-dependent kinase 

(CDK2) was identified by clustering based on these criteria (Figure 4.0.15, Table 

4.0.7). 

 

Figure 4.0.14: Significantly different proteins in the Type 1 and Type 2B VHL 

disease cell lines 

Proteins were colour coded and grouped according to their Z-score away from the 

mean for all cell lines. Values range -3 Z-score (dark blue), -2 Z-score (mid blue), -1 

Z-score (light blue), 0 Z-score (white), +1 Z-score (light red), +2 Z-score (mid red), 

+3 Z-score (dark red).  
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4.6.1.2. Comparison of data by filtering 

Another method to identify differentially expressed proteins involved filtering the 

proteins in Excel, based on the average number of peptides or average LFQ 

intensity across the three replicates. Using this technique allowed the identification 

of proteins that were not necessarily significantly different between the cell lines but 

nevertheless demonstrated a pattern of expression that was worthy of further 

investigation. By filtering the data to identify proteins upregulated or downregulated 

in RCC-forming cell lines according to peptide data, three different proteins were 

identified, including two downregulated, and one upregulated.  Absent in melanoma 

1 (AIM1) and mRNA turnover protein 4 homolog (MRTO4) were found to be 

downregulated in the RCC forming cell lines, whereas Cyclin-dependent kinase 4 

(CDK4) was found to be upregulated in these two cell lines. Of these, CDK4 and 

AIM1 were also differentially expressed based on LFQ data. By filtering the LFQ 

data using the same criteria as for the peptide data, three further candidates were 

identified, including one upregulated (GNE) and two downregulated (CLCC1, 

NRP1) in the RCC forming cell lines (Tables 4.0.7-4.0.8, Figure 4.0.15). The 

RCC4/T upregulated protein IRS2 was also found to be elevated in the RCC 

forming cell line RCC4/2B, these levels were only slightly elevated compared to the 

remaining two VHL mutants (Tables 4.0.7-4.0.8, Figure 4.0.15.).  

 

4.6.2. Candidate early biomarkers in RCC pathogenesis 

By using two different methods to analyse the data, seven potential candidates 

were identified (Tables 4.0.7-4.0.8, Figure 4.0.15). Data analysed included both 

peptide (data not shown) and LFQ values. The heat maps were reliant on 

significance values and allowed for powerful computer-based identification of 

potential candidates, whereas filtering using Excel allowed non-significant proteins 
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to be identified by eye. The two techniques were thus complementary to one 

another, and allowed the best visualisation of the data when combined together.  

The shortlisted proteins may be involved in the pathogenesis of early RCC and 

validation of their expression level is warranted. 

 

Figure 4.0.15: Differential protein expression in the RCC forming cell lines 

Average LFQ values ± SEM are shown. Cell lines represented are RCC4/T (Type 

1), 713 (Type 2B), 505 (Type 2A), 775 (Type 2C), and WTHAB6 (wild type).
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Table 4.0.7: Proteins upregulated in the RCC forming cell lines 

Average LFQ values ± SEM are shown 
 Type 1 Type 2B Type 2A Type 2C Wild type 

CDK2 3.5E+06 ± 6.1E+05 3.1E+06 ± 6.0E+05 4.7E+05 ± 4.7E+05 1.0E+06 ± 1.0E+06 0 ± 0 

CDK4 9.3E+05 ± 9.3E+05 2.1E+06 ± 1.3E+06 0 ± 0 0 ± 0 0 ± 0 

GNE 1.5E+06 ± 2.3E+05 1.6E+06 ± 1.0E+06 0 ± 0 0 ± 0 2.7E+05 ± 2.7E+05 

IRS2 1.5E+07 ± 1.5E+06 3.5E+06 ± 4.0E+05 2.5E+06 ± 1.4E+06 1.3E+06 ± 1.3E+06 0.0E+00 ± 0.0E+00 

 

Table 4.0.8: Proteins downregulated in the RCC forming cell lines 

Average LFQ ± SEM are shown 

 Type 1 Type 2B Type 2A Type 2C Wild type 

AIM1 0 ± 0 0 ± 0 5.5E+06 ± 1.1E+06 1.5E+06 ± 9.3E+05 1.7E+06 ± 9.3E+05 

CLCC1 0 ± 0 0 ± 0 1.8E+07 ± 6.4E+06 1.2E+07 ± 1.1E+07 3.3E+06 ± 3.3E+06 

NRP1 0 ± 0 0 ± 0 4.3E+06 ± 1.4E+06 2.6E+06 ± 1.6E+06 6.6E+05 ± 6.6E+05 
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4.7 Discussion 

The early stages of RCC development are poorly understood; delineating the 

molecular pathogenesis of this disease is a crucial step in improving the 

clinical progression of RCC, and for the identification of new druggable 

targets. In recent years our knowledge of the genetic landscape of RCC has 

been significantly improved, with the understanding that a variety of genes 

become deregulated during the pathogenesis of RCC, the predominant of 

which is VHL. Involvement of VHL has been found in the majority of sporadic 

RCC cases (Young et al., 2009, Nickerson et al., 2008) and mutation of this 

gene is also responsible for the development of VHL disease, the familial form 

of renal cell carcinoma. Previous studies have investigated the proteomic and 

transcriptomic impact of VHL inactivation (Aggelis et al., 2009, Craven et al., 

2006). A genomic screen of the same cell lines used in this study, found 19 

differentially regulated genes between the RCC forming RCC4/T and 

RCC4/2B, versus the non-RCC forming RCC4/2A and RCC4/2C cell lines. 

Two of these proteins, thymosin beta-15A and proteinase-activated receptor 2 

were implicated in RCC pathogenesis when investigated at the in vitro level 

(Abdulrahman et al., 2007). Furthermore, analysis of conditioned media from 

786-0 and A498 cells transfected with empty vector, wild type VHL, or one of 

three Type 2C VHL disease mutations, revealed downregulation of the 

chaperone protein Clusterin in Type 2C and VHL negative cell lines 

(Nakamura et al., 2006).  

 

To enable a greater understanding of the proteomic changes brought about by 

VHL mutation, five cell lines carrying mutations relevant to VHL disease were 

analysed by mass spectrometry. This study focussed predominantly on the 
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proteomic  changes brought about by vhl mutation, by comparing the VHL wild 

type and VHL negative cell lines WHAB6 and RCC4/T (VHL disease type 1), 

respectively, followed by an exploratory study comparing the proteomes of all 

five cell lines. Of note, the type 1 disease mutation (S65W) lies in the alpha 

domain of VHL, and the type 2B mutation (R167Q) lies in the elongin C 

binding region of the beta domain. Both mutations would potentially impact 

upon VHLs ability to target proteins for ubiquitination. The type 2A (Y98H) and 

type 2C (L188V) mutations lie in the beta and alpha domains respectively.  

 

4.7.1. Proteomic comparison of the plus/minus VHL cell lines 

WTHAB6 and RCC4/T 

The impact of VHL inactivation was investigated by proteomically comparing 

RCC4/T with WTHAB6. In total, 4494 proteins were identified and most of 

these were common to both cell lines. The dataset was checked for the 

expression of the known VHL targets CA9 and HMOX1. The hypoxic protein 

CA9 is involved in the reversible hydration of carbon dioxide and it is a well-

documented marker for RCC (Bui et al., 2003, Tostain et al., 2010). In this 

study CA9 was found to be present in RCC4/T, and completely absent from 

WTHAB6, which supported the results observed by Western blot. 

Hemeoxygenase (HMOX1), though not switched off in WTHAB6, appeared to 

be expressed at higher levels in RCC4/T, which is consistent with previous 

reports (Banerjee et al., 2012). Hemeoxygenase 1 has been proposed to be 

an anti-inflammatory protein involved in tumour survival, and is activated by 

HIF (Yang and Zou, 2001). Perilipin-2 was also found to be upregulated in 

RCC4/T, indicating it might be controlled by VHL. This protein is involved in 

lipid storage and has been shown to be upregulated in renal cell carcinoma 
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tissue (Yao et al., 2007, Yao et al., 2005) and urine (Morrissey et al., 2010, 

Morrissey et al., 2014), its presence may contribute to the clear appearance of 

ccRCC. Another protein which has been associated with lipid storage in 

ccRCC is the very low-density lipoprotein receptor (VLDLR) (Sundelin et al., 

2012), which was also found at higher levels in the RCC4/T cell line. 

 

To identify proteins controlled by VHL, proteins that were upregulated or 

unique to either RCC4/T or WTHAB6 were investigated. By looking for 

differential protein expression based on both LFQ and peptide data, 26 

proteins were shortlisted for potential further investigation; 15 that were 

upregulated by RCC4/T, and 11 that were downregulated by RCC4/T 

(upregulated in WTHAB6).  

 

4.7.1.1. Insulin Receptor Substrate-2 

The insulin receptor substrate -2 (IRS-2) demonstrated the largest differential 

expression between RCC4/T and WTHAB6, it demonstrated an on/off 

response at both the peptide and LFQ level, and was therefore selected for 

further investigation as a potential protein involved in early pathogenesis of 

RCC. IRS2 comes from the insulin receptor substrate family of adaptor 

proteins that includes five other members, IRS-1, IRS-3, IRS-4, IRS-5 (DOK4), 

and IRS-6 (DOK5). The IRS proteins share some similarity in structure, with N-

terminal pleckstrin homology (PH) and phosphotyrosine binding (PTB) 

domains, and a less conserved C-terminal site of tyrosine and 

serine/threonine phosphorylation (Sun et al., 1995, White, 2002). The 

pleckstrin homology domains allow for lipid and/or protein-protein interactions, 

with the C-terminal phosphorylated residues mediating interaction with other 
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proteins through their SH2 domains. The IRS proteins have no intrinsic kinase 

activity, and instead function as important adaptors of intracellular signalling 

by recruiting other signalling proteins. They are widely expressed and have a 

prominent role in the insulin signalling cascade; insulin signalling has a 

prominent role in growth and metabolism, and can activate a number of 

downstream pathways involved in these mechanisms (White, 2002). Binding 

of insulin to the insulin receptor (IR) tyrosine kinase stimulates auto 

phosphorylation and docking of a variety of intracellular scaffold proteins, 

including IRS-1 and IRS-2. Subsequent phosphorylation of the scaffold 

proteins allows activation and interaction with other cellular components, 

including PI3K, Grb-2, and SHP2 (White, 1998, Yamauchi et al., 1998). 

Various signalling pathways are downstream of IRS2, and IRS2 is therefore 

an important mediator of intracellular signalling. Although IRS1 and IRS2 

share significant sequence homology (Sun et al., 1995), their respective roles 

have been found to be non-redundant (Bruning et al., 1997, Sesti et al., 2001); 

whereas IRS1 has been associated with increased proliferation, IRS2 has 

instead been linked to motility and metastasis (Byron et al., 2006, Hoang et 

al., 2004), which occurs through a PI3K mediated mechanism (Shaw, 2001). 

Furthermore IRS2 is activated by hypoxia (Mardilovich and Shaw, 2009), and 

was shown to be induced by HIF-2α, but not HIF-1α (Wei et al., 2013).  Aside 

from propagating insulin signalling and promoting metastasis, other ccRCC 

tumourigenic roles that IRS2 may be involved in include assisting glycolysis 

through upregulation of GLUT1 (Pankratz et al., 2009), and enhancing 

abnormal lipid retention (steatosis) (Rametta et al., 2013).  

 

VHL mutation occurs early in RCC pathogenesis (Zhuang et al., 1995, 

Lubensky et al., 1996), and the proteomic changes brought about as a result 
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of this mutation could be reflective of early changes in RCC tumourigenesis. 

IRS2, like many other signalling adaptors, assists in cellular oncogenic 

transformation (Dearth et al., 2007). Elevated levels of IRS proteins have been 

found in many cancers, with upregulation of IRS2 found in hepatocellular 

carcinoma (Boissan et al., 2005) and pancreatic cancer (Kornmann et al., 

1998), as well as many breast cancer cell lines (Dearth et al., 2007). 

Upregulation of IRS2 mRNA was also found in 6/10 renal tumours in a small 

study (Al-Sarraf et al., 2007). Furthermore, a study investigating 

polymorphisms in insulin cascade proteins found a IRS2 G1057D 

polymorphism that was associated with reduced colorectal carcinoma risk 

(Slattery et al., 2004). Suppression of IRS2 signalling may therefore aid in 

preventing early tumourigenesis.  

 

In this study IRS2 was found to be highly upregulated in RCC4/T, this is 

possibly due to the induction of HIF-2α and subsequent upregulation of IRS2. 

Confirmation of the mass spectrometry data was achieved through Western 

blotting of WTHAB6 and RCC4/T, which revealed high levels of IRS2 in the 

RCC4/T cell line. Very low levels of IRS2 were detected in the WTHAB6 cell 

line after an extended Western blot exposure (data not shown), indicating that 

IRS2 is constitutively expressed in this cell line. IRS2 was also found to be 

expressed in the VHL negative 786-0 cell line, but not in the VHL negative 

UMRC2 cell line. It was not clear what caused the difference in IRS2 

expression between these cell lines, however it is unlikely that this difference 

is due to HIFα isoform expression, as HIF-2α induces IRS2 (Wei et al., 2013) 

and all three-cell lines express this HIF isoform. The VHL mutations for these 

three cell lines all lie in exon I of VHL, with the 786-0 frameshift mutation 

occurring downstream of the UMRC2 point mutation. Both the 786-0 and 
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UMRC2 mutations lie in the HIF binding domain of VHL, however it is possible 

that the two mutations do not have equivalent effects on HIF interaction. 

Furthermore, although the RCC4/2A cell line expresses IRS2, the levels are 

much lower than the levels observed in RCC4/T; the RCC4/2A mutation is 

also located in the HIF binding domain of VHL exon 1. Alternatively, as other 

protein moieties also interact with exon 1 of VHL, the difference in IRS2 

expression may be due to disruption of one of these.  

 

Analysis of IRS2 transcript levels by qRT-PCR found a greater than 100 fold 

upregulation in RCC4/T, as compared to WTHAB6. Although the transcript 

levels appeared to correlate well with the protein levels, additional control of 

IRS2 at the posttranslational level cannot be ruled out. Chronic signalling 

through the serine/threonine kinase mTOR was shown to induce 

phosphorylation of IRS2, which led to its proteosomal-mediated destruction in 

a negative feedback loop (Briaud et al., 2005). Furthermore, both IRS1 and 

IRS2 appear to be regulated by the SOCS box proteins SOCS1 and SOCS3 

(Rui et al., 2002). The SOCS box proteins are a group of proteins that contain 

the SOCS box domain, a conserved sequence which allows interaction with 

the Elongin BC complex (Kamura et al., 1998) of E3 ubiquitin ligases, for 

which they have been proposed to act as the substrate recognition component 

(Thomas et al., 2013). Importantly, VHL contains a SOCS box domain 

(Kamura et al., 1998, Zhang et al., 1999), and therefore VHL could be involved 

in the posttranslational control of IRS2.  

 

IRS2 is a large protein with multiple phosphotyrosine sites; it interacts with a 

wide number of proteins via SH2 and PTB recognition modules, and functions 
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to activate multiple downstream proteins. A recent study investigating the 

phosphotyrosine interactome of IRS1 and IRS2 indicated a large number of 

common interactors, including PI3K (which activates the Akt cascade) and the 

adaptor protein Grb2 (which signals along the Ras-MAP cascade). Other 

common interactors include the Ras inhibitor RasGAP, the tyrosine 

phosphatase SHP2, the lipid phosphatase SHIP2, the WD repeat-containing 

protein 92 (WDR92), and septins 2, 7, 9, and 11 (Hanke and Mann, 2009). 

Interestingly, Septin-2 has previously been found to be upregulated in a VHL 

negative cell line (Aggelis et al., 2009). A number of proteins involved in fatty 

acid catabolism were also found to be interactors of both proteins, including 

acyl-CoA dehydrogenases (ACADs) with long, and very-long chain specificity, 

supporting IRS2’s role in lipid metabolism (Taniguchi et al., 2005).  Interactors 

unique to IRS2 were also identified, including DOCK6, and DOCK7, the 

adaptor protein Shc, the phospholipase PLCϒ, and the E3 ubiquitin ligase 

complex protein cullin-5 (Hanke and Mann, 2009). Due to these interesting 

interactions the interactome of IRS2 was investigated in the RCC4/T cell line 

in this study, to investigate potential new interactors of this protein. SDS-

PAGE analysis of the immunoprecipitated lysate revealed a band at 

approximately 130kDa, which was observed in the IRS2 immunoprecipitation 

but was absent from the control immunoprecipitation. Furthermore Western 

blot analysis of the immunoprecipitated lysates revealed a band of the 

expected 180kDa size in the IRS2 immunoprecipitation and the rabbit IgG 

supernatant, however three other bands were also observed in the IRS2 

immunoprecipitate. These bands were all smaller than the 180kDa band, the 

largest of which corresponded to the 130kDa size band observed by SDS-

PAGE.  Although IRS2 is 137kDa in size, on a gel it usually runs at around 

180kDa. A similar phenomenon is demonstrated by IRS1, and extensive 
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phosphorylation has been suggested as a causative factor in this (Sun et al., 

1991); due to their similar structure it is possible that this also contributes to 

the large apparent size of IRS2. It is therefore possible that the smaller, 

130kDa size band corresponds to the dephosporylated form of IRS2, if this is 

the case it cannot be known if this is loss of the activating phophotyrosines, or 

deactivating phosphoserines. The bands lower than 100kDa in size may be 

fragments of IRS2, however it is not clear why these are absent from the other 

IRS2 containing lanes. Analysis of the IRS2 immunoprecipitated proteins by 

mass spectrometry revealed 46 co-immunoprecipitated proteins, only one of 

which is a previously reported interactor of IRS2; 14-3-3 theta protein 

(YWHAQ) has previously been shown to interact with residues 300-600 of 

IRS2 through a strictly conserved region (Neukamm et al., 2012). A large 

number of RNA binding proteins were identified, most specifically three 

members of the heterogenous nuclear ribonucleoproteins (hnRNPs): 

hnRNPC, hnRNPUL2, and hnRPCL2/RALY, as well as RNA-binding motif 

protein (RBMX), and the mitochondrial 39S ribosomal protein L37 (MRPL37). 

Members of the hnRNP family have been linked to tumourigenesis 

(Chaudhury et al., 2010), and hnRNPC has been linked to increased 

metastasis in glioblastoma cells (Park et al., 2012). Other co-

immunoprecipitated proteins include matrin-3 (MATR3), cell division cycle 5-

like protein (CDC5L), and centrosome-associated protein CEP250 

(CEP250/Cnap1). MATR3 is a nuclear matrix protein which stabilises mRNA 

(Salton et al., 2011), CDC5L is involved in cell cycle control and may be 

oncogenic in osteosarcoma (Lu et al., 2008), and CEP250 is important in 

centrosome cohesion (Mayor et al., 2000). Interestingly, lactate 

dehydrogenase B chain (LDHB) was also co-immunoprecipitated, the LDHs 

catalyse the interconversion of pyruvate and lactate, and although LDHB can 
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perform the reversible reaction, kinetically it favours conversion of lactate into 

pyruvate, and therefore the promotion of oxidative phosphorylation.  Though 

this may seem in contrast to RCCs high glycolytic rate, some oxidative 

phosphorylation still occurs in these tumours (Simonnet et al., 2002). 

Furthermore, recent studies have shown LDHB to be a downstream target of 

mTOR (Zha et al., 2011), which is activated downstream of IRS2. The 

absence of further previously identified interactors is puzzling. Although the 

study was performed in the presence of protease inhibitors, it may be 

necessary to induce IRS2 signalling through insulin stimulation. Nevertheless, 

the co-immunoprecipitated proteins were biologically interesting, and further 

studies are warranted to further investigate these interactions.  

 

It was not possible to determine if IRS2 was elevated in clinical samples, due 

to the high amount of non-specific binding to the tissue samples used. It was 

also discovered during the analysis of all five VHL mutant cell lines that IRS2 

had reduced expression in the RCC forming cell line RCC4/2B compared to 

the VHL-negative cell line RCC4/T, and also had expression in the non-RCC 

forming cell lines RCC4/2A and RCC4/2C. There is therefore a risk that the 

expression of this protein may be linked to VHL mutation, and is not RCC-

specific. Regardless, this protein has interesting biology which is aligned with 

the tumourigenesis of RCC, and it is therefore possible that the IRS2 

upregulation observed in vitro is clinically relevant, however an alternative 

technique such as immunohistochemistry or multiple reaction monitoring will 

need to be used to determine this. Alternatively, as IRS2 has been detected 

previously in serum (Liu et al., 2007, Li et al., 2008, Omenn et al., 2005, 

Tanaka et al., 2006), it is possible that this protein could be investigated as a 

fluid-based biomarker, which would improve the clinical utility of this protein. 
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Finally, IRS2 may serve as a therapeutic target and studies in this area have 

already begun investigating inhibitors, whereby IRS2 was targeted for 

destruction through increasing serine phosphorylation (Reuveni et al., 2013).  

 

4.7.1.2. Additional differentially expressed proteins 

The remaining differentially expressed proteins were biologically diverse and 

included proteins involved in metabolism, chromatin remodelling, signalling, 

and cellular structure. These have not been validated and their expression 

levels are therefore not confirmed, however this exploratory analysis indicates 

that a large number of biologically relevant proteins appear to change in 

response to VHL inactivation, including proteins that impact on metabolism, 

metastasis, and proliferation; all key processes in a developing tumour. 

Further research is warranted to delineate their potential role in RCC 

pathogenesis.  

 

Multiple metabolic changes occur in RCC tumourigenesis, most notably the 

decreased reliance on oxidative phosphorylation and increased traffic through 

glycolysis, a mechanism known as the Warburg effect for which RCC is 

pathognomonic (Warburg, 1956). Multiple proteins with links to metabolism 

were found to be differentially regulated in this study. Conventional RCC has a 

characteristically high amount of cytoplasmic lipids, and three proteins with a 

link to lipid metabolism were differentially regulated: IRS2 (discussed earlier), 

acyl-CoA dehydrogenase (ACADS), and prolow-density lipoprotein receptor-

related protein 1 (LRP1). ACADS catalyses the first step in the β-oxidation of 

short chain fatty acids in the mitochondria (Thorpe and Kim, 1995), thus 

enabling the cell to liberate fat supplies as a source of energy. LRP1, which is 
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a target of HIF (Semenza, 2003) has roles in lipid homeostasis, membrane 

trafficking, and intracellular signalling (Spuch et al., 2012). Interestingly, LRP1 

is also required for signal transducer and activator of transcription (STAT3) 

activation (Liu et al., 2011), a transcription factor that has a role in multiple 

cancers (Yu and Jove, 2004), including RCC (Horiguchi et al., 2002). Proteins 

with a metabolic link were also found to be downregulated by the VHL 

negative cell line (upregulated in WTHAB6), with the greatest downregulation 

shown by CA2, TBC1D4, and PDPR. Carbonic anhydrase 2, like CA9, 

performs the reversible hydration of carbon dioxide and therefore contributes 

to the maintenance of intracellular pH. It is expressed by the normal kidney, 

however it has also been found in renal cancer cells (Parkkila et al., 2000), 

and its loss from RCC4/T may be due to a switch to CA9 in this cell line. Two 

other RCC4/T downregulated proteins with metabolic roles were TBC1 domain 

family member 4 (TBC1D4), which is expressed in the normal kidney and 

serves to enhance glucose transport through GLUT4 (Stockli et al., 2008), and 

the regulatory subunit of pyruvate dehydrogenase phosphatase (PDP-1), 

which inhibits the activity of pyruvate dehydrogenase kinase (PDK-1). PDK-1, 

which was expressed in the VHL negative cell line but was absent from the 

wild type cell line (data not shown), is a target of HIF (Kim et al., 2006) and 

functions to downregulate oxidative phosphorylation. The downregulation of 

PDP-1 in the VHL negative cell line, therefore promoting the activity of PDK-1, 

could potentially be a mechanism to promote inhibition of oxidative 

phosphorylation and the HIF-induced mechanisms of the Warburg effect.  

 

 Chromatin biology has recently been recognised as an important process in 

the development of RCC, with the identification of multiple chromatin 

modelling genes that accrue mutations during pathogenesis (Gossage et al., 
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2014). Two proteins involved in transcriptional modulation were found to be 

highly altered in this plus/minus VHL comparison, including a VHL-mediated 

upregulation of the transcriptional co-repressor Nuclear Receptor Corepressor 

2 (NCOR2), and a downregulation of splicing factor 3B subunit 4 (SF3B4). 

Interestingly, the transcriptional co-repressor Nuclear Receptor Corepressor 2 

(NCOR2), which has roles in chromatin modelling (Battaglia et al., 2010), 

functions to downregulate a variety of genes through recruitment of histone 

deacetylase 3 (HDAC3) (Guenther et al., 2001), of which one target is HIF-1α 

(He et al., 2011). RCC4 cells express both HIF-1α and HIF-2α, and indeed 

HIF-1α levels were demonstrated by Western blot in this study, however HIF-

1α has been shown to be anti-tumourigenic (Raval et al., 2005) and NCOR2 

may therefore function in the VHL negative cells to limit the transcriptional 

activity of HIF-1α.  

 

Multiple proteins involved in signalling cascades were identified, with ITPR2 

and ITPR3 demonstrating the greatest upregulation by VHL inactivation. 

These proteins are involved in binding to inositol 1,4,5-triphosphate, a key 

second messenger of intracellular signalling, which modulates the release of 

intracellular calcium. ITPR3 especially is upregulated in both breast cancer 

(Mound et al., 2013) and colorectal cancer (Shibao et al., 2010), where it has 

been linked to increased proliferation and aggressiveness, respectively. 

Upregulation of adenosine deaminase (ADA) in RCC4/T may serve to promote 

invasive capability, through its regulation of extracellular adenosine. 

Adenosine has been shown to increase during hypoxia (Saito et al., 1999), 

and has also been shown to inhibit tumour cell invasion (Virtanen et al., 2014). 

Deamination of adenosine may support the developing tumour’s invasive 

capabilities. ADA interacts with the plasma membrane situated dipeptidyl 
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peptidase 4 (DPP4/CD26) (Eltzschig et al., 2006), which is a target of HIF 

(Dang et al., 2008), and serves to locate ADA to the plasma membrane to aid 

adenosine catabolism. Slightly baffling is the apparent downregulation of 

DPP4 in the VHL negative cell line, though DPP4 is also a positive regulator of 

T cell activation (Ikushima et al., 2000), and perhaps a downregulation of this 

protein serves to aid immune escape.  

 

Local invasion and the formation of distant metastases by a cancer are the 

sum results of multiple steps allowing cell motility, requiring input from the 

actin cytoskeleton, cell surface receptors, and interactions with the 

extracellular matrix (ECM). To this end, the deregulation of a number of 

motility-related proteins could be expected in RCC4/T. Tensin (TNS-1) has a 

key role in the formation of focal adhesions (Lo et al., 1994), which are 

important intracellular structures involved in cellular interaction with the ECM, 

and are therefore important in cancer cell migration (Nagano et al., 2012). An 

upregulation of TNS-1 was observed in RCC4/T, and though there is no 

confirmation that TNS-1 is regulated by HIF, genomic screening for HIF 

responsive elements (HRE) revealed a HIF binding site slightly upstream of 

TNS-1 (Schodel et al., 2011). RCC4/T downregulated structural-related 

proteins included neurofilament medium polypeptide (NEFM), fibulin-1 

(FBLN1), fibronectin (FN1), and tissue factor pathway inhibitor 2 (TFPI2). 

Fibronectin is a target of HIF (Semenza, 2003), and its downregulation in the 

VHL negative cell line is puzzling, but may be down to some so far 

unexplained mechanism. Interestingly, fibronectin associates with fibulin-1, 

which was shown to have tumour suppressor qualities by limiting tumour cell 

migration (Hayashido et al., 1998, Twal et al., 2001). Fibulin demonstrated a 

strong downregulation in the VHL negative cell line, and may therefore 
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function to control fibronectin activity in the VHL positive cell line. NEFM is a 

structural protein found predominantly in the neurons, it is reportedly 

upregulated in some cancers (Hofsli et al., 2008, Perez et al., 1990), and it is 

also reported as methylated in RCC where its methylation is associated with 

good prognosis (Ricketts et al., 2013). Finally, TFPI2, which was 

downregulated in the VHL negative cell line, has been implicated in matrix 

remodelling and the inhibition of metastasis (Chand et al., 2004, Sierko et al., 

2007).  

 

Other differentially expressed proteins include the Alpha N-terminal protein 

methyltransferase 1A (METTL11A), which is important in spindle formation 

(Tooley et al., 2010), and the E3 ubiquitin ligases ZC3HC1 and listerin (LTN1). 

All of these were upregulated in RCC4/T, indicating they may be controlled by 

VHL.  ZC3HC1 forms an integral part of the SCF E3 ubiquitin ligase complex 

SCFNIPA, which has been implicated in the timing of mitotic entry by 

degrading cyclin B1 during interphase (Bassermann et al., 2005) and in 

protecting against apoptosis (Ouyang et al., 2003), whereas LTN1 is involved 

in protein quality control  (Bengtson and Joazeiro, 2010). Protein Niban 

(FAM129A/NIBAN) was highly downregulated by the absence of VHL. This 

protein was first discovered when it was found to be upregulated in the TSC2 

Eker rat model of renal cell carcinoma (Adachi et al., 2004, Majima et al., 

2000). The RCCs that form in this model occur independently of the VHL 

mutation status, and the expression of this stress-related protein in WTHAB6 

does not therefore contradict earlier studies.  Finally, upregulation was also 

demonstrated by the proteins PM20D and SPATS2, the former is a protease 

(Veiga-da-Cunha et al., 2014) and the latter is involved in spermatogenesis 

(Senoo et al., 2002). Relatively little is also known about the Echinoderm 
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microtubule-associated protein-like 2 (EML2), which was downregulated in the 

VHL negative cell line, other than its potential link to microtubule assembly 

(Eichenmuller et al., 2002). Importantly, VHL also has a role in preventing 

microtubule disassembly. Though very little is known on the function of these 

proteins, they may have roles in cancer biology which are yet to be 

determined. 

 

4.7.2. Proteomic comparison of the VHL disease-cell lines 

A comparison of four cell lines carrying VHL disease mutations, plus a wild 

type control, was carried out as an exploratory investigation into the effect of 

different VHL disease mutations on the cellular proteome. Specifically, the 

study aimed to identify proteins that were dysregulated by the Type 1 

(RCC4/T) and Type 2B (RCC4/2B) VHL disease cell lines, as these two carry 

VHL mutations relevant to the development of RCC. Due to time limitations, 

no validation was carried out of these proteins, the expression level of these 

proteins therefore cannot be confirmed, and their function in this setting can 

only be hypothesised upon. In total, 4680 proteins were confidently identified, 

of which 62.5% were common to all five cell lines. A previous gene expression 

microarray investigating differentially expressed genes in these five cell lines 

revealed 19 differentially expressed transcripts (Abdulrahman et al., 2007), 

however none of these were found to be differentially expressed in this study. 

This should not call into question the reliability of the study, as a number of 

investigations have demonstrated that transcript levels do not necessarily 

reflect protein levels, due to posttranscriptional and posttranslational control 

(Vogel and Marcotte, 2012). The RCC marker CA9 was found only in the type 

1 (RCC4/T) cell line, however low levels of CA9 were detected in the 

remaining VHL mutant cell lines by Western blot, which is a more sensitive 
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technique, in support of a hypoxic response occurring in all of these cell lines. 

Interestingly, HMOX1 was found to be upregulated in both of the RCC forming 

cell lines, indicating this previously identified protein (Banerjee et al., 2012) 

might be unique to RCC, as opposed to a pan-VHL effect.  

 

To identify proteins that were differentially expressed in the RCC forming cell 

lines two methods of data analysis were used: heat maps and data filtering. 

The heat maps revealed a high degree of variability in the data, possibly 

because many of the significantly different proteins were at the limit of 

detection. The variability in mass spectrometry analyses and the risk of 

undersampling a protein means heat maps of peptide data must be used with 

caution, as proteins that are close to the limit of detection have a greater 

chance of fluctuating between on and off, and this may lead to 

misinterpretation of the data. The heat maps generated using LFQ data 

appeared to be less variable, most likely due to the in-built normalisation of 

this value, and this quantification method was therefore used for all further 

heat map analyses. Out of the five proteins that clustered and were 

significantly upregulated in both the RCC forming cell lines, CDK2 was 

selected as a candidate for potential downstream investigation (discussed 

later). A limitation of this technique was the use of significance values on 

which to filter the proteins; this does not give a measure of the level of 

quantification and as such, many of the significant proteins were identified with 

very few peptides. Furthermore, as the study was moderately underpowered 

(n=3 for each cell line) many proteins did not reach significance; heat maps 

would therefore be much more useful in a highly powered study. Nevertheless, 

the heat maps did provide a useful tool for visualising all the data and looking 

for trends, therefore in an underpowered study, instead of focussing on 
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significant proteins it may be useful to look at fold changes, combined with an 

increased minimum threshold of peptides required for a confident 

identification.  

 

Six further candidate proteins were shortlisted by filtering the data using both 

peptide number and LFQ intensity data, including three upregulated and three 

downregulated proteins in the RCC forming cell lines.  Though these were not 

analysed any further in this study, they may well be investigated in the future. 

Absent in melanoma 1 (AIM1), chloride channel CLIC-like protein 1 (CLCC1), 

and the membrane receptor neuropilin-1 (NRP1) were all downregulated in the 

RCC-forming cell lines. The cell cycle control proteins cyclin dependent kinase 

2 (CDK2) and cyclin dependent kinase 4 (CDK4), and the sialylation enzyme 

Bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine 

kinase (GNE) were all upregulated in the RCC forming cell lines.  

 

AIM1 demonstrated the largest downregulation in the RCC forming cell lines 

based on peptide data, furthermore it had an on/off response in the RCC 

forming/non-RCC forming cell lines respectively, based on LFQ intensities. 

Very little is known about this protein, however it has previously been shown 

to be downregulated in melanoma where it may function to inhibit 

tumourigenicity. Its similarity to other cytoskeletal proteins suggests it may 

achieve this through interaction with actin network (Ray et al., 1997). The two 

remaining downregulated proteins, NRP-1 and CLCC1, did not demonstrate 

such a large downregulation. Non-tyrosine kinase receptor neuropilin-1 (NRP-

1) is a receptor for the VEGF-A isoform VEGF-165 (Soker et al., 2002) and it 

is upregulated in multiple cancers (Ellis, 2006). The downregulation of NRP-1 
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in the RCC-forming cell lines may therefore be a tissue-specific effect. As with 

AIM1, very little is known about CLCC1, which is a protein of unknown 

function but according to a Uniprot annotation it may function as a chloride 

channel. The upregulated proteins all have roles in promoting tumour growth. 

The cyclin-dependent kinases are a family of protein kinases involved in cell 

cycle regulation, their overactivity has been reported in multiple cancers, and 

CDK inhibitors are currently in development as a cancer therapy (Cicenas and 

Valius, 2011, Shapiro, 2006). Both CDK2 and CDK4 are early cell cycle CDKs; 

CDK2 is involved in the transition from G1 to S phase through its interaction 

with cyclin E (Koff et al., 1992), and CDK4 is also responsible for G1 

progression and transition into the S phase, it is activated by cyclin D. 

Interestingly CDK2 appears to be dispensable for cell cycle progression 

whereas CDK4 is not, possibly reflecting some redundancy in the cyclins 

(Tetsu and McCormick, 2003). CDK2 and CDK4 function together to control 

cdc2/CDK1 (Berthet and Kaldis, 2006), and to phosphorylate the 

retinoblastoma protein (Rb) (Berthet et al., 2006) – both key cell cycle 

regulators that allow mitotic progression. The other upregulated protein, GNE, 

is an important enzyme in sialic acid biosynthesis, a process which is 

important in tumourigenesis and metastasis (Passaniti and Hart, 1988).   

Upregulation has been reported in various cancer cell lines (Krause et al., 

2005, Kemmner et al., 2012), and its silencing induces apoptosis (Kemmner et 

al., 2012).  Most of these differentially expressed proteins have biologically 

plausible expression patterns, and it will be interesting to validate their 

expression in a clinical cohort of samples to determine it they have potential 

for clinical utility in the management of RCC.  

 



- 187 - 

 

 

4.7.3. Concluding remarks 

This study has uncovered multiple proteins with biologically plausible 

expression patterns, in the context of tumour development and progression. 

Although it is not possible from the scope of this study to know if the novel 

deregulated proteins are downstream of HIF or not, these proteins may 

provide clues into understanding the early stages of RCC pathogenesis.  

 

 A significant limitation in this study is the lack of validation in cell lines for 

many of the identified proteins, and in clinical samples for IRS2; this is a major 

step that must be achieved before their clinical utility can be assessed. The in 

vitro nature of this study was both a strength and a limitation. Using cell lines 

allows the impact of point mutations to be closely scrutinised, however cell 

lines are not representative of tissues, particularly as they are grown as a 

monoculture; cells in situ exist as a collection of cells with complex 

interactions, and growing cells in solitude is therefore not reflective of the 

complex environment found in a tissue. The ability of VHL to act as a TSG has 

also been shown to differ based on whether the cells are grown as a 2D 

monoculture, or in a 3D spheroid (Lieubeau-Teillet et al., 1998). Growing cells 

in 3D co-cultures is more representative of the native tumour environment, but 

these techniques are highly technical and require specialised equipment. 

Furthermore, the risk for tissue culture artefacts is significant, and validation in 

clinical samples is therefore essential before conclusions can be drawn about 

the translational significance of any findings.  

 

Using mutations specific to VHL disease is another limitation of this study; 

these mutations will not fully reflect the genetic landscape of sporadic RCC, 
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because we now know multiple genes are involved in the development of 

sporadic RCC (Gossage et al., 2014). The mutations pertaining to VHL 

disease have been heavily investigated, and this resulted in the categorisation 

of patients into VHL disease subtypes depending on their specific mutation, 

and therefore predisposition, to RCC, haemangioblastomas, and 

phaeochromocytomas (Crossey et al., 1994, Zbar et al., 1996). Type 1 VHL 

disease kindreds most frequently display deletions and truncations of the VHL 

gene, whereas those with type 2 VHL disease tend to harbour point mutations 

(Maher et al., 2011). In contrast, the mutations found in sporadic RCC cover a 

broad range of mutational types including missense, frameshift, deletions, 

insertions, truncations, and nonsense mutations, as well as epigenetic 

modifications such as promoter hypermethylation (Young et al., 2009). 

Furthermore, sporadic mutations are found across the full coding region of 

VHL, whereas familial mutations found in different regions tend to predispose 

to a different type of VHL disease. In sporadic RCC, mutations or epigenetic 

silencing of VHL occur in most clear cell cases, biallelic inactivation of VHL 

occurs mostly through loss of heterozygosity, with the remainder picked up 

mostly by promoter hypermethylation. In a study of 177 pathologically 

confirmed conventional RCC cases mutation was observed in 74.6%, 

methylation in 31.3%, and loss of heterozygosity in 89.2% of cases. An 

absence of VHL involvement was found in only 3.4% of cases (Young et al., 

2009). A further study found mutations in 82.4% and methylation in a further 

8.3% of cases, in a study of 2085 patient samples (Nickerson et al., 2008). 

These mutations therefore do not necessarily match the mutations observed in 

VHL disease, and this must be considered when analysing data from cell lines 

harbouring VHL disease-specific mutations. Furthermore, it must be 

considered that whilst using RCC4 as a backdrop is powerful for investigating 
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VHL, transfection of the wild type gene into WTHAB6 does not make this cell 

line ‘normal’, as it still carries other RCC4-specifc mutations. Finally, forced 

overexpression of a protein may impact upon the normal functioning of a cell 

line. To this end future studies may also consider transfecting the parental cell 

line with VHL, rather than using an empty vector, to ensure that any impact on 

the cell lines through protein overexpression is equal across all the cell lines.  

Despite these limitations, some potentially novel targets of VHL have been 

uncovered in this study and they may assist in understanding the early stages 

of RCC progression. Validation in clinical samples may focus on using small 

tumours that are more relevant to early RCC development.  
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5. Using FFPE tissue as a source for discovering 

predictive biomarkers 

 

 

5.1 Introduction 

Multiple studies have used proteomics to investigate biomarkers predictive of 

response to sunitinib. These have largely been hypothesis driven approaches, 

based on analysis of preselected targets by immunohistochemistry, or the use 

of an array-based platform which focuses on biologically reasoned targets. 

The use of a non-hypothesis driven approach, whereby the tissue is mined for 

potential biomarkers by analysing the proteome, may allow the identification of 

protein changes that would not otherwise have been predicted. Furthermore, 

by using interactive network analysis tools, this type of approach may also 

shed light on resistance mechanisms, through the integrated analysis of 

expression data which draws on experimentally determined protein networks 

to determine if there is over-representation of particular biochemical networks. 

While frozen tissue is often not readily available, FFPE tissues, which are 

routinely acquired during clinical management of cancer patients for 

pathological assessment, provide a large archive of specimens for analysis. 

Though the fixation process results in chemical cross-linking of the proteins, 

recent advances in methods to extract these proteins have made possible the 

proteomic analysis of these samples (Craven et al., 2013a, Nirmalan et al., 

2011). Access to larger repositories of samples has made the design of 

biomarker studies considerably easier than it was a few years ago, and FFPE 

tissue blocks dating back at least 10 years have been successfully used to 

identify differentially expressed proteins (Craven et al., 2013a). This study 
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aimed to use stored FFPE primary tumour samples to identify potential 

baseline predictors of response, by comparing sunitinib responding and non-

responding patients.  

 

5.1.1. Aims 

 Compare the proteomes of FFPE primary renal masses from sunitinib 

responding and non-responding patients. 

 Further investigate the patterns of protein expression through analysis 

of their respective biological networks. 

 Validate the expression of candidate biomarkers in the discovery set of 

patients. 

 

5.2 Patient selection 

Seventeen patients – nine responders (R1-R9) and eight non-responders 

(NR1-NR8) – were selected, based on best response and duration on 

sunitinib, and FFPE samples were obtained from the pathology archive. The 

patients were dichotomised based on radiologically determined best response 

and duration on therapy: patients with a partial response by RECIST 1.1 

criteria and at least 500 days on therapy (responders) were compared to 

patients with disease progression and less than 200 days on therapy (non-

responders) (Table 5.0.1). One responder (R3) was later dropped from the 

mass spectrometry study due to the poor quality of the obtained mass 

spectrometric data, resulting in eight responders and eight non-responders 

suitable for comparative analysis. Patients were matched as much as possible 

for age, gender, grade, and stage. However, differences in the average IMDC 

(Heng) or MSKCC scores were unavoidable due to differences in the patient 
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population, which may indicate a difference in prognosis. Where patients were 

still receiving sunitinib, the period of time on sunitinib was calculated according 

to the last follow up pre-study initiation.  

 

Table 5.0.1: Characteristics of patients in the FFPE study 

Clinical data was available for all the patients. Values are reported as absolute 

number (n) of patients, and percentage. MSKCC (Motzer et al., 2002) and 

Heng (Heng et al., 2009) scoring, 0 = favourable, 1-2 = intermediate, 3+ = 

poor. Unknown = data unavailable. 

  Responders Non-responders 

Best response, n (%)  PR 9 (100) 0 (0) 

PD 0 (0) 8 (100) 

Gender, n (%) Male 6 (75) 6 (75) 

Female 3 (25) 2 (25) 

Age, y Median (range) 62 (52 - 82) 62 (48 - 73) 

Duration on sunitinib, y 

 

Median (range) 1.91 (1.38 - 3.97) 0.35 (0.20 - 0.54) 

Average (± SE) 2.41 (± 0.31) 0.34 (± 0.11) 

Fuhrman grade, n (%) 1 0 (0) 0 (0) 

2 1 (11.1) 0 (0) 

3 4 (44.4) 3 (37.5) 

4 3 (33.3) 5 (62.5) 

Unknown 1 (11.1) 0 (0) 

 

Pathology stage, n (%) 

T1a/T1b 2 (22.2) 1 (12.5) 

T2a/T2b 2 (22.2) 0 (0) 

T3a/T3b 4 (44.4) 7 (87.5) 

T4 1 (11.1) 0 (0) 

MSKCC score, n (%) Favourable 5 (55.5) 1 (12.5) 
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Intermediate 3 (33.3) 7 (87.5) 

Poor 1 (11.1) 0 (0) 

Heng score, n (%) Favourable 5 (55.5) 1 (12.5) 

Intermediate 3 (33.3) 3 (37.5) 

Poor 1 (11.1) 4 (50) 

Metastases, n (%) Synchronous 3 (33.3) 5 (62.5) 

Metachronous 6 (66.6) 3 (37.5) 

Performance status, n 

(%) 

0 4 (44.4) 1 (12.5) 

1 5 (55.5) 7 (87.5) 

Dose reduction, n (%) Yes 4 (44.4) 6 (75) 

No 5 (55.5) 2 (25) 

Previous lines of 

therapy, n (%) 

Yes 2 (22.2) 0 (0) 

No 7 (77.7) 8 (100) 

 

 

5.2.1. Patient timelines 

The individual clinical timelines of the 16 patients, from diagnosis to last follow 

up, were compared across four time points: diagnosis to nephrectomy, 

nephrectomy to metastasis, metastasis to sunitinib initiation, and duration on 

sunitinib (Figure 5.0.1), to enable visualisation of the clinical course of their 

disease. Three out of eight responders and five out of eight non-responders 

had synchronous metastases; in cases of metachronous metastases the 

period to relapse ranged from 0.58-3.25 years for responders and 0.50-2.73 

years for non-responders. A difference in the duration from metastasis to the 

start of sunitinib therapy was observed between the two groups, this ranged 

0.15-4.02 years (median=1.20) for responders, and 0.08-1.11 years 

(median=0.53) for non-responders. Of note, only 3/8 responders, compared to 

7/8 non-responders, were diagnosed post 2008 – the year when sunitinib was 
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introduced to the UK. The shorter period from metastasis to sunitinib treatment 

initiation for many of the non-responders may therefore reflect the availability 

of sunitinib, rather than a more rapidly advancing disease.  

 

Figure 5.0.1: Timelines for the responding and non-responding patients. 

Duration is plotted in years. Time lines are shown for responders (top panel) 

and non-responders (bottom panel). Data shows duration from diagnosis to 

nephrectomy (blue), nephrectomy to metastasis (red), metastasis to sunitinib 

(green), and duration on sunitinib (purple). NB, age of blocks, 5-11 years for 

responders, 1-7 years for non-responders.  
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5.2.2. Pathological review of FFPE tissue blocks 

To ensure the most suitable FFPE block for each patient was used for 

downstream analysis, pathological review was carried out on multiple blocks 

(range 4-16 per patient, based on availability). Blocks were sectioned (3μm), 

haematoxylin/eosin (H&E) stained, and reviewed by a consultant pathologist 

(Dr. Patricia Harnden). One representative block per patient was chosen 

based on tumour quality and grade, and to minimise the presence of 

inflammation, necrosis, and haemorrhage. In most cases it was necessary for 

the pathologist to mark off areas for further macrodissection, to improve the 

quality of the tissue used for analysis. A representative area of each chosen 

block is shown in Figure 5.0.2. All tumours were confirmed to be of clear cell 

origin; blocks H, K, M, O, and P were indicated to have sarcomatoid changes. 

The re-grading performed during pathological review indicated that the 

sections were mostly matched, with one responder and one-non-responder at 

grade 2 and 3 respectively, and all remaining blocks at grade 4.  
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Figure 5.0.2: FFPE H&E stained sections for pathological review 

Representative areas from all eight responders (A-H) and all eight non-

responders (I-P) used in the mass spectrometry discovery study are shown.  

 

 

 

 

 

 

 

 

 

 

5.3. Optimisation of sample injection number 

In-house studies in our laboratory routinely employed three injections of each 

sample onto the mass spectrometer, although it was not known what 

improvement in the number of protein identifications was brought about by 

using three injections over two injections. Performing three injections is a time-

consuming process, with each sample requiring 12 hours of acquisition time, 

and a pilot study was therefore conducted to allow optimisation of injection 

number for downstream studies. Three injections of one FFPE sample were 

analysed by mass spectrometry, the raw files then were analysed by 

MaxQuant in all possible combinations. MaxQuant allows raw files to be 

analysed independently and, therefore, in comparison against one another, 
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and this can be done in independent analyses, or together in a combined 

analysis. Furthermore, MaxQuant allows samples to be grouped together into 

one sample, whereby the data from all the submitted raw files is used together 

to yield a single set of quantified protein identities. Exploiting this ability, all 

seven potential combinations of one, two, or three injections were analysed 

independently in seven MaxQuant analyses, with each analysis yielding a 

single set of protein identities, to investigate the hypothesised increase in 

identifications from one to three injections. In addition, these seven 

combinations were analysed concurrently in one combined MaxQuant 

analysis, thus yielding seven sets of protein quantities but only one set of 

protein IDs.  Calculation of LFQ intensities was not possible for this mini-study, 

as most of the analyses generated a single set of quantitative values; LFQ 

requires a minimum of two.  

 

 

 

 

 

 

 

 

 

 

 



- 198 - 

 

 

Figure 5.0.3: Overlap in identifications between multiple LFQ injections 

Overlap in identifications across individual injections (A), between two 

injections (B) and between two and three injections (C). The majority of 

proteins were common to all injections, with only a minor increase in unique 

proteins when all three injections were used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All three injections had a similar number of unique and shared proteins (Figure 

5.0.3), indicating that no single injection had a significantly larger number of 

identifications than any other. A large increase in identifications was observed 
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when the number of repeat injections was increased from one to two (Table 

5.0.2), with an average percent increase of 17.62±0.59 in the peptide data. As 

expected, the percent increase from two to three injections was smaller, with 

an average percent increase of 7.39±0.07 in the peptide data. The results for 

intensity were almost identical. On this basis, two injections were selected for 

the forthcoming study due to a combination of the large increase in 

identification and a balancing of machine time. Correlation of the quantitative 

values (peptides, intensity) measured for two injections versus three injections 

(Figure 5.0.4) indicated that no further quantitative information was gained in 

the peptide dataset. This was demonstrated by the values falling on the line of 

equality, i.e. the measured values were the same for two injections and for 

three injections. Interestingly the quantitative values were not the same for the 

intensity values, with the two injection values falling on the y=2/3x line, 

indicating they were generally 30% lower than the three injection dataset. 

 

Table 5.0.2: Increase in number of identifications per injection number 

Percent increase in number of identifications between single, double, and 

triple injection combined MaxQuant analyses. Results are average percentage 

change ± standard error.  

Quantitation 

value 

Single to double Double to triple Single to triple 

Peptides 17.62 ± 0.60 7.40 ± 0.07 26.32 ± 1.04 

Intensity 17.69 ± 0.61 7.51 ± 0.09 26.52 ± 1.08 
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Figure 5.0.4: Correlation of quantitation values for 2 and 3 injections 

Correlation of peptide and intensity values for two versus three injections, one 

representative analysis is shown. Data shows line of equality (coral), line of 

best fit (green), and y=2/3x (purple).  
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There was also a large increase in the number of identifications in the joint 

MaxQuant analysis compared to the individual MaxQuant analyses (Table 

5.0.3), with an 18-21% average increase when comparing the single injection 

data, and a 7-8% average increase in the double injection dataset. MaxQuant 

has in-built features (‘second peptides’ and ‘match between runs’) which 

improve the number of identifications based on peptide mass fingerprinting 

data and peptide retention time; the larger the dataset the more data there is 

to allow matching between datasets, there is therefore an increased ability for 

MaxQuant to identify ‘unknowns’ from each individual dataset. Interestingly 

there was no increase in quantitative values in the joint MaxQuant data; 

correlations of the intensity and peptide values for proteins found in both the 

individual and joint MaxQuant analyses demonstrated high Spearman’s rank 

correlation coefficients (range 0.97-0.99), and for all correlations the points 

were on the line of equality, indicating the values were equal to one another 

(data not shown).  

 

Table 5.0.3: Increase in identifications between independent and 

combined MaxQuant analysis 

Percent increase in identifications in the joint MQ analysis as compared to the 

individual MQ analyses, for a single injection, double injection, and triple 

injection. Results are average percent increases ± standard error. 

Quantitation value Single injection Double injection Triple injection 

Peptides 21.52 ± 0.88 7.92 ± 0.19 1.09 

Intensity 18.37 ± 0.77 6.96 ± 0.14 0.93 
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5.4. Mass spectrometric analysis of FFPE samples 

Sections (10μm) were cut from the nine responders and eight non-responders; 

a minimum of 5cm2 total analysable surface area was cut, to ensure enough 

protein could be extracted for mass spectrometric analysis. Sections were 

dewaxed, proteins were extracted, and concentrations were measured using 

the spectrofluorometer and checked by 1D-PAGE, as described in materials 

and methods. Correlating the protein recovery against the original starting 

surface area revealed an average recovery of 75μg/cm2, indicating that for 

future studies 3cm2 would most likely be sufficient.  

 

FFPE tissue samples (100μg) were digested using the in house FASP 

method, and analysed by mass spectrometry; two four-hour injections were 

performed. Peak lists were analysed using MaxQuant and searched against 

the human UniProt database. Except for R3, all samples had over 3000 

identifications, ranging 3187-3544 in the responders, and 3010-3527 in the 

non-responders. Sample R3 had only 1846 identifications, of which the top 

hits were haemoglobin, human serum albumin, and complement components 

– abundant blood proteins – indicating a significant blood component to the 

sample. This was confirmed by the presence of multiple large vessels in the 

H&E stained slide (data not shown), and this sample was excluded from the 

subsequent discovery analysis. In total, 4507 proteins were identified across 

the remaining sixteen patient samples, of which 21.3% were identified with ≤3 

peptides, and were therefore at the limit of detection. Pairwise comparisons 

between the data revealed that 4286 (95.1%) of proteins were common to 

both groups of patients, based on peptide data (Figure 5.0.5). The complete 
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set of raw and analysed data can be found in supplementary data files S12, 

S13, and S14.  

 

Figure 5.0.5: Proteins unique and shared by responders and non-

responders in FFPE tissue 

Overlap between responders (blue) and non-responders (green), indicating 

95.1% of proteins were common to both groups, based on peptide results.  

 

 

 

 

 

 

 

 

 

 

There were 242 and 43 significantly different proteins between the responders 

and non-responders, at the P<0.05 and P<0.01 levels respectively.  Of the 

221 proteins that were unique to either the responders or the non-responders, 

27 were found to be significantly different (p≤0.05), and 154 (69.7%) were 

identified with ≤3 peptides (Figure 5.0.6), indicating that many of these unique 

identifications were at the limit of detection. Many of these present/absent 

proteins were not uniformly expressed across patients within a group, 
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explaining why they did not reach significance. When LFQ data was 

considered, 1476 proteins were found to be unique to either patient group, 

however only 30 of these were found to be significantly different (p≤0.05). Of 

the unique LFQ identifications, 744 (50.4%) were identified with ≤3 peptides. 

In total, 183 and 36 proteins demonstrated a significant difference between the 

responders and the non-responders, at the P<0.05 and P<0.01 levels 

respectively.  

 

Figure 5.0.6: Unique protein identifications in responders and non-

responders based on peptide number 

 

 

 

 

 

 

 

 

Panther analysis of the entire dataset revealed the presence of a broad range 

of protein families, as expected for a whole tissue extract. Furthermore, the 

proteins were predicted to come from multiple locations including membranes, 

cell junction, organelles, and the extracellular matrix. Over half the proteins 

were annotated with either cell junction (GO:0030054) or cell part 

(GO:0044464).  
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5.4.1. Proteins elevated in FFPE tissue from non-responders 

By focussing on fold changes, 78 and 100 proteins demonstrated a ≥5 fold 

change in the non-responders compared to responders, based on peptide and 

LFQ data, respectively. Of these, 21 and 17 proteins demonstrated a 

significant difference between the two groups, respectively (Table 5.0.4). 

Proteins were shortlisted based on fold change (≥2.5 fold), significance 

(p<0.05), and concordance between the LFQ and peptide datasets, with 18 

proteins matching this criteria (Table 5.0.5).  

 

Table 5.0.4: Number of protein fold changes in the non-responders 

The number of proteins demonstrating a ≥2.5, ≥5, or ≥10 fold change in non-

responders, overall, and those which were found to be significant at P≤0.05.  

  On/off ≥10 fold ≥5 fold ≥2.5 fold 

Peptides Total - 16 78 245 

Significant 23 10 21 35 

LFQ Total - 39 100 282 

Significant 15 10 17 30 

 

 

Significantly different proteins demonstrating the highest fold changes in non-

responders versus responders were UBTF, hCAP18, MMP9, PRTN3, and 

NGAL. A few erythrocyte-based proteins were also found to be highly 

upregulated in non-responders, including ANK1, SPTA, SPTB, and EPB42 

(Table 5.0.5), however the non-responders were not observed to be more 

vascular than the responders when CD31 stained sections were inspected 

(data not shown). Figure 5.0.7 shows bar graphs of the LFQ data for the five 
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most highly upregulated proteins. When these shortlisted proteins were 

searched against an in-house prognostic (as opposed to predictive) dataset, 

containing tissue proteomic data on patients with an intermediate Leibovich 

score, none of these proteins were found to be significantly different. Two of 

the erythrocyte proteins (SPTA1 and EPB42) were however highly 

upregulated in the patients with a poorer prognosis and tended towards 

significance (P<0.07), which may indicate that these proteins are not 

specifically upregulated in a predictive fashion.  Of note, the band 4.1 

superfamily member moesin was identified as upregulated in the baseline 

serum analysis of the non-responding patients.  

Figure 5.0.7: Elevated FFPE tissue proteins in the non-responders 

The five highest upregulated proteins found in non-responders as compared to 

responders. Values for mean LFQ intensity are shown. Bars represent SEM.  
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Table 5.0.5: Proteins upregulated in the non-responders 

Differentially expressed proteins in non-responders versus responders, based on peptide and LFQ data. Proteins were shortlisted based on 

fold change (≥2.5 fold), significance (p<0.05), and biological interest.  

Gene Name Uniprot ID Peptide fold Peptide P val LFQ Fold LFQ P val 

AZU1 Azurocidin P20160 5.75 0.018 - 0.013 

hCAP18 Cathelicidin antimicrobial peptide J3KNB4 - 0.005 - 0.013 

CTSG Cathepsin G P08311 3.04 0.003 11.55 0.005 

DLG1 Disks large homolog 1 Q12959-2 7.00 0.018 - 0.013 

ITGAM Integrin alpha-M P11215-2 5.00 0.002 7.11 0.010 

LCN2 Neutrophil gelatinase-associated lipocalin H9KV70 8.33 0.007 93.98 0.009 

LTF Lactotransferrin P02788 3.16 0.020 10.83 0.024 

MMP9 Matrix metalloproteinase-9 P14780 20.00 0.009 - 0.032 

MPO Myeloperoxidase P05164-3 2.80 0.005 9.19 0.003 

PRTN3 Proteinase 3 P24158 15.00 0.003 - 0.013 

SEPHS2 Selenide, water dikinase 2 J3KR58 2.60 0.047 - 0.032 
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UBFD1 Ubiquitin domain-containing protein UBFD1 O14562 4.00 0.017 - 0.032 

UBR4 E3 ubiquitin-protein ligase UBR4 Q5T4S7-2 3.47 0.028 6.38 0.018 

UBTF Nucleolar transcription factor 1 P17480 - 0.004 - 0.032 

ANK1 Ankyrin-1 P16157-14 13.00 0.001 30.18 0.001 

EPB42 Erythrocyte membrane protein band 4.2 P16452-2 4.63 0.002 21.23 0.001 

SPTA1 Spectrin alpha chain, erythrocyte P02549 57.00 0.004 - 0.005 

SPTB Spectrin beta chain, erythrocyte P11277-2 6.23 0.010 - 0.013 
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Analysis by Ingenuity Pathways Analysis (IPA) of the non-responder elevated 

proteins showed the most highly upregulated network was ‘Cell-to-cell 

signalling and interaction; Tissue development; Cellular function and 

maintenance’ (Table 5.0.6), with 27 of the input proteins having associations 

with this network including hCAP18, PRTN3, and ITGAM (Figure 5.0.8).  Many 

of the proteins in this network act on the RAC-alpha serine/threonine-protein 

kinase (Akt1), which was also found to be moderately elevated in the non-

responder dataset, however this was not significant (data not shown). 

Interestingly, there were also 20 input proteins with associations to drug 

metabolism, and this included the multidrug resistance associated protein 1 

(ABCC1). Finally, 15 proteins had associations with carbohydrate and lipid 

metabolism, which is interesting as RCC is a lipid rich tumour. The most highly 

significant over-represented molecular functions included ‘Cell death and 

survival’, ‘Cell movement’, and ‘Cell morphology’ (Table 5.0.6). Through 

observation of the data it was noted that a large number of immunological 

proteins were upregulated in the non-responder dataset, and analysis by IPA 

revealed 24 proteins were significantly associated with immunological disease 

(P=7.60x10-11). These included AZU1, hCAP18, LCN2, ITGAM, PRTN3, 

CTSG, and SPTA1, all of which were the most highly upregulated proteins in 

the non-responders dataset.  
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Table 5.0.6: Upregulated pathways in non-responder elevated proteins 

Top diseases and functions Number of 

proteins 

Score 

Cell-to-cell signalling and interaction; Tissue development; Cellular function and maintenance 27 62 

Protein synthesis; Cardiovascular system development and function; Organ development 20 41 

Drug metabolism; Molecular transport; Organismal injury and abnormalities 20 39 

Cellular development; Carbohydrate metabolism; Lipid metabolism 15 28 

DNA replication, recombination, and repair; Nucleic acid metabolism; Small molecule 

biochemistry 

5 7 

Top molecular and cellular functions Number of 

proteins 

Probability value 

Cell death and survival 32 7.76x10
-12 

- 1.37x10
-2

 

Cell-to-cell signalling and interaction 25 1.64x10
-10 

- 1.37x10
-2

 

Cellular movement 21 3.67x10
-9 

- 1.37x10
-2

 

Cellular function and maintenance 31 4.55x10
-7 

- 1.37x10
-2

 

Cell morphology 16 1.67x10
-6 

- 9.17x10
-3
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Figure 5.0.8: Cell-to-cell signalling interaction network containing 

proteins elevated in non-responders  

Analysis of proteins upregulated by non-responding patients using IPA, pink-

red proteins were identified in this cell-to-cell interaction network, with red 

proteins showing the highest levels and pink showing the lowest levels of 

expression. Key: dashed line (indirect relationship), solid line with arrow (acts 

on), diamond (enzyme), vertical oval (transmembrane receptor), trapezoid 

(transporter) 
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5.4.2. Proteins elevated in FFPE tissue from the responders 

Compared to the non-responders, 59 and 70 proteins demonstrated a ≥5 fold 

change in the responders, based on peptide and LFQ data respectively, of 

which 20 and 10 demonstrated a significant difference between the two patient 

groups (Table 5.0.7). Proteins were initially shortlisted for further investigation 

based on fold change (≥2.5 fold) and significance (p<0.05), with twelve 

proteins matching the shortlist criteria in both the peptide and LFQ dataset 

(Table 5.0.8). The most highly upregulated proteins were ADCK3, CDH1, 

CD70, ABP1 and VCAM1 (Figure 5.0.9). Fewer proteins were found to be 

upregulated in the responders compared to the non-responders.   

 

Table 5.0.7: Number of protein fold changes in the responders 

The number of proteins demonstrating a ≥2.5, ≥5, or ≥10 fold change in 

responders; overall, and those which were found to be significant at P≤0.05.  

  On/off ≥10 fold ≥5 fold ≥2.5 fold 

Peptides Total - 10 59 227 

Significant 4 5 20 52 

LFQ Total - 18 70 223 

Significant 15 3 10 22 

 

When the initial responder shortlisted proteins were searched against an in-

house prognostic dataset containing tissue proteomic data on patients with an 

intermediate Leibovich score, two proteins were found to be significantly 

elevated in the patients with a better prognosis (P<0.05), indicating these are 

not specifically upregulated in the responders in a predictive fashion, and 

these were dropped from further shortlisting. 
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Table 5.0.8: Proteins upregulated in the FFPE tissue of responders 

Differentially expressed proteins in responders versus non-responders, based on peptide and LFQ data, see main text for details. 

Gene Name Uniprot Peptide fold Peptide P val LFQ Fold LFQ P val 

ABP1 Amine oxidase C9J690 7.250 0.028 37.81 0.009 

ACY3 Aspartoacylase-2 Q96HD9 5.167 0.006 4.83 0.032 

ADCK3 Chaperone activity of bc1 complex-like, mitochondrial Q8NI60  - 0.004  - 0.032 

ADSSL1 Adenylosuccinate synthetase isozyme 1 Q8N142 3.478 0.001 5.57 0.031 

CD70 CD70 antigen P32970 13.500 0.016  - 0.005 

CDH1 Cadherin-1 P12830 14.000 0.030  - 0.013 

FGL2 Fibroleukin Q14314 3.286 0.023 5.66 0.007 

LRP1 Prolow-density lipoprotein receptor-related protein 1 Q07954 2.513 0.002 2.71 0.007 

MVD Diphosphomevalonate decarboxylase P53602 3.000 0.029  - 0.032 

NDUFA4L2 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 

subunit 4-like 2 

Q9NRX3 3.300 0.012 3.77 0.024 

SHPK Sedoheptulokinase Q9UHJ6 2.786 0.011 3.41 0.040 

VCAM1 Vascular cell adhesion protein 1 P19320 4.900 0.032 13.16 0.050 
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Figure 5.0.9: Proteins elevated in the FFPE tissue of responders 

The highest upregulated proteins found in responders as compared to non-

responders. Values for LFQ intensity (right panel) are shown. Bars represent 

SEM.  

 

 

 

 

 

 

 

 

 

 

 

Analysis of the proteins elevated in the responders by IPA indicated multiple 

networks were upregulated in this dataset (Table 5.0.9), the most predominant 

of which was the cell-to-cell interaction and cardiovascular disease network 

(Figure 5.0.10), with 18 proteins found to participate in this network. The T cell 

regulator CD70 is involved in this network, with indirect links to both the T cell 

receptor and the P38 MAPK. Furthermore, analysis of the upregulated 

molecular and cellular functions revealed cell-to-cell signalling and interaction 

was heavily upregulated here, with 7 proteins involved in this function. Four of 

the shortlisted proteins were involved in this network; these were CD70, 
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CDH1, LRP1, and VCAM1. Other upregulated biological functions included 

cell cycle and cell morphology. Interestingly, amino acid and nucleotide 

metabolic canonical pathways appeared to be upregulated in this dataset, 

including Glycine betaine degradation (P = 6.85x10-4), methionine salvage (P 

= 1.19x10-2), uracil degradation II (P = 1.58x10-2), thymine degradation (P = 

1.58x10-2), and lysine degradation V (P = 1.97x10-2).  

 

5.4.3. Cross-over of candidate proteins between the FFPE and 

serum analyses 

There was some cross-over of proteins between the FFPE tissue and the 

serum analyses. Expression of LRP1, VCAM1, AZU, CTSG, NGAL, MMP9, 

LTF, and MPO was found in the serum analysis, however no difference in 

expression was observed between the responders and the non-responders. 

The inflammatory protein hCAP18 was found to be upregulated in non-

responders in both the serum and FFPE analyses, and the cell adhesion 

molecule CDH1 was found to be upregulated in the responders in both the 

serum and FFPE datasets.  

 

 

 



- 216 - 

 

 

Table 5.0.9: Upregulated pathways amongst proteins elevated in responding patients 

Top diseases and functions Number of 

proteins 

Score 

Cell-to-cell signalling and interaction; Cardiovascular disease 18 32 

Connective tissue disorders 16 30 

Hereditary disorder; Metabolic disease; Cellular assembly and organisation 15 29 

Cancer; Endocrine system disorders; Neurological disease 14 26 

Cell-to-cell signalling and interaction; Inflammatory response; Antigen presentation 13 23 

Cellular growth and proliferation; Cell death and survival 7 11 

Top molecular and cellular functions Number of 

proteins 

Probability value 

Cell-to-cell signalling and interaction 7 9.27x10
-5 

- 4.66x10
-2

 

Amino acid metabolism 2 3.97x10
-3 

– 7.92x10
-3

 

Antigen Presentation 1 3.97x10
-3 

- 3.97x10
-3

 

Cell cycle 7 3.97x10
-3 

- 4.28x10
-2

 

Cell morphology 7 3.97x10
-3 

- 4.66x10
-2
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Figure 5.0.10: Cell-to-cell signalling interaction network containing 

proteins elevated in responders 

Analysis of proteins upregulated by non-responding patients using IPA, pink-

red proteins were identified in this cell-to-cell interaction network, with red 

proteins showing the highest levels and pink showing the lowest levels of 

expression. Key: dashed line (indirect relationship), solid line with arrow (acts 

on), diamond (enzyme), square (cytokine), vertical oval (transmembrane 

receptor), trapezoid (transporter) 
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5.5. Validation of protein expression patterns 

 

5.5.1. Candidate biomarkers 

Proteins were selected for downstream validation based on level of 

upregulation, statistical significance, biological function, and availability of 

reagents. In the non-responders a large number of the shortlisted proteins 

were noted to be linked to neutrophil biology, either through an involvement in 

chemotaxis or through being directly expressed by neutrophils, including  

myeloblastin (PRTN3), cathelicidin (CAMP), azurocidin (AZU1), cathepsin G 

(CTSG), myeloperoxidase (MPO), neutrophil gelatinase associated lipocalin 

(NGAL), and matrix metalloproteinase 9 (MMP9). Upregulation of these 

proteins did not appear to be correlated with inflammation or necrosis in the 

selected block (Figure 5.0.11). The proteins PRTN3 and hCAP18 were chosen 

for downstream validation due to their high upregulation in the non-

responders. Importantly, hCAP18 was also found to be moderately 

upregulated in the serum of non-responders, versus responders (Chapter 3).  

 

In the responders no single group of proteins appeared to be upregulated, with 

upregulated proteins involved in a wide variety of functions, including cell 

adhesion, angiogenesis, mitochondrial metabolism, and T-cell activation. The 

T-cell activator CD70 was chosen for downstream investigation. The 

upregulation of this protein did not appear to be correlated with inflammatory 

infiltrate or necrosis within the sections (Figure 5.0.11). 
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Figure 5.0.11: Clinical features of patients and quantitative levels of target proteins 

 

 

 

 

 

 

 

 

 

 

 

 

Patient timelines (coloured bars) 

and the presence of necrosis (colour 

bands) and/or inflammation (*) 

were not found to be linked to 

peptide levels of the proteins NGAL, 

MMP9, hCAP18, PRTN3, or CD70 in 

either responders or non-

responders. Necrosis in patient - 

pathology report of necrosis in a 

different block to the one analysed.  
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5.5.2. Validation of CD70 expression pattern 

The expression of CD70 was investigated using immunohistochemistry. To 

determine which staining system should be used, a head-to-head comparison of the 

Dako EnVision kit with the Leica Novolink kit was performed, by staining normal 

kidney sections for CD31. The Dako method was quicker as it only involves two 

antibody incubation steps – the primary and the secondary antibodies. The 

Novolink kit is a three-tier system and is therefore a slower method to perform, 

however it was found to give a stronger, cleaner signal (data not shown). The 

Novolink kit was therefore used in all downstream immunohistochemistry studies.  

 

The CD70 antibody was first titrated using IHC with OCT-embedded frozen sections 

from a responding patient in the discovery set, to optimise the antibody 

concentration and confirm the staining pattern. Following this, two antigen retrieval 

methods for FFPE tissue were compared; citrate buffer and proteinase-K (Figure 

5.0.12).  In the absence of antigen retrieval with FFPE tissue, CD70 staining had a 

very high background and did not demonstrate any specificity (data not shown), and 

with citrate acid buffer retrieval, no CD70 staining was observed. Proteinase-K 

retrieval was found to yield strong, specific staining which was strongest at the 

plasma membrane, but also had diffuse intracellular staining, and this antigen 

retrieval method was used for all future CD70 IHC FFPE studies. 
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Figure 5.0.12: Antigen retrieval for CD70 staining on FFPE 

Citrate buffer retrieval (A-C) and proteinase K retrieval (D-F) were compared. 

Sections were stained for CD31 (A,D), mouse IgG1 as negative control (B,E), and 

CD70 (C,F). Bar represents 100μm. 

 

 

 

 

 

 

 

 

To initially validate the mass spectrometry data, immunohistochemistry was 

performed on the set of blocks used for the discovery study (Figure 5.0.13). 

Sections (4μm) were cut and probed based on the optimised antigen retrieval and 

antibody conditions. Stained sections were reviewed by a consultant pathologist, 

and scored based on staining intensity. A score of 0-3 was given based on the 

following criteria: 0 - negative staining; 1 - up to 25% cells positive; 2 - 25-50% cells 

positive; 3 - over 50% cells positive. Two negative controls were concurrently 

performed on all sections: absent primary and IgG1, for which no specific staining 

was observed on any section. Staining with the vessel endothelial marker CD31 

revealed strong positivity in all sections (Figure 5.0.13).  
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Review of the stained sections revealed that 5/9 responders and 1/8 non-

responders were positive for CD70 staining (Figure 5.0.13, Table 5.0.10). Amongst 

the responders, negative staining was seen in R3, R6, R7 and R8. Weak (<25%) or 

focal staining was found in R1, where approximately 10% of cells were positive. 

Mid-level (25-50%) staining was demonstrated by R5, where 30-40% of cells were 

weakly positive. Strong staining was demonstrated by R2, R4, and R9, with strong 

positivity in 70-80% of cells in all three cases. The R9 sections also contained some 

rhabdoid cells and these were noticeably less stained than the clear cells.  The IHC 

data correlated relatively well with the mass spectrometry data, two of the four 

patients that were CD70 negative by IHC were also negative by MS (a further 

patient (R3) had no MS data as they were removed from the analysis). All of the 

CD70 positive patients by IHC were also positive by MS with some similarity in 

levels of expression, except for patient R1 who had high levels by MS but low levels 

by IHC (Figure 5.0.13).  In terms of the non-responders, the MS and IHC data 

correlated well, five of the seven patients that were negative by IHC were also 

negative by MS, and the remaining two patients (NR6 and NR7) had very low levels 

by MS. The only patient to demonstrate any staining was NR3, which had weak 

positivity in 30% of the cells, which is in contradiction to the MS data, for which this 

patient had no detectable CD70.  

 

Table 5.0.10: CD70 staining intensity of responders and non-responders 

Staining intensity values: 0 - negative staining; 1 - up to 25% cells positive; 2 - 25-

50% cells positive; 3 - over 50% cells positive. 

Staining intensity 0 1 2 3 

Responders 4 1 1 3 

Non-responders 7 0 1 0 
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Figure 5.0.13: IHC validation of CD70 staining in responders and non-

responders 

FFPE sections were sectioned and stained with CD70, IgG, and CD31 (cont’d)  
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Figure 5.0.13: IHC validation of CD70 expression 

Responders (R1-R9) and non-responders (NR1-NR8) are shown. Representative 

control sections are also shown (from patient R9), control staining was performed 

for CD31, IgG, and absent primary (neg). Bar represents 100μm.  
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Figure 5.0.13: IHC validation of CD70 expression 

 

 

 

5.5.2.1. Analysis of the heterogeneity of CD70 expression 

To investigate if there was heterogeneity in the expression of CD70 across different 

patient blocks, two further blocks for each patient were selected from the pathology 

archive for analysis by IHC. Blocks were selected to ensure they were not from 

adjacent tissue to the original bock used in the discovery analysis. Sections (4μm) 

were cut, probed, and analysed as described above. One negative control was 

completed for each section (IgG1), which showed no specific binding. Three of the 

sections stained in the first validation study were repeated as positive controls, and 

these demonstrated the same staining pattern in both studies. The results are 

overviewed in Table 5.0.11, which contains the results for the original CD70 

validation study completed in Section 5.5.2 (Block 1) and the two additional blocks 

(Block 2 and Block 3).  
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Table 5.0.11: CD70 expression in different blocks in responders and non-

responders 

FFPE sections were stained for CD70 and scored. Score values: 0 - negative 

staining; 1 - up to 25% cells positive; 2 - 25-50% cells positive; 3 - over 50% cells 

positive. 

 

  Score 

  0 1 2 3 

Responders Block 1 4 1 1 3 

 Block 2 6 0 1 1 

 Block 3 4 0 3 2 

Non-responders Block 1 7 1 0 0 

 Block 2 8 0 0 0 

 Block 3 8 0 0 0 

 

This study revealed there were a low level of heterogeneity in CD70 expression. Of 

note, a few of the blocks had staining on <1% of cells (3 responders, 2 non-

responders), for the purposes of the study these were given a negative score. 

Compared to the initial validation study on the discovery sections, 7/7 non-

responders remained negative for CD70, and the non-responder with positive CD70 

staining in block 1 was negative for CD70 in the two additional blocks. Out of the 

responders, 4/5 of the responders (R2, R4, R5, R9) with positive staining in block 1 

also had positive staining in blocks 2 and 3. The remaining responder with positive 

staining in block 1 (R1) had negative staining in blocks 2 and 3, though of note, the 

staining intensity was low in block 1. Of the remaining responders, three (R3, R6, 

R8) remained negative for CD70 in blocks 2 and 3, and one (R7) had strong (score 

3) staining in block 3 only. 
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5.5.3. Investigation of hCAP18 and PRTN3 expression   

To investigate the hCAP18 and PRTN3 results obtained by mass spectrometry, the 

expression of these proteins was investigated by Western blot and 

immunohistochemistry. FFPE lysates (10ug) of five responders (R1-R5) and five 

non-responders (NR1-NR5) were separated by 1D SDS-PAGE, proteins levels 

were checked for normality by parallel Coomassie (data not shown). Investigations 

into the levels of PRTN3 were hampered by the poor quality of the antibody (data 

not shown), with no detectable bands observed by Western blot. Probing of the 

Western blot membrane with a monoclonal antibody specific to hCAP18 revealed 

upregulated levels of hCAP18 in all the non-responders, with especially high levels 

in NR1, NR2 and NR5 (Figure 5.0.14), which correlated with the mass spectrometry 

data. Due to the high levels of expression in NR5 it was necessary to titrate the 

signal intensity in the Western blot, however there was visible expression of 

hCAP18 in NR3, NR4, and the positive controls (PBMCs) (data not shown). There 

were a few high molecular weight non-specific bands observed with this antibody, 

they were uniform across the samples and did not impact upon the ability to detect 

hCAP18, however this reinforces the poor quality of the antibody, and an antibody 

of higher quality is required for further analyses. 

 

Figure 5.0.14: Western blot of hCAP18 in responders and non-responders 

Expression of hCAP18 was investigated in five responders (R1-R5), five non-

responders (NR1-NR5), and peripheral blood mononuclear cells (PBMCs). A 

parallel coomassie was used to check normalisation.  
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When the expression of hCAP18 was investigated using immunohistochemistry, 

staining was limited and restricted to inflammatory cells. To investigate if the 

staining was entirely a result of inflammation, a highly inflamed frozen renal tumour 

tissue was stained alongside tissue from a frozen non-responder. Review of the 

stained sections by a consultant pathologist indicated the staining was non-specific 

in all cases, due to high background staining found in the kidney samples. To try to 

improve the quality of the staining, immunofluorescence of frozen tissue sections 

was performed. Autofluorescence from the kidney is a known problem with 

immunofluorescence studies and to counteract this problem, two fluorescent 

secondary antibodies were investigated, Alexa-568 and Alexa-594. Furthermore, 

Sudan Black B was used as a  counterstain, to investigate whether it could be used 

to block the autofluorescence. The autofluorescence appeared stronger when using 

the far red dye Alexa-594, and no improvement was seen by counterstaining with 

Sudan Black B (data not shown). A low amount of specific staining was observed 

with the Alexa-568 dye. However this did not give a clean enough signal to resolve 

the problem. Further investigation of this protein would require an alternative 

technique such as multiple reaction monitoring (MRM) or microdissected tissues.  

 

 

5.6. Discussion 

 

The search for biomarkers to predict response to sunitinib has included proteomic 

and genomic studies of serum, urine, and in vitro cell lines, as well as comparative 

studies of clinical and anatomical features of the patient and tumour. Although 

some promise has been shown by VEGFR-3 protein in both serum and tissue 

(Deprimo et al., 2007, Rini et al., 2008, Harmon et al., 2014, Garcia-Donas et al., 
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2013, Dornbusch et al., 2013) and IL-8 protein in serum (Harmon et al., 2014), as 

yet none of these have been validated in a large, prospective study. The 

development of drug-induced hypertension has so far demonstrated the greatest 

level of predictive power. However this feature is a post-hoc test and there remains 

the need for a sensitive and specific biomarker that will predict response to sunitinib 

ahead of therapy. By comparing primary tumour specimens from sunitinib 

responding and non-responding patients, this study aimed to identify tissue 

baseline predictors of response. Two proteins especially – CD70 and hCAP18 – 

demonstrated early promise in this setting and further research is warranted to fully 

validate their predictive potential.  

 

Differences in the patient population were unavoidable. Whilst every care was taken 

to normalise for clinical features such as stage, age, and grade, a difference in the 

prognostic nomogram scores by MSKCC and IMDC (Heng) remained, with a 

tendency towards higher scores (and hence higher risk) in the non-responding 

group of patients. A comparison of the clinical timelines of the patients revealed that 

the non-responding patients more frequently had synchronous metastases and a 

shorter period between metastasis and the initiation of sunitinib therapy, however 

this latter point is likely explained by the date of relapse; most of the non-

responding patients relapsed after 2008, the date when sunitinib became available 

in the UK, and they would therefore have received sunitinib as frontline therapy 

following metastasis. Despite these differences, when the dataset was checked for 

known prognostic markers (CA9, B7H1, IMP3, Ki67, HIF, VEGF, MMP2, MMP9, 

CXCR3, CXCR4, and survivin), these proteins were either not identified or no 

difference was observed, providing confidence that the clinical features were 

normalised sufficiently to minimise the risk of solely identifying markers of 

prognosis.  
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5.6.1. Mass spectrometry optimisation 

The use of tissue for biomarker studies, though not as accessible as serum or 

urine, provides a rich source of tumour-derived molecules. A variety of techniques 

to allow proteomic biomarker mining in tissue have been developed in recent years, 

including tissue microarrays, antibody arrays, and improved protein separation and 

extraction techniques. With techniques recently developed to extract proteins from 

formalin fixed-paraffin embedded tissue blocks, a much larger repertoire of samples 

is now available (Nirmalan et al., 2011, Craven et al., 2013a). However biological 

samples are highly complex, and variation brought about by interpatient variability is 

a major challenge for proteomic studies. Increasing both the confidence in 

identification and number of identifications would increase the chances of 

identifying clinically useful biomarkers. In mass spectrometric analysis, this may be 

achieved by increasing the length of the separation through increasing the physical 

length of the column, by increasing the amount of pre-fractionation (for example by 

employing an orthogonal pre-fractionation method), or by increasing the number of 

injections of the sample. Though each of these methods have been successfully 

used to increase coverage, the increased processing time and/or mass 

spectrometry analysis time required means these methods are not always feasible 

in a clinical research laboratory, which generally handles large numbers of samples. 

With each injection of sample onto the mass spectrometer, there is hypothesised to 

be a sloping increase in sample identifications due to the random selection of 

peptides. There is therefore room for optimisation of sample injection, to maximise 

the number of confident identifications, with the analysis time taken to analyse each 

sample. In this study an increase in the number of identifications was observed with 

increasing number of injections; an increase of approximately 17% was achieved 

between one and two injections, with a lower increase of around 7% between two 

and three injections. Interestingly, no additional peptide quantitative information was 
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achieved through increasing the number of injections, however the intensity values 

were around 30% higher when comparing three injections to two injections. Though 

it was not possible to assess the impact on LFQ values, as the LFQ value is 

computed from the intensity value it is likely there would have been a concomitant 

increase in LFQ scores as well. In terms of absolute number of identifications, the 

increased analysis time required for a third injection does not warrant this step 

when machine time is limited. However if particularly low abundance targets are of 

interest, it may be worth considering a third injection to improve the chances of 

observing these proteins at sufficiently high intensity for a confident identification.  

 

5.6.2. Differentially expressed proteins in responders and non-

responders 

A total of 4507 proteins were identified, which is consistent with other FFPE studies 

(Craven et al., 2013a), and most of these were common to both responders and 

non-responders. Out of the potential predictive biomarkers previously reported in 

the literature, most were not identified or were identified with very low levels in this 

dataset. This is most likely due to the more sensitive techniques used to examine 

these markers in focussed analyses, such as ELISA and immunohistochemistry; 

mass spectrometry is currently less sensitive than these techniques. Interestingly, 

two proteins that have previously been reported as elevated in the serum of non-

responding patients – MMP9 and NGAL (Porta et al., 2010, Perez-Gracia et al., 

2009) – were found to be elevated in the tissue of non-responders in this study, 

indicating they may have use as a baseline tissue predictor of response. 

Interestingly however, MMP9 and NGAL were not found to be differentially 

expressed in the serum of responding and non-responding patients, in contrast to 

previous studies (Porta et al., 2010, Perez-Gracia et al., 2009). 
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5.6.2.1. Elevated proteins in the FFPE tissue of non-responders  

IPA analysis of non-responder elevated proteins indicated that there was a high 

enrichment of cell-to-cell signalling proteins, which included the shortlisted 

biomarker candidate proteins hCAP18 and PRTN3. Many of these proteins appear 

to act upstream of, or directly upon, Akt1, which is part of the PI3K/Akt/mTOR 

cascade. Interestingly, Akt1 inhibition was shown to overcome sunitinib resistance 

in renal cancer cell lines (Makhov et al., 2012), and this may therefore represent a 

resistance mechanism. Furthermore, there was an association with drug resistance 

pathways; the presence of the ABCC1 transporter in the non-responders dataset 

may assist in cellular export of sunitinib thereby promoting resistance, due to its role 

in drug resistance (Munoz et al., 2007),   

 

The most highly upregulated proteins in the non-responders were all neutrophil 

derived proteins, most of which can be found in the azurophillic granule, one of a 

few granules which is released during degranulation (Faurschou and Borregaard, 

2003). These proteins included cathelicidin (hCAP18/LL37), proteinase 3 (PRTN3). 

azurocidin (AZU1), cathepsin G (CTSG), and myeloperoxidase (MPO). Western 

blot analysis of hCAP18 expression in ten of the discovery patients (five responders 

and five non-responders) confirmed the pattern observed by mass spectrometry, 

and importantly, it was also found to be elevated in the serum of non-responding 

patients, suggesting this protein could be investigated as a fluid biomarker. 

Individually, many of these proteins have been associated with cancer progression. 

Expression of the antimicrobial peptide hCAP18 is elevated in a number of cancers 

including breast (Heilborn et al., 2005), lung (Li et al., 2014), ovarian (Coffelt et al., 

2008), and prostate (Hensel et al., 2011), where it drives proliferation and 

invasiveness, whereas proteinase 3 has roles in invasiveness and inflammation 

(Pezzato et al., 2003). Pro-metastasis and invasive functions are also demonstrated 
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by the serine protease CTSG (Morimoto-Kamata et al., 2012), which appears to 

function with PRTN3 to activate MMP2 (Shamamian et al., 2001). MPO, which is 

involved in the neutrophil respiratory burst, may act to protect against apoptosis 

(Saed et al., 2010). Interestingly, MPO functions to convert hydrogen peroxide, 

made within the phagolysosomes of neutrophils, into hypochlorous acid which has 

mutagenic properties and may therefore support genotoxicity in cancer progression 

(Gregory and Houghton, 2011, Gungor et al., 2010).  

 

Aside from the independent roles of these proteins, neutrophils themselves have 

been associated with tumour progression through promoting proliferation, 

angiogenesis, and metastasis; effects that have been attributed to the release of 

ECM-degrading proteases (Gregory and Houghton, 2011), and cytokines such as 

VEGF (Webb et al., 1998). Neutrophils have been shown to form NETs (Neutrophil 

Extracellular Traps), which are mesh like structures that contain chromatin and 

antimicrobial proteins (Brinkmann et al., 2004), including the azurophillic proteins 

listed previously (Papayannopoulos and Zychlinsky, 2009). NETs have recently 

been implicated in trapping circulating cancer cells and promoting metastasis 

(Cools-Lartigue et al., 2013). Interestingly, IL-8, a protein which has been heavily 

implicated in anti-angiogenic therapy resistance (Huang et al., 2010), induces 

neutrophil chemotaxis (Hammond et al., 1995) and activation (Baggiolini et al., 

1989), and this activation may support the promotion of metastasis by neutrophils 

(De Larco et al., 2004).  

 

Although neutrophil NETs have been shown to drive metastasis, other routes 

through which neutrophils can aid metastasis and angiogenesis is through the 

release of ECM-degrading proteins, such as the matrix metalloproteinases (MMPs) 
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(Gialeli et al., 2011). MMP-9, which forms a heterodimeric complex with neutrophil 

gelatinase-associated lipocalin (NGAL) (Yan et al., 2001), has been implicated in 

promoting several stages of cancer progression including angiogenesis, 

proliferation, and metastasis (Gialeli et al., 2011). Both NGAL and MMP-9 were 

significantly elevated in the non-responders dataset, which is consistent with other 

tissue studies reporting elevated levels in RCC (Barresi et al., 2010, Kallakury et al., 

2001). Furthermore, serum levels of both NGAL and MMP9 have previously been 

shown to be associated with poor response to sunitinib (Porta et al., 2010, Perez-

Gracia et al., 2009).  Certainly the pre-treatment neutrophil to lymphocyte ratio 

(NLR) has been reported as predictive for sunitinib outcome (Keizman et al., 2011, 

Keizman et al., 2012), however this is a systemic effect and does not guarantee the 

presence of intratumoural neutrophils. Validation of the expression of these proteins 

is necessary to further investigate their contribution to sunitinib resistance, and a 

properly controlled study is essential to ensure these proteins are predictive rather 

than prognostic, especially when considering a previous study linking intratumoural 

neutrophils to prognosis in RCC patients (Jensen et al., 2009). Intratumoural 

neutrophils could be indicative of an inflammatory response occurring in the non-

responders, a manifestation that is associated with aggressive cancer. Further 

studies would be needed to determine if this was the case, however there did not 

appear to be any correlation between the levels of these proteins and the presence 

of inflammation, when the pathology comments for each block were compared to 

the achieved results.  

 

Another immune related protein that was elevated in this dataset was ITGAM 

(CD11b). This protein is expressed on a number of leukocytes, and interestingly is 

expressed on neutrophils (Miller et al., 1987). Myeloid cells that are CD11b+ Gr+ 

are found in patient tumours, and coinjection of tumours with these cells increased 
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vascularity and decreased necrosis. Furthermore, high levels of MMP9 were 

observed to be expressed by these cells (Yang et al., 2004). Interestingly CD11b+ 

Gr1+ myeloid cells have been shown to promote refraction to anti-angiogenic 

therapy (Shojaei et al., 2007), and sunitinib has been shown to induce an influx of 

these cells (Panka et al., 2013). Finally, lactotransferrin (LTF) is a further neutrophil-

derived protein, where it appears to be involved in preventing neutrophil apoptosis 

(Francis et al., 2011). In this study LTF was found to be upregulated in the non-

responders; it was also found to be moderately elevated in the serum of non-

responders. With so many neutrophil-related proteins upregulated in the non-

responding patients it certainly seems there could be a potential link with sunitinib 

resistance mechanisms through the modulation of neutrophil activity, and further 

biochemical testing is necessary to investigate this hypothesis. 

 

Other proteins upregulated by the non-responders include SEPHS2 which is 

involved in selenoprotein biosynthesis (Xu et al., 2007), UBFD1 which may have a 

role in regulating NF-kB (Fenner et al., 2009), UBR4 which has roles in anchorage 

independent growth (Huh et al., 2005) and cellular structure (Nakatani et al., 2005), 

and UBTF which is involved in ribosomal RNA synthesis (Bell et al., 1988) and is 

upregulated in hepatocellular carcinoma (Huang et al., 2002). Disks large homolog 

1 (DLG1), had a mild upregulation in the non-responders, this protein has 

conflicting in vitro studies regarding its role in cancer, with evidence for both 

increased cell migration (O'Neill et al., 2011), and possible tumour suppressor 

qualities (Humbert et al., 2003). Finally, a few erythrocyte proteins were also found 

to be highly upregulated in the non-responders, these were spectrin alpha, spectrin 

beta, ankyrin 1, and erythrocyte membrane protein band 4.2. Due to the highly 

ubiquitous nature of these proteins, their upregulation is not likely to be specifically 
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predictive of sunitinib efficacy, especially considering two of these (SPTA1 and 

EPB42) were also found to be upregulated in an independent prognostic dataset. 

 

5.6.2.2. Elevated proteins in the FFPE tissue of responders 

Twelve proteins demonstrated a significant upregulation in the responders, based 

on peptide and LFQ data. Analysis of all the peptide and LFQ upregulated proteins 

by IPA indicated that the most prominent upregulated pathways, like the non-

responders, was also cell-to-cell signalling, however a different set of proteins were 

upregulated. In this pathway many proteins were associated with cadherin 1 

(CDH1) and the p38 MAPK, interestingly, CDH1 has been shown to have anti-

metastatic properties (Birchmeier and Behrens, 1994), and the P38 MAPK has a 

role in regulating apoptosis (Wada and Penninger, 2004), both of which may 

therefore serve to limit tumour growth in the responding patients.  

 

The protein demonstrating the highest consistent upregulation in the peptide and 

LFQ datasets was the T cell activator CD70 (CD27L). This protein was significantly 

upregulated in both peptide (P = 0.016) and LFQ (P = 0.005) values. 6/8 

responders and 2/8 non-responders expressed this protein, furthermore the CD70 

expressing non-responders had only low levels based on peptide data, and these 

values were normalised out in the LFQ dataset, indicating their levels were much 

lower than those observed in the responders. When the levels of CD70 were 

compared to the patient’s clinical timelines, indications of inflammation, and 

indications of necrosis, there did not appear to be any correlation with any of these 

features, nor was there any correlation with the MSKCC or Heng scores (data not 

shown). During analysis of CD70 levels by IHC, it was found that 7/8 of the non-

responders were negative for CD70 expression, and 5/9 responders were positive 
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for CD70 expression. This did not fully match the mass spectrometry data, where 

6/8 responders were positive for CD70 expression, however there was reasonable 

consistency between the mass spectrometry and the IHC data, providing 

reassurance in the mass spectrometry data.   

 

Localised heterogeneity is an important point for consideration in tumour tissue 

studies, due to localised differences in tumour morphology, as well as proteomic 

and genomic differences (Gerlinger et al., 2012). To determine if there was 

heterogeneity in CD70 expression, an additional study was conducted whereby two 

further blocks from each patient were stained for CD70. From this study it was 

found that there was a low level of heterogeneity in expression, with only 2/9 

responders and 1/8 non-responders displaying a different expression pattern in the 

two further blocks. From these results, CD70 appears to have a strong negative 

predictive power, with most of the non-responders not demonstrating any 

expression. Further studies are warranted to fully test the potential utility of this 

protein, and plans are currently being made for a larger in house study looking at 

sunitinib responders and non-responders, followed by a collaborative case-

controlled study to properly assess whether CD70 may be predictive or prognostic.  

  

Interestingly, CD70 is a member of the Tumour Necrosis Factor (TNF) superfamily, 

and is a cytokine involved in proliferation and activation of costimulated T cells 

(Goodwin et al., 1993), and in the induction of T cell driven B cell antibody 

production (Arens et al., 2004). It is a transmembrane receptor that is transiently 

expressed on activated B and T cells, and mature dendritic cells (Borst et al., 2005, 

Tesselaar et al., 2003), and this cell membrane location is consistent with the 

cellular location observed during the IHC staining performed in this study. The 
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cognate receptor for CD70 is CD27, a Tumour Necrosis Factor Receptor (TNFR) 

family member which is constitutively found on the majority of T cells and 

thymocytes, and on some natural killer (NK) and haematopoietic stem cells 

(Wiesmann et al., 2000, van Lier et al., 1987). CD70 is also expressed in a number 

of cancers including brain tumours (Held-Feindt and Mentlein, 2002), multiple 

lymphomas (Lens et al., 1999), thymic carcinoma (Hishima et al., 2000), and breast 

cancer (Petrau et al., 2014), and it is therefore being investigated as a potential 

drug target (Grewal, 2008). CD70 has been found in renal cancer in multiple 

studies, where it appears to be expressed by both the primary and the metastatic 

lesions. In a small IHC and mRNA study of 10 ccRCC patients, positive CD70 

mRNA and protein expression was found in 8/10 patients and 10/10 patients 

respectively (Diegmann et al., 2005). Expression of CD70 protein was found in all 

ccRCC specimens (41/41) and no expression in the adjacent normal tissue in a 

larger IHC study (Junker et al., 2005). Another study investigated CD70 protein in 

both primary and metastatic lesions, whereby expression was found in 16/30 and 

8/11 samples respectively (Adam et al., 2006). Clear cell histologies express higher 

levels than other RCC types (Jilaveanu et al., 2012), and its absence from normal 

tissue has led to its suggested use as a diagnostic marker (Diegmann et al., 2005). 

However it does not appear to have any prognostic utility (Jilaveanu et al., 2012), a 

large TMA with 234 ccRCC samples found variable levels of CD70, 49% of patients 

had expression levels of CD70 above the 95% percentile of that measured in the 

matched normal tissue, and this was not associated with survival in multivariate 

analysis (Jilaveanu et al., 2012). 

 

Interaction between CD27 and CD70 can lead to lymphocyte activation, 

proliferation, differentiation, and control of cell survival (Gruss and Dower, 1995). 

CD70 seems to be capable of inducing lymphoid apoptosis in peripheral blood 
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mononuclear cells (PBMCs) incubated with a glioma cell line (Wischhusen et al., 

2002) and in lymphocytes incubated with renal cell carcinoma cell lines (Diegmann 

et al., 2006), and this has therefore been proposed as an immune escape 

mechanism for developing cancers. Alternatively, as CD70 stimulates activation of 

the cytotoxic CD8+ T cells (Brown et al., 1995) and promotes their survival (van 

Oosterwijk et al., 2007), a number of studies have indicated the potential for CD70 

in anti-tumour activity (Lorenz et al., 1999, Couderc et al., 1998, Nieland et al., 

1998). With both stimulatory and regulatory roles, CD70 clearly has a dichotomy in 

function, and many other molecules and proteins are likely to be involved in 

deciding cell fate.   

 

Of note, VCAM1, which was also elevated in the responders and is involved in cell-

cell recognition and leukocyte-endothelial cell adhesion, is also able to co-induce T 

cell proliferation (Burkly et al., 1991), and is also able to activate CD4+ T cells 

(Damle and Aruffo, 1991). These in turn are able to induce expression of VCAM1 

(Yarwood et al., 2000, Damle et al., 1991). In cancer VCAM1 has been proposed to 

confer a survival advantage (Chen et al., 2011). This link between VCAM1 and T 

cell activation is interesting, considering CD70 has a role in regulating T cells, and it 

may be that this T cell regulation has a role in promoting the effects of sunitinib, or 

preventing resistance, through an as yet unidentified mechanism. Finally, another 

immune-related protein found at higher levels in the responders which may also be 

involved is sedoheptulosekinase (SHPK). This is a kinase involved in 

phosphorylating the sugar sedoheptulose (Kardon et al., 2008) and in activating 

macrophages (Haschemi et al., 2012). 
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In addition to CD70, other proteins found at higher levels in the responders included 

proteins involved in metabolism and cellular structure. Proteins with a link to 

metabolism included the aarF domain-containing protein kinase 3 (ADCK3), which 

is involved in the biosynthesis of coenzyme Q (ubiquinone) and is a component of 

the electron transport chain (Xie et al., 2011b), NADH dehydrogenase [ubiquinone] 

1 alpha subcomplex subunit 4-like 2 (NDUFA4L2), which is also involved in the 

functioning of the electron transport chain and is induced by HIF (Tello et al., 2011), 

adenylosuccinate synthetase isozyme 1 (ADSSL1), which is involved in purine 

biosynthesis (Borza et al., 2003), and  amine oxidase (ABP1) which is involved in 

polyamine degradation and appears to be disregulated in colorectal cancer 

(Linsalata et al., 1993). The link to the electron transport chain is interesting as 

oxidative phosphorylation is affected during RCC pathogenesis, where its 

decreased functioning is linked with tumour aggressiveness (Simonnet et al., 2002). 

Two proteins involved in lipid metabolism were also significantly upregulated. These 

were diphosphomevalonate decarboxylase (MVD) and prolow-density lipoprotein 

receptor-related protein 1 (LRP1), the latter of which was also found to be 

upregulated in the VHL-negative cell line RCC4/T. MVD is involved in cholesterol 

biosynthesis (Krepkiy and Miziorko, 2004), whereas LRP1 is involved in lipid 

homeostasis (Spuch et al., 2012) and is HIF activated. Finally, the enzyme 

aminoacylase-3 (ACY3) is involved in deacetylating mercapturic acids in the kidney 

proximal tubule, a process that can lead to nephrotoxicity (Pushkin et al., 2004). 

This protein is upregulated in neuroblastoma, where its elevated expression is 

associated with poor prognosis (Long et al., 2011). These metabolic proteins may 

be linked to a tumour phenotype that is less nutrient starved, and therefore less 

metastatic and invasive. The presence of HIF activated proteins is interesting, as 

HIF upregulation has previously been shown to predict a favourable response to 

sunitinib (Patel et al., 2008, Saez et al., 2012, Garcia-Donas et al., 2013).  
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Proteins with a link to cellular structure and signalling that were detected at higher 

levels in the responders patient group were cadherin-1 (CDH1), and fibroleukin 

(FGL2). CDH1 is a cell adhesion molecule which may have tumour suppressor 

qualities properties (Birchmeier and Behrens, 1994), this protein was also found to 

be upregulated in the responders patient group in the baseline serum study. Loss of 

this protein has been linked with the epithelial-mesenchymal transition, a step 

widely regarded as pivotal in metastasis. The presence of this protein in the 

responders may therefore aid in limiting metastatic spread, and may indicate a 

tumour with a decreased ability to drive invasion, one mechanism which has 

previously been suggested as a resistance mechanism for anti-angiogenic therapy 

(Bergers and Hanahan, 2008). FGL2 is expressed on activated macrophages and 

is also secreted by CD4+ and CD8+ T lymphocytes (Su et al., 2008, Marazzi et al., 

1998), it is able to modulate activity of the adaptive immune system (Chan et al., 

2003) and appears to be upregulated in multiple cancers (Rabizadeh et al., 2014, 

Su et al., 2008).  

 

5.6.3. Concluding remarks and study limitations 

By utilising a combination of mass spectrometry, bioinformatics, and 

immunohistochemistry, this study has identified a number of proteins that may 

assist in identifying a clinically relevant biomarker in the primary tumour to predict 

response to sunitinib in the metastatic setting. Furthermore, it is possible that the 

enriched networks identified in this study may shed light on sunitinib resistance 

mechanisms. The identification of CD70, which has not previously been associated 

with sunitinib response, is an exciting development that has shown early promise 

and is currently being investigated in a larger cohort of patient samples. The 

association between this protein and the immune system is particularly interesting, 

as it may function to assist in immune system priming to promote the effects of 
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sunitinib. Furthermore a number of other proteins, especially those associated with 

neutrophil biology and EMT such as CDH1, have extremely interesting biology and 

further investigation of their expression is being pursued.  

 

One of the largest problems impacting upon studies utilising clinical samples, 

particularly tissue samples, is gaining access to sufficient quantities of sample to 

allow for a properly controlled and sufficiently powered study. Considerations for 

any biomarker study must therefore focus not simply on the numbers of samples, 

but also on minimising the inter-patient variability as much as possible, to increase 

the chance of identifying biomarkers with clinical utility. If the differences in the 

patient population are numerous enough to dichotomise the cohort, the validity of 

the study may be called into question. Normalising for these factors is a difficult 

task; although this is made easier by access to large tissue banks, it remains a 

confounding factor in many studies. Aside from the biological variation, every step 

must be taken to minimise the effects of technical variation – through sample 

collection, processing, storage, extraction, to mass spectrometric analysis.  

 

Bioinformatic analysis must be used with caution, using it only to provide a testable 

hypothesis rather than a means on which to make assertions about protein 

expression patterns and roles. A further consideration of this study lies in the fact 

that the primary renal masses were used to predict response in metastatic disease, 

which in some cases occurred many years after the primary tumour was resected, 

and this may be too much to ask of a primary tumour. Future studies may measure 

CD70 levels in matched primary and metastatic lesions, to investigate if there is 

concordance in the levels of this protein. Nevertheless, if primary renal masses can 
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be used to predict response in metastatic disease, this would be a significant 

advantage, as metastatic tissue is infrequently collected.  

 

The risk of identifying a prognostic as opposed to a predictive biomarker is very 

real, especially given the unavoidable prognostic differences in the discovery 

patient cohort. The next steps for this study therefore involve extensive validation of 

CD70 in a large patient cohort, followed by validation in a case controlled study 

(using a treated and untreated patient population) to fully assess the potential 

predictive nature of this protein. Finally, given their similar mode of action, it is 

possible that any marker identified that can predict for sunitinib efficacy may also 

predict for clinical response to other TKIs, such as pazopanib, which is being used 

with increasing frequency in the clinic. 
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6. Final Discussion 

 

The clinical management of RCC would be significantly assisted by the 

identification of biomarkers. These could impact upon all stages of patient care, 

from diagnosis and prognosis, to the prediction of therapeutic benefit and 

monitoring response to therapy.  Renal cell carcinoma is a complex malignancy 

with multiple genetic aberrations (Sato et al., 2013, Gossage et al., 2014), and 

many genetic studies have been performed to identify biomarkers, find new drug 

targets, and understand the mechanism of disease (Vasudev et al., 2012), however 

these studies cannot determine the protein expression level of these genes. 

Transcriptomic studies may allow for some information of protein expression to be 

garnered, but it is not known how well this translates into protein levels (Vogel and 

Marcotte, 2012). With protein based studies comes not only the ability to investigate 

the protein content of a tissue, cell, organelle, or membrane, it also provides the 

ability to research protein interactions, regulation, and post-translational 

modifications. Mass spectrometry has now started to come of age, with multiple 

studies reporting interactomes and novel PTMS, as well as validated biomarkers 

and targets (Collinson et al., 2013, Welberry Smith et al., 2013).  The use of mass 

spectrometry for protein mining is a powerful technique that makes very few 

assumptions about the type of protein that will be identified.  

 

This study employed the quick and cheap label-free quantification technique, a 

technique that is most powerful when used as a tool for discovery, where accurate 

quantification is less important than the ability to analyse multiple samples. 

Although LFQ quantification has pitfalls, proteins with validated differential 

expression patterns were identified in the three different sample types analysed in 
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this study. Out of the three sample types analysed here, serum was the most 

problematic, with 10 fold fewer proteins identified in this sample compared to the 

cell lysates and FFPE tissue extracts, despite hypotheses of similar numbers of 

proteins present in the sample (Anderson, 2002, Archakov et al., 2007). Historically, 

serum and fluids generally have been difficult samples to analyse by mass 

spectrometry, and though pre-fractionation has increased the number of possible 

identifications, considerable method development is still required for this sample 

type to fully tap the depths of the serum proteome. Nevertheless, interesting 

biological changes were found in this study and recent successes using similar 

techniques to those employed here provide confidence in the proteomic analysis of 

serum for biomarkers (Collinson et al., 2013, Welberry Smith et al., 2013, Timms et 

al., 2014). In comparison, many more proteins were identified in the cell line and 

FFPE tissue extract studies, and one protein from each of these studies was 

successfully validated in their respective discovery samples. The differentially 

expressed proteins identified between sunitinib responding and non-responding 

patients in the FFPE study included a number of pro-inflammatory and pro-invasive 

proteins. These results were supported by similar findings in the serum study, 

where multiple proteins involved in the regulation of invasiveness were identified. 

The crossover between the serum and FFPE studies was low, however there is no 

guarantee that the tumour proteins present in the tissue are released or shed into 

the serum. Investigation of the proteomic differences between the five VHL disease 

cell lines indicated that a large number of proteins change in response to VHL 

mutation, although the potential for cell line artefacts must be considered, and there 

is therefore a risk that these proteins may not translate into a clinically useful 

finding.  Although IRS2 expression was found in a further VHL cell lines pair, 

suggesting this expression pattern is not a cell culture artefact, however there is still 

no guarantee that this expression pattern remains valid in a tissue environment. It is 
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also important to remember that many studies in the literature are focussed on 

tumour-normal differences, a scenario where there are frequently large differences 

due to the significant morphological and karyotypic differences that occur during 

tumourigenesis. It is generally more difficult to find large proteomic differences 

when performing tumour-tumour comparisons, such as those conducted in this 

study, as the samples are often far more similar.  

 

The steps taken in this study to validate the differential protein expression patterns 

involved the use of Western blotting and immunohistochemistry. Proteins identified 

in the serum study were not successfully validated, due partly to the poor quality of 

the available antibodies, and also due to the planned MRM validation being 

delayed, however steps are currently in place to validate CDH1 and IGFBP5, using 

ELISA and Luminex. IRS2, identified in the cell line study as regulated by VHL, was 

validated in the discovery cell line using Western blot. Although this technique is 

sensitive, it is prone to many sources of error (Ghosh et al., 2014) and a less 

subjective and more sensitive technique should be used for further validation 

studies, such as MRM, ELISA, or IHC. CD70, identified in the FFPE predictive 

biomarker study, was validated using immunohistochemistry. This sensitive 

technique that is routinely used in the clinic, and proved powerful in validating the 

mass spectrometry findings. These early studies of CD70 have warranted further 

investigation of this protein, for which studies are currently underway. The difficulty 

in measuring hCAP18 levels using IHC was a result of an inadequate antibody; this 

represents a common problem in proteomic studies. Validation of candidate 

proteins is frequently hampered by reagent availability, and even if antibodies are 

available there is no guarantee they will be suitable or of sufficient quality. 
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Confirmation of the expression pattern of each of these proteins must now be 

completed in larger, carefully selected patient cohorts, using sensitive and specific 

techniques such as MRM, ELISA, or IHC. Investigation of IGFBP5 and CDH1 levels 

will initially focus on serum from the discovery sample set, followed by validation in 

a larger group of responders and non-responders. The validation of these markers 

would be highly beneficial to RCC management due to their presence in serum, a 

simple ELISA of blood samples would allow a clinician to make decisions about the 

correct course of therapy. Further investigation into the expression of IRS2 must be 

performed in a clinical setting to determine if this protein has clinical utility, either as 

a biomarker candidate or a druggable target. In addition, research into its functional 

role in RCC may help us to understand more about the early stages of RCC 

pathogenesis. Having already achieved initial validation of CD70, the next step 

would be to investigate levels in a wider cohort of responders and non-responders. 

This would be followed by a case-controlled study, whereby the levels of CD70 

would be tested in both a treated and untreated patient cohort, to assess its 

predictive power. We have already approached a potential collaborator regarding 

access to samples that would allow this analysis to be completed. Additionally it 

would also be interesting to determine if CD70 is leaked into the serum, though no 

evidence has yet been found for this, the presence of soluble CD70 would allow the 

use of this protein as a soluble biomarker. Finally, determining if the expression of 

these proteins predicts for sensitivity to other tyrosine kinase inhibitors, such as 

pazopanib, would be a useful future step, given the similar mode of action this is not 

unfeasible.  
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Appendix 1 

List of Suppliers 

 

Abcam plc 

330 Cambridge Science Park 

Cambridge 

CB4 0FL 

 

Agilent Technologies UK Ltd 

Mead road 

Yarnton 

Kidlington 

OX5 1QU 

 

Dako 

Cambridge House  

St Thomas Place 

Ely  

Cambridgeshire 

CB7 4EX 

 

 

Eppendorf UK Ltd 

Eppendorf House 

Gateway 1000 Whittle Way 

Arlington Business Park 

Stevenage 

SG1 2FP 

 

 

GE Healthcare Life Sciences 

Amersham Place  

Little Chalfont  

Buckinghamshire  

Affymetrix UK Ltd 

Voyager, Mercury Park, 

Wycombe Lane Wooburn Green, 

High Wycombe  

HP10 0HH  

 

BioRad 

Bio-Rad Laboratories Ltd.  

Bio-Rad House, Maxted Road 

Hemel Hempstead 

Hertfordshire HP2 7DX 

 

EMD Millipore 

Suite 3 & 5, Building 6, Croxley Green 

Business Park 

Watford 

Hertfordshire  

WD18 8YH 

 

Eurogentec 

Old Headmasters House 

Unit 1, Building 1 

Forest Business Centre 

Fawley Road, Fawley  

Southampton 

SO45 1FJ 

 

Greiner BioOne Ltd 

Brunel Way 

Stroudwater Business Park 

Stonehouse 
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HP7 9NA UK 

 

Jasco 

Oak Industrial Park 

Chelmsford Road 

Dunmow 

CM6 1XN 

 

Leica Biosystems Ltd 

Balliol Business Park West 

Newcastle Upon Tyne 

NE12 8EW  

 

 

Molecular Devices, LLC 

1311 Orleans Drive 

Sunnyvale CA 94089 

USA 

 

MSE (UK) Ltd 

Worsley Bridge Road 

Lower Sydenham 

London 

SE26 5AZ 

 

Promega UK 

Delta House  

Southampton Science Park  

Southampton 

SO16 7NS 

 

Roche Diagnostics 

Charles Avenue 

Burgess Hill 

West Sussex 

RH15 9RY 

GL10 3 SX 

 

Konica Minolta 

Medical and Graphic Imaging 

Barford road 

Banbury 

OX15 4FF 

 

Life Technologies Ltd 

3 Fountain Drive 

Inchinnan Business Park 

Paisley  

PA4 9RF 

 

Munktell Filter ab 

Box 1003 

S-791 10 Falun 

Sweden 

 

Pall Life Sciences 

5 Harbourgate Business Park 

Southampton Road 

Portsmouth 

PO6 4BQ 

 

Qiagen 

House Fleming Way  

Crawley 

West Sussex 

RH10 9NQ 

 

SDIX  

Corporate Headquarters 

111 Pencader Drive 

Newark  

Delaware 19702 
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Sigma-Aldrich Company Ltd 

Fancy Rd 

Poole 

Dorset 

BH12 4QH 

 

 

Sterlitech Corporation 

22027 70th Avenue South  

Kent 

WA 98032 

USA 

 

Vector Laboratories 

3, Ascent Park 

Bakewell road 

Orton Southgate 

Peterborough 

PE2 6XS 

 

 

USA 

 

SoftGenetics 

100 Oakwood Ave 

Suite 350 

State College 

PA 16803  

USA 

 

Thermo Fisher UK Ltd 

Stafford House 

Boundary Way 

Hemel Hempstead 

HP2 7GE 

 

 

 

 

 

 

 

 

 

 

 


