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INTRODUCTION

Epidermal Growth Factor Receptor is a tyrosine kinase receptor that is overexpressed in several
tumors, and constitutes an ideal molecular target for new biologic therapeutic agents, as in lung and
colo-rectal carcinomas [1]. The treatment with EGFR targeted therapies is always related to peculiar
genetic abnormalities, as gene mutations and/or increased gene copy number. Clear cell renal cell
carcinoma (CCRCC) has been widely investigated for EGFR protein expression, and previous studies
on wide series of CCRCC demonstrated that EGFR protein expression is a common occurrence in
CCRCCs, ranging from 50 to 90% of positive cases in different experiences [2]. So far, clinical trials
data showed that EGFR-targeted molecular therapies are not effective for CCRCC. Since EGFR gene
abnormalities are apparently not appreciable in CCRCCs, EGFR overexpression should be related to
alterations in the post-translational regulation machinery, with anomalous protein stabilization or

defective receptor downregulation, increasing its ligand-mediated activation.

Nevertheless, since EGFR overexpression in CCRCC has been stated, further investigations on
EGEFR kinase and non-kinase roles is mandatory for widening the therapeutical adjuvant strategies

for these tumors.
Epidemiology of Renal Cell Carcinoma

Renal cell carcinoma (RCC) is recognized as a heterogeneous group of tumors originating from
the epithelium of renal tubules, which display distinctive genetic/molecular backgrounds, unique
morphological features and characteristic clinical courses. The majority of kidney cancers (80-85%)
are renal cell carcinomas (RCCs) arising from the renal parenchyma. The remaining 15- 20% are for

the most part urothelial carcinomas of the renal pelvis [3].
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RCC is the third most common lethal urological malignancy after prostate and bladder cancers
[4]. It represents 3% of tumors in adults with an age-standardised rate incidence of 5.8 and mortality
of 1.4 per 100,000, respectively, in more developed areas [5].

The incidence presents geographical variations, and it is generally highest in Europe, North
America, and Australia. The lowest rates are reported in Japan, Asia, Africa and China. This
variability suggests a strong role of exogenous factors in addition with geographic differences in
genetic susceptibility and diagnostic variability [6,7].

Incidence worldwide per year is about 209,000 new cases and 102,000 patients die from this
disease. In 2008, in Europe, 88,300 patients were diagnosed with RCC, and 39,230 died from the
disease [8].

According to Italian Cancer Registry, in Italy during the period 2003-2005, kidney cancer was
the eighth most common malignancy in male population, representing 3.8% in the overall incidence
of tumors in men and 2.5% in women. The median incidence rate is 26.4 cases per 100,000 men and
13.4 cases per 100,000 women per year, which corresponds about 9,800 cases per year [9].

The incidence rate showed an increase among men and a substantial stability among women.
This tumor has a North-South gradient with lower incidence in the Central and Southern regions.
There is a 2:1 predominance of men over women, with the peak incidence occurs between the ages
of 60 and 70 [9].

Approximately 20-30% of patients are diagnosed at the metastatic stage of disease and half of
the remaining patients will experience recurrence after an initially curative treatment. The overall 5-
year survival rate of RCC is estimated in the range of 50%, whereas long-term survival decreases in

case of metastatic disease and does not exceed 10% [5].
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In the last few years, the incidence rate variation has been influenced by a greater use of
diagnostic imaging, which has improved the diagnostic accuracy and increased the percentage of

early diagnosis, thus expanding the therapeutic opportunities.
Etiology and Risk Factors

The information on risk factors for renal cell cancer was established by a large number of case-
control studies and recently supported by cohort studies [6]. Several risk factors for the development
of RCC have been identified. No single risk factor explaining the development of all renal cell cancers
has been found. Cigarette smoking, obesity, hypertension-antihypertensive medication and family
history are the major risk factors identified for the development of renal carcinoma [7].

In heavy smokers, the risk is up to 2-fold compared to nonsmokers. Mutagens have been found
in the urine of smokers, and the excretion correlate to the tar content [10,11].

About obesity, the risk increases with an increased body mass index, both in men and women.
It has been suggested that changes in levels of steroid-hormones, insulin like growth factor-1,
cholesterol, vitamin D, adipose tissue derived cytokines and hormones, all obesity-related events, are
involved in cancer development [12, 13, 14]. However, data on the prognostic impact of overweight
in RCC is still conflicting.

Hypertension increases the risk of Renal Cell Carcinoma, while the antihypertensive drugs such
as diuretics are not independent risk factor [15].

The majority of renal cell cancers occur in sporadic form, whereas hereditary renal cancers
account for a small proportion of the patients. A family history of disease is been associated with an
increased risk of 4 times. The major hereditary forms include von Hippel Lindau syndrome,
hereditary papillary renal cancer syndrome, RCC associated with hereditary leiomyomatosis
syndrome, Birt-Hogg-Dubé¢ syndrome and constitutional chromosome 3 syndrome. Recently, a rare

form of familial renal cancer related to hyperparathyroidism-jaw tumor syndrome has been described.
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Each of the inherited syndromes predisposes to distinct types of renal carcinoma, which tend to be
multiple and bilateral, and present at an earlier age [16, 17].

The role of other risk factors, such as analgesics, exposure to asbestos, gasoline or
trichloroethylene, as well as the potential protective effects of alcohol, fruit and vegetables, have to
be taken into consideration in RCC oncogenesis. An association between renal cell cancer and
disorders of the pre-existing kidney and urinary tract, including kidney stones and infections, has
been proposed. These associations are statistically significant and have been confirmed in many
studies [6, 18].

Clinical Features

Many renal masses are asymptomatic and non-palpable until the later stages of the disease. The
classic triad of symptoms, consisting of flank pain, gross haematuria and a palpable abdominal mass,
only occurs in 6-10% of cases [19]. 20% of RCC presents with systemic signs of advanced disease
and among these, the most frequent are: declining weight up to cachexia, chronic low-grade fever,
anemia, metastatic bone pain, chronic cough from pulmonary involvement. During the course of the
tumor in 10-40% of cases, a paraneoplastic syndrome may be evident, which usually regresses after
the removal of the tumor. Paraneoplastic syndromes result from the humoral release of various tumor-
associated proteins which are directly produced by the cancer cells or by the immune system in
response to the tumor. Patients can suffer from symptoms due to metastases. The most frequent sites
for RCC metastases are lung parenchyma, bone, liver and brain, but RCCs can metastasize to virtually

any organ site [20].
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Classification of renal cell carcinomas

The classification of renal neoplasia has undergone significant changes over the last 3 decades
due to the large variety of histological subtypes and the continuous evolution of molecular methods.
It is therefore difficult to create a simple and appropriate classification.

The RCCs have historically been classified according to the cell type present (clear, granular,
oncocytic or spindle) and according to the pattern of growth (acinar, papillary, or solid); this
classification criteria provided, however, limited information on clinical behavior of the cancer itself.
A further histopathologic classification, proposed in 1986, was based on morphological,
histochemical and ultrastructural tumor characteristics, and wass supported by cytogenetic and
molecular analysis.

Today these tumors are classified according to the system drawn up in 2004 by the World
Health Organization (WHO), which describes categories and entities based on morphology,
immunoreactivity and genetic features, in the light of new genetic alterations highlighted by the
discoveries of recent years. Advances in understanding of basic morphology, immunohistochemistry,
cytogenetics, and molecular pathology have led to an expansion in the number of distinct tumor
entities which are currently recognized[21] .

According to WHO 2004 classification, renal malignant tumors include those with the highest
incidence, such as clear cell RCC, papillary RCC, chromophobe carcinoma, and collecting duct
carcinoma of Bellini, and less frequent variants, as multilocular cystic RCC, carcinoma associated
with Xpl11 translocation / 2TFE3, carcinoma associated with neuroblastoma, mucinous tubular and
spindle cell carcinoma. Oncocytoma, papillary adenoma, and metanephric adenoma are recognized
as renal benign neoplasms [21].

Clear cell renal cell carcinoma (CCRCC) represents the wide majority of renal malignant

neoplasms, accounting for approximately 70-80% of cancers [22].
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Among less frequent neoplastic entities, papillary RCC represents 10-15% of kidney cancers
and has a less aggressive clinical course than CCRCC. It has a tendency to be multifocal and bilateral
and consists of epithelial cells arranged to form papillae and tubules in variable proportions.
Microscopically the papillae contains a delicate fibrovascular core with aggregates of foamy
macrophages, cholesterol crystals and frequent hemosiderin granules. In 1997, two morphological
types have been described: the type 1 contain a single layer of small cells with little cytoplasm
covering the underlying fibrovascular cores, whereas the type 2 is constituted by pseudo-stratified
cells with more eosinophilic cytoplasm and higher nuclear grade. The prognosis of type 1 is more
favorable than that of type 2. The commonest genetic alterations are trisomy or tetrasomy of
chromosome 7, trisomy of chromosome 17 and loss of chromosome Y. Trisomy of 12, 16 and 20 is
also found in PRCC and may be related to tumor progression, while loss of heterozygosity at 9p13 is
associated with shorter survival [21, 22].

Chromophobe carcinoma accounts for 3—5% of RCCs and it is mostly sporadic, although some
cases are related to the Birt-Hogg-Dubé (BHD) syndrome. Macroscopically it shows a demarcated
beige or pale-tan color mass without capsules. Microscopic examination reveals 2 types. The typical
variant is characterised by huge pale cells with reticulated cytoplasm and prominent cell membrane.
The eosinophilic variant is purely composed of intensively eosinophilic cells with prominent cell
membranes. The cells have irregular, often wrinkled, nuclei. Some are binucleated. Nucleoli are
usually small. Perinuclear halos are common. The underlying genetic abnormality is monosomy in
chromosomes 1, 2, 6, 10, 13, 17 or 21[21, 22].

Collecting duct or Bellini’s duct carcinoma represents less than 1% of RCCs. It is characterized
by irregular channels lined by a highly atypical epithelium, which can have a hobnail appearance.

Renal medullary carcinoma is considered a subtype of collecting duct carcinoma and associated with
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the sickle cell trait. Less than 3% of RCCs are characterized by indeterminate histological features
and they are called unclassified or undifferentiated RCCs [21, 22].

Some studies have shown that CCRCC has the worst prognosis compared to papillary and
chromophobe variants. This concerns especially organ-localized tumors. When stage and nuclear
grade were included in the analyses, tumor type lost independent prognostic significance. However,
the multilocular cystic variant of CCRCC and mucinous tubular and spindle cell RCC have favorable
prognosis. Collecting duct and medullary carcinoma have poor prognosis. For all the major subtypes
sarcomatoid dedifferentiation is associated with adverse prognosis [21, 22].

Recently, the International Society of Urological Pathology (ISUP) Vancouver Classification
of Renal Neoplasia proposed new epithelial neoplasms: tubulocystic renal cell carcinoma (RCC),
acquired cystic disease-associated RCC, clear cell (tubulo) papillary RCC, the MiT family
translocation RCCs (in particular t(6;11) RCC), and hereditary leiomyomatosis RCC syndrome-
associated RCC. In addition, 3 rare variants were considered as emerging or provisional new entities:
thyroid-like follicular RCC; succinate dehydrogenase B deficiency-associated RCC; and ALK

translocation RCC [23].
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CLEAR CELL RENAL CELL CARCINOMA

CCRCC is the most common type of renal cancer that occur in adults who are older than 40
years of age and there is a 1,5:1 predominance of men over women [24]. It presents a mostly silent
development and, for this reason, the diagnosis is made late in relation to the stage of the disease.
The clinical onset is manifested by the classic triad of symptoms consisting of hematuria, back pain
and an abdominal palpable mass. Other signs and symptoms of the disease frequently can be
summarized as: anemia, liver dysfunction, weight loss, hypoalbuminemia, malaise general,
hypercalcemia, and anorexia. Nevertheless, many patients are asymptomatic and the tumor, usually

is diagnosed incidentally during abdominal imaging.
Gross pathology

Macroscopically, the tumor presents a bright yellow color due to the accumulation of lipids in
malignant cells, and fibrosis, often at the center of the lesion, can impart a gray color [25]. The size
of the tumor may vary from a few millimeters up to dimensions such as to reach a few kilograms in
weight. Hyalinization and fibrosis are common in tumors in the early stage, while in advanced tumors
coagulation necrosis can be observed [26]. The tumor is commonly well circumscribed, although the
capsule is often absent [22]. A low percentage of cases presents cystic change and calcification or
ossification. Bilateral tumors were found in 0.5-3% of patients, and are more frequent in patients with

Von Hippel Lindau syndrome and tuberous sclerosis [25].
Microscopic features

The microscopic analysis of CCRCC shows a proliferation of large cells, with well-defined cell
membranes, and a clear, optically empty cytoplasm, caused by the removal of lipids by routine
histological procedures. The tumor may also contain a variable proportion of cells with a residual
granular eosinophilic cytoplasm, around the nucleus, but these are rarely the predominant cell type in

the tumor. The nuclei appear round, oval and fairly regular in well-differentiated forms, where mitotic
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activity is absent or rare, while they may show irregularities and hyperchromia with atypical mitotic
figures in the most aggressive forms. CCRCC may progress into a sarcomatoid carcinoma, where a
higher grade of cytological atypia is usually recognizable, even with multinucleated giant cells, and
morphologic signs of dedifferentiation are apparent.

Hyaline globules can be appreciable both outside and inside the cells [25]. From the
ultrastructural point of view, the cells have long microvilli, reminiscent the brush border of the
proximal renal tubules, while the Golgi apparatus and the rough endoplasmic reticulum tend to be
scarce or absent, and may be pushed toward the cell periphery by the accumulation of lipids and
glycogen [27].

The architecture of the tumor can be either alveolar, tubular and microcystic. In the alveolar
pattern, the alveoli are rounded and separated by a light network of highly vascularized connective
tissue whose blood vessels have a thin wall. In the tubular pattern, neoplastic epithelial cells are
aligned to define a central lumen. In areas of microcystic degeneration, is generally present necrotic
material and red blood cells, and cysts are separated by fibrous septa and irregular in shape and size.
This type of architecture characterizes the rare variant known as multilocular cystic clear cell
carcinoma [25]. The presence of poorly differentiated components of sarcomatoid or rhabdoid type
is associated with a higher clinical aggressiveness [28].

Genomic Alteration

CCRCC is characterized by a considerable molecular heterogeneity which results in an altered
cell proliferation, cell death, metabolic activity and tumor microenvironment. This suggests that the
traditional prognostic factors such as pathologic staging, grading according to Fuhrman and nuclear
morphology may not be sufficient for a correct characterization and classification of these tumors.
Therefore, it is difficult to predict the progression of the disease, the therapeutic response and

survival. Over the past decade, the introduction of techniques as "new generation sequencing" has led
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to significant progress in understanding the molecular pathogenesis of CCRCC by identifying specific
genetic alterations and molecular mechanisms related to them. However, it remains a challenge still
open the identification of prognostic and predictive biomarkers [29].

The most frequent genomic alteration detected in CCRCC is the loss of short arm of
chromosome 3 at position 3p25 associated with von Hippel-Lindau (VHL) tumor suppressor gene
inactivation that leads to a lack of functional VHL protein (pVHL). So it confirmed the critical role
of VHL gene in CCRCC development. Over 800 VHL mutations were identified in both hereditary
and sporadic CCRCC and more than 50% of them are frameshift and nonsense mutations which
produce loss of pVHL function[29, 30] .

In familial forms, germ line mutations are followed by mutation, methylation, or loss of the
remaining wild-type VHL allele in the tumor. Sporadic forms are characterized by somatic biallelic
inactivation of the VHL gene. 80% of sporadic CCRCC displays alterations of the VHL gene which
involve either somatic mutations, loss of heterozygosity and promoter hypermethylation but the
effective biallelic inactivation of VHL is found in 60—70% of CCRCC cases [31-35]. Moreover, 30—
40% of sporadic CCRCCs have a functional VHL gene, suggesting that different genes and other
pathways are involved in the tumor pathogenesis.

The VHL gene is an evolutionarily well conserved tumor-suppressor gene composed of at least
three exons. VHL gene coding for a protein of a 30-kDa (pVHL) constituted by 213 amino acids with
multiple functions.

The best investigated function is its role as a substrate recognition component of a multiprotein
E3 ubiquitin protein ligase complex involving proteins such elongins B and C Cul2 and Rbx1, that
target other protein for ubiquitination and subsequent proteasomal degradation [36]. The hypoxia-
inducible factor (HIF), the principal target, is a transcription factor that mediates adaptive responses

to hypoxia. It enhances O2 delivery and promotes cell survival under a low oxygen environment by
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upregulating numerous genes. HIF-1 is a heterodimer consisting of a hypoxia inducible alpha subunit
and a constitutively expressed beta subunit [37-39].

HIF-1a is upregulated in the post-translational level through a decrease in protein degradation
in response to hypoxia (O2-dependent mechanism). HIF-1a is also induced in the translational level,
namely, by upregulation of its synthesis in response to growth factor stimulations and subsequent
activations of phosphoinositol-3-kinase (PI3K)/Akt/ mammalian target of rapamycin (mTOR) or
RAF/mitogen-activated protein kinase kinase (MEK)/mitogen-activated protein kinase (MAPK)
pathways (O2-independent mechanism) [40].

Under normoxic conditions, pVHL binds the hydroxylated hypoxia inducible factor (HIF) alpha
which leads to its ubiquitination and degradation [38].

Under hypoxic conditions or in the absence of functional VHL , the stabilization of HIFa,, which
is not degraded, leads to the formation of a heterodimer with HIF1 which initiates enhanced

transcription of HIF target genes VEGF, EGF, PDGF, erythropoietin, glucose transporter 1, involved
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Figure 1. VHL-HIF Pathway
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in the regulation of cellular processes such as angiogenesis, cellular metabolism and cell growth
(Figure 1).

Both HIFla and HIF2a show common but also distinct transcription patterns. HIF1a
preferably drives the expression of genes important for apoptotic and glycolytic pathways, whereas
HIF2a activates genes involved in cell proliferation and angiogenesis. The inactivation of VHL
resulting in overexpression of HIF may be involved in the development of cancer through
deregulation of cellular processes described above [38].

The CCRCC can be classified according to the different mutational status and expression of the
VHL and HIF genes, into three distinct CCRCC phenotypes tumors: the first with the gene wild-type
VHL, and the absence of expression of HIF1a and HIF2a (VHL+, HIF1a-, HIF20-); the second with
mutated VHL with increased expression of both HIF 1o that of HIF2a (VHL-, HIF 10+, HIF20+); the
third VHL deficient tumors with only overexpression of HIF2a (VHL-, HIFla-, HIF20+) [41].
Studies have shown that HIF-1 a inhibits transcription of the c-Myc oncoprotein, whereas HIF-2 o
potentiates c-Myc transcriptional activity and cellular proliferation. Then both molecules oppositely
regulate oncogene activation in CCRCC tumorigenesis, resulting in distinct gene expression patterns
that correlate with differences in clinical outcomes. Another study has shown significant differences
in gene expression profiles of VHL deficient CCRCC tumors. VHL +/+ cancers exhibit a specific
gene expression pattern that may represent a separate CCRCC subset, which is not able to respond to
VHL/HIF pathway targeted therapy [42].

Consequently, gene expression heterogeneity of CCRCCs clearly reflects differences in disease
course, drug response variability among patients, tumor drug resistance, and therapy effectiveness.

Furthermore, a recent study, using Notl-microarrays (NMA), a sensitive technology which
allow to identify both genetic (deletions/amplification) and epigenetic (methylation/demethylation)

changes simultaneously, identify epigenetic and genetic alterations of 22 genes located on
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chromosome 3 in CCRCC. Among them there are well-known tumor suppressor gene and candidate
(VHL, CTDSPL, LRRC3B, ALDHI1L1 and EPHB1) and genes that were not previously considered
involved in cancer development (LRRN1, GORASP1, FGDS5, and PLCL2). These genes encodes
proteins which are involved in signaling pathways and biological functions frequently affected during
progression of different tumor, however a part of the gene and their protein functions are still
unknown. These results suggest that methylation on chromosome 3 is a common event in CCRCC
[43].

Recently a systematic large-scale sequencing of more than 3500 genes in 101 CCRCC
identified new molecular markers correlated with clear cell renal cell carcinoma; these genes encode
enzymes that demethylate (UTX, JARID1C) or methylate (SETD2) key lysine residues of histone
H3. The epigenetic modifications of histone H3 regulate chromatin structure thereby influencing the
control of gene transcription, in CCRCC such epigenetic mutations can be identified in only 15% of
cases. PBMRI1 gene mutations were found in 50% of tumors analyzed; the gene maps to chromosome
3p21 and encodes the protein BAF180 representing the subunits of complex PBAF SWI / SNI that
targets the chromatin remodeling it. This protein complex is involved in the regulation of replication,
transcription, DNA repair, and control of cell proliferation and differentiation. Several studies identify
the gene PBMRI1 as a "gatekeeper" of CCRCC, suggesting a potential role for therapeutic options
[39] . The high incidence of mutations in the PBRMI1 gene (50% of cases) were confirmed in
independent CCRCC sets, which makes the PBRM1 gene a second major mutated gene in CCRCC
(following VHL) [44, 45]. Moreover, loss of PBRMI1 protein expression correlates with clinical
parameters, including advanced tumor stage, low differentiation grade and, worse patient outcome
[46]. Mutations in the BAP1 gene, a protein associated with BRCA, were identified in 15% of clear
cell renal carcinomas, indicating that mutations in the BAP1 gene and the gene PBRM1 are mutually

exclusive. Other studies have demonstrated the presence of amplification of chromosome 8q resulting

Francesca Sanges - Analysis of EGFR kinase-dependent and kinase-independent roles in clear cell renal cell carcinoma,

Tesi di dottorato in scienze biomolecolari e biotecnologiche, Universita degli Studi di Sassari

13



in overexpression of c-MYC gene. Finally, the RASSF1A gene is hypermethylated and inactivated
in 30-50% of sporadic cases of clear cell renal cell carcinoma and papillary, while rarely found gene
mutations.

The second most frequent chromosomal alteration is the duplication of chromosome 5q but the
oncogenes located in this region remain unknown. Several studies indicate that the candidate genes
mapped to 5q chromosome are TGFB1 amplified in 70% of CCRCC cases and CSF1R upregulated
in 30% of tumors [47, 48].

Other common polysomy are those of chromosomes 7 (18-30%), 16 (11%), 12 (10-15%), 20
(10%), and 2 (9-14%). During the progression of the disease, the cancer cells can also express the
entire polyploidy karyotype, in turn, associated with more losses and gains of chromosomal material

transcription, DNA repair, control of cell proliferation and differentiation [49].
Prognostic Categorization

In assessing the prognosis of CCRCC, we take into account several clinical-pathological
features, such as pathological staging according to the TNM system (tumor, node, metastasis), where
T stands for tumor size, N for lymph node status and M for the presence of metastases; Fuhrman
nuclear grade, which correlates with tumor aggressiveness; the presence of necrosis.

To date, different prognostic models to predict survival and identify patients with a high risk of
recurrence, have been proposed. The SSIGN Score, a model that integrates stage, size of primary
tumor, nuclear grade and presence of necrosis in a single score, has proven particularly useful for
predicting the "'outcome" of the patient. In fact, higher SSIGN score are correlated with reduced
tumor-specific survival in patients with clear cell renal cell carcinoma.

In a multivariate retrospective analysis of 600 patients with metastatic renal cell carcinoma
Elson et Coll have identified five indicators of survival: ECOG PS score ( Eastern Cooperative

Oncology Group Performance Status), the period of time between diagnosis and the first systemic
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treatment, the number of metastatic sites, previous systemic therapy and weight loss. On the basis of
these factors, the authors have stratified patients in five group characterized by different survival.

The UCLA Integrated Staging System (UISS system), developed by Zisman et al, is valid for
patients with metastatic RCC and with localized tumors [50].

It is a model that integrates the TNM staging, ECOG PS, and Fuhrman grade and categorize
patients into three groups (low, intermediate, and high risk) to predict overall survival. In an
international multicenter this system has not been confirmed to be reliable and accurate for metastatic
disease therefore retains its prognostic value only in localized disease [51].

The Memorial Sloan Kettering Cancer Center (MSKCC) prognostic system was proposed by
Motzer et al, who analyzed a series of 670 patients with RCC in advanced stage and treated with
immunotherapy and chemotherapy, identifying five pretreatment factors significantly correlated with
a worse prognosis: low Karnofsky Performance Status (KPS) , high lactate dehydrogenase (LDH)
and serum calcium , low hemoglobin and presence/absence of nephrectomy [52].

Motzer, using these variables, stratified patients into the following groups: favorable,
intermediate, and unfavorable risk with different prognosis, survival ranged from 20 months for the
group with a good prognosis, 4 months for a poor prognosis. A subsequent validation of the Motzer
prognostic system has shown that the majority of patients fall within the intermediate-risk group and
no account is taken of independent prognostic factors such as the previous radiation treatments and
the number of metastatic sites. The addition of these two parameters allowed to redistribute patients
initially considered to be at intermediate prognosis and classify them in the group with a poor
prognosis.

Motzer et al. also have developed a nomogram which should be able to predict the probability
of disease progression at 12 months after start of treatment, using parameters that are an evolution of

Motzer prognostic criteria [53].
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New prognostic markers

The wide application of immunohistochemical and molecular techniques has allowed to
identify new potential prognostic markers and their potential prognostic impact. They are represented
by adhesion molecules, as E-Cadherin-6; molecules induced by hypoxia, as VEGF, HIF, CAIX;
molecules stimulating immunosuppressive responses, as B7-H1 and B7-H4; and anti-apoptotic
molecules, as surviving [54, 55].

VEGEF is a polypeptide overexpressed in the tumor, which has been associated with a decreased
survival time and it is correlated with tumor size, grading, necrosis, stage and microvessel invasion.
Increased production of VEGF is relate to VHL gene alterations [56, 57]. HIF is a typical tumor
marker, and its correlation with the survival of patients with CCRCC has been extensively studied;
in fact, HIFla is overexpressed in all renal neoplasms, but the clear cell subtype is the one with the
largest share of expression; HIF2a is also overexpressed in the epithelium of numerous tubular renal
tumors, instead both HIF 1a that HIF2a, in at least 50% of the cases, are not expressed in sarcomatoid
component of the tumor [58, 59]. Multivariate analysis demonstrated that patients with HIFla
expression and sarcomatoid differentiation showed higher PFS and cancer-specific survival (CSS)
rate. On the contrary HIF2 a expression was not associated with survival [55].

Carbonic anhydrase IX (CAIX) is currently one of the factors most studied and is a
transmembrane protein, involved in the regulation of both intracellular and extracellular pH, whose
gene expression is modulated by HIF1. Although CAIX is absent in the context of normal renal
parenchyma, is overexpressed in 95% of clear cell carcinomas and in 50% of papillary [60]. Some
authors have demonstrated the role of CAIX in predicting cause-specific survival of patients with
clear cell carcinoma.

B7-H1 and B7-H4 are members of the super-family of immunoglobulins, in particular B7-H1

is a glycoprotein expressed on the cell membrane, which acts as activator of T lymphocytes, and is
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correlated to a high degree of mortality in renal tumors, while B7-H4 is expressed in activated T cells
[61, 62].

Survivin is an inhibitor of apoptosis protein detectable in all renal tumors, whose
overexpression has been associated with adverse tumor features and poor prognosis [63, 64].

Some chromosomal alterations in RCC have been related with prognosis: in fact, the deletion
of the short arm of chromosome 3 was associated with more favorable prognosis, while the loss of

4p, 9p, and 14q is associated with poor prognosis.
Treatment

The treatment of renal cell carcinoma has changed dramatically in recent years with the advent
of targeted agents.

The therapeutic approach is primarily surgical, in particular in patients with early-stage disease,
although about 30% of patients will display tumor recurrence and distant metastases. Depending on
the size and extent of the tumor, a partial or total nephrectomy may be performed, and recently new
laparoscopic procedures have been developed in order to improve the recovery of the patient.

Chemotherapy, which appears to be active in many solid tumors, resulted in a minimal clinical
benefit in patients with renal cell carcinoma because no chemotherapeutic agent shows significant
antitumor activity. Currently the indications for chemotherapy in metastatic renal cell carcinoma are
limited to specific clinical conditions.

Since RCC is highly resistant to chemotherapy, the treatment is based on the administration of
immunomodulatory agents such as interleukin-2 (IL-2) and / or interferon-alpha (IFN-a) with a
significant antitumor activity, widely used as first-line treatment of metastatic disease. Response rates
with these cytokines are low (5 to 20%), and median overall survival is approximately 12 months.

Interleukin-2 (IL-2) is a cytokine produced by activated T cells. Upon binding with specific

receptor on the cell membrane, IL-2 promotes clonal expansion and enhances the cytotoxic activity,
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which is in an increase in the proliferation and cytolytic functions of cellular effectors, such as CD8+
cytotoxic T lymphocytes and "natural killer" cells.

The interferons are natural glycoproteins with antiviral, antiproliferative, and
immunomodulatory properties. Interferon-alpha (IFN-a) is a protein produced by lymphocytes,
lymphoblasts and macrophages which is able to activate macrophages and monocytes, to increase the
activity of the matural killer' cells, to induce the expression of antigens on the cell surface, and to
enhance the activity of cytotoxic T lymphocytes. IFN-a antineoplastic mechanisms are not clear, but
an important activity as anti-angiogenic modulator, especially when it is administered at low doses,
has been reported.

The percentage of patients showing a complete response, especially with IL-2, was very limited,
i.e. approximately 12.4% of patients, and it was often associated with significant toxicity. In addition,
it was shown that the benefit of immunotherapy was limited to patients with good prognosis: recent
data show a higher response rate in patients treated with high-dose IL-2 and selected on the basis of
specific clinics characteristics [65].

Since 2005, new molecules for the treatment of metastatic renal carcinoma have been
developed, based on new findings concerning the biological mechanisms responsible for the renal
carcinogenesis.

The development of "Targeted Therapies" has enabled to develop more personalized treatment
but also improved the clinical outcome of patients with metastatic renal cell carcinoma. The median
survival of patients with metastatic renal cell carcinoma treated with cytokines was about 10 months,
whereas an improvement in progression-free survival of disease up to 27 months, and an increase in

overall survival up to 40 months, has been estimated for targeted treatments.
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TARGETED THERAPIES

Recent advances in molecular biology have allowed to study the different expression of genes
involved in neoplasms and proteins produced by them in order to determine a detailed molecular
profile of tumors.

The resulting clinical and therapeutic application of these studies made it possible to customize
therapies based on tumor biomolecular characterization.

The Targeted Therapy is defined as a drug that blocks the growth and spread of cancer by
interfering with specific molecules involved in tumor growth and progression.

The major advantage of targeted therapies is the selective action on tumor cells, making them
potentially more effective and less toxic, as well as the enhancement of therapeutic effects of
chemotherapy and radiotherapy. Moreover, data obtained from clinical research support the
possibility of using a wide range of agents directed to different molecular targets. The greater
restriction on their use is now represented by spectrum of activity limited to those particular
subgroups of tumors sharing the same histologic phenotype, depend on specific molecular alterations.
Main mechanisms of action of identified for targeted therapies are: blocking of growth factors and
their receptors, modification of the function of proteins involved in the regulation of gene expression
or other cellular functions, induction of apoptosis, inhibition of tumor cell 'angiogenesis,
enhancement of the immune response against cancer cells and production of toxic molecules against

cancer cells (Figure 2).
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Figure 2. Targeted therapies mechanism of action

Recently, protein kinases, especially protein tyrosine kinase, which catalyse key
phosphorylation reactions in signaling cascades affecting every aspect of cell growth, differentiation
and metabolism, have become the main therapeutic target in cancer treatment [66].

Most extracellular signals, implicated in the regulation of growth and cell survival, are
amplified and transduced into the cell through three processes: the activation of receptor tyrosine
kinase , receptors coupled to GTP-binding proteins, or through the cytokine receptors [67]. All these
receptors systems, directly or indirectly, involve protein kinases in signal transduction. The
development of cancer can be correlated with a wide variety of cellular mechanisms that include the
overexpression of growth factors, such as the vascular-endotelial growth factor (VEGF), the
transforming growth factor alpha (TGF-alpha), receptors of growth factors (the receptor for platelet-
derived growth factor, PDGFR, or receptor for the epidermal growth factor, EGFR), the deregulation
of kinase (ABL or EGFR), the deregulation of the activity of kinases by the activation of oncogenes
(via signal transduction Ras/Raf), the loss of function of tumor suppressor genes (p53, pRb).

The knowledge of signal transduction pathways and the method by which a cell responds to
external signals have made that the protein-kinase, could become an important target for the treatment
of cancer, especially in cases where an inappropriate activation of these kinase protein is involved in

the pathogenesis and progression of cancer [66.].
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Study and comprehension of molecular mechanisms involved in the pathogenesis of tumors,
have allowed the identification of markers useful both for diagnosis and as targets for therapeutic
treatment. The resulting clinical and therapeutic application of these results is allowing to customize
treatments based on biomolecular characterization of the tumor. More and more are using selective
drugs that act on single altered molecules (growth factors, receptors, enzymes, etc.), responsible for
the growth and uncontrolled spread of cancer cells, their resistance to traditional therapies and
angiogenesis.

Among the targets proposed by the new selective therapies, used in the treatment of cancer,
there are a number of molecules with antigenic properties, generally localized to the cell membranes
and expressed in a different way from the neoplastic elements than normal cells, potentially
susceptible to the action of targeted humanized monoclonal antibodies. This therapeutic approach
was reflected particularly in the adjuvant treatment of breast cancer, colon cancer, lung cancer and
certain lymphoproliferative disorders [68, 69].

Clear examples of their potential efficacy are given by Imatinib-mesylate, which was approved
for chronic myeloid leukemia and Gastro Intestinal Stromal tumors (GIST), mesenchymal neoplasms
that develop in different sections of the gastrointestinal tract, characterized by the presence in the
tumor cells of c-KIT and PDGFR-alpha gene mutations resulting in gain of function of the
corresponding receptor. It is known that GISTs are poorly responsive to conventional treatments such
as chemotherapy and radiotherapy, and excellent results were recently obtained with Imatinib-
mesylate treatment. Reports in the literature indicate that 75-90% of patients with advanced-stage
GISTs treated with Imatinib-mesylate show clinical benefits.

Trastuzumab, a humanized monoclonal antibody specific for the human epidermal growth
factor receptor type 2 (HER2), a cell-surface tyrosine kinase receptor overexpressed by 25% to 30%

of breast cancers, was approved as a single agent in first-line treatment of HER2-Overexpressing
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metastatic breast cancer. Patients with HER2 positive Breast Cancer manifested short disease-free
and overall survival. A large phase II trial prove that trastuzumab monotherapy is active against
HER2-overexpressing breast cancer in patients previously treated with chemotherapy for metastatic
disease. Additionally, the results of a phase III trial 7 indicate that trastuzumab significantly enhances
the activity of first-line chemotherapy and provides a survival advantage to women with HER2-
overexpressing breast cancer.

In 2007, Bevacizumab, a recombinant humanized monoclonal antibody that binds to vascular
endothelial factor (VEGF) inducing angiogenesis inhibition, was approved for the treatment of
patients with metastatic HER-2 negative breast cancer. The approval was based on a Phase 3 study
that showed that Avastin in combination with paclitaxel is able to reduce by 52% the risk of tumor
progression or death compared to patients treated only with chemotherapy, doubling-free disease
survival. [70]

Another example is Cetuximab, an EGFR inhibitor, utilized for the treatment of non-small cell
lung cancer (NSCLS). About 70% of cases of lung cancer shows overexpression of EGFR which
correlates with a poor prognosis, EGFR genomic amplification and activating mutations of the

receptor.
RCC and Targeted Therapies

Small molecule tyrosine kinase inhibitors (TKIs) were the first targeted therapies approved for
the treatment of RCC. They bind to tyrosine kinase receptors located on the intracellular domain of
cell surface growth factor receptors, blocking intracellular signaling, and therefore promoting tumor
shrinkage.

For the treatment of CCRCC different types of drugs have been developed: the first class
includes drugs aimed to inhibit neoplastic angiogenesis, such as Bevacizumab, a monoclonal antibody

directed against the vascular endothelial growth factor (VEGF); a second class includes tyrosine
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kinase inhibitors (TKIs) such as Sunitinib, Sorafenib, Pazopanib, and Axitinib, in addition to mTOR
inhibitors, Everolimus and Temsirolimus (Figure 3). Each of these molecules acts specifically against
a component of the intracellular molecular mechanisms that characterize the renal carcinoma. These
agents mostly focus on downstream disruption of the VHL/HIF pathway by targeting VEGFR, or
inhibiting the mTOR pathway.

VEGF is a potent pro-angiogenic protein, leading to increased vascular permeability and
endothelial cell proliferation/migration. Therapeutic inhibition of the VEGF pathway thus has strong
biologic rationale in RCC.

Sorafenib, approved in 2005, is a multikinase inhibitor which was designed as a c-Raf and b-
Raf inhibitor. The Ras/Raf signaling pathway is a mediator of tumor cell proliferation and
angiogenesis.

Sorafenib is a TKI that inhibits VEGFR2 and 3, ¢-Kit, PDGFR and the serine-threonine kinase
BRAF and CRAF (kinase components of the molecular cascade of RAF / MEK / ERK pathway,
which is involved in survival / proliferation of cells cancer). Sorafenib is used as a second-line RRC
treatment due to improved progression-free survival (PFS) when compared with cytokine therapy. In
a clinical phase III trial patients with metastatic RCC, progressing after prior treatment with
cytokines, were randomized to receive Il line treatment with Sorafenib versus placebo. [71]

The benefit in terms of PFS after therapy with Sorafenib was statistically significant. In a
subsequent randomized study phase II comparing Sorafenib vs. IFN-a as treatment of the line, in 189
patients with metastatic RCC, no statistically significant difference between the two drugs were
reported. In elderly patients (> 70 years), Sorafenib was effective and safe in the same way as shown
for younger patients with a toxicity profile slightly higher in elderly patients, although the difference

was not statistically significant.
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Sorafenib has been approved in II line therapy for patients with RCC metastatic progression
after cytokine therapy or to the line of patients candidates for treatment with cytokines [72]. Oral
Sorafenib therapy prolonged PFS in patients with advanced CCRCC in whom first-line therapy had
failed. This improvement was associated with an increased number of adverse events, as compared
with placebo.

Sunitinib is an oral inhibitor of VEGFR1 and 2, PDGFR alpha and beta, FGFR1, FLT-3, CSF-
IR and c-KIT, was approved by the Food and Drug Administration (FDA) for the treatment of RCC,
and is recommended as first-line treatment in advanced stages [73]. A randomized phase III trial,
Sunitinib to IFN-a in first-line therapy in 750 patients with metastatic RCC, showed a statistically
significant advantage for PFS. Sunitinib is very effective in patients with metastatic CCR. Moreover,
it has also shown activity in patients with unfavorable characteristics of the disease (2 brain
metastases, non-clear cell histology) and in elderly patients [74]

Sunitinib is an oral inhibitor of VEGFR1 and 2, PDGFR alpha and beta, FGFR1, FLT-3,
CSF-1R and c-KIT, which has been approved in 2006 by the Food and Drug Administration (FDA)
for the treatment of CCRCC, and is recommended as first-line drug in treatment of the advanced
stages. Two multicentre phase II trials investigated Sunitinib’s efficacy as second-line therapy for
patients with a prior nephrectomy and cytokine-refractory RCC [75, 76].

Both trials demonstrated that Sunitinib is active in the second-line setting with overall response
rate RRs of 40 and 33% and PFS of 8.7 and 8.8 months .A randomized phase III trial confirmed the
results of the phase II studies and compared Sunitinib with IFN-a in 750 patients with untreated
metastatic clear cell RCC, showing a statistically significant advantage for PFS. Moreover, it has also
shown activity in patients with unfavorable characteristics of the disease (2 brain metastases, non-

clear cell histology) and in elderly patients [77].
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Pazopanib, targeting VEGFR 1- 3, PDGFR a and B, FGFR1, FGFR3,KIT, and CSF-1R, has
more recently been approved for use as a first-line therapy for metastatic RCC. A phase IlI trial reports
that Pazopanib may have a favorable side effect profile as compared to Sunitinib, although
hepatoxicity is more frequent with Pazopanib. A randomized, double-blind, phase III study evaluated
efficacy and safety of Pazopanib monotherapy demonstrating significant improvement in PFS and
tumor response compared with placebo in treatment-naive and cytokine-pretreated patients with
advanced and/or metastatic RCC [78].

Pazopanib is likely to be indicated in the treatment of patients with locally advanced or
metastatic CCR, with predominant clear cell histology:, in patients with good prognosis / intermediate
(according to MSKCC Prognostic Score); in line II, in patients previously treated with cytokines.

Axitinib, a second-generation inhibitor of VEGFR 1, 2, and 3 at sub-nanomolar drug
concentrations. It is a small molecule approved by the FDA as a second-line therapy of advanced
renal cell carcinoma. Axitinib resulted in significantly longer PFS compared to another multikinase
inhibitor, Sorafenib, and was developed to be a more potent and selective inhibitor of VEGFRs [79].
Relative potency of Axitinib is 50450 times greater than that of the first-generation VEGFR
inhibitors. Additionally, first-generation inhibitors block other targets, such as PDGFR, b-RAF, KIT,
and FLT-3, which are not inhibited by Axitinib. These off-target activities might contribute to the
adverse effects of the first-generation inhibitors, suggesting that more specific inhibitors of VEGFR
such as Axitinib might have an enhanced therapeutic efficacy. In a phase 2 study including 13 patients
with cytokine-refractory renal cell carcinoma, the objective response rate with Axitinib was 44%,
with a median time to progression of 15-7 months and an overall survival of 29-9 months.

Bevacizumab, a monoclonal antibody, given intravenously, that binds to and neutralizes
circulating VEGF protein but does not affect the VEGF receptor, approved by FDA for colon cancer

in 2004 and for other cancers, including RCC in 2009. This antiangiogenic antibody has produced a
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significant prolongation of time to disease progression compared with placebo in patients with
treatment-refractory metastatic RCC in a small randomized trial [80].

Bevacizumab it is not approved for RCC monotherapy but in combination with the immune
modulator interferon alpha, producing high response rate and PFS exceeding 10 months.

Indeed, a prospective randomized trial demonstrates that addition of Bevacizumab to IFN
produces significantly prolonged PFS and a higher ORR compared with IFN monotherapy in patients
with untreated metastatic clear-cell RCC [81]. This is the first demonstrations of the benefit of
combining multiple non chemotherapy agents in cancer systemic therapy. It is noteworthy that the
mechanism of these two agents may not be entirely independent, as IFN has demonstrated
antiangiogenic effects and antibody-mediated VEGF inhibition has antitumor effects through
improvement in dendritic cell function.

Two agents targeting the mTOR pathway are FDA approved for the treatment of RCC:
temsirolimus and everolimus.

Temsirolimus is a derivative of Sirolimus (rapamycin), it is an inhibitor of mammalian target
of rapamycin kinase, mMTORC1, administered intravenously and approved for first line treatment of
RCC. mTOR is a component of RAS/PI3K/PKB intracellular signaling pathways regulating cell
growth and proliferation, metabolism, and angiogenesis, which is involved in the cell growth and
proliferation, and in the response of such cells to hypoxic stress. Abnormal functioning of the mTOR
pathway may contribute to the pathogenesis of renal cell carcinoma (RCC) [65]. Interruption of
mTOR signaling decreases levels of HIF, VEGF, and other intracellular factors involved in
progression of the cell through its cycle. It is the only drug recommended as a category 1 therapy for
RCC patients with poor prognosis.

Everolimus is an immunosuppressant mTOR inhibitor, orally administered, approved by the

FDA in 2009 in patients with advanced RCC after progression following treatment with Sunitinib or
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Sorafenib. According to a trial involving 410 RCC patients previously treated with inhibitors of
VEGF and subsequently with Everolimus, a prolonged PFS compared to placebo was appreciable
[82].

It is known that EGFR overexpression is correlated with a poor prognosis in CCRCC, reduced
survival and increase risk of metastatic disease. Clinical trials have shown that EGFR inhibitors, when
used as single agents, did not demonstrate treatment efficacy in patients with advanced RCC.

Phase II trials, open label study showed that patients with advanced, metastatic, or relapsed
RCC did not reveal any objective responses following treatment with Gefitinib (IRESSA), the first
EGFR tyrosine kinase inhibitor to be approved for the treatment of cancer [83].

In another study by Drucker et al. involving 18 patients with advanced RCC treated with
IRESSA compared with IFN-a, the treatment did not result in any complete or partial responses, and

13 patients (81%) had progression of disease within 4 months after onset of therapy [84].
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Figure 3. Targeted therapies for renal cell carcinoma and biological pathways
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This lack of objective responses in patients with metastatic RCC has also been observed in a
phase II trial of the EGFR monoclonal antibody Cetuximab (ABX-EGF), where time to progression
was not prolonged with Cetuximab compared with IFN-a data [85]

Neoadjuvant biological therapy is the administration of "targeted" before nephrectomy, with
two different objectives: reduce the volume of the primary tumor in patients with CCR to allow partial
nephrectomy; reduce the volume of the primary tumor and the extent of metastatic spread in patients
with metastatic CCR.

To date, neoadjuvant therapy is a treatment modality currently under study, which is not to be

considered, at the moment, in routine clinical practice.
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EPIDERMAL GROWTH FACTOR RECEPTOR

Epidermal growth factor receptors represent a large family of tyrosine kinase receptors (TKR)
expressed in several types of cancer, including breast, lung, esophageal, and head and neck [86]
EGFR and its family members are the major contributors of a complex signaling cascade that
modulates growth, differentiation, adhesion, migration and survival of cancer cells. Given their
multidimensional role in the progression of cancer, they have emerged as attractive candidates for
anti-cancer therapy.

Specifically EGFR is one of the most investigated TKRs, is constitutively expressed in some
normal mammalian epithelial cells where has been shown to regulate a variety of important functions,
including growth, survival, differentiation, and morphogenesis. It may be used as a model for
understanding signal transduction pathways.

The epidermal growth factor receptor (EGFR) is a member of the human epidermal growth
factor receptor (HER)-erbB family of receptor tyrosine kinases, which also includes HER2/neu
(erbB2), HER3 (erbB3), and HER4 (erbB4) (Figure 4). These receptors are widely expressed in all
tissues and they activate a wide range of biological responses including mitogenesis, migration,
differentiation, apoptosis and dedifferentiation. [87]

EGFR is a transmembrane protein of 170 kD which comprises a polypeptide chain of 1186
amino acids encoded by a gene that maps to the short arm of chromosome 7.

EGEFR consists of an extracellular N-terminal ligand binding domain and a dimerization arm, a
lipophilic region transmembrane domain, and an intracellular, highly conserved, cytoplasmic c-
terminal tyrosine kinase domain that is able to phosphorylate tyrosine residues on different
intracellular adaptor proteins (Figure 5).

The extracellular domain of the receptor is variable and it enables binding to different ligands.

It is divided into 4 sub-domains (I-IV): the sub-domains I and III mediate ligand binding, while the
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sub-domains II and IV are rich in cysteine residues, are involved in receptor dimerization. The
extracellular domain in the absence of ligand is shown as a closed domain. This inactive conformation
presents intramolecular interactions between the regions II and IV, preventing the formation of a
binding pocket for the ligand. In the presence of ligand, the sub-domains II and IV are opened
allowing the sub-domains I and III to form a binding pocket for the ligand, which results in
dimerization of the receptor (Figure 6).

The intracellular domain comprises three domains: a juxtamembrane region (JM), a tyrosine
kinase domain (kinase) and a carboxy-terminal regulatory region (CT). The JM region has been
reported to have a number of regulatory functions including regulation of downstream proteins and
ligand-dependent receptor internalisation [88, 89] (Figure 5).

Many different ligands are able to bind to the EGFR extracellular domain such as, epidermal
growth factor (EGF), transforming growth factor—alpha(TGF-a), amphiregulin (AR), betacellulin
(BTC), heparin-binding EGF-like growth factor (HB-EGF), epiregulin (EPR), epigen (EPG) and
neuregulins 1-6 (NRG). EGF, TGF-a, AR, BTC and EPR bind specifically EGFR and among these

EGF, TGF-a are the most important ligands.
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Figure 4. EGFRs family and specific ligands
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Figure 6. Model for molecular mechanism of ligand-induced EGFR activation.

The stimulating factors (ligands) bind to the extracellular domain causing receptor homo- or
hetero-dimerization, thus inducing conformational change of the intracellular phosphorylation
components, enabling downstream signaling. The downstream signaling cascades include the RAS-
RAF-MAP-Kinase pathway, the phosphatidylinositol 3—Kinase and the Akt pathway. These signaling
pathway participate in cell cycle activation, cell survival, proliferation and angiogenesis. EGFR

pathway stimulation has been shown to promote tumor cell motility, adhesion, and metastasis [90]
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Signal transduction pathways activated by EGFR

The binding of epidermal growth factor or other growth factors to the EGFR determines its
dimerization, which is followed by the activation of intracellular protein kinases through
phosphorylation, giving, thus, the origin signal transduction. The signal transduction pathways
activated by EGFR control different cell functions such as growth, apoptosis, differentiation, and cell
migration (Figure 7) [91].

PI3K/Akt/mTOR signalling pathway

Studies demonstrated that the PI3K/Akt/mTOR pathway plays a crucial role in many biological
processes including proliferation, differentiation, anti-apoptosis, tumorigenesis and angiogenesis
[92]. Furthermore, this pathway has been shown to be involved in the regulation of a variety of
cancers including breast cancer [93], lung cancer [94], melanomas [95] and leukaemia [96]

The phosphatidyl-inositol-3-kinase (PI3K) are a family of heterodimeric proteins consisting of
a catalytic subunit and a regulatory that phosphorylate PIP2 (phosphatidylinositol) in PIP3
(fosfatidyltriinositolo). The PI3K are divided into three classes (I, II and III) according to protein
domains that constitute them and the specificity of the substrate.

Class I PI3K are cytoplasmic heterodimers composed of a catalytic subunit (p110) and an
adaptor protein (p85), which contains two SH2 and one SH3 binding domain. The Class I PI3K can
be further divided into the Class IA isoforms, which is activated by RTKs, and the Class IB, which is
activated by GPy subunits of GPCRs. The Class I PI3K are the only ones that are able to convert
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) to the second messenger phosphatidylinositol-
3,4,5-triphosphate (PI-3,4,5-P3) [92]. Class II PI3Ks, which comprise three catalytic isoforms
including C2a, C2P and C2y, are mainly associated with the phospholipid membranes. This class of
PI3K produces PI-3,4,5-P3 from phosphatidylinositol and may also produce PI-3,4-P2 from

phosphatidylinositol-4-phosphate (PI-4-P) [97]. The structure of Class III PI3Ks are similar as Class
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I, as they are heterodimers composed of a catalytic subunit (Vps34) and a regulatory subunit (p150).
They produce PI-3,4,5-P3 through the conversion of phosphatidylinositol [98].

Akt is the most important downstream effector of PIP3 and is involved in the regulation of
different physiological processes such as the proliferation, differentiation, apoptosis, transcription,
translation and metabolism.

Akt is a serine/threonine protein kinase which belongs to the cyclic adenosine monophosphate
(cAMP)-dependent protein kinase A/protein kinase G/PKC super family. In mammals, three
members of Akt have been identified, Aktl [99], Akt2 [100] and Akt3 [101]. Isoforms consist of
three domains: an amino terminal pleckstrin homology domain, a central kinase domain and a
carboxyl-terminal regulatory domain.

Akt is activated through a double phosphorylation and subsequent recruitment of the protein to
the cell membrane. Through its PH domain, present at the N-terminus of the molecule, is in fact able
to bind molecules of PIP3 present at the level of the plasma membrane. The recruitment of Akt to the
cell membrane causes a conformational change that allows the molecule to its residual thr308 to come
phosphorylated by PDK1, a serine / threonine kinase containing a PH domain, while the second
phosphorylation, occurs on the serine residue in position 473 to place level of the C-terminal end of
the protein complex and is determined by the mTOR (mammalian target of rapamycin) / Rictor
(rapamycin-insensitive companion of mTOR) .

Akt is phosphorylated migrates in both the cytoplasm and nucleus, with a prevalence in this
second cell compartment since most of its targets have a cytosolic localization.

Given the importance of Akt in control of both proliferation and cell survival, alterations in the
PI3K-AKT signaling pathway are a key point in the onset and progression of many cancers. There
are many, in fact, human tumors with mutations and chromosomal rearrangements at the level of this

pathway.
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mTOR is a serine/threonine kinase that regulates various biological effects including cell
proliferation, survival, motility, protein synthesis and transcription [102]. The major function of
mTOR is the regulation of translation, especially the recruitment of ribosomes to mRNA. mTOR
directly or indirectly regulates the activation of several components of the ribosomes recruitment
mechanism

Ras/Rat/MAPK pathway

The Mitogen-Activated Protein (MAP) kinases are a group of serine / threonine kinases that
mediate many regulatory signals. There are three main groups of MAP kinase: the family of p38 MAP
kinase, the family of extracellular signal-regulated kinase (ERK) and the family of kinase N-terminal
c-Jun (JNK). The different members of the signal transduction pathway controlling important cellular
functions such as cell survival, apoptosis and transcription; their abnormal activation is responsible
for malignant transformation and tumor progression. In recent years, numerous studies have
established that the route of the Ras/Raf/MAPK is closely linked to via PI3K-Akt; in fact, the
activated Ras protein is able to regulate both pathways. [103].

The activation of the MAP kinase cascade and in particular via the Ras/Raf/MAPK, occurs
following the binding of growth factors to tyrosine kinase receptor localized on the membrane, which
dimerize and interact with G proteins, represented by the Ras for via the ERK and Rho family
members by way of JNK and p38. These proteins have GTP-ase activities and promote the
phosphorylation of downstream proteins, including RAF, which is recruited to the membrane and
phosphorylated. RAF phosphorylates MEK, which is able to always activate ERK by
phosphorylation. The latter can activate several transcription factors such as c-MYC and CREB that
promote cell proliferation while inhibiting the induction of apoptosis [103].

Recent studies have demonstrated that activation of this pathway is correlated with the

development of tumors, including renal cell carcinoma, genetic alterations of different pathway
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components were observed with a frequency of about 20%, and in particular 'overexpression’ of some
of these molecules was observed in 52% of renal cell carcinomas [104]

JAK/STAT pathway

The Signal Transducers and Activators of Transcription (STATSs) are a family of cytoplasmic
proteins with the function to transduce the signal coming from the extracellular environment to the
nucleus; they are activated by phosphorylation of a tyrosine residue located in the C-terminal domain
of the molecule; This phosphorylation is mediated by kinases belonging to the Janus family (JAK),
which bind to the intracellular domain of the activated epidermal growth factor receptor; in this way
is triggered dimerization of STATs, which occurs through the interaction between the tyrosine
phosphorylated SH and domains present in these proteins; the homo-and heterodimers formed by
STATSs subsequently translocate to the nucleus where they regulate gene transcription.

STATS3 is a family member that is activated STATSs inappropriately in several forms of cancer.
It seems that the continuous activation of STATS3 is sufficient for neoplastic transformation. The role
of STATs proteins may depend on both post-translational modifications such as methylation and
acetylation, and phosphorylation of serine residues operated by different kinases; impaired activation
of the protein may, therefore, reflect both an increased activity of kinases regulating both epigenetic

alterations that would alter the transcription of STAT3 [105].
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Figure 7. Main downstream signalling pathways regulated by EGFR

The main mechanism of inactivation of EGFR, with a consequent reduction in numbers of the
receptor, is represented by lysosomal degradation that follows endocytosis of the receptor-ligand
complex. Recently it was shown that c-Cbl, enzyme with ubiquitin-ligase function, bind
phosphorylated EGFR and mono-ubiquitylates several lysine residues allowing endocytosis and
subsequent lysosome degradation. Mutations of c-Cbl have been identified in several types of
malignancies; the mutated protein retains the ability to bind to tyrosine residues phosphorylated
receptor tyrosine kinase, but is not able to ubiquitinate the receptor itself [106].

Recent results indicate a predominant role of VHL in the degradation of activated EGFR, the
proposed mechanism involves the activation of constitutive HIF which suppresses the expression of
rabaptina$, a transcriptional levels, a protein that plays an important role in mediating the fusion of

endosomes with lysosomes; the loss of rabaptina$ is therefore responsible for the reduced lysosomal
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degradation of the receptor. Moreover, VHL appears to play a dual role in the degradation of activated
EGFR. In fact it was shown that the VHL promotes the poly-ubiquitination of EGFR activated,
independently of c-Cbl, resulting receptor proteasomal degradation. Therefore, excessive kinase
activity of EGFR in renal clear cell carcinomas, resulting in a growth advantage of the tumor, may be
caused by failure of receptor inactivation in VHL-deficient tumor cells [107]. Moreover, in clear cell
renal cell carcinomas with loss of VHL, HIF overexpression is responsible for an increased
transcription of the gene of the transforming growth factor a (TGFa), an agonist of EGFR, and at the
same time improves the efficiency of translation of the mRNA of the epidermal growth factor
receptor. Increased expression of EGFR, thus, together with the increase in the levels of TGFa, may
contribute to the progression of the tumor.

EGFR targeted therapies

Inhibition of the EGFR tyrosine kinase activity has been used for cancer therapy. Several
studies conferred significant benefits from anti-EGFR agents in several types of solid tumors
including colorectal, head and neck cancer, NSCLC and pancreatic cancer in terms of overall survival,
progression free survival and overall response rate [108], however, other types of cancer are resistant
to EGFR inhibitors such as Renal cell carcinoma and prostate cancer [109, 110].

The complexity of EGFR-related signal transduction pathways and their importance for cell
growth and survival highlights the potential role of EGFR alterations in the development and
maintenance of cancer. Abnormalities in EGFR functions are associated will all key features of cancer
development and growth, including autonomous cell proliferation, invasion, angiogenic and
metastatic potential. Aberrant EGFR signaling can be initiated by several events, such as altered
ligand production, receptor mutations or deletions, persistent activation.

EGFR is frequently overexpressed in human tumors such as head and neck squamous cell

carcinoma (HNSCC), glioblastoma, NSCL, breast, colorectal, bladder, prostate, ovarian carcinomas.
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It has been for a long time the biomarker used for the application of Targeted Therapies. Other
frequent alterations identified in the EGFR concern gene mutations that in approximately 90% of
cases involve exons 18-24 coding for the tyrosine kinase domain of the receptor, resulting in a gain
of function of the receptor. The amplification of the EGFR gene has rarely been shown in human
tumors, although fluorescent in situ hybridization (FISH) has identified an increase in the gene copy
number in tumor cells in approximately 25-40% of patients with carcinoma of the colon and rectum,
lung and head and neck. These data suggest that inhibition of EGFR may be a viable therapeutic
option in the treatment of cancer and it must be considered the functional involvement of EGFR in
diverse cellular processes.

Gene amplification leading to EGFR overexpression and often accompanied by other structural
rearrangements that cause in-frame deletions in the extracellular domain of the receptor, the most
frequent being the type III mutated variant of EGFR, denominated EGFRVIII. This mutated receptor
is missing exons 2-7, which encode for a part of the dimerization arm and it is characterized by a
deletion in the extracellular domain that leads to constitutive activation of its tyrosine kinase domain
(Figure 8). EGFRVIII is expressed in tumors like breast, lung and ovarian carcinomas. Moreover,
high EGFR expression seems to correlate with poor prognosis and worse clinical outcome in a large
number of tumors.

Several somatic mutations in the EGFR gene have been found to be linked with favorable
response to the anti-EGFR tyrosine kinase inhibitors (TKI), Gefitinib and Erlotinib, in non—small cell
lung cancer patients (40, 41). The mutations arise in four exons within the kinase domain of the
receptor: point mutation of G719 in the exon 18, in-frame deletions of amino acids 746—750 in exon
19, substitution of glycine to cysteine at codon 719 (G719C) in exon 19, amino acid substitution

leucine to arginine at codon 858 (L858R) and leucine to glutamate at codon 861 (L861Q) in exon 21
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[111, 112]. Conversely, some mutations are able to induce resistance to TKIs such as threonine to

methionine (T790M or T766M) point mutations in exon 20 (Figure 9) [53,113].

Recently two distinct therapeutic approaches have been developed for targeting EGFR:

monoclonal antibodies (mAbs),which bind to the extracellular region of the receptor, inhibiting its

dimerization and autophosphorylation (Cetuximab, Panitumumab) and small-molecule tyrosine

kinase inhibitors (STKIs), which block receptor signaling by interfering with ATP binding to the

receptor, as Gefitinib (Iressa) and Erlotinib (Tarceva), Lapatinib, Canertinib (Figure 10) [114].
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SGLT1 (Sodium/GLucose co-Transporter 1)

The use of EGFR in CCRCC as a therapeutic target in clinical trials with tyrosine kinase
inhibitors did not earn any therapeutic efficacy. The lack of responsiveness to treatment with TKI that
induce blocking the activation of downstream pathways suggests the presence of a function of EGFR
which is not related to its kinase activity, by which the receptor could contribute to neoplastic
progression.

Evidence supported the existence of Kinase-independent function of EGFR. Several studies
identified a link between glucose uptake performed by SGLT1, survival of cancer cells, and EGFR.
A function of EGFR considered recently in oncology concerns its ability to promote glucose uptake
into cancer cells by interacting with extracellular domain of SGLT1, through its kinase-independent
mechanism, maintaining basal intracellular glucose level which avoids cell death and promotes cancer
cells survival. A recent study demonstrated that the levels of SGLT1 and its transport activity vary

with changes of the levels of EGFR protein.
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SGLT1 is an active glucose transporter that exploits extracellular sodium concentration to
transport glucose into cells independent of glucose concentration. This transporter plays an important
role in maintaining glucose homeostasis both in normal cell physiology and in disease conditions.

Weihua et al. observed that EGFR can stabilize SGLT1 by protein-protein interaction which
leads to prevention of SGLT1 from proteosomal degradation. The kinase-irresponsive EGFR
constantly interacts with proteins regardless of the presence of EGFR ligands and activation or
inactivation of its tyrosine kinase. SGLT1 is one such protein that can bind to and keep EGFR in its
kinase-irresponsive status [115].

One of the key features of tumor growth is that cancer cells consume greater amounts of
nutrients and energy substrates than their non-pathological counterparts, showing an altered energy
metabolism. This improved energy consumption require high rate of nutrient uptake, which is realize
by overexpression of plasma membrane transporters. SGLT1 induction is used by cancer cell to
enhance their glucose uptake and their glycolysis, so that cells obtain sufficient energy for
maintaining their expansive growth.

SGLT]1 is overexpressed in different type of tumors, ovarian carcinoma, oral squamous cell
carcinoma, colorectal carcinoma, pancreatic cancer and prostate cancer. In a recent study was
observed that SGLT1 overexpression was significantly correlated with disease-free survival in
pancreatic cancer [116, 117, 118, 119]. SGLT1 expression is also elevated in tumors with high
expression of EGFR.

In another study the authors measures the expression of both EGFR and SGLT1 and tested the
effect of inhibition of SGLT1 in prostate cancer tissues. These data suggest that the treatment with a
SGLTI inhibitor sensitized cancer cells to EGFR TKI; furthermore, these data demonstrate that
overexpression of SGLT1 protect renal epithelial cells and intestinal epithelial cells from apoptosis

[120, 121]. The deletion of the EGFR-SGLT1 interacting domain promotes the down-regulation of
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SGTL1 via the proteasome machinery, suggesting that disruption of EGFR-SGLT]1 interaction in
EGFR-positive cancer cells may lead to down-regulation of SGLT1. It is suggested that the EGFR—

SGLT]1 interaction might be a novel therapeutic target for cancer treatment [120, 121].
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AIMS OF THE STUDY

Pharmacological treatment by drugs targeted towards EGFR is more efficient in the treatment
of those tumors that exhibit specific genetic abnormalities, such as mutations and amplification or
increase in the number of copies of the EGFR gene [122], in the absence of mutations of genes that
encode proteins located downstream.

The expression of EGFR protein in CCRCC has been the subject of numerous studies,
performed on large series of tumors, which showed that EGFR immunoreactivity is a very common
occurrence, with a overexpression range of between 50% and 90%. [2, 123-128]

Recent studies support the importance of EGFR prognostic impact in CCRCC, highlighting a
positive correlation between protein overexpression and high-grade and stage of the disease, although
this issue is still controversial in relation to previous experiences.

Some studies showed an association of EGFR immunoreactivity with well differentiated RCCs,
or regarded strong membranous EGFR immunostaining as an indicator of good prognosis, whereas
others showed an association of EGFR immunoreactivity with high tumor stage/grade and poor
prognosis, or no significant associations at all [129, 130].

EGFR gene amplification and or mutations have rarely been identified in CCRCC, thus
supporting the results from clinical trials that demonstrate the lack of therapeutic response of this
disease to the use of molecular anti- EGFR drugs. [130-135]

Since in CCRCC genetic abnormalities responsible for EGFR protein overexpression are not
apparently identifiable, EGFR overexpression should be related to alterations in the mechanisms of
post-transcriptional regulation, with abnormal protein stabilization or defects in the degradation of
the receptor, and consequent activation of receptor-mediated ligand. Similar mechanisms are
involved in the biology of CCRCC, due to their specific genetic features, such as the loss of function

of the VHL gene, resulting in a defective degradation of EGFR by poly-ubiquitination [107].
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The aim of our study was to perform immunohistochemistry and molecular biology on a series
of CCRCC to evaluate EGFR protein overexpression, the profile of gene expression and mutational
status of the receptor, to correlate protein overexpression and gene overexpression, and to highlight
the presence of any somatic mutations activating the receptor.

Furthermore, we aimed to verify the functionality of the kinase receptor by
immunohistochemical evaluation of some components of the main downstream signaling pathways,
such as the RAS-RAF-MAPK, PI3K-AKT, and JAK-STAT.

In addition, since it is known that EGFR possesses kinase-independent activities, which could
justify its suggested role in the progression of cancer, we investigated the concurrent non-kinase role

of EGFR expression by SGLT1 immunohistochemistry analysis.
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MATERIALS AND METHODS
Selection of patients

A series of 34 CCRCC was selected from the archives of the Department of Histopathology of
the University of Sassari. All the tumors in the sample group were reviewed and categorized
according to the current classification system [21]. Three pm sections were obtained from formalin-
fixed, paraffin-embedded (FFPE) specimens, for haematoxylin and eosin stains and
immunohistochemical analysis.

From each selected sample 10 sections, 10 um in thickness, were collected in sterile
microcentrifuge tubes and used for the extraction of nucleic acids, used for performing genetic

analysis. The healthy tissue of each sample was used as control.
Immunohistochemistry

Immunohistochemistry was performed on serial 4 pm sections from the 34 CCRCC and specific
antibodies against EGFR, p-AKT, p-p44/42 MAPK, p-STAT3, SGLT1 were utilized. Sources,
dilutions, antigen retrieval conditions and positive controls are summarized in Table 1.
Immunohistochemistry for EGFR was performed with the EGFR pharmDx Kit (DakoCytomation,
Glostrup, Denmark) according to manufacturer’s instructions, as previously described [135].

Immunohistochemical results were then evaluated in a semi-quantitative manner and scored
according to the intensity of immunostaining (1+, 2+, 3+) and the percentages of positively staining
cells. Only cases with more than 1% of immunoreactive cells were considered as positive. Membrane
and/or cytoplasmic immunoreactivity was also assessed for each positive case.

Immunoreactions for p-AKT, p-p44/42 MAPK, p-STAT3, SGLT1were obtained by incubating
sections with specific primary antibodies (150 pl) for 15 minutes. Immunodetection was performed
using a non-biotin, highly sensitive system (Envision peroxidase detection system, DAKO,

Carpinteria, CA, USA) consequently preventing possible false-positive staining owing to endogenous
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biotin present in the tissue. The slides were then incubated with DAB substrate chromogen solution
for 10 minutes and counterstained with hematoxylin. Appropriate positive controls were also
concurrently stained. Staining intensity and percentage of positive cells were scored for each case,

with subcellular localization of immunostaining also being assessed for each positive case.
Fluorescence in situ hybridization (FISH)

The slides were deparaffinized with two washes of xylene, 15 min each, and subsequently
washed twice with absolute ethanol, 10 min each and then air dried in the hood. Next, the slides were
treated with 0.1mM citric acid (pH 6.0) (Zymed, CA, USA) at 95°C for 10 min, rinsed in distilled
water for 3 min followed by a wash of 2XSSC (standard saline citrate) for 5 min. Digestion of the
tissue was performed by applying 0.4 ml of pepsin (5 mg/ml in 0.9% NaCl, pH 1.5) (Sigma, St Louis,
MO, USA) at 37°C for 30 min. The slides were rinsed with distilled water for 3 min, then washed
with 2XSSC for 5 min and air dried.

Dual-color FISH was performed by using a mixture of a Spectrum green-labeled Centromeric
a-satellite DNA probe (CEP7) and a Spectrum orange-labeled locus-specific DNA probe for EGFR
gene. Both of the probes were from Vysis (Vysis, Downers Grove, IL, USA) and were diluted with
tDenHyb?2 (Insitus, Alburquerque, NM,USA) in a ratio of 1: 20.

Five pl of diluted probes were added to the slide in the reduced light condition. The slides were
covered with a 22X22mm cover slip and sealed with rubber cement. Denaturation was achieved by
incubating the slides at 75°C for 10 min in a humidified box and then hybridized at 37°C over night.

The coverslips were removed and the slides were washed with two washes at 45°C with
0.1XSSC/1.5M urea (20 min for each wash), followed by a wash with 2XSSC for 20 min and a wash
with 2XSSC/0.1% NP-40 for 10 min at 45°C. The slides were further washed with room temperature
2XSSC for 5 min. The slides were air dried and counterstained with 10 ml DAPI (Insitus,

Albuquerque, NM, USA), covered with coverslips and sealed with nail polish. The slides were
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examined using an Olympus BX61 fluorescence microscope equipped with selective filters for the
fluorochromes used. The images were acquired with a CCD camera and analyzed with Olympus DP-
Softimage analysis software.

From each tumor section, 100 nuclei were scored for signals from LSI EGFR gene (orange) and
CEP7 (green) under the fluorescence microscope with X1000 magnification and the ratio between
orange and green signals was subsequently calculated; a tumor was considered amplified if the EGFR
/CEPT7 ratio was > 2.0.

Definition of chromosomal gain was based on the Gaussian model and related to the data from
the normal renal parenchyma controls, as previously described [136]. Briefly, for each slide, at least
100 nuclei were scored for signals from centromeric probes, under the fluorescence microscope with
X1000 magnification, in both tumors and adjacent non-neoplastic renal parenchyma. The cut-off
value for the definition of chromosome 7 gain was set at mean value plus three standard deviations
(s.d.) of the percentages of nuclei with three or more signals in normal renal parenchyma. The mean
percentage of nuclei with three or more signals was scored as 1,5, whereas the s.d. was assessed as 2.

Therefore, the cut-off value to determine chromosomal gain in neoplastic specimens was 7.5.
Nucleic Acids Extraction

Ten consecutive sections, 10 um in thickness, were cut under sterile conditions from
representative neoplastic tissue blocks of 34 CCRCC to obtain genomic DNA, and from the same
neoplastic and non-neoplastic specimens, in order to obtain total RNA. Nucleic acids were extracted
with a commercially available extraction kit (Rneasy FFPE Kit and QIAamp DNA FFPE Tissue Kit,
Qiagen, Hilden, Germany) in accordance with the manufacturer’s instructions. To obtain genomic
DNA 0.2 mg of RNase A (USB Corp., Cleveland Ohio, USA) were applied directly to the silica

membrane to digest contaminating RNA. We assessed the quantity and the quality of nucleic acids
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spectrophotometrically (260 nm, 260/280 and 260/230 ratios, spectrum 220-320 nm) using Nanodrop

ND1000 (EuroClone, Milan, Italy).
Reverse transcriptase reactions

Three png of total RNA were reverse transcribed to cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem, Foster City, CA, USA), complying with the
manufacturer’s instructions. The quality of the reverse transcription synthesis was tested by
amplifying cDNA with primers of housekeeping genes (beta-actin and TBP) producing fragments of

different lengths.
Quantitative Real-Time PCR (qRT-PCR)

Primers for EGFR (Hs01076078 ml, 60 bp), and 18S rRNA (Hs99999901 S1, 187 bp) human
genes were chosen using Assays-on-DemandTM-Products (Applied Biosystems). Quantitative Real-
Time PCR was performed using TagMan PCR chemistry and the ABI 7900HT Sequence Detection
System (Applied Biosystems). A reaction volume of 50ul containing 300 nM of primer, 200 nM of
probe and 54ng of reverse-transcribed RNA (based on the initial RNA concentration) was run using
the TagMan Universal PCR Master Mix (Applied Biosystems). Cycling conditions were: 10 minutes
of denaturation at 95°C, 40 cycles at 95°C for 15 seconds and at 60°C for 1 minute. RNR18 was used
as the reference gene for normalizing EGFR gene expression in Real-Time PCR. Duplicate reactions
were performed in each cDNA sample and the relative mRNA expression level was analyzed
according to Applied Biosystem User Bulletin N°2. The calculation 2-AACt (‘fold change’) was
chosen to represent the level of expression, with a fold change of more than 2 being considered as
over-expression. Data were expressed as medians and interquartile range according to a non-normal

distribution of the variables [137, 138].

Mutation analysis

Francesca Sanges - Analysis of EGFR kinase-dependent and kinase-independent roles in clear cell renal cell carcinoma,

Tesi di dottorato in scienze biomolecolari e biotecnologiche, Universita degli Studi di Sassari

48



EGFR gene mutation analysis was performed on exons 18 to 24, coding for the tyrosine kinase
receptor domain, which are known to harbour the most frequent and significant mutations for this
gene (Table 2). Gene sequencing analysis was executed as previously reported [139] .

Specifically, to detect EGFRVIII mutation, involving the deletion of exons 2 to 7, coding for
the extracellular domain, a reverse transcription-PCR (RT-PCR) was developed. cDNAs were used
to amplify the deletion region by primers in exon 1 (5’-GGGCTCTGGAGGAAAAGAAA-3’) and
exon 8 (5’-CCTCCATCTCATGCTGTCG -3’), producing a 91bp or a 892bp PCR product for
EGFRVIII and EGFR wild-type, respectively.

PCR was performed in a finale volume of 20 pl, including 60ng of cDNA, 0,5 uM of each
primer, 0.2 mM each of dATP, dCTP, dGTP, dTTP (Invitrogen, The Netherlands) 160mM
(NH4)2S04, 670 mMTris-HCI pH 8.8, 1.5 mM MgCI2, 5% DMSO, 2 U Super Taq (AB Analitica,
Padova, Italy). PCR cycling conditions were: Smin at 94°C, 30 s at 95°C, 30 s at 60°C, 1 min at 72°C
for 35 cycles, then Smin at 72°C. Cloned wild-type EGFR and EGFRVIII cDNA were used as control.

Ten pl of PCR products were analyzed on a 2% agarose gel, stained with ethidium bromide.
Statistical Analysis

Statistical analysis was performed using the program Stata 11. The interaction between the
clinical-pathological data and follow-up was performed by univariate analysis (p value). The
comparison of the data related to the EGFR gene expression analysis in relation to histological types
(neoplastic tissue to healthy tissue) were performed using non-parametric analysis by the Mann
Whitney test. The limit of significance was set to p <0.05.

Therefore, we assessed if there was a difference between SGLTlexpression [in terms of
intensity (scale 0-3), percentage of tumor cell (0-100%) and composite score, obtained by the
multiplication of the intensity values * tumor cell percentage] and 4 classes of samples identified,

where the first showed absence of EGFR signally pathways activation, the second activation of at
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least one of the EGFR downstream pathways, the third two of the EGFR downstream pathways and
the last showed activation of all EGFR pathways analyzed, using Kruskal-Wallis non-parametric

statistical analysis.
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RESULTS

Clinic-pathologic results

Thirty-four cases of CCRCCs, comprehensive of 4 neoplasms with sarcomatoid features, were
included in the study (Figure 11). Patients’ age ranged from 42 to 79 years (mean: 57.6), with
predominance of males (20 cases) compared to females (14 cases). Tumor size varied between 2 and
15 cm (mean: 7 cm). Five-years follow-up data showed no evidence of disease (NED) in 17 patients,
whereas 14 patients developed distant metastases, and were alive with disease (AWD); only 3
patients, all with distant metastases, died for the disease in the follow-up period. Further clinic-

pathologic features are summarized on Table 3, which includes the SSIGN score.
Immunohistochemical analysis

EGFR immunostaining was reported as membranous or membranous-cytoplasmic, whereas p-
AKT, and p-STAT3 showed nuclear staining, and p-p44/42 MAPK nuclear and/or cytoplasmic
staining, as represented in Figure 11. EGFR expression was appreciable in 100% of the tumors, with
the staining intensity ranging from 1+ to 3+, and percentages of positive cells varying from 20% to
100%. No immunoreactivity was recognizable in non-neoplastic tissues.

p-AKT expression was detected in 20 tumors (58.8%), with a 1+ to 3+ staining intensity and
the range of positive cells being 10%—-80%. p-p44/42 MAPK expression was identified in 18 tumors
(52.9%), with a staining intensity of 1+ to 3+, and positive cell percentages between 5% and 90%.

p-STAT3 expression was recognizable in 8 tumors (23.5%) with the staining intensity ranging
from 1+ to 3+, and positive cells varying from 20% to 70%. Mild to moderate, nuclear and/or nuclear-
cytoplasmic immunoreactivity was also observed in endothelial cells of normal blood vessels,
pericapsular adipose tissue and, focally, peritumoral renal tubules. Besides, p-AKT showed also

nuclear immunostaining of renal pelvis urothelium.
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Seven out of 34 tumors (20.6%) were characterized for the absence of p-AKT, p-p44/42 MAPK
and p-STAT3expression, whereas 23 tumors (67.6) showed expression of at least 1 of the 3
downstream signaling pathway members. Only 4 tumors displayed concurrent immunohistochemical
expression of all the 3 pathways components.

The membrane-cytoplasmic immunoreactivity for SGLT1 was detected in 31 of 34 cases
(91.2%), with staining intensity between variable 1+ (15 cases), 2+ (11 cases) 3+ (5 cases); the
percentage of immunoreactive neoplastic cells ranged between 10 and 90%. The positive control was
represented by the epithelium of the proximal tubules, namely the luminal border, on the adjacent
non-neoplastic renal parenchyma (Figure 11).

In 77.4% of SGLT1-positive CCRCCs, it showed the simultaneous activation of the EGFR
kinase.

All the immunohistochemical results are summarized in Table 4.
EGFR FISH analysis

Gene amplification Ratio

The data obtained for each tumor demonstrating the absence of amplification of the EGFR gene
in all cases under study; in facts, EGFR/CEP7 signals ratios ranged from 0.99 to 1.13 (average 1.03),
therefore constantly lower than the value (>2) established as amplification cut-off (Figure 12).

Evaluation of chromosome 7 polysomy

This assessment was made on the basis of the analysis of the number of centromeric signals
detected in non-neoplastic parenchyma adjacent to the tumor. Establishing the values of cut-off as
the average percentage (M) plus three standard deviations (3SD) for the nuclei with a single signal
and the nuclei with three or more signals, it is obtained a value of 7.5% for the gain of chromosome
7 (M = 1.5; SD = 2). Using the criteria for chromosome gain as described in Materials and Methods

section, 11 tumors (32.3%) showed percentages of nuclei with three or more centromeric signals
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below the cut-off value of 7.5%, ranging from 0 to 5% (mean: 2.9%), whereas 23 tumors (67.7%)
were scored between 11 and 94% (mean: 44.9%), and considered to have gain of chromosome 7
(polysomic).

Expression Profiles Analysis

EGFR mRNA expression levels were evaluated in only 30 tumors, because expression levels
were not detectable on neoplastic and non-neoplastic tissues in 4 of 34 cases.

Median values of EGFR expression level were evaluated as 3.18 (interquartile range, 1.71—
5.08) in CCRCC and 0.35 (interquartile range, 0.16—0.79) in the normal tissue. Statistical significance
was found between tumor and normal tissue expression levels with P-values of 0.0003. gRT-PCR
results are summarized in Figure 13. Fold change evaluation for each single tumor, compared with

its normal counterpart, showed overexpression levels in 12 of 30 tumors (40%) with a range from 2-

fold to 17.5-fold.

EGFR Mutational Analysis

Genomic DNA sequencing of exons 18 to 24 coding for the receptor tyrosine kinase domain,
which are known to harbor the most frequent and significant mutations for EGFR gene, failed to
demonstrate mutations in any of the 34 cases studied.

EGEFR variant III (EGFRVIII) is an oncogenic, constitutively active mutant form of EGFR.
EGFRVIII is generated by in-frame genomic deletion of 801bp from exons 2 to 7 of the coding region
of EGFR which produces a truncated receptor lacking a portion of extracellular ligand binding
domain. All 34 CCRCCs were investigated by RT-PCR to highlight this specific deletion, but no

evidence of EGFRVIII deletion was found in our neoplastic series.
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Statistical Analysis

The univariate analysis of clinic-pathologic parameters with 5 years follow-up made it possible
to show a strong prognostic correlation of patient survival with the following parameters: gender,
grade according to Fuhrman, metastasis, tumor stage, high SSIGN score.

No equivalent significant prognostic correlation for patient survival was detected either for
immunohistochemical expression of p-AKT, p-p44/42 MAPK, p-STAT3, and SGLTI, or
chromosome 7 polysomy or EGFR gene expression profile. (Table 5)

The statistical analysis of the different classes of SGLT1 expression did not show any

statistically significant difference (P> 0.05), might be due to a small number of samples in each class
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DISCUSSION

Our study confirms that EGFR protein overexpression is a common molecular alteration in
CCRCC.

EGFR overexpression has been previously established in CCRCC, accounting for 70% of renal
cell carcinomas with a range of 47% to 93.2%; the highest frequency and positivity was recognized
in CCRCC variants than other renal tumors, such as papillary carcinoma and chromophobe carcinoma
[2, 140].

Our results also reveal the absence of EGFR amplification and high polysomy of chromosome
7, and are in keeping with previous experiences described in literature [2,129,131].

Sakaeda et al in 2005 showed EGFR mRNA overexpression in all series of renal cell
carcinomas analyzed [141], while these results are partially confirmed in our study where the analysis
of EGFR gene expression profile showed the presence of gene overexpression only in the 38.2% of
CCRCC.

According to our experimental study, we were able to identify three distinct molecular
subgroups in our series of CCRCC: 13 samples (38.2%) were characterized by EGFR gene and
protein overexpression and activation of downstream signaling pathways; 16 samples (47%) showed
EGFR protein overexpression in the absence of gene overexpression, but still with activation of
downstream signaling pathways; 5 samples (14.8%) displayed only EGFR protein overexpression,
whereas neither EGFR gene overexpression nor pathway activation were detected.

Our study demonstrates that CCRCC considered apparently as a molecular homogeneous
tumor, is indeed more different biologically. The existence of different CCRCC subgroup can be
sustained by the variability of the clinical behavior, as well as by the differences in treatment response.
These molecular behaviors should be considered and analyzed for each patient, especially before

proposing any treatment with biological targeted therapy.
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The EGFR protein overexpression, not associated to gene overexpression but related to
activation of signaling pathways, observed in some CCRCC analyzed might be related to the specific
genetic alterations that characterize these tumors. Indeed, the main molecular mechanism involved in
the CCRCC pathogenesis is the loss of VHL function [30, 36]. VHL gene encodes a cytoplasmic
protein, that contribute at protein proteasomal degradation by complex with other ubiquitin-ligase
proteins. VHL is able to reduce the EGFR protein expression by poly-ubiquitination and subsequent
proteasomal degradation [107]. The EGFR stability showed in our samples might be due to the
inactivation of VHL. Another mechanism responsible for EGFR degradation involves the protein c-
Cbl that endorses mono-ubiquitination of the receptor and its subsequent lysosomal degradation.
Mutations of c-Cbl have been identified in several kinds of malignancies, the altered protein is able
to bind phosphorylated tyrosine kinase receptor, but is not able to ubiquitinate it [106]. This could be
an additional mechanism to increase the EGFR availability in tumor cells.

Moreover, loss of VHL function in tumor cells results in the stabilization of HIFa, with its
consequent increased transcriptional activity. Specifically, the HIFa are associated with higher
expression of TGF-alpha, that is a main ligand of EGFR. Furthermore, HIFa increase the expression
of caveolin 1, that under hypoxic conditions binds and promotes the dimerization and activation of
EGFR in the absence of ligand [142]. Then, the stabilized protein EGFR can be activated both by an
anomalous receptor dimerization in the absence of specific ligands, and by the production of TGF-
alpha [40]. The consequences are the activation of downstream signaling pathways, with enhance of
growth, survival, motility and metabolism of neoplastic cells.

Evidence supported the existence of Kinase-independent function of EGFR. Several studies
identified a link between glucose uptake performed by SGLT1, survival of cancer cells, and EGFR
[115]. A function of EGFR considered recently in oncology concerns its ability to promote glucose

uptake into cancer cells by interacting with extracellular domain of SGLT1, through its kinase-
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independent mechanism, maintaining basal intracellular glucose level which avoids cell death and
promotes cancer cells survival [115].

Weihua et al. observed that EGFR can stabilize SGLT1 by protein-protein interaction which
leads to prevention of SGLT1 from proteosomal degradation. The kinase-irresponsive EGFR
constantly interacts with proteins regardless of the presence of EGFR ligands and activation or
inactivation of its tyrosine kinase. SGLT1 is one such protein that can bind to and keep EGFR in its
kinase-irresponsive status [115].

SGLT]1 is overexpressed in different type of tumors, ovarian carcinoma, oral squamous cell
carcinoma, colorectal carcinoma, pancreatic cancer and prostate cancer. A recent study demonstrated
that SGLT1 overexpression was significantly correlated with disease-free survival in pancreatic
cancer [116, 117, 118, 119]. SGLT1 expression is also elevated in tumors with high expression of
EGFR.

The potential relation between EGFR and SGLT1 was investigated in our study showing for
the first time that SGLT1 is frequently overexpressed in CCRCC EGFR-positive, whit a SGLT1
immunoreactivity detected in 31 of 34 cases (91.2%). Since the activation of downstream EGFR
pathways is found in about 77% of SGLT1-positive CCRCC, it is conceivable that the functions
kinase and non-kinase EGFR can be carried out independently of each other.

Moreover, the existence of 14,8% of CCRCC with only EGFR protein overexpression and
absence of activation signaling pathways, but with SGLT1 overexpression might explain the
neoplastic progression of CCRCC in absence of kinase activity of EGFR.

In fact, the use of EGFR in CCRCC as a therapeutic target in clinical trials with tyrosine kinase
inhibitors did not earn any therapeutic efficacy. The lack of responsiveness to treatment with TKI,
which induce blocking of downstream pathways, suggests the presence of a function of EGFR which

is not related to its kinase activity, by which the receptor could contribute to neoplastic progression.
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The deletion of the EGFR-SGLT! interacting domain promotes the down-regulation of SGTL1 via
the proteasome machinery, suggesting that disruption of EGFR—SGLT]1 interaction in EGFR-positive
cancer cells may lead to down-regulation of SGLT1.

According to our results the interaction between EGFR/SGLT1 might be a novel therapeutic

target for cancer treatment.
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Table 1. Antibodies for immunohistochemical analyses

Primary
Type Dilution Antigen retrieval Control tissue Source

Antibodies

EGFR fé(():nge 2 Prediluted iﬁ?é?;:fre 51r<nin) *(room HT-29 cell line DakoCytomation-EGFRPharmDx, Glostrup, Denmark
p-AKT Sodium citrate buffer (pH

(sr473) Monoclonal 1:75 6, 10mM, 99°C, 20 min)  Skin Novocastra, Dublin, OH, USA

ser

p-p44/42 . .

MAPK Monoclonal 1:100 Eofz)flnMClggzzblll(f)fzh(lp)H Colon carcinoma  Cell Signaling Technology, Boston, MA, USA
(Erk1/2) ’ ’ ’

(Thr202/204)

_ Cell Signaling Technology, Boston, MA, USA
I()T§:7A()§)3 Monoclonal 1:200 ];;EAlks)urflf;r) (pH 8, IM, Breast carcinoma

*available data from Kit manufacturer; min= minutes



Table 2. Selected primers for PCR and gene sequencing

Primers Sequence Annealing  Base pair
Temperature

EGFR F exon 18 GCTTGCAAGGACTCTGGGCT

62°C 360
EGFR R exon 18 CCAAACACTCAGTGAAACAAAGAG
EGFR Fexon 19 GTGCATCGCTGGTAACATCCA

55°C 306
EGFR Rexon 19 CATTTAGGATGTGGAGATGAGC
EGFR F exon 20 GAAACTCAAGATCGCATTCATGC

60°C 379
EGFR R exon 20 GCAAACTCTTGCTATCCCAGGAG
EGFR Fexon21 CTAACGTTCGCCAGCCATAAGTCC

57°C 370
EGFR R exon 21 GCTCACCCAGAATGTCTGGA
EGFR Fexon22 CACTCGTAATTAGGTCCAGAG

55°C 295
EGFR R exon22 CTCAGTACAATAGATAGACAGCAATG
EGFR Fexon23 CAAGACTACAGAAATGTAGGTTTC

63°C 373
EGFR R exon 23 GTGATGACATTTCTCCAGGGATGC
EGFR F exon24 CATCACCAATGCCTTCTTTAAGC

59°C 310

EGFR R exon 24

GCTGGAGGGTTTAATAATGCGATC




Table 3. Clinic-pathologic features of clear cell renal cell

carcinomas
n (%)

Pathologic Tumor Classification
pTla 5(14.7)
pTlb 9(26.5)
pT2 7 (20.6)
pT3a 7 (20.6)
pT3b 5(14.7)
pT3c 1 (2.9
Regional Lymph Node Involvement
pNx 7 (20.6)
pNO 21 (61.8)
pN1 3 (8.8)
pN2 3 (8.8)
Distant Metastasis
MO 24 (70.6)
M+ 10 (29.4)
TNM Stage
Stage | 11 (32.4)
Stage 11 5(14.7)
Stage 111 6 (17.6)
Stage IV 12 (35.3)
Fuhrman Nuclear Grade
Gl 1 (2.9)
G2 8 (23.6)
G3 16 (47.0)
G4 9 (26.5)
Necrosis
Present 17 (50.0)
Absent 17 (50.0)
SSIGN Score
0-2 6 (17.6)
3-4 2 (5.9
5-6 7 (20.6)
7-9 7 (20.6)

>10 12 (35.3)




Table 4 Immunohistochemistry results

EGFR p-AKT p-p44/42 MAPK p-STAT3 SGLTI
Positive Positive Positive Positive Positive
Case  Istology  Intensity Cells iﬁigiﬁg?gn Intensity Cells fgf;;i{%‘;; Intensity Cells fgfﬁ;ﬁ;ﬁ; Intensity Cells fzf;;ii;lii; Intensity Cells L‘ZZZZZZZI?;
(%) (%) (%) (%) (%)

1 CCRCC 2+ 60 m 2+ 40 n 2+ 10 ne - - - 1+ 80 ¢
2 CCRCC 3+ 60 mc 2+ 60 n 3+ 40 n - - - 24 70 me
3 CCRCC 2+ 70 mc - - - - - - - - - 1+ 70 me
4 CCRCC 2+ 70 m - - - - - - - - - 3+ 70 me
5 CCRCC 3+ 100 mc 1+ 50 n 1+ 10 n - - - 24 70 me
6 CCRCC 2+ 60 mc 1+ 10 n - - - - - - 3+ 80 me
8 CCRCC 1+ 40 m 3+ 80 n 3+ 90 n 3+ 70 n 24 80 me
9 CCRCC 3+ 90 me 2+ 70 n 3+ 40 n 2+ 60 n 2+ 50 me
11 CCRCC 3+ 90 mc 2+ 70 n 2+ 40 n 2+ 50 n - - -
12 CCRCC 3+ 90 me - - - - - - 2+ 30 n 3+ 90 m
13 CCRCC 1+ 20 m - - - - - - - - - 2+ 90 me
14 CCRCC 2+ 70 mc 2+ 60 n 3+ 20 nc - - - - - -
15 CCRCC 2+ 90 mc 1+ 60 n - - - 2+ 40 n 2+ 80 me
16 CCRCC 3+ 90 me - - - - - - - - - 3+ 80 me
17 CCRCC 3+ 80 me - - - - - - - - - 3+ 80 me
18 CCRCC 3+ 95 m 1+ 10 n 2+ 60 n - - - 1+ 75 me
19 CCRCC 3+ 70 mc 1+ 10 n 2+ 20 n - - - 1+ 30 me
20 CCRCC 3+ 80 mc 1+ 15 - - - - - - - 1+ 25 m
21 CCRCC 3+ 70 me 1+ 25 n 2+ 10 n - - - 2 90 m
22 CCRCC 2+ 75 m - - - 1+ 30 ne - - - 24 80 m
23 CCRCC 3+ 80 mc - - - 1+ 40 n - - - 1+ 70 me
24 CCRCC 3+ 100 me 1+ 40 n - - - - - - 2+ 60 me
26 CCRCC 3+ 60 m - - - 3+ 70 n - - - 1+ 70 me
27 CCRCC-S 3+ 95 mc - - - - - - 1+ 20 n . 70 me
28 CCRCC 3+ 100 me - - y 1+ 20 ne - - - 34 40 e
29 CCRCC 3+ 90 me - - - 1+ 20 n - - - 1+ 60 mc
30 CCRCC 3+ 90 me 3+ 80 n 3+ 5 n - - - 1+ 90 me
31 CCRCC-S 2+ 65 mc - - - - - - - - - 1+ 30 m
32 CCRCC 1+ 30 m 1+ 70 n - - - 3+ 20 n 2+ 60 m
33 CCRCC 2+ 70 mc 3+ 80 n 3+ 20 n - - - 1+ 60 me
34 CCRCC 3+ 85 mc 1+ 40 n - - - - - - - - _
35 CCRCC-S 3+ 90 me 3+ 80 n 3+ 25 n 3+ 40 n 3+ 80 me
36 CCRCC 3+ 100 me 3+ 60 n - - - - - - 1+ 5 m
37 CCRCC-S 3+ 90 mc - - - - - - - - - 3+ 80 me

CCRCC-S: sarcomatoid clear cell renal cell carcinoma; m: membranous immunostaining; ¢: cytoplasmic immunostaining; n: nuclear immunostaining; — negative



Table S. Univariate analysis for tumor specific survival in

patients with clear cell renal cell carcinoma

Variables Tumors Tumor-specific P-value
n) survival (%)

Age 0.5364

<50 9 100

>50 25 0

Sex 0.0573

Male 20 92.8

Female 14 85.7

Dimensions 0.5495

<5 10 90

>5 24 91.7

Grading Fuhrman 0.0460

G1+G2 9 100

G3+G4 25 85.7

Pathologic Tumor classification 0.0684

pT1+pT2 21 95.2

pT3 13 84.6

Involvement of Regional lymphnodes 0.3339

Nx+NO 28 92.8

NI+N2 6 83.3

Distant Metastasis 0.00001

MO 24 100

M+ 10 70

pTNM Stage 0.0002

I-II 16 100

I-1v 18 83.3

Necrosis 0.2982

Present 17 94.1

Absent 17 88.2

SSIGN score 0.00001

0-2 6 100

3-4 2 100

5-6 7 100

7-9 7 100

>10 12 75

IHC pAKT 0.06

Positive 20 100

Negative 14 78.6

IHC p-p44/42 MAPK 0.6113

Positive 18 100

Negative 16 81.2

IHC pSTAT3 0.7907

Positive 8 100

Negative 26 88.5

IHC SGLTI 0.7630

Positive 31 90.3

Negative 3 100

Chromosome 7 polisomy 0.2009

Present 23 86.9

Absent 11 100

EGFR gene overexpression 0.5617

Present 13 91.3

Absent 21 90.5




Table 6. CCRCC molecular subgroups identified on the basis of EGFR gene expression

EGFR p-AKT p-p44/42 MAPK p-STAT3 SGLTI mRNA
sample istology intensit Positive Subcellular Intensit ~ Positive  Subcellular Intensit  Positive Subcellur Inten Positive Subcellular Intensit  Positive  Subcellular fold
y Cells localization y Cells localization ¥y Cells localization sity Cells localization y Cells localization change
(%) (%) (%) (%) (%)
3 CCRCC 2+ 70 me - - - - - - - - - 1+ 7 me 0.54
13 CCRCC 1+ 20 m - - - - - - - - - 2+ 920 me 0,12
16 CCRCC 3+ 90 me - - - - - - - - - 3+ 80 me 1.0
17 CCRCC 3+ 80 me - - - - - - - - - 3+ 80 mc¢ 0,84
37 CCRCC-S 3+ 90 mc - - - - - - - - - 3+ 80 mc 1,63
1 CCRCC 2+ 60 m 2+ 40 n 2+ 10 nc - - - 1+ 80 ¢ 0.83
2 CCRCC 3+ 60 mc 2+ 60 n 3+ 40 n - - - 2+ 70 m-c 0,95
5 CCRCC 3+ 100 mc 1+ 50 n 1+ 10 n - - - 2+ 70 m-c 0,55
8 CCRCC 1+ 40 m 3+ 80 n 3+ 90 n 3+ 70 n 2+ 80 m-c 0,93
15 CCRCC 2+ 90 mc 1+ 60 n - - - 2+ 40 n 2+ 80 m-c 1,23
18 CCRCC 3+ 95 m 1+ 10 n 2+ 60 n - - - 1+ 75 m-c 1,50
19 CCRCC 3+ 70 me 1+ 10 n 2+ 20 n - - - 1+ 30 m-c 0,65
21 CCRCC 3+ 70 mc 1+ 25 n 2+ 10 n - - - 2+ 920 m 1,40
22 CCRCC 2+ 75 m - - - 1+ 30 nc - - - 2+ 80 m 0,44
24 CCRCC 3+ 100 me 1+ 40 n - - - - - - 2+ 60 m-c 0,35
27 CCRCC-S 3+ 95 mc - - - - - - 1+ 20 n 1+ 70 m-c 0.55
28 CCRCC 3+ 100 mc - - - 1+ 20 nc - - - 3+ 40 m-c 0,50
30 CCRCC 3+ 90 me 3+ 80 n 3+ 5 n - - - 1+ 90 m-c 1.2
33 CCRCC 2+ 70 mc 3+ 80 n 3+ 20 n - - - 1+ 60 m-c 1.5
34 CCRCC 3+ 85 me 1+ 40 n - - - - - - - - - 0,84
36 CCRCC 3+ 100 mc 3+ 60 n - - - - - - 1+ 5 m 0,08
4 CCRCC 2+ 70 m - - - - - - - - - 3+ 70 m-c¢ 5,43
6 CCRCC 2+ 60 m-c 1+ 10 n 1+ < n - - - 3+ 80 m-c¢ 4,03
9 CCRCC 3+ 920 m-c 2+ 70 n 3+ 40 n 2+ 60 n 2+ 50 m-c 3,23
11 CCRCC 3+ 90 m-c 2+ 70 n 2+ 40 n 2+ 50 n - - - 3.9
12 CCRCC 3+ 90 m-c 1+ <5 n - - - 2+ 30 n 3+ 90 m 3,82
14 CCRCC 2+ 70 m-c 2+ 60 n 3+ 20 n-c - - - - - - 2,97
20 CCRCC 3+ 80 m-c 1+ 15 n - - - - - - 1+ 25 m 8,29
23 CCRCC 3+ 80 m-c¢ 1+ <5 n 1+ 40 n - - - 1+ 70 m-c 2,46
26 CCRCC 3+ 60 m - - - 3+ 70 n - - - 1+ 70 m-c 2,33
29 CCRCC 3+ 90 m-c - - - 2+ 20 n - - - 1+ 60 m-c¢ 6,58
31 CCRCC-S 2+ 65 m-c - - - - - - - - - 1+ 30 m 2,35
32 CCRCC 1+ 30 m 1+ 70 n - - - 3+ 20 n 2+ 60 m 10,97
35 CCRCC-S 3+ 90 m-c 2+/3+ 80 n 3+ 25 n 3+ 40 n 3+ 80 m-c 20,50













Figure 11. Morphologic and immunohistochemical features of clear cell renal cell carcinoma. a. Haematoxylin & Eosin stain
illustrates the typical CCRCC features; b. Haematoxylin & Eosin stain illustrates the sarcomatoid CCRCC features. ¢. Immunostaining
for EGFR displaying diffuse and intense membranous and cytoplasmic; d. Immunostaining for p-AKT showing intense and diffuse
nuclear immunoreactivity; e. Immunostaining for p-p44/42 MAPK showing focal and intense nuclear-cytoplasmic immunoreactivity;
f. Immunostaining for pPSTAT3 displaying nuclear and moderate immunoreactivity; g. Immunostaining for SGLT1 displaying diffuse

and intense membranous and cytoplasmic immunoreactivity.



Figure 12: FISH analysis in clear cell renal cell carcinoma. a. FISH with centromeric probe for chromosome 7 showing
nuclei with two green hybridization signals close two EGFR gene (red hybridization signals), consistent with absence of EGFR
amplification b. FISH with centromeric probe for chromosome 7 showing nuclei with four green hybridization signals close
four EGFR gene (red hybridization signals), indicate the presence of chr7 polysomy.



12,00 ~

10,00 - T

8,00 -
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CCRCC EGFR Normal EGFR

Labels CCRCC EGFR | Normal EGFR
Min 0,95 0,04
Q, 1,71 0,16
Median 3,18 0,35
Q; 5,08 0,79
Max 10,97 1,00
IQR 3,38 0,63
Upper Outliers 0,00 0,00
Lower Outliers 0,00 0,00

Figure 13. Real-time polymerase chain reaction analysis for EGFR. Box and whisker plots were used
to summarize the distribution of mRNA levels in clear cell renal cell carcinoma and normal tissue controls.
Statistical analysis by Mann Whitney test show significant differences in mRNA levels between
neoplastic and non-neoplastic tissues for EGFR gene expression, with P-value of 0.0003. The horizontal
line in the box represents the 50% (median) and the upper and the lower lines of the box represent 75%
and 25% quartiles, respectively



BIBLIOGRAPHY

1) Scaltriti M, Baselga J. The epidermal growth factor receptor pathway: a model for targeted therapy.
Clin Cancer Res, 2006; 15;12:5268-72.

2) Merseburger AS, Hennenlotter J, Simon P, Kruck S, Koch E, Horstmann M, Kuehs U, Kiifer R,
Stenzl A, Kuczyk MA. Membranous expression and prognostic implications of epidermal growth
factor receptor protein in human renal cell cancer. Anticancer Res, 2005; 25:1901-7

3) Jemal A, Siegel R, Ward E, et al. Cancer statistics. J Clin. 2008;58:71-96. 2.

4) Quivy A, Daste A, Harbaoui A, Duc S, Bernhard JC, Gross-Goupil M, Ravaud A. Optimal
management of renal cell carcinoma in the elderly: a review. Clin Interv Aging, 2013; 8:433-42

5) Jemal A, Bray F, Center MM, et al. Global cancer statistics. CA Cancer J Clin. 2011;61(2):69-90.

6) Lipworth L1, Tarone RE, Lund L, McLaughlin JK. Epidemiologic characteristics and risk factors
for renal cell cancer. Clin Epidemiol. 2009 ;1:33-43.

7) Ljungberg B, Campbell SC, Choi HY, Jacqmin D, Lee JE, Weikert S, Kiemeney LA. The
Epidemiology of Renal Cell Carcinoma. Eur Urol, 2011; 60:615-21.

8) Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of cancer incidence and mortality in Europe
in 2008. Eur J Cancer. 2010;46(4):765-781

9) I numeri del cancro in italia- 2013 Associazione italiana dei registry tumore (AIRTUM))

10) McLaughlin, J.K., et al., Renal cancer and cigarette smoking in a 26-year followup of U.S.
veterans. Public Health Rep, 1990. 105 (5) : p. 535-7.

11) Mohtashamipur, E., K. Norpoth, and F. Lieder, Urinary excretion of mutagens in smokers of
cigarettes with various tar and nicotine yields, black tobacco, and cigars. Cancer letters, 1987. 34 (1)
:p. 103-112.

12) Chow, W.H., et al., Obesity, hypertension, and the risk of kidney cancer in men. N Engl J Med,
2000. 343 (18) : p. 1305-11.

13) Flaherty, K.T., et al., A prospective study of body mass index, hypertension, and smoking and
the risk of renal cell carcinoma (United States). Cancer Causes Control, 2005. 16 (9) : p. 1099-106.

14) Pischon, T., U. Nothlings, and H. Boeing, Obesity and cancer. Proc Nutr Soc, 2008. 67 (2) : p.
128-45.

15) Kellerer, M., et al., Insulin- and insulin-like growth-factor-I receptor tyrosine-kinase activities in
human renal carcinoma. Int J Cancer, 1995. 62 (5) : p. 501-7. 8.

16) Choyke PL, Glenn GM, Walther MM, Zbar B, Linehan WM. Hereditary renal cancers. Radiology.
2003;226:33-46.

17) Patrick J. Morrison,corresponding authora Deirdre E. Donnelly,a A. Brew Atkinson,b and
Alexander P. Maxwellc. Advances in the Genetics of Familial Renal Cancer. Oncologist. 2010; 15(6):
532-538.

60



18) van Dijk BA, Schouten LJ, Kiemeney LA, Goldbohm RA, van den Brandt PA. Relation of height,
body mass, energy intake, and physical activity to risk of renal cell carcinoma: results from the
Netherlands Cohort Study. Am J Epidemiol, 2004; 160:1159-67.

19) Rini BI, Campbell SC, Escudier B. Renal Cell Carcinoma. Lancet, 2009; 373:1119-32.

20) Kim HL, Belldegrun AS, Freitas DG, Bui MH, Han KR, Dorey FJ, Figlin RA. Paraneoplastic
signs and symptoms of renal cell carcinoma: implications for prognosis. J Urol, 2003; 170:1742-6.

21) Eble JN, Sauter G, Epstein JI, et al (eds). In: Pathology and genetics of tumours of the urinary
system and male genital organs. World Health Organization Classification of Tumours. Lyon: IARC
Press, 2004: p. 9-87.

22) Kuroda N, Tanaka A. Recent classification of renal epithelial tumors. Med Mol Morphol.
2014;47(2):68-75.

Srigley JR, Delahunt B, Eble JN, Egevad L, Epstein JI, Grignon D, Hes O, Moch H, Montironi R,
Tickoo SK, Zhou M, Argani P; ISUP Renal Tumor Panel. The ISUP Renal Tumor Panel The

International Society of Urological Pathology (ISUP)Vancouver Classification of Renal Neoplasia.
Am J Surg Pathol. 2013;37(10):1469-89.

24) Taccoen X, Valeri A, Descotes JL, Morin V, Stindel E, Doucet L, Bocqueraz F, Coulange C,
Rambeaud JJ, Fournier G, Mejean A. Renal Cell Carcinoma in Adults 40 Years Old or Less: Young
Age is an Independent Prognostic Factor for Cancer-Specific Survival. Eur Urol, 2007; 51:980-987.

25) Grignon DJ, Che M. Clear cell renal cell carcinoma. Clin Lab Med, 2005; 25:305-16.

26) Cheville JC, Lohse CM, Zincke H, Weaver AL, Blute ML. Comparisons of outcome and
prognostic features among histologic subtypes of renal cell carcinoma. Am J Surg Pathol, 2003;
27:612-24.

27) Krishnan B, Truong LD. Renal epithelial neoplasms: the diagnostic implications of electron
microscopic study in 55 cases. Hum Pathol, 2002. 33:68-79.

28) Kuroiwa K, Kinoshita Y, Shiratsuchi H, Oshiro Y, Tamiya S, Oda Y, Naito S, Tsuneyoshi M.
Renal cell carcinoma with rhabdoid features: an aggressive neoplasm. Histopathology, 2002; 41:538-
48.

29) M. Rydzanicz, T. Wrzesinski, H. A. Bluyssen, and J. Wesoly, Genomics and epigenomics of clear
cell renal cell carcinoma: recent developments and potential applications. Cancer Letters, 2013; vol.
341, no. 2, pp. 111-126.

30) Banks RE, Tirukonda P, Taylor C, Hornigold N, Astuti D, Cohen D, Maher ER, Stanley AlJ,
Harnden P, Joyce A, Knowles M, Selby PJ. Genetic and epigenetic analysis of von Hippel-Lindau
(VHL) gene alterations and relationship with clinical variables in sporadic renal cancer. Cancer Res,
2006; 66:2000-11.

31) M.M. Baldewijns, I.J. van Vlodrop, L.J. Schouten, P.M. Soetekouw, A.P. de Bruine, M. van
Engeland, Genetics and epigenetics of renal cell cancer. Biochim. Biophys. Acta 1785; 2008; 133—
155.

61



32 J.J. Patard, N. Rioux-Leclercq, D. Masson, S. Zerrouki, F. Jouan, N. Collet, C. Dubourg, B. Lobel,
M. Denis, P. Fergelot, Absence of VHL gene alteration and high VEGF expression are associated
with tumour aggressiveness and poor survival of renal-cell carcinoma. Br. J. Cancer 101; 2009;1417—
1424.

33) M. Nordstrom-O’Brien, R.B. van der Luijt, E. van Rooijen, A.M. van den Ouweland, D.F.
Majoor-Krakauer, M.P. Lolkema, A. van Brussel, E.E. Voest, R.H. Giles, Genetic analysis of von
Hippel-Lindau disease. Hum. Mutat. 31;2010; 521-537.

34) R.E. Banks, P. Tirukonda, C. Taylor, N. Hornigold, D. Astuti, D. Cohen, E.R. Maher, A.J.
Stanley, P. Harnden, A. Joyce, M. Knowles, P.J. Selby, Genetic and epigenetic analysis of von
Hippel-Lindau (VHL) gene alterations and relationship with clinical variables in sporadic renal
cancer. Cancer Res. 66; 2006; 2000-2011.

35) L.E. Moore, M.L. Nickerson, P. Brennan, J.R. Toro, E. Jaeger, J. Rinsky, S.S. Han, D. Zaridze,
V. Matveev, V. Janout, H. Kollarova, V. Bencko, M. Navratilova, N. Szeszenia-Dabrowska, D.
Mates, L.S. Schmidt, P. Lenz, S. Karami, W.M. Linehan, M. Merino, S. Chanock, P. Boffetta, W.H.
Chow, F.M. Waldman, N. Rothman, Von Hippel-Lindau (VHL) inactivation in sporadic clear cell
renal cancer: associations with germline VHL polymorphisms and etiologic risk factors. PLoS Genet.
7:2011; €1002312.

36) Iwai K, Yamanaka K, Kamura T, et al. Identification of the von Hippel lindau tumor-suppressor
protein as part of an active E3 ubiquitin ligase complex. Proc Natl Acad Sci USA 1999;96:12436—
12441. Lisztwan J, Imbert G, Wirbelauer C, et al. The von Hippel-Lindau tumor suppressor protein
is a component of an E3 ubiquitin-protein ligase activity. Genes Dev 1999;13:1822—-1833.

37) M. Ohh, C.W. Park, M. Ivan, M.A. Hoffman, T.Y. Kim, L.E. Huang, N. Pavletich, V. Chau, W.G.
Kaelin, Ubiquitination of hypoxia-inducible factor requires direct binding to the beta-domain of the
von Hippel-Lindau protein. Nat. Cell Biol. 2 ;2000; 423—427.

38) P.H. Maxwell, M.S. Wiesener, G.W. Chang, S.C. Clifford, E.C. Vaux, M.E. Cockman, C.C.
Wykoff, C.W. Pugh, E.R. Maher, P.J. Ratcliffe, The tumour suppressor protein VHL targets hypoxia-
inducible factors for oxygendependent proteolysis. Nature 399 ;1999; 271-275.

39) Audenet F1, Yates DR, Cancel-Tassin G, Cussenot O, Rouprét M. Genetic pathways involved in
carcinogenesis of clear cell renal cell carcinoma: genomics towards personalized medicine. BJU Int.
2012;109(12):1864-70.

40) Carroll VA1, Ashcroft M.Role of hypoxia-inducible factor (HIF)-1alpha versus HIF-2alpha in
the regulation of HIF target genes in response to hypoxia, insulin-like growth factor-I, or loss of von
Hippel-Lindau function: implications for targeting the HIF pathway. Cancer Res; 2006;
15;66(12):6264-70.

41) J.D. Gordan, P. Lal, V.R. Dondeti, R. Letrero, K.N. Parekh, C.E. Oquendo, R.A. Greenberg, K.T.
Flaherty, W.K. Rathmell, B. Keith, M.C. Simon, K.L. Nathanson, HIF-alpha effects on c-Myc
distinguish two subtypes of sporadic VHL deficient clear cell renal carcinoma. Cancer Cell 14 ; 2008;
435-446.

42) R. Beroukhim, J.P. Brunet, A. Di Napoli, K.D. Mertz, A. Seeley, M.M. Pires, D. Linhart, R.A.
Worrell, H. Moch, M.A. Rubin, W.R. Sellers, M. Meyerson, W.M. Linehan, W.G. Kaelin Jr., S.

62



Signoretti, Patterns of gene expression and copy number alterations in von-hippel lindau disease-
associated and sporadic clear cell carcinoma of the kidney. Cancer Res. 69; 2009; 4674—4681.

43) Alexey A. Dmitriev, Evgeniya E. Rudenko, Anna V. Kudryavtseva, George S. Krasnov, Vasily
V. Gordiyuk, Nataliya V. Melnikova, Eduard O. Stakhovsky, Oleksii A. Kononenko, Larissa S.
Pavlova, Tatiana T. Kondratieva, Boris Y. Alekseev, Eleonora A. Braga, Vera N. Senchenko, and
Vladimir I. Kashuba Epigenetic Alterations of Chromosome 3 Revealed by Notl-Microarrays in Clear
Cell Renal Cell Carcinoma. Biomed Res Int. 2014;2014:735292.

44) G. Duns, R.M. Hofstra, J.G. Sietzema, H. Hollema, I. van Duivenbode, A. Kuik, C. Giezen, O.
Jan, J.J. Bergsma, H. Bijnen, P. van der Vlies, E. van den Berg, K. Kok, Targeted exome sequencing
in clear cell renal cell carcinoma tumors suggests aberrant chromatin regulation as a crucial step in
ccRCC development. Hum Mutat. 2012 ;33(7):1059-62.

45) S. Pena-Llopis, S. Vega-Rubin-de-Celis, A. Liao, N. Leng, A. Pavia-Jimenez, S. Wang, T.
Yamasaki, L. Zhrebker, S. Sivanand, P. Spence, L. Kinch, T. Hambuch, S. Jain, Y. Lotan, V.
Margulis, A.L. Sagalowsky, P.B. Summerour, W. Kabbani, S.W. Wong, N. Grishin, M. Laurent, X.J.
Xie, C.D. Haudenschild, M.T. Ross, D.R. Bentley, P. Kapur, J. Brugarolas, BAP1 loss defines a new
class of renal cell carcinoma. Nat. Genet. 44 ;2012; 751-759.

46) R. Pawlowski, S.M. Muhl, T. Sulser, W. Krek, H. Moch, P. Schraml, Loss of PBRM1 expression
is associated with renal cell carcinoma progression. Int J Cancer, 2013;Jan 15;132(2):E11-7.

47) D. Matsuda, S.K. Khoo, A. Massie, M. Iwamura, J. Chen, D. Petillo, B. Wondergem, M.
Avallone, S.J. Kloostra, M.H. Tan, J. Koeman, Z. Zhang, R.J. Kahnoski, G. French Kidney Cancer
Study, S. Baba, B.T. Teh, Identification of copy number alterations and its association with
pathological features in clear cell and papillary RCC. Cancer Lett. 272; 2008; 260-267.

48) M.I. Toma, M. Grosser, A. Herr, D.E. Aust, A. Meye, C. Hoefling, S. Fuessel, D. Wuttig, M.P.
Wirth, G.B. Baretton, Loss of heterozygosity and copy number abnormality in clear cell renal cell
carcinoma discovered by high-density affymetrix 10K single nucleotide polymorphism mapping
array. Neoplasia 10, 2008; 634—642.

49) Hoglund M, Gisselsson D, Soller M, Hansen GB, Elfving P, Mitelman F. Dissecting karyotypic
patterns in renal cell carcinoma: an analysis of the accumulated cytogenetic. Cancer Genet Cytogenet,
2004; 153:1-9.

50) Zisman A, Pantuck AJ, Wieder J, et al. Risk group assessment and clinical outcome algorithm to
predict the natural history of patients with surgically resected renal cell carcinoma. J Clin Oncol 2002;
20:4559-66.

51) Patard JJ1, Kim HL, Lam JS, Dorey FJ, Pantuck AJ, Zisman A, Ficarra V, Han KR, Cindolo L,
De La Taille A, Tostain J, Artibani W, Dinney CP, Wood CG, Swanson DA, Abbou CC, Lobel B,
Mulders PF, Chopin DK, Figlin RA, Belldegrun Use of the University of California Los Angeles
integrated staging system to predict survival in renal cell carcinoma: an international multicenter
study.ASJ Clin Oncol., 2004; 15;22(16):3316-22.

52) Motzer RJ1, Mazumdar M, Bacik J, Russo P, Berg WJ, Metz EM Effect of cytokine therapy on
survival for patients with advanced renal cell carcinoma.J Clin Oncol., 2000 May;18(9):1928-35.

63



53) Robert J. Motzer, M.D., Thomas E. Hutson, D.O., Pharm.D., Piotr Tomczak, M.D., M. Dror
Michaelson, M.D., Ph.D., Ronald M. Bukowski, M.D., Olivier Rixe, M.D., Ph.D., Stéphane Oudard,
M.D., Ph.D., Sylvie Negrier, M.D., Ph.D., Cezary Szczylik, M.D., Ph.D., Sindy T. Kim, B.S., Isan
Chen, M.D., Paul W. Bycott, Dr.P.H., Charles M. Baum, M.D., Ph.D., and Robert A. Figlin, M.D.
Sunitinib versus Interferon Alfa in Metastatic Renal-Cell Carcinoma. The new England journal of
medicine established in 1812 january 11, 2007 vol. 356 no. 2

54) Maxine Sun a,, Shahrokh F. Shariat b1, Christopher Cheng ¢, Vincenzo Ficarra d, Masaru Murai
e, Stephane Oudard f, Allan J. Pantuck g, Richard Zigeuner h, Pierre 1. Karakiewicz a, Prognostic
Factors and Predictive Models in Renal Cell Carcinoma: A Contemporary Review. Eur Urol.
2011;60(4):644-61

55) Finley DS, Pantuck AJ, Belldegrun AS. Tumor Biology and Prognostic Factors in Renal Cell
Carcinoma. Oncologist, 2011; 16:4—13.

56) Ferrara N. Vascular endothelial growth factor as a target for anticancer therapy. The Oncologist
2004;9(suppl 1):2-10.

57) Jacobsen J, Rasmuson T, Grankvist K et al. Vascular endothelial growth factor as prognostic
factor in renal cell carcinoma. J Urol 2000;163:343-347.

58) Klatte T, Seligson DB, Riggs SB et al. Hypoxia-inducible factor 1 in clear cell renal cell
carcinoma. Clin Cancer Res 2007;13:7388 —7393.

59) Wiesener MS, Mu" nchenhagen PM, Berger I, et al. Constitutive activation of hypoxia-inducible
genes related to overexpression of hypoxia-inducible factor-lalpha in clear cell renal carcinomas.
Cancer Res 2001;61:5215-22.

60) Bui MH, Seligson D, Han KR et al. Carbonic anhydrase IX is an independent predictor of survival
in advanced renal clear cell carcinoma: Implications for prognosis and therapy. Clin Cancer Res
2003;9:802— 811.

61) Dong H, Zhu G, Tamada K, et al. B7-H1, a third member of the B7 family, co-stimulates T-cell
proliferation and interleukin-10 secretion. Nat Med 1999;5:1365-9.

62) Dong H, Strome SE, Salomao DR, et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a
potential mechanism of immune evasion. Nat Med 2002;8:793—-800.

63) Zamparese R, Pannone G, Santoro A, et al. Survivin expression in renal cell carcinoma. Cancer
Invest 2008;26:929-35.

64) Parker AS, Kosari F, Lohse CM, et al. High expression levels of survivin protein independently
predict a poor outcome for patients who undergo surgery for clear cell renal cell carcinoma. Cancer
2006;107:37-45.

65) Sun M, Lughezzani G, Paul P, Karakiewicz P. Treatment of metastatic renal cell carcinoma, Nat
Rev Urol. 2010; 7:327-38.

66) Johnons LN. Protein kinase inhibitors: contributions from structure to clinical compounds. Q Rev
Biophys, 2009; 42:1-40.

64



67) Pawson T, Nash A. Protein-protein interactions define specificity in signal transduction. Genes
Dev, 2000; 14:1027-1047. .Schlessinger J. Cell signalling by receptor tyrosine kinases. Cell, 2000;
103:211-22526, 27

68) Goodin S. Development of monoclonal antibodies for the treatment of colorectal cancer. Am J
Health Syst Pharm. 2008; 65: 3-7

69) Hirsch FR, Varella-Garcia M, Bunn PA Jr, Di Maria MV, Veve R, Bremmes RM, Baron AE,
Zeng C. Epidermal growth factor receptor in non-small-cell lung carcinomas: correlation between
gene copy number and protein expression and impact on prognosis. J Clin Oncol, 2003. 21: 3798-
807.

70) Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L, Slamon DJ,
Murphy M, Novotny WF, Burchmore M, Shak S, Stewart SJ, Press M. Efficacy and Safety of
Trastuzumab as a Single Agent in First-Line Treatment of HER2-Overexpressing Metastatic Breast
Cancer. J Clin Oncol. 2002 ;20(3):719-26.

71) Escudier, B.; Eisen, T.; Stadler, W. M.; Szczylik, C.; Oudard, S.; Siebels, M.; Negrier, S.;
Chevreau, C.; Solska, E.; Desai, A. A.; Rolland, F.; Demkow, T.; Hutson, T. E.; Gore, M.; Freeman,
S.; Schwartz, B.; Shan, M.; Simantov, R.; Bukowski, R. M. Sorafenib in advanced clear-cell renal-
cell carcinoma. N. Engl. J. Med. 2007,356 (2), 125-134.

72) Escudier B, Eisen T, Stadler WM, et al; TARGET Study Group. Sorafenib in advanced clear-cell
renal cell carcinoma. N Engl J Med 2007 Jan;356(2):125-34.

73) Z Mihaly, Z Sztupinszki, P Surowiak, B Gy6rffy A Comprehensive Overview of Targeted
Therapy in Metastatic Renal Cell Carcinoma Curr Cancer Drug Targets. 2012; 12(7): 857-872.

74) Motzer, R. J.; Hutson, T. E.; Tomczak, P.; Michaelson, M. D.; Bukowski, R. M.; Rixe, O.;
Oudard, S.; Negrier, S.; Szczylik, C.; Kim, S. T.; Chen, L.; Bycott, P. W.; Baum, C. M.; Figlin, R. A.
Sunitinib versus interferon o in metastatic renal-cell carcinoma. Engl. J. Med. 2007, 356 (2), 115-
124.

75) Motzer RJ, Michaelson MD, Redman BG et al Activity of SU11248, a multitargeted inhibitor of
vascular endothelial growth factor receptor and platelet-derived growth factor receptor, in patients
with metastatic renal cell carcinoma. J Clin Oncol 2006; 24:16-24

76) Motzer RJ, Michaelson MD, Rosenberg J et al Sunitinib efficacy against advanced renal cell
carcinoma. J Urol 2007 178:1883—-1887

77) Motzer, R. J.; Hutson, T. E.; Tomczak, P.; Michaelson, M. D.; Bukowski, R. M.; Rixe, O.;
Oudard, S.; Negrier, S.; Szczylik, C.; Kim, S. T.; Chen, L.; Bycott, P. W.; Baum, C. M.; Figlin, R. A.
Sunitinib versus interferon alfa in metastatic renal-cell carcinoma. N. Engl. J. Med. 2007, 356 (2),
115-124

78) Sternberg CN, Davis ID, Mardiak J, et al. Pazopanib in locally advanced or metastatic renal cell
carcinoma: results of a randomized phase III trial. J Clin Oncol 2010;28:1061-8.

79) Rini BI1, Escudier B, Tomczak P, Kaprin A, Szczylik C, Hutson TE, Michaelson MD, Gorbunova
VA, Gore ME, Rusakov IG, Negrier S, Ou YC, Castellano D, Lim HY, Uemura H, Tarazi J, Cella D,
Chen C, Rosbrook B, Kim S, Motzer RJ.Comparative effectiveness of axitinib versus sorafenib in

65



advanced renal cell carcinoma (AXIS): a randomized phase 3 trial. Lancet. 2011; 3;378(9807):1931-
9.

80) Yang JC, Haworth L, Sherry RM, et al: A randomized trial of bevacizumab, an anti-vascular
endothelial growth factor antibody, for metastatic renal cancer. N Engl J Med 349:427-434, 200314

81) Rini BI1, Halabi S, Rosenberg JE, Stadler WM, Vaena DA, Ou SS, Archer L, Atkins JN, Picus
J, Czaykowski P, Dutcher J, Small EJ. Bevacizumab Plus Interferon Alfa Compared With Interferon
Alfa Monotherapy in Patients With Metastatic Renal Cell Carcinoma: CALGB 90206. J Clin Oncol.
2008 ;26(33):5422-8.

82) Motzer, R. J.; Escudier, B.; Oudard, S.; Hutson, T. E.; Porta, C.; Bracarda, S.; Grunwald, V;
Thompson, J. A.; Figlin, R. A.; Hollaender, N.; Urbanowitz, G.; Berg, W. J.; Kay, A.; Lebwohl, D.;
Ravaud, A.; Group, R.-S. Efficacy of everolimus in advanced renal cell carcinoma: a double-blind,
randomised, placebocontrolled phase III trial. Lancet 2008, 372 (9637), 449-456.

83) Jermann M1, Stahel RA, Salzberg M, Cerny T, Joerger M, Gillessen S, Morant R, Egli F, Rhyner
K, Bauer JA, Pless M. A phase II, open-label study of gefitinib (IRESSA) in patients with locally
advanced, metastatic, or relapsed renal-cell carcinoma. Cancer Chemother Pharmacol. 2006;
57(4):533-9.

84) Drucker B, Bacik J, Ginsberg M et al (2003) Phase II trial of ZD1839 (IRESSA) in patients with

advanced renal cell carcinoma. Invest New Drug 21:341-345

85) Motzer RJ, Amato R, Todd M et al (2003) Phase II trial of antiepidermal growth factor receptor
antibody C225 in patients with advanced renal cell carcinoma. Invest New Drug 21:99-101

86) D.S. Salomon Epidermal growth factor-related peptides and their receptors in human
malignancies Oncol Hematol, 19 (1995), pp. 183-232.

87) Bazley LA1, Gullick WJ. The epidermal growth factor receptor family. Endocr Relat Cancer.
2005 ;12 Suppl 1:S17-27.

88) Castagnino P, Biesova Z, Wong W, Fazioli F, Gill G and DiFiore P (1995) Direct binding of eps8
to the juxtamembrane domain of EGFR in phophotyrosine- and SH2-independent. Oncogene. 10:723-
729.

89) Kil S and Carlin C (2000) EGF receptor residues leu(679), leu(680) mediate selective sorting of
ligand-receptor complexes in early endosomal compartments. J Cell Physiol. 185:47-60.

90) Prenzel N1, Fischer OM, Streit S, Hart S, Ullrich A. The epidermal growth factor receptor family
as a central element for cellular signal transduction and diversification. Endocr Relat Cancer. 2001
Mar;8(1):11-31.

91) Wells A. EGF receptor. The International Journal of Biochemistry & Cell Biology, 1999; 31 637-
643..

92) Fresno Vara J, Casado E, de Castro J, Cejas P, Belda-Iniesta C and Gonzalez-Baron M PI3K/Akt
signalling pathway and cancer. Cancer Treat Rev.2004; 30:193-204

93) Fry M Phosphoinositide 3-kinase signalling in breast cancer: how big a role might it play? Breast
Cancer Res. 2001; 3:304-312.)

66



94) Lin X1, Bohle AS, Dohrmann P, Leuschner I, Schulz A, Kremer B, Fandrich F. Overexpression
of phosphatidylinositol 3-kinase in human lung cancer. Langenbecks Arch Surg. 2001 ;386(4):293-
301.

95) Krasilnikov M, Adler V, Fuchs S, Dong Z, Haimovitz-Friedman A, Herlyn M and Ronai Z
Contribution of phosphatidylinositol 3-kinase to radiation resistance in human melanoma cells. Mol
Carcinog.1999; 24:64-69.

96) Martinez-Lorenzo M, Anel A, Monleon I, Sierra J, Pineiro A, Naval J and Alava M Tyrosine
phosphorylation of the p85 subunit of phosphatidylinositol 3-kinase correlates with high proliferation
rates in sublines derived from the Jurkat leukemia. Int J Biochem Cell Biol. ;32:435-445.

97) Domin J, Gaidarov I, Smith M, Keen J and Waterfield M. The class II phosphoinositide 3-kinase
PI3K-C2alpha is concentrated in the trans-Golgi network and present in clathrin-coated vesicles. J
Biol Chem. 2000; 275:11943-11950.

98) Volinia S, Dhand R, Vanhaesebroeck B, MacDougall L, Stein R, Zvelebil M, Domin J, Panaretou
C and Waterfield M. A human phosphatidylinositol 3-kinase complex related to the yeast Vps34p-
Vps15p protein sorting system. EMBO J. 1995;14:3339-3348.)

99) Jones P, Jakubowicz T and Hemmings B. Molecular cloning of a second form of rac protein
kinase. Cell Regul. 1991; 2:1001-1009.

100) Cheng J, Godwin A, Bellacosa A, Taguchi T, Franke T, Hamilton T, Tsichlis P and Testa J.
AKT2, a putative oncogene encoding a member of a subfamily of protein-serine/threonine kinases,
is amplified in human ovarian carcinomas. Proc Natl Acad Sci U S A.1992; 89:9267-9271.

101) Brodbeck D, Cron P and Hemmings B A human protein kinase Bgamma with regulatory
phosphorylation sites in the activation loop and in the C-terminal hydrophobic domain. J Biol Chem.
1999; 174:9133-9136.)

102) Hay N and Sonenberg N Upstream and downstream of mTOR. Genes Dev. 2004; 18:1926-
1945.

103) Gotoh N. Somatic mutations of the EGF receptor and their signal transducers affect the efficacy
of EGF receptor specific tyrosine kinase inhibitors. Int J Clin Exp Pathol, 2011; 4:403-9.

104) Huang D, Ding Y, Luo WM, Bender S, Qian CN, Kort E, Zhang ZF, VandenBeldt K, Duesbery
NS, Resau JH, Teh BT. Inhibition of MAPK signalling pathways suppressed renal cell carcinoma
growth and angiogenesis in vivo. Cancer Research, 2008. 68:81-8.

105) Frank DA. STATS3 as a central mediator of neoplastic cellular transformation. Cancer Lett, 2007.
199-210.

106) Peschard P, Park M. Escape from Cbl-mediated downregulation: A recurrent theme for
oncogenic deregulation of receptor tyrosine kinases. Cancer Cell, 2003;.3:519-23.

107) Zhou L, Yang H. The von Hippel-Lindau tumor suppressor protein promotes c-Cbl-independent
poly-ubiquitylation and degradation of the activated EGFR. PLoS One6, 2011; 6:23936.

108) D.S. Salomon Epidermal growth factor-related peptides and their receptors in human
malignancies Oncol Hematol, 19, 1995; pp. 183-232;

67



109) Scaltriti M, Baselga J. The epidermal growth factor receptor pathway: a model for targeted
therapy. Clin Cancer Res, 2006; 15;12:5268-72.

110) Sebastian S1, Settleman J, Reshkin SJ, Azzariti A, Bellizzi A, Paradiso A. The complexity of
targeting EGFR signalling in cancer: from expression to turnover. Biochim Biophys Acta.
2006;1766(1):120-39.

111) PaezJG, Janne PA, LeelC, et al. EGFR mutations in lung cancer: correlation with clinical
response to gefitinib therapy. Science 2004;304:14977500. 41.

112) Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan BW, Harris PL,
Haserlat SM, Supko JG, Haluska FG, Louis DN, Christiani DC, Settleman J, Haber DA. Activation
mutation in the epidermal growth factor receptor underlying responsivness of non small lung cancer
to Gefitinib. N Eng J Med, 2004; 350:2129-39.

113) PaoW, Miller VA, Politi KA, et al. Acquired resistance of lung adenocarcinomas to gefitinib or
erlotinib is associated with a second mutation in the EGFR kinase domain. PLoSMed 2005;2:€73.

114) Seshacharyulu P1, Ponnusamy MP, Haridas D, Jain M, Ganti AK, Batra SK. Targeting the
EGFR signaling pathway in cancer therapy. Expert Opin Ther Targets. 2012 Jan;16(1):15-31.

115) Weihua Z, Tsan R, Huang WC, Wu Q, Chiu CH, Fidler IJ, Hung MC. Survival of cancer cells
is maintained by EGFR independent of its kinase activity. Cancer Cell 2008;13(5):385-393.

116) Hanabata Y, Nakajima Y, Morita K, Kayamori K, Omura K Coexpression of SGLT1 and EGFR
is associated with tumor differentiation in oral squamous cell carcinoma. Odontology 2012; 100: 156-
163.

117) Guo GF1, Cai YC, Zhang B, Xu RH, Qiu HJ, Xia LP, Jiang WQ, Hu PL, Chen XX, Zhou FF,
Wang F. Overexpression of SGLT1 and EGFR in colorectal cancer showing a correlation with the
prognosis. Med Oncol. 2011 ;28 Suppl 1:S197-203.

118) Casneuf VF, Fonteyne P, Van Damme N, Demetter P, Pauwels P, et al. Expression of SGLTI,
Bcl-2 and p53 in primary pancreatic cancer related to survival. Cancer Invest 2008; 26: 852-859.

119) Lai B, Xiao Y, Pu H, Cao Q, Jing H, et al. Overexpression of SGLT]1 is correlated with tumor
development and poor prognosis of ovarian carcinoma. Arch Gynecol Obstet 2012; 285: 1455-1461.

120) Ren J1, Bollu LR, Su F, Gao G, Xu L, Huang WC, Hung MC, Weihua Z. EGFR-SGLT1
interaction does not respond to EGFR modulators, but inhibition of SGLT1 sensitizes prostate cancer
cells to EGFR tyrosine kinase inhibitors. Prostate. 2013 Sep;73(13):1453-61.

121) Alicia Blessing, Lei Xu, Guang Gaol, Lakshmi Reddy Bollul, Jiangong Renl, Hangwen Li2,
Xuefeng Wu, Fei Su, Wei-Chien Huang, Mien- Chie Hung, Lei Huo, Ganesh S Palapattu and Zhang
Weihua. Sodium/Glucose Co-transporter 1 Expression Increases in Human Diseased Prostate. J
Cancer Sci Ther 2012; 4: 306-312.

122) Sharma V, Bell D, Settleman J, Haber A. Epidermal growth factor receptor mutation in lung
cancer. Nat Rev Cancer, 2007; 7:169-81

68



123) Stumm G, Eberwein S, Rostock-Wolf' S, Stein H, Pomer S, Schlegel J, Waldherr R. Concomitant
overexpression of the EGFR and erbB-2 genes in renal cell carcinoma (RCC) is correlated with
dedifferentiation and metastasis. Int J Cancer, 1996; 69:17-22.

124) Moch H, Sauter G, Buchholz N, Gasser TC, Bubendorf L, Waldman FM, Mihatsch MJ.
Epidermal growth factor receptor expression is associated with rapid tumor cell proliferation in renal
cell carcinoma. Hum Pathol, 1997; 11: 1255-9.

125) Moch, H., G. Sauter, Gasser TC, Bubendorf L, Richter J, Presti JC Jr, Waldman FM, Mihatsch
MJ. EGF-r gene copy number changes in renal cell carcinoma detected by fluorescence in situ
hybridization. J Pathol, 1998 184:424-9.

126) Amare Kadam PS, Varghese C, Bharde SH, Narasimhamoorthy NK, Desai S, Advani SH,
Havaldar R, Kulkarni JN. Proliferating cell nuclear antigen and epidermal growth factor receptor
(EGFR) status in renal cell carcinoma patients with polysomy of chromosome 7. Cancer Genet
Cytogenet 2001, 125:139-46.

127) Cohen D, Lane B, Jin T, Magi-Galluzzi C, Finke J, Rini BI, Bukowski RM, Zhou M. The
prognostic significance of epidermal growth factor receptor expression in clear-cell renal cell
carcinoma: a call for standardized methods for immunohistochemical evaluation. Clin Genitourin
Cancer, 2007; 5:264-70.

128) Langner C1, Ratschek M, Rehak P, Schips L, Zigeuner R. Are heterogenous results of EGFR
immunoreactivity in renal cell carcinoma related to non-standardised criteria for staining evaluation?
J Clin Pathol. 2004 Jul;57(7):773-5.

129) Minner S, Rump D, Minner S, Rump D, Tennstedt P, Simon R, Burandt E, Terracciano L, Moch
H, Wilczak W, Bokemeyer C, Fisch M, Sauter G, Eichelberg C. Epidermal growth factor receptor
protein expression and genomic alterations in renal cell carcinoma. Cancer, 2012; 118:1268-75.

130) Ishikawa J., Maeda S, Umezu K, Sugiyama T, Kamidono S. Amplification and overexpression
of the epidermal growth factor receptor gene in human renal-cell carcinoma. Int J Cancer, 1990;
6:1018-21.

131) El-Hariry I, Powles T, Lau MR, Sternberg CN, Ravaud A, von der Maase H, Zantl N, Harper P,
Rolland F, Audhuy B, Barthel F, Machiels JP, Patel P, Kreuser ED,Hawkins RE. Amplification of
epidermal growth factor receptor gene in renal cell carcinoma. Eur J Cancer, 2010; 5:859-62.],

132) Motzer RJ, Amato R, Todd M, Hwu WIJ, Cohen R, Baselga J, Muss H, Cooper M, Yu R,
Ginsberg MS, Needle M. Phase II trial of antiepidermal growth factor receptor antibody C225 in
patients with advanced renal cell carcinoma. Invest New Drugs, 2003; 1:99-101.

133) Stadler WM. Targeted agents for the treatment of advanced renal cell carcinoma. Cancer, 2005;
11:2323-33.

134) Coppin C, Kollmannsberger C, Le L, Porzsolt F, Wilt TJ. Targeted therapy for advanced renal
cell cancer (RCC): a Cochrane systematic review of published randomised trials. BJU Int, 2011;
10:1556-63.].

69



135) Cossu-Rocca P1, Contini M, Uras MG, Muroni MR, Pili F, Carru C, Bosincu L, Massarelli G,
Nogales FF, De Miglio MR. Tyrosine kinase receptor status in endometrial stromal sarcoma: an
immunohistochemical and genetic-molecular analysis. Int J Gynecol Pathol. 2012 Nov;31(6):570-9

136) Cossu-Rocca P1, Eble JN, Zhang S, Martignoni G, Brunelli M, Cheng L. Acquired cystic
disease-associated renal tumors: an immunohistochemical and fluorescence in situ hybridization
study. Mod Pathol. 2006 Jun;19(6):780-7.

137) Livak KJ, Schmittgen TD. Analysis of relative gene expression data using Real-Time
Quantitative PCR and the 2 (AACT) Method. Methods, 2001; 24:402-8.

138) Bieche L, Onody P, Laurendeau L, Olivi M, Vidaud D, Lidereau R, Vidaud M. Real Time
Reverse Trascription- PCR Assay for future managment of ERBB2-Based Clinical; Applications.
Clin Chem, 1999; 1948-56.

139) De Miglio MR1, Mura A, Uras MG, Manca A, Contini M, Murgia L, Zinellu A, Sotgia S, Carru
C, Massarelli G, Cossu-Rocca P. High sensitivity of reverse-hybridization methodology in the
detection of KRAS mutations from formalin-fixed paraffin-embedded colorectal cancer samples.
Diagn Mol Pathol. 2010;19 (4):201-8.

140) Uhlmann DL, Nguyen P, Manivel JC, Zhang G, Hagen K, Fraley E, Aeppli D, Niehans GA;
Epidermal growth factor receptor and transforming growth fatctor expression in papillary and
Nonpapillay renal cell carcinoma: correlation with metastatic behavior and prognosis, Clinical
Cancer Research, 1995.

141) Sakaeda T1, Okamura N, Gotoh A, Shirakawa T, Terao S, Morioka M, Tokui K, Tanaka H,
Nakamura T, Yagi M, Nishimura Y, Yokoyama M, Okumura K. EGFR mRNA is upregulated, but
somatic mutations of the gene are hardly found in renal cell carcinoma in Japanese patients. Pharm
Res. 2005 Oct;22(10):1757-61.

142) Xu CY, Wang Y, Roche O, Moriyama E, Ohh M. Caveolin-1 promotes cell proliferation, EGFR
activation and tumor growth in kidney cancer. Cancer Res; 2011; 71.

70



