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Abstract

Renal Cell Carcinoma (RCC) has the highest mortality rate of the genitourinary cancers and the
incidence of RCC has risen steadily. If detected early, RCC is curable by surgery although a
minority are at risk of recurrence. Increasing incidental detection and an ageing population has led
to active surveillance as an option for patients with small renal masses. RCC is heterogeneous and
comprises several histological cell types with different genetics, biology and behavior. The
identification of the genes predisposing to inherited syndromes with RCC has provided much of
our knowledge of the molecular basis of early sporadic RCC. Many of the oncogenes and tumor
suppressor genes that are mutated leading to pathway dysregulation in RCC remain to be
elucidated. Global studies of copy number, gene sequencing, gene expression, miRNA expression
and gene methylation in primary RCC will lead towards this goal. The natural history of RCC
indicated by candidate precursor lesions, multifocal or bilateral disease, growth rate of small renal
masses under surveillance, and high risk populations provide insight into the behavior of this
disease. The use of molecular markers for early detection and prognosis merits more attention with
ongoing advances in omics technologies. This review focuses on early RCC, that is disease
confined within the renal capsule.
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Incidence, Risk Factors and Clinical Features

In recent decades, the incidence of RCC has been steadily rising by 2—-4% each year and
RCC is now the 7th leading cancer type in men in the US. In 2010, it is projected that in the
US there will be approximately 58,000 new cases of, and 13,000 deaths from, kidney cancer,
the vast majority being RCC [1]. Compared to 1971, there has been a 5-fold increase in the
incidence of, and a two-fold increase in mortality from, RCC [2]. Increasing use of imaging
for other medical indications has resulted in more RCCs found by incidental detection but
this does not entirely explain the rise in incidence. The gender ratio is approximately male
2:1 female. African Americans have both a higher incidence and mortality rates for kidney
cancer [3]. Cigarette smoking, obesity, hypertension and/or related medications have been
implicated as risk factors although the increase in risk is relatively modest [4]. The etiology
of most RCCs remain unclear. Approximately 2—-4% of RCC is hereditary and since the
predisposition genes have been identified, genetic screening can identify carriers who
represent a group at high risk of RCC. Another population at high risk for RCC is
individuals at an advanced stage of chronic kidney disease (CKD) on long-term dialysis.
More than 100,000 people will begin treatment for end stage renal disease (ESRD) this year
(www.cdc.gov) among the almost 20 million with CKD in the US.
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Early clinical manifestations of RCC are diverse and may give rise to a range of non-specific
and often misattributed symptoms. Only 10% of individuals with RCC present with the
classic triad of hematuria, pain and a flank mass and these individuals most often have
advanced disease. More than 40% of individuals with RCC present with none of these three
symptoms [5]. Currently, more than 60% of RCC are detected incidentally in patients not
suspected of harboring a genitourinary malignancy. While this has led to stage migration, it
has not at all diminished the number of individuals that present with metastatic disease. RCC
has the highest mortality rate of the genitourinary cancers, as more than a third of patients
with RCC will die from disease. At presentation, a third of patients with RCC already have
locally advanced or metastatic disease and a third of patients who undergo surgical resection
for local disease will have a recurrence. Patients with metastatic RCC (pT4) have a median
survival of around 13 months and the 5 year survival rate is under 10% [6]. Early stage
(pT1-2) RCC confined to the kidney can be cured by surgery. Traditionally this was radical
nephrectomy but nephron sparing surgery is becoming more widely used for localized
disease reducing risk of cardiac disease and premature death due to late renal insufficiency.
Presently, diagnosis of RCC is confounded by the lack of a cancer-specific diagnostic
technique [6]. Novel and well conceived approaches for the detection and management of
renal cancer are therefore extremely important. Active surveillance with delayed primary
treatment has been proposed as a management option for selected patients with RCC to
defer, and possibly avoid, the negative consequences of surgery

In the US, more than 200,000 people are thought to be living with kidney cancer. More than
10% of individuals with organ-confined (pT1 and T2) RCC progress usually within 3-5
years. Clinical trials of sunitinib or sorafenib as adjuvant therapy for RCC patients at high
risk of recurrence RCC i.e. high grade pT1b and any grade pT2, are ongoing. However, at
present, there is no adjuvant therapy for organ-confined RCC, only observation. Similarly,
patients with locally advanced disease (pT3) have disparate characteristics that affect
therapeutic outcomes. Better predictors of behavior and response are needed to more
appropriately guide treatment of the individual patient and to predict prognosis [7]. Until
recently, there were few therapeutic options other than the cytokines interferon or
interleukin-2 for RCC. Two small molecule kinase inhibitors, sunitinib and sorafenib, are
becoming standard of care for metastatic RCC as studies support improvements in
progression-free and overall survival. The mammalian target of rapamycin (mMTOR)
inhibitors, temsirolimus and everolimus, as well as the monoclonal antibody, bevacizumab,
and the angiogenesis inhibitor, pazopanib, are also in clinical trials [8].

Overview of Origin, Cell Type, Stage and Grade

Human RCCs are thought to arise from a variety of specialized cells located along the length
of the nephron. RCC is comprised of several histological cell types. Both clear cell and
papillary RCC are thought to arise from the epithelium of the proximal tubule.
Chromophobe RCC, oncocytoma, and collecting duct RCC are believed to arise from the
distal nephron, probably from the epithelium of the collecting tubule. Each type has
differences in genetics, biology and behavior. The most common histological type is clear
cell carcinoma, also called conventional RCC, which represents 75-80% of RCC. Papillary
(10-15%), chromophobe (5%) and other more rare forms such as collecting duct carcinoma
(<1%) comprise the remainder. Oncocytomas represent 3—7% of renal masses but are
invariably benign and their exclusion from classification as RCC has been recommended
[9]. Distinct tumors of different cell types can occasionally be seen in the same kidney. An
individual tumor can have mixed histologies. The pathologist differentiates cell types
routinely by morphology and immunohistochemical markers as well as by cytogenetic and
molecular genetic analysis particularly when the cell type is equivocal. Three to five per cent
of RCC cannot be classified and are termed RCC, unclassified. Sarcomatoid RCC is no
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longer considered as a true subtype since sarcomatoid change represents undifferentiated
cells associated with progression of disease in all RCC cell types [9].

Pathologic stage, based on the size of the tumor and the extent of invasion, is the most
important prognostic indicator. The TNM staging system defines local extension of the
primary tumor (T), involvement of regional lymph nodes (N), and presence of distant
metastases (M) and stage of RCC follows TNM classification. In the 2010 AJCC Cancer
Staging guidelines, T1a RCC are 4cm or less, T1b are more than 4 but not more than 7cm,
T2a tumors are larger than 7cm but less or equal to 10cm, T2b are more than 10cm in size
but confined within the kidney. T1 and T2 are equivalent to stage | and stage 11 [10]. T3 and
T4 RCC have invaded outside the kidney and are not considered as “early” RCC for this
review. DeCastro and McKiernan review the revisions in the TNM system over time in
regard to size of RCC and stage [3]. An analysis of the incidence of RCC in the US from
1986-1998 based on SEER data reported stage at presentation to be 54% localized (stage |
or 1), 21% regional (stage I11), 25% advanced (stage V) [11].

Chromophobe RCC appears to have a better survival than clear cell RCC. Localized
papillary RCC shows a more favorable outcome than localized clear cell RCC but there is no
apparent difference in 5 year survival for extra renal papillary compared to extra renal clear
cell RCC [12]. Virtually all metastatic RCC are clear cell. Fuhrman grades of -1V have
been shown to correlate with outcome in clear cell RCC but the utility of grade is less agreed
on for other histologic types. Low grade and high grade are used as one of the criteria to
separate papillary RCC into types | and 1. The vast majority of chromophobe RCC are low
grade while oncocytomas are not graded. Within an individual stage, grade has prognostic
value for clear cell RCC [13].

Basis of Clear Cell RCC

Clear cell RCC can be sporadic (>96%) or familial (<4%) [14]. Almost all familial clear cell
RCC arise from an inherited mutation in the von Hippel-Lindau (VHL) tumor suppressor
gene located on chromosome 3p [15]. Patients with VHL syndrome show kidney cysts and
multiple bilateral clear cell RCC at an average 37 years of age [16]. The second allele of
VHL has been shown to be inactivated by deletion and less commonly by promoter
hypermethylation or rearrangement in the RCC. The average age of onset of sporadic clear
cell RCC is 61 years and it usually presents as a solitary tumor of several centimeters in size
[16]. Chromosome 3p deletion and inactivation of the VHL suppressor gene is the most
common genetic alteration [17]. The facts that VHL inactivation is so common in sporadic
clear cell RCC including the smallest T1a tumors, that this is also the predisposing factor in
familial predisposition, and that where RCCs show only one chromosomal loss it is
invariably 3p, argue that alteration of VHL is the initiating event in most sporadic clear cell
RCC. Inactivation of VHL is specific to clear cell RCC and is not found in other histological
cell types of RCC. Approximately, two-thirds of sporadic clear cell RCC have definite
evidence for biallelic inactivation of VHL, based on 55% of a series of 104 tumors showing
point mutation by sequence analysis [18] and an estimated further 10-15% having promoter
hypermethylation [19] associated with transcriptional inactivation. Loss of heterozygosity
(LOH) of 3p including the VHL gene locus was seen in 87% of clear cell RCC [18];
homozygous deletion and rearrangment may account for further cases of biallelic
inactivation. It remains unclear if there is a subset of clear cell RCC with functional VHL or
that this is due to the limitations of mutation analysis or other mechanisms of inactivation of
VHL will be uncovered. Based on mRNA signatures and immunohistochemical analysis
within VHL-deficient sporadic clear cell RCC, a subtype distinguished by overexpression of
both HIF1a and HIF2a called H1H2 tumors and another subtype defined by expression of
HIF2a only called H2 tumors have been found [20]. The protein encoded by the VHL gene
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is a component of the elongin complex and is involved in the ubiquitination and degradation
of hypoxia-inducible-factor (HIF), which is a transcription factor that plays a central role in
the regulation of gene expression by oxygen. Inactivation of the VHL gene in clear cell
tumors leads to activation of the hypoxia pathway via hypoxia-inducible factor-1a (HIF1A)
and hypoxia-inducible factor-2a, which in turn activates expression of genes involved in the
hypoxia response, angiogenesis, and other signaling pathways involving vascular endothelial
growth factor (VEGF) [21]. This work provided a rationale for the use of VEGF-inhibitors
as therapy for RCC. Interestingly, point mutation of HIF1A was found in 3 of 101 clear cell
RCC, two of which also had VHL mutations [18].

Recent advances in the understanding of cancer as a genetic disease have allowed the
identification of clonal genetic and epigenetic alterations, which accumulate during cancer
progression, often in a general temporal order. However, relatively little is known about the
secondary and later genetic alterations which drive progression after the initiating event of
inactivation of VHL in clear cell RCC. Even less is known about the alterations that underlie
the initiation and progression of sporadic papillary or chromophobe RCC, or the importance
of different tumor suppressor and signaling pathways in renal cancer. It remains that much
of what we know of the molecular basis of sporadic RCC arose from identification of the
genes predisposing to inherited RCC [22].

Few proto-oncogenes have been unambiguously identified as mutated in renal
tumorigenesis. An examination of sequence from regions of 17 oncogenes in 83 clear cell
RCC identified only 1 HRAS mutation and 1 BRAF mutation. No point mutations of EGFR,
HER2/neu or PIK3CA were found [23]. This finding was confirmed in a recent systematic
sequencing study of another 101 clear cell RCC [18]. Several proto-oncogenes do show
amplification (mostly low-level) and/or expression level changes in primary RCC. A
genome-wide single nucleotide polymorphism (SNP) array-based copy number analysis
found 12% of clear cell RCC to have amplification around MYC at chromosome 8q and
30% around chromosome 7g22 an area that excludes EGFR (7p11-p12) as an amplification
target [24]. An earlier study also reported no copy number amplification of EGFR [25]
however the same group have reported over-expression of EGFR [26]. The HER2/neu proto-
oncogene does not show copy number amplification [27, 28]. The most frequent area of
amplification is on chromosome 5q seen in 69% of clear cell RCC [24] but the target proto-
oncogene is unknown.

Loss of genetic material indicating inactivation of tumor suppressor genes is common in
renal cancer. Several chromosomal arms or regions have been observed to be lost in primary
RCC by cytogenetic [29], allelotype [30], comparative genome hybridization (CGH) [31],
and SNP array studies [24]. After deletion of 3p, the most common chromosomes with LOH
are 14, 8, 9, and 6 deleted in 20-40% of RCC with less frequent deletion of chromosome 1,
4, 10q, 13q, 17p and 18q. Six of the target tumor suppressor genes have been identified.
These are VHL on chromosome 3p, p53 on 17p, Rb on 13q, p16!/NK43/p14ARF on 9p and
PTEN on 10qg. Point mutations of p53 or RB are rare [18]. Homozygous deletion accounts
for the vast majority of p16/NK4a/p14ARF inactivation [32]. RCC is found in patients with
Cowden’s Syndrome [33] caused by point mutation of PTEN. Point mutations of PTEN are
rare in RCC and homozygous deletions account for most cases of biallelic inactivation [34].
PTEN does not appear to be hypermethylated in human cancer [34] although a pseudogene
with sequence homology on chromosome 9 can be methylated [35] complicating analysis.

With the exception of VHL, all these tumor suppressor genes appear to be inactivated in a
minority of RCC, Indeed the number with clear evidence of inactivation of the retained
allele by point mutation, homozygous deletion or hypermethylation is substantially less than
the number with LOH. This may simply be due to not looking hard enough. The case of

Cancer Biomark. Author manuscript; available in PMC 2012 March 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cairns

Page 5

germline mutation of VHL is instructive because as investigators searched deeper for the
second mutation, more were found [36]. The target suppressor gene(s) on several of the
more frequently deleted chromosomal arms e.g. 6q, 8p or 14q in RCC have not yet been
identified. Subtyping of RCC by tumor suppressor inactivation may prove important for
prognostic stratification.

A recent systematic sequencing of 3544 genes in 101 clear cell RCC found novel mutation
of a number of genes. Four genes involved in histone modification SETD2, JARID1C, UTX
and MLL2 were mutated in 12-17% of clear cell RCC. The same study reported 10%
mutation of the p600 retinoblastoma associated protein ZUBRL1 gene, 7% of the NF2 gene,
and 2-3% mutation of the WRN and NBN DNA double strand repair genes [18].

It is possible that, in addition to VHL inactivation, the same molecular genetic alterations
underlie both sporadic and familial forms of clear cell RCC. Inherited VHL RCC show
similar LOH of chromosomes 6, 8, 9 and 14 possibly at a slightly lower frequency than in
sporadic clear cell RCC [37]. This may be due to the smaller size, and by implication earlier
stage of development, of inherited RCC at presentation.

Advances in microarray technology led to global gene expression profiling of RCC. Early
studies produced lists of genes with differential expression levels between RCC of known
(good or poor) outcome [38-40], and between the three most common RCC histologic
subtypes [41-43]. Gene expression also separated chromophobe RCC from oncocytoma [44]
and characterized molecular classes within papillary RCC [45]. Expression array studies
have also been used to discover novel VHL target genes in cell lines [46, 47] and identify
molecular pathways deregulated in RCC [48]. Differences in tumor sets, array platforms,
analysis of data sets and the extent of validation, typically immunohistochemical analysis of
several genes, should be noted. Table 1 shows the molecular alterations that, at present, best
characterize the three most common cell types.

A search for a tumor-initiating stem cell population in RCC reported that the mesenchymal
stem cell marker CD105 positive cells and clones derived from RCC were enriched in
tumor-initiating cells with stem characteristics [49].

Epigenetics of RCC

The best-studied epigenetic alteration in RCC is aberrant hypermethylation of normally
unmethylated promoter regions of genes that are associated with transcriptional silencing.
The methylation status of individual genes has been examined in normal and renal tumor
cells and, more recently, global profiles of gene methylation of RCC have been studied [50].
Several classical tumor suppressor genes can be inactivated by hypermethylation as an
alternative mechanism of silencing including VHL that is hypermethylated in 10-15% of
clear cell RCC [51]. There is no clear evidence of hypermethylation of FH [19] or BHD [52,
53]. The p16 and p14 suppressor genes, which have different promoter CpG islands are
rarely methylated in RCC [19]. E-cadherin is hypermethylated but displays a variable extent
of individual CpG site methylation [19]. Some classical TSG have not been found to show
promoter hypermethylation in any type of human cancer such as p53 and PTEN, or Rb other
than in retinoblastoma. Overall, around 30 genes including the most commonly
hypermethylated gene to date RASSF1A and several genes in the Wnt signaling pathway i.e.
APC, SFRPs and DKK?2 have been reported to be aberrantly hypermethylated in RCC [54—
56]. Gene hypermethylation is present in RCC of all cell types, grade, stage, sex, age and
ethnicity. A list of genes hypermethylated in RCC is reviewed in Hoffman and Cairns 2010
[57]
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As yet, there are no published studies of histone modifications in RCC but as noted above,
mutations in several histone modification genes have been identified [18]. Several studies of
miRNA exist however most are of relatively small numbers of RCC and differences may be
due to the array platform or the methods of data analysis. More than one independent study
has reported downregulation of miR-141 and miR-200c [58, 59] and upregulation of
miR-210 [58, 60] in clear cell RCC compared to normal renal parenchymal tissue.

Papillary RCC

The MET proto-oncogene is a cell surface receptor tyrosine kinase for the ligand hepatocyte
growth factor, both of which are located on human chromosome 7. The finding of germline
activating missense point mutations in the tyrosine kinase domain identified MET as a
predisposition gene for hereditary papillary renal cancer [61]. In the small number of
hereditary cases studied, trisomy 7 was present in the tumors and the mutant MET allele was
duplicated and overexpressed [62, 63]. MET appears to be less frequently mutated than
VHL in sporadic RCC. In one study, missense point mutation of MET was found in 17/129
(13%) sporadic papillary RCCs however in 8 of the 17 cases, even though there was no
family history, mutation was present in the germline suggesting de novo mutation [64].
Another study found MET point mutations in only 3/60 (5%) sporadic papillary RCCs [63].
Most papillary RCC show trisomy 7 without mutation of MET. The over-expression of
MET and its ligand may confer a growth advantage [64] but is unlikely to be as oncogenic
as activating point mutations. Papillary RCC has been divided into Type I and 1l by
morphology [65] and into 3 groups by genetic alteration [66]. Type | is less common,
usually of lower grade and stage, with longer survival and are associated with MET point
mutations. Type Il is more frequent, usually of higher nuclear grade and does not have a
point mutation of MET [65, 67, 68]. MET mutations have not been reported in any other
RCC type. A second gene, the fumarate hydratase (FH) tumor suppressor gene which is a
Krebs cycle enzyme, confers a rare hereditary predisposition to more aggressive papillary
RCCs of type Il [69]. The FH gene appears to be rarely, if ever, mutated in sporadic
papillary RCC [19, 70].

The most common genetic events associated with papillary RCC are trisomy of
chromosomes 7 and 17 and loss of the Y chromosome [71]. This pattern of genetic
anomalies in papillary carcinoma is distinctly different from that of clear cell RCC, and may
be used to distinguish the two, especially when morphologic features overlap [72]. We and
others have noted chromosome 9p LOH in papillary RCC [73, 74]. LOH of chromosomes 6,
8, and 14 also have been noted in papillary RCC [66, 72, 74]. Interestingly, these are the
same chromosomes that show most frequent LOH (other than 3p) in clear cell RCC [72].
LOH in papillary RCC may be more frequent than described so far since state of the art
analysis of copy number, i.e by genome-wide SNP array, has not yet been performed and
LOH can be underestimated by traditional cytogenetic analysis and earlier CGH technology.

Chromophobe RCC

By comparative CGH, chromophobe carcinomas were found to be characterized by frequent
(75-100%) monosomy of multiple chromosomes, particularly 1, 2, 6, 10, 13, 17, and 21, and
consequently a lower than diploid cell copy number [75]. This finding was confirmed by
microsatellite analysis of copy number and, in addition, deletion of 3p, 8p and 9p was noted
in up to 25% of chromophobe RCC [76]. Since only a marker on the p arm was used it is not
clear if the deletions were monosomies or not and chromosome 14 was not analysed [76].
Mutation of VHL has not been found in chromophobe RCC [77]. However, point mutation
of p53 is significantly more frequent at a reported 30% by sequence analysis of exons 5-8
[78] and 24% in another study [53]. Two separate gene expression array studies reported
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upregulation of the KIT proto-oncogene in chromophobe RCC [41, 79]. Sequencing did not
reveal any activating point mutations of KIT [80].

Inherited mutation of the Birt-Hogg-Dube (BHD) suppressor gene that codes for the protein
folliculin predisposes to RCC in around half of families with BHD syndrome [81]. The
RCCs are most commonly hybrid oncocytic with microscopic features of both chromophobe
carcinoma and oncocytoma (67%) or chromophobe RCC (23%). Other renal tumors
including clear cell RCC occasionally are seen [82]. Mutation of folliculin appears to be
absent or rare in sporadic chromophobe RCC [52, 53, 83, 84].

Collecting Duct and Other Rare Forms of RCC

Collecting duct RCC is a rare but highly aggressive tumor of the distal nephron (renal
medulla) that shows LOH of chromosome 1q, 6p, 8p, 139 and 21q [85]. Mapping of
chromosome 1q [86], 8p and 13q [87] have narrowed down the region but not yet identified
the target suppressor genes. Renal medullary carcinoma described in African-Americans and
associated with sickle cell “trait”, mucinous tubulocystic RCC and other rare forms of RCC
have been reviewed in Srigley and Delahunt 2009 [88].

The Natural History of RCC

Precursor Lesions

In the context of the natural history of the disease, it is important to consider that at some
point during their development all tumors are small [89]. Renal tumors under a certain size
have, historically, been referred to as renal adenomas particularly when discovered
incidentally. The finding of small renal tumors in adult autopsy series suggested that the
incidence of smaller RCC is much more common than “overtly malignant RCC” [90]. The
definition of adenoma has changed over time and between cell types. For papillary RCC,
lesions under 2.5-3cm were previously termed adenoma but now adenoma is defined as
0.5cm or smaller. An adenoma to carcinoma sequence has been described in papillary RCC
[90]. Renal adenoma cannot be distinguished from carcinoma by morphological criteria. The
distinction between adenoma and carcinoma appears somewhat arbitrary based on size and
outcome and has been, and likely, will continue to be redefined. At least on a molecular
genetic basis, it would seem that the precursor of a RCC is a smaller RCC sometimes called
adenoma.

Premalignant precursor lesions of RCC are not well-characterized. The best described
putative precursor lesions are the simple cyst to atypical cyst to clear cell RCC common in
inherited VHL patients [91]. Intratubular epithelial dysplasia defined by morphological
criteria of nuclear crowding and nuclear enlargement has been reported by several groups in
around a quarter of RCC patients (reviewed in [90]). The dysplasia can be subdivided by the
severity of the lesion from mild dysplasia to high grade renal intratubular neoplasia (RIN).
However, such dysplasia remains understudied and outside the current recommendations for
the pathological reporting of RCC [90].

Multifocal RCC

Approximately 10-15% of sporadic RCC are multifocal in the same kidney at presentation.
Papillary RCC is more frequently multifocal than clear cell. Importantly, in many cases
there is an obvious difference in size between the multiple RCC. Most commonly, there is
an obvious renal carcinoma and a much smaller lesion(s) often termed satellite lesions. This
designation implies that the small lesions have arisen by intra-renal spread from the main
(by size) tumor.
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Two studies of a comparison of molecular genetic alterations of multifocal clear cell RCC
had similar findings that suggested a common clonal origin in the majority [92, 93]. In
contrast, another study found evidence for a polyclonal origin in around half of the
multifocal RCC patients studied [94]. A study of multifocal papillary RCC found different
alterations in each lesion from the same patient for an opposite conclusion for this cell type
[95]. In addition, the accuracy of the microsatellite allelotyping in one of the studies [92] has
been challenged [96], the robustness of the X-chromosome inactivation clonality assay, in
general, has been questioned [97], and that an identical pattern of X-chromosome
inactivation or LOH can plausibly arise by chance.

As well as insight into the natural history of RCC, multifocal RCC have been studied with
regard to the implications of the presence of small lesions in the kidney remnant after nepron
sparing surgery [98]. Initial observations described a lower level of recurrence after partial
nephrectomy (1%) compared to the incidence of multifocal disease (10-15%) and implied a
lesser malignancy of satellite lesions [90]. While it may be too early in the adoption of
nephron sparing surgery for any increase in recurrence rate to be apparent, for T1 RCC
survival after partial nephrectomy appears statistically indistinguishable from radical
nephrectomy [99].

Overall, the typically smaller size of the satellite lesion(s), the physical proximity to the
main tumor, the similar histopathology, and the albeit understudied similar (in clear cell)
molecular alterations, all argue for the smaller lesion(s) having arisen from intra-renal
spread from the main tumor. However, as discussed above, the molecular evidence remains
equivocal and it is difficult to reconcile the satellite lesions having the same alterations
present in the main tumor and intra-renal metastasis with the partial nephrectomy survival
data.

There are RCC patients with two or more tumors of several cm in size in the same kidney as
well as patients with bilateral RCC [100]. RCC patients younger than 40 years are at greatly
increased risk of RCC in the other kidney [101]. Some of the bilateral RCC patients may be
unidentified familial RCC [102].

RCC in End Stage Renal Disease Patients

In addition to individuals with inherited syndromes that strongly predispose to RCC, there is
a second, rapidly increasing, group at high risk. These are are individuals on long-term
dialysis particularly those with acquired cystic kidney disease (ACKD). More than 100,000
people in the US will begin treatment for end stage renal disease (ESRD) this year
(www.cdc.gov). ACKD is characterized by the development of numerous fluid-filled cysts
in the kidneys in individuals who have no history of hereditary cystic disease. The definition
is somewhat arbitrary as the threshold of cystic changes has not been agreed upon. Thus the
prevalence of ACKD in patients with end stage renal failure varies between 30% and 90%
according to the definition of ACKD, time on dialysis and type of investigation performed
[103]. The exact cause of this disease is not known. It occurs exclusively in patients on
dialysis. The severity of disease is directly related to the duration of therapy. ACKD occurs
in about 20% of patients with end stage renal disease prior to dialysis, this increases to 60—
80% in patients with 4 years of dialysis, and to 90% in patients with 8 years or more of
dialysis [104]. Typically, ACKD is asymptomatic in patients with acquired cystic disease
who are more likely to develop RCC at an estimated 40-fold higher incidence. Renal cell
carcinoma occurs approximately 20 years earlier in people with acquired renal cystic disease
than in the general population. ACKD is more frequent in men and African-Americans are
significantly more likely both to both be on dialysis and to have ACKD. ACKD patients
have more bilateral, multifocal, and papillary RCC than the general population [103].
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The benefit of early detection of RCC in ESRD would be that the RCC would be less likely
metastatic and hence ultimately fatal. ESRD patients are not routinely scanned for RCC
unless there are other issues. Transplantation also carries an increased risk for kidney cancer
(RCC and TCC); this is estimated to be 15-fold over the first three years following
transplantation, and this risk increases with extent of exposure to immunosuppressive agents
[105]. The prevalence of RCC in native kidneys after transplantation is around 5% overall
but 19% in ACKD patients or 54% in patients with complex cysts [103]. The life expectancy
of a transplant recipient has improved and cancer may soon be the leading cause of death
late after transplantation. A marker of aggressiveness of RCC developing after
transplantation could also aid in establishing priority for transplantation.

Risk, Prevention, and Early Detection of RCC

Individuals with inherited syndromes that predispose to RCC and long-term dialysis patients
are at high risk but account for a minority of RCC cases. Algorithms of relative risk of RCC
according to smoking status, body mass index and blood pressure have been investigated
[106] and a decrease in risk was observed for men who had stopped smoking for 30 years or
more [107]. The only evidence for the potential of chemoprevention for RCC are studies
which show diets rich in fruit and vegetables as well as high vitamin D levels to be
preventive [108]. Candidates for a future chemopreventive strategy would be inherited RCC,
ESRD patients and also RCC patients at high risk of recurrence.

In regard to early detection, despite increasing incidental detection, the problem remains of
the RCCs that are locally advanced or metastatic upon diagnosis. Unless risk factors are
uncovered, the death rate from advanced RCCs at presentation may only be reduced by a
screening test for RCC in the general population that could detect such RCC at an earlier
and curative stage. Renal cancer is “neither a common nor a rare disease” [109]. However,
the relative incidence of RCC and considerations of cost effectiveness virtually dictate that a
screening test of the general population for RCC must be “bundled” with simultaneous
screening for a, or more likely several, more common types of solid tumors; however, a
screening test in non-invasive body fluids, urine or blood, will require a method of
differential diagnosis of the organ site of cancer from which the positive test originated.

Molecular early detection strategies must be designed with careful regard to the abundance
of tumor cells in the clinical specimen as well as the frequency and timing of the alteration
to be detected [110]. LOH of 3p and point mutation of VHL are frequent and early in clear
cell RCC but urine or blood contain a low ratio of DNA from renal tumor cells to DNA from
normal cells that is insufficient for the robust detection of these alterations by polymorphic
marker and sequencing analysis respectively. Because point mutations occur throughout the
VHL gene, rather than at hotspots of particular codons like RAS, the design of more
sensitive oligonucleotide molecular tests is very complicated. However, if a tumor cell-rich
biopsy specimen is available, LOH and point mutation can be assessed as prognostic
markers.

Because aberrant hypermethylation of particular tumor suppressor and other cancer genes
can be common, early and cancer specific as well as amenable to detection by the sensitive
MSP technique which is capable of detecting one methylated allele from a neoplastic cell in
a background of several thousand unmethylated alleles from normal cells, a number of
feasibility studies of methylation-based detection of cancer in body fluids have been
performed [111]. We have demonstrated the feasibility of methylation-based detection of
kidney cancer. Our initial study selected a panel of 6 genes (the tumor suppressor genes
VHL, p16, p14ARF and APC and the putative suppressor genes RASSF1A and Timp-3) the
promoter regions of which are generally unmethylated in normal renal tissue. Using
methylation specific PCR (MSP), a pattern of gene hypermethylation identical to that found
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in the RCC tissue sample was detected in matched DNA extracted from pre-operative urine
samples in 44 of 50 (88%) patients. Gene methylation was positively detected in urine
samples from patients with organ-confined (stage | and 11) RCC, including tumors as small
as 2.2 cm in size. In contrast, methylation of all 6 genes used in the panel was absent in
normal renal tissue and urine from a small number of normal and non-neoplastic disease
controls [112]. We have demonstrated the feasibility of sensitive and specific detection of
genes aberrantly methylated in RCC in pre-operative urine DNA [112]. Other investigators
confirmed these findings in a subsequent qMSP study of gene methylation in urine DNA
from patients with RCC [113]. Urakami et al reported conventional MSP-based detection of
methylation of SFRP1 and other Wnt-antagonist genes in 33% of serum of RCC patients and
0% in serum from normal age-matched controls [56]. This approach requires validation in
larger, well-defined populations with optimized and standardized methodology. Further
insight into the timing of gene methylation during ageing and the earliest stages of
neoplastic development will be necessary. Depending upon the population and the specimen
to be screened, differential diagnosis will be of a greater or lesser degree of importance.

Active Surveillance

Once diagnosed, the standard intervention for renal cell carcinoma (RCC) is surgical
resection, due to the limited effectiveness of systemic medical treatments. However, with the
widespread availability of non-invasive cross-sectional imaging, an increasing proportion of
newly identified renal masses are small, asymptomatic and incidental, and in many
individuals the benefit of treating these lesions may not outweigh the risks or possible side
effects of surgical excision. Surveillance with delayed primary treatment has been proposed
as a management option for selected patients with RCC to defer and possibly avoid the
negative consequences of surgery [114]. Approximately 30% of lesions under surveillance
do not grow. Of the other 70%, by definition half grow slower than the median growth rate
over 12 months of 4-5mm and the other half show faster growth than the median. At Fox
Chase Cancer Center, when a lesion reaches a threshold size of 3cm, whether through fast or
slow interval growth (based on NCI experience with RCC in inherited VHL patients [115]
where kidney preservation is crucial), the patient is directed to surgery. If a lesion under 3cm
has shown rapid growth, the urologist usually recommends surgery and does not wait until
the 3cm size threshold is reached. Some of the 65% of patients with lesions of no or slower
growth may, because of anxiety, opt for surgery.

A specific shortcoming of this manner of management is the inability to differentiate
between aggressive or indolent tumors based upon the information available from pre-
treatment clinical assessments. At present there are no recognized non-pathologic markers
that might separate aggressive from indolent behavior, and prognostic information regarding
the long-term RCC outcome for an individual patient is based primarily upon pathologic
data obtained from definitive surgical resection. Markers which can differentiate between
benign and malignant small renal masses and/or predict growth rate that are amenable to
detection in needle biopsy or non-invasive body fluids are needed.

Tumor Behavior and Prognostic Molecular Markers

The stage of the tumor, grade within stage, the histological cell type as well as clinical
indications are used for prognosis of RCC. Identification of the molecular alterations that
contribute to the variation in tumor behavior and clinical outcome within organ-confined,
locally advanced, or metatstatic RCC is needed for improved management of RCC.
Molecular markers can be incorporated into nomograms for counseling of patients and for
patient stratification in clinical trials [116]. The majority of studies have examined
prognostic markers, e.g. carbonic anhydrase IX (CA-IX), almost exclusively by
immunohistochemistry usually in the context of advanced RCC. Other markers investigated
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include p53, p21, Hif-1a and Survivin reviewed by Lam et al 2008 [117]. Some global array
studies have examined expression signatures of progression but in small numbers of organ-
confined RCC and as part of a wider analysis [38, 40]. Even so, genes previously implicated
in the progression of RCC were identified e.g. elevated expression of the Caveolin-1 gene
[40] previously implicated as an immunohistochemical marker for poor disease-free survival
in non-metatstatic (<pT4) RCC [118].

The colorectal cancer model of molecular progression has become the paradigm for
progression of all human solid tumors [119]. Most solid neoplasms are now thought to
accumulate a series of genetic and epigenetic changes as they progress through well-defined
clinical and histopathological changes. The association of particular molecular markers with
progression and outcome of disease means that the status of certain markers can be used to
identify its likelihood for progression. LOH of chromosomes 8p, 9p and 14q have been
associated with higher grade and stage in clear cell RCC and papillary RCC [74, 120]. LOH
of chromosome 9p has been correlated with progression in locally advanced (pT3NOMO)
clear cell RCC [121] and progression of papillary RCC [122].

An understudied area is prognostic molecular markers to identify patients at higher risk of
recurrence after surgery for organ-confined RCC. Patients at higher risk of recurrence could
be screened more often and potentially in the future could be candidates for adjuvant
therapy. Patients at lower risk might be screened less often with reduction in cost and
anxiety. It is not known if the alterations discussed above have prognostic value for RCC
confined within the renal capsule (pT1-2).

Conclusions

Changes in the presentation and management of RCC as well as the fact that approximately
40% of RCC patients will die from their disease highlight the need for additional
translational research. The inherited forms of RCC have provided insight into the initiating
events and early development of the disease; however we know little about the molecular
events that drive progression. Consortium-driven omics studies in large numbers of RCC
specimens, such as the Cancer Genome Atlas, will likely identify many as yet unidentified
point mutations and provide global genomic and epigenomic profiles of the same large
tumor set. Such data should facilitate; the further elucidation of the biological basis of
disease, a better understanding of disease progression, and the discovery of molecular
markers for translational application to diagnosis and prognosis of early RCC.
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