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Abstract Objectives: Increased knowledge about the molecular pathways involved
in tumorigenesis has led to the discovery of new prognostic molecular markers and
development of novel targeted therapies for renal cell carcinoma (RCC). In this
review we describe the prognostic markers of RCC and highlight the areas of recent
discovery with a focus on the mammalian target of rapamycin (mTOR) pathway.

Methods: We reviewed previous reports, using PubMed with the search terms
‘renal cell carcinoma’, ‘molecular markers’, ‘prognosis’, ‘outcomes’ and ‘mammalian
target of rapamycin pathway’ published in the last two decades. We created a library
of 100 references and focused on presenting the recent advances in the field.

Results: Growing evidence suggests that mTOR deregulation is associated with
many types of human cancer, including RCC. Consequently, temsirolimus and ever-
olimus, which target mTOR, are approved for treating advanced RCC. There is a
demand to integrate clinical, pathological and molecular markers into accurate prog-
nostic models to provide patients with the most personalised cancer care possible.

Conclusions: The mTOR pathway is highly implicated in RCC tumorigenesis and
progression, and its constituents might represent a promising prognostic tool and
target for treating RCC. Combining newly discovered molecular markers with
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Introduction

RCC accounts for �3% of all cancer diagnoses [1];
while the classic clinicopathological tools, such as tu-
mour stage and grade, are apparent at the time of diag-
nosis using modern imaging and pathology, they are still
inadequate in predicting the prognosis of RCC. Ad-
vances in molecular biology and genetics have provided
an insight into the detailed molecular alterations and
subsequent downstream pathways involved in tumori-
genesis and disease progression. Understanding and
knowing more about tumour biology are extremely
important to improve the ability to predict the outcome
and response to systemic therapies, especially in the era
of targeted therapies [2]. With the development of these
novel targeted therapeutics, the conventional well-estab-
lished prognostic models based on clinical and patholog-
ical variables might not be the best tools for clinical use.
The integration of molecular markers into prognostic
and predictive models will change the management
paradigms. Eventually, it will allow tailoring of multi-
modal treatments, with a choice of different medical
and surgical options for individuals in the present era
of personalised medicine.

The mammalian target of rapamycin (mTOR) is a
key regulator of cell growth and proliferation. It regu-
lates essential signal-transduction pathways and is
involved in coupling growth stimuli to cell-cycle pro-
gression, and thus alterations in its function are highly
implicated in carcinogenesis [3]. It has recently received
special interest in RCC because of the development of
such targeted therapeutic agents everolimus and temsi-
rolimus, which are approved for treating patients with
advanced RCC. Our goal in this review was to provide
a broad overview of the current state of prognostic
.
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markers in RCC (summarised in Table 1), specifically
the constituents of mTOR pathway, to establish a basis
for understanding their future utility.

Pathologic markers

TNM staging is still the most important pathological
prognostic marker and is periodically subjected to up-
dates. The TNM classification for RCC has been re-
cently updated (2009) [4]. There have been alterations
to the system accounting for tumour size and patterns
of regional involvement, such as peri-renal fat, renal si-
nus and renal vein invasion [4]. Also, investigation into
variations in nodal involvement, such as extra-nodal tu-
mour extension and lymph-node density, has been
shown to affect the prognosis [5,6]. However, despite
the recent revision, or even with future changes, there
will still be questions about the validity and prognostic
ability of this system alone [7,8].

Clinical markers

Laboratory tests like haemoglobin level, platelet count,
serum calcium, erythrocyte sedimentation rate, C-reac-
tive protein, lactate dehydrogenase (LDH) and serum
ferritin have been correlated with outcomes in RCC. A
recent meta-analysis found C-reactive protein, platelet
count and erythrocyte sedimentation rate to be the inde-
pendent predictors of relapse-free and cancer-specific
survival [9]. The role of platelets in tumorigenesis might
be related to the fact that they harbour vascular endo-
thelial growth factor (VEGF) and other tumour-
promoting factors. Performance status was commonly
used to predict those who benefit most from cytoreduc-
tive nephrectomy [10,11]. However, clinical markers are
ors: extra-nodal tumour extension and lymph node density
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insufficient as prognostic tools when used alone. Clinical
markers are not specific for the tumour biology and
merely reflect the host response or level of tumour
burden. Their level can be altered by many factors, like
improved nutrition or targeted therapeutics [12,13].
Inadequacy of clinicopathological variables in the

prognosis of RCC

Combining clinical and pathological variables in a risk-
stratifying model might help more as a prognostic tool.
However, these variables still fail to completely capture
the contribution of tumour biology to the patient’s
prognosis. The Memorial Sloan Kettering Cancer Cen-
ter RCC risk classification, also known as the Motzer
Criteria [14] identified low performance status, high ser-
um LDH, low haemoglobin, high serum calcium and ab-
sence of previous nephrectomy as prognostic of poor
survival rates in patients with metastatic RCC. It was
established in the immunotherapy era, and with the
quickly changing landscape in RCC, the development
of novel targeted therapeutics and their relationship to
changing surgical paradigms, the role of such markers
must be continually reassessed. Molecular alterations
should be potentially considered in prognostic calcula-
tions; especially, they might also help in predicting the
response to targeted therapies. However, no markers,
including those related to mTOR, are yet used clinically
for prognostication in RCC.
Molecular markers

Combining molecular alterations reflecting the tumour’s
biology with the clinical and pathological factors will
more accurately determine the prognosis. The growing
body of knowledge related to RCC molecular pathways
and molecular alterations has tremendously changed the
clinical management of RCC. The mTOR pathway, von
Hippel-Lindau (VHL)/hypoxia inducible factor (HIF)
pathway, cell-cycle regulators and apoptotic markers
are extensively studied in the era of targeted therapies.

The mTOR pathway

mTOR is a high molecular weight serine-threonine ki-
nase that belongs to the phosphatidylinositol 3-kinase
(PI3k)-related kinase super-family. It acts as a central
regulator for cell growth, proliferation, survival and
angiogenesis, and thus alterations in its function are
highly implicated in carcinogenesis [3]. It has recently re-
ceived special interest in RCC because of the develop-
ment of targeted therapeutics like temsirolimus and
everolimus, both approved for treating advanced
RCC. There are two distinct mTOR complexes, i.e.
mTORC1 and mTORC2. The former phosphorylates
S6 kinase 1 (S6K1) and eukaryotic initiation factor-
binding protein (4E-BP1), while mTORC2 controls the
actin cytoskeleton and regulates the activity of AKT/
protein kinase B, a phosphorylation pathway well de-
scribed in carcinogenesis [15].

Fig. 1 illustrates the mTOR pathway and its relation
to many cellular process and pathways. Growth factors
like IGF, epidermal growth factor, platelet-derived
growth factor and VEGF bind to and activate tyrosine
kinase receptors (TKRs). Activated TKRs induce intra-
cellular signalling cascades via PI3K/Akt, which in turn
activates many cellular processes, including cell growth,
proliferation, survival, angiogenesis and metabolism.
TKRs also activate Ras, which not only activates the
mitogen activated protein kinase pathway, but also acti-
vates PI3K, leading to the activation of mTOR [16].
Activated Akt inhibits tuberous sclerosis complex
TSC1 and TSC2, the natural inhibitors of mTOR [17].
PTEN, a tumour-suppressor gene located on chromo-
some 10, antagonises PI3K function, negatively regulat-
ing Akt/mTOR activity and ultimately terminating the
intracellular PI3K signalling cascade [18]. PTEN is ab-
sent or decreased in many cancers, and its deletion is
associated with the metastatic disease in RCC [19]. Cells
deficient in PTEN show high activity of the Akt/mTOR
survival pathway, which makes them resistant to apop-
tosis, with a potential contribution to therapeutic
resistance.

The phosphorylated mTORC1 complex controls cel-
lular replication through S6K1 and 4EBP1. Typically,
unphosphorylated 4E-BP1 inhibits the initiation of pro-
tein translation. However, after phosphorylation by
mTOR, 4E-BP1 dissociates from eIF-4E, ultimately
increasing the synthesis of HIF-1a and angiogenic fac-
tors like VEGF and fibroblast growth factor, thus con-
necting the mTOR pathway to angiogenesis and cell
survival [3,20]. Cyclin D1 and c-myc are also among
the downstream effectors of the mTOR pathway,
explaining its role in cell proliferation [3], and mTOR
activity might be considered a major gatekeeper for
cell-cycle progression [21]. Phosphorylation of another
downstream target of mTORC1, S6K1, leads to another
path towards cell-cycle progression [22]. The phosphor-
ylation status of S6K1 or 4E-BP1 is often used as a mea-
sure of mTOR activity in laboratory studies, which
might be of value in predicting the therapeutic benefit
of mTOR inhibitors in the clinic [3]. The second down-
stream target is S6K1, which phosphorylates the 40S
ribosomal protein S6, enhancing the translation of
mRNAs with a 5-terminal oligopyrimidine tract (TOP
mRNAs), such as elongation factor-1 and ribosomal
proteins [23]. S6K1 is implicated in protein synthesis,
cytoskeletal rearrangement, splicing, cell survival and
feedback regulation of multiple pathways, including
mTOR [24]. S6K downregulates insulin signalling via
phosphorylation and proteasomal degradation of



Figure 1 The mTOR pathway and its interactions with other important pathways and cellular process relevant to cancer.
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insulin receptor substrate-1 (IRS-1) on prolonged
mTOR activation. Inactivation of IRS-1 quenches
IGF-1R from activating the PI3K/Akt/mTOR pathway,
which is reversed by prolonged mTOR inhibition [25].
This negative feedback might account for the resistance
of tumours to mTOR inhibitors. These drugs, while sup-
pressing the downstream functions of mTOR signalling
pathway, subsequently release the inhibitory signal of
S6K1 on IRS-1. This leads to a paradoxical activation
of Akt pathways that could lead to tumour progression.
S6K1 has been investigated as a marker, and correlated
with increased RCC stage and grade, and decreased dis-
ease-specific survival [26], and low S6K1 expression was
linked to an increased therapeutic response [27]. Mean-
while, levels of PTEN and HIF-1a failed to correlate
with the response to systemic therapy or oncological
outcomes in a recent randomised phase III study [28].

Activation of the mTOR pathway also regulates
bioenergetics, nutrient use and metabolism [29].
mTOR activation supports cellular growth and sur-
vival by increasing access to nutrients and metabolic
fuels via biosynthesis (translation) of nutrient trans-
porter proteins like LAT1 for amino acids, GLUT1
for glucose and transferrin for iron [30]. In addition,
mTOR activation increases angiogenesis via transla-
tion of VEGF, thus increasing the influx of nutrients
used to generate ATP. On the other hand, when re-
sources (ATP, oxygen, nutrients, etc.) are low, the
function of mTOR is inhibited under the influence
of the TSC complex, thus ensuring retardation of
the biological processes [31]. It has been shown that
both Akt and mTOR are linked to each other via po-
sitive and negative regulatory circuits, which restrain
their simultaneous hyperactivation in normal cells.
There is increasing evidence indicating that the activa-
tion of the mTOR pathway induces inhibitory signals
to the PI3K/Akt pathway. This negative regulation
occurs through IRS proteins, a family of adapter
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proteins essential for mediating the effects of insulin
signalling and PI3K pathway activation [3].
The VHL/HIF pathway

The importance of angiogenesis and its associated path-
ways cannot be overstated in the current era of targeted
molecular therapeutic development. For example, the
role of VHL gene and protein in the pathogenesis of
clear-cell RCC has transformed the understanding of
RCC tumour biology. VHL and its interactions with
other molecules, such as HIF affect the vital molecular
processes of angiogenesis, glucose metabolism, cell pro-
liferation and apoptosis. VHL encodes a tumour-
suppressor protein which in its native form typically
forms multimeric complex with several other moieties
(Elongin B, Elongin C, Cul2 and Rbx1) and binds to
HIF-1a in the setting of hypoxia [32]. Normally, VHL
directs HIF-1a towards degradation, while VHL altera-
tions prevent the degradation of HIF-1a [33]. Increased
binding of HIF-1a to hypoxia-response elements leads
to the transcription of HIF target genes such as VEGF
or carbonic anhydrase 9 (CA-9) [34].

HIF-1 has been studied as a prognostic marker, and
patients with locally aggressive RCC and poor prognosis
have lower levels of HIF-1a expression [35]. VEGF
expression has been related to RCC aggressiveness [36],
as well as overall prognosis in patients with advanced
disease treated with anti-angiogenic therapy [37]. There
are conflicting reports about the prognostic role of CA-
9. Older immunohistochemical studies associated high
CA-9 expression with increased survival in patients with
clear-cell RCC and treated with immunotherapy [38,39].
However, a recent prospective study found that in-
creased CA-9 expression was associated with a decreased
overall response rate [40]. Other novel potential applica-
tions for CA-9 include the development of a CA-9 fusion
antibody for functional imaging [41] and the use of a
humanised monoclonal antibody to CA-9 given as an
adjuvant targeted therapy after nephrectomy [42–44].
Cell-cycle markers

Increased p53 staining has been linked to more rapid pro-
gression and reduced survival in RCC [45,46]. Increased
expression of p21, a downstream target of p53 which
inhibits cyclin-dependent kinases and plays a role in
apoptosis, has been observed in RCC cell lines [47] and
correlates with worse survival in those with metastatic
RCC [48]. The loss of another cell-cycle inhibitor, p27
and the subsequent loss of cell-cycle regulation have been
correlated with RCC recurrence [49]. Ki-67, a well-stud-
ied proliferationmarker, was shown to be an independent
predictor of disease-free survival in localised RCC
[45,50], and higher Ki-67 expression was correlated with
higher tumour grade and worse prognosis [51].
Apoptotic markers

The end-game of cellular self-management is the ability
to dictate controlled cell death, or apoptosis. The path-
ways of apoptosis have been widely implicated in a vari-
ety of malignancies, and in RCC might have prognostic
utility in risk assessment. Over-expression of Bcl-2, a
negative regulator of apoptosis, has been reported in
up to 70% of RCC specimens, and might promote
tumorigenesis and explain the relative resistance of
RCC to standard cytotoxic therapy [52]. Patients har-
bouring tumours with methylated APAF1, another
apoptotic marker, had a greater risk of recurrence and
disease-specific death from RCC [53,54]. Increased sur-
vivin expression, another inhibitor of apoptosis, has also
been independently associated with higher stage and
grade and lower disease-specific survival from RCC
[55–58]. A recent study showed that mTOR activation
of pS6K increases protein levels of survivin, which
blocks extrinsic and intrinsic apoptotic pathways, show-
ing the role of mTOR in cell survival [59].

Gene expression profiling

Recently gene expression profiling was used to predict
RCC prognosis or molecular targets for therapy
[60,61]. Another exciting new avenue of research into
prognostic markers in RCC comes from a prospective
study investigating individual RCC tumour genomes in
nephrectomy specimens from the patients who were
treated before surgery with the approved anti-angio-
genic targeted therapies, sunitinib and everolimus. That
study hoped to identify new biomarkers predicting drug
response or resistance, and potentially discover new
therapeutic targets in RCC [62]. Recent data from a sim-
ilar study correlating germline polymorphisms to the
outcomes in patients with RCC receiving pazopanib,
an oral anti-angiogenic targeted therapeutic agent, iden-
tified a specific polymorphism in the IL-8 gene which
predicted disease progression, and another polymor-
phism inHIF-1a that predicted the response rate to ther-
apy [63]. Similarly, there is an increasing interest in the
utility of synthetic lethality screens for individual pa-
tient’s tumours that can identify the most appropriate
areas for therapy [13]. This is the next logical extension
of biomarker utility, where physicians can synthesise all
available patient information, their host response and
the tumour’s biology to provide personalised therapy
for RCC.
Biomarker scores and integration into RCC

prognostication

The ultimate goal of developing biomarkers is the clini-
cal application. The best example of synthesising patho-
logical, clinical and molecular markers into one
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prognostic schema was from Kim et al. [64], who devel-
oped a nomogram predicting disease-specific mortality
rates in metastatic RCC which takes into account T-
stage, performance status, CA-9, vimentin, p53 and
PTEN. This model outperformed the validated Univer-
sity of California Los Angeles Integrated Staging Sys-
tem [65,66], which only takes into account TNM stage,
Fuhrman grade and performance status. Despite its lim-
itations, the prognostic model of Kim et al. provides an
excellent foundation from which future investigators can
incorporate more markers to most accurately provide
prognostic information. A panel of three biomarkers,
B7-H1, survivin and Ki-67, has been developed and
termed the BioScore scoring system [67]. The hope is
to augment the currently existing risk-assessment tools;
however, the BioScore still requires external validation.
We recently applied immunohistochemistry for mTOR,
Raptor, p-4E-BP1, PI3K and PTEN on tissue micro-
array constructs of 258 clear-cell RCCs from patients
treated with radical or partial nephrectomy. The rela-
tionship between the prognostic marker score, based
on the number of altered markers (favourable, < three
altered biomarkers; unfavourable P three altered bio-
markers) and oncological outcome, was assessed. The
cumulative number of aberrantly expressed constituents
of the mTOR pathway correlated with aggressive tu-
mour biology and inferior oncological outcomes [68].
These preliminary data support a prospective path-
way-based exploration of the mTOR signalling cascade
to augment the current clinicopathological predictors
of oncological outcomes in RCC.

Many of the biomarker studies in RCC are retrospec-
tive. We need to discover promising markers arising from
these studies and apply them prospectively to move to
the stage of clinical application. The utility of molecular
markers will surely involve combining them with the
known clinicopathological prognostics. Moreover, their
potential use in predicting the response to targeted
molecular therapeutics for RCC must be extensively
studied to provide personalised cancer therapy integrat-
ing different choices of surgical and medical methods.
Conclusions

Increased knowledge about molecular alterations and
genetic changes is essential for improving the clinical
care of patients with RCC. We are in an exciting period
of discovery of more molecular markers for RCC that
might improve the prognosis and potentially predict
the response to targeted therapies. The mTOR pathway
is highly implicated in RCC tumorigenesis and progres-
sion, and its constituents might represent a promising
prognostic tool for RCC. Combining these newly dis-
covered molecular markers with classic clinicopatholog-
ical variables might potentially improve the
prognostication and management of patients with RCC.
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