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    Chapter 12   
 PI3-kinase, Akt, and mTOR 
Inhibitors in RCC 

             Daniel     C.     Cho       and     James     W.     Mier    

           Molecular Biology of the PI3-K/Akt/mTOR Pathway 

    The kinase mTOR is regulated in large part through the activity of phophatidylinositol 
3-kinase (PI3-K) and Akt (protein kinase B). The PI3-K pathway regulates critical 
aspects of cell growth, metabolism, survival, and proliferation. In human malig-
nancy, this pathway is one of the most frequently altered and plays a critical role in 
tumor cell growth, invasiveness, and metastatic behavior [ 1 ,  2 ]. 

   Activation of PI3-K in RCC 

    Other than the clinical activity of mTOR inhibitors, one of the primary reasons for 
the interest in the PI3-K/Akt pathway in RCC is that it appears to be activated in a 
large percentage of RCC tumor specimens, and this activation is correlated with 
higher histologic grade and worse clinical outcomes [ 3 ]. Class IA PI3-K, the most 
relevant of the three classes of PI3-K to human cancer, are heterodimeric kinases 
consisting of a p85 regulatory subunit and a p110 catalytic subunit. There are three 
class IA p110 isoforms (α, β, and δ) encoded by three genes ( PIK3CA ,  PIK3CB , 
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and  PIK3CD , respectively) and one related class IB p110 isoform (γ). Of these, the 
α and β isoforms are believed to be expressed ubiquitously, whereas the δ and γ 
isoforms are expressed only in the hematopoietic lineage [ 4 ]. While mutations in 
both the p110α subunit ( PIK3CA ) and p85 regulatory subunit have been described 
and can lead to constitutive activation of PI3-K,  PIK3CA  mutations are far more 
common [ 5 ,  6 ]. In renal tumors,  PIK3CA  mutations are quite rare [ 7 ], suggesting 
that the PI3-K activity observed in renal cell carcinoma (RCC) is due to alternate 
mechanisms. 

 The class IA PI3-K phosphorylate phosphatidylinositol-4,5-biphosphate (PIP2) 
generates phosphatidylinositol-3,4,5-triphosphate (PIP3). This activity is directly 
opposed by the tumor suppressor phosphatase and tensin homologue ( PTEN ), 
which dephosphorylates PIP3 to PIP2, reversing the activity of PI3-K. Therefore, 
another mechanism by which the PI3-K pathway can also be activated is by the loss 
of  PTEN  [ 8 ]. While somatic mutations in  PTEN  appear rare in RCC [ 9 ,  10 ], the 
expression of PTEN appears to be frequently downmodulated in RCC relative to 
normal renal tissue [ 11 ]. The molecular basis for this downmodulation is currently 
unknown. Regardless of mechanism, however, the relative absence of PTEN is 
thought to contribute to the PI3-K activity observed in these tumors. 

 Class IA PI3-K can also be activated through upstream signaling by receptor 
tyrosine kinases (RTK). Activation of RTKs, most commonly through growth factor 
signaling, results in the phosphorylation of the Y-X-X-M motif present in the cyto-
plasmic tail of the RTK, which then binds to the Src homology (SH2) domain of the 
p85 regulatory subunit of PI3-K. This results in a functional dissociation of the p85 
subunit from the p110 subunit, augmenting kinase activity of the latter. Mutations in 
RTKs are exceedingly rare in RCC. However, it is likely that some RTKs may play 
a role in the basal PI3-K activity observed. For example, epidermal growth factor 
receptor (EGFR) is activated by transforming growth factor (TGF)-α and other EGFR 
ligands produced by the tumor cells in a hypoxia-inducible factor (HIF)-dependent 
manner [ 12 ]. It is likely that this autocrine loop contributes to the PI3-K activation 
frequently observed in RCC.  

   Activation of mTOR in RCC 

 mTOR exists in two functionally distinct complexes, TORC1 and TORC2, distin-
guished by their relative sensitivity to rapamycin. TORC1, a complex including 
mTOR and Raptor (regulatory-associated protein of mTOR), is sensitive to rapamy-
cin and regulates many of the functions canonically associated with mTOR such as 
growth, proliferation, cap-dependent translation, and protein synthesis. The activity 
of TORC1 responds to numerous environmental signals, including the availability 
of oxygen, nutrients, ATP, and amino acids, some of which are transmitted through 
PI3-K. PI3-K mediates the activation of mTOR through its downstream effector, 
Akt, which phosphorylates tuberous sclerosis complex (TSC) 2 at multiple sites, 
causing it to disassociate from binding partner TSC1. The TSC1/TSC2 complex 
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functions as a GTPase-activating protein (GAP) for the G protein Rheb. PI3-K/Akt 
activation reduces the GAP activity of TSC1/TSC2 toward Rheb, allowing it remain 
in a GTP-bound state capable and activating TORC1. The activity of TSC1/TSC2 
complex can be affected by numerous other pathways besides PI3-K/Akt including 
the AMP-LKB1 pathway and MAP-K [ 13 ,  14 ]. TORC1 activity is also regulated by 
TSC-independent inputs such as amino acid availability which modulates mTOR 
activity through the RAG GTPases [ 15 ]. Although mutations in various members of 
the mTOR regulatory pathways have been traditionally felt to be uncommon in 
RCC, data emerging from the Cancer Genome Atlas (TCGA) project will more 
accurately profi le the frequency of these mutations in RCC tumor specimens. 
Indeed, the presence of activating mutations in mTOR and inactivating mutations in 
TSC1 and TSC2 has already been associated with prolonged responses to rapalogue 
therapy in patients with advanced RCC [ 16 ].  

   Biologic Consequences of PI3-K/Akt/mTOR Activation 

 Regardless of the mechanism by which it is activated, PI3-K signals to a vast network 
of kinases, transcription factors, and other proteins which promote cellular growth 
and proliferation. While the best described effector PI3-K is Akt (protein kinase B), 
there are several other PI3-K dependent pathways including those possibly relevant 
to cancer, such as serum and glucocorticoid kinases (SGKs) and Bruton tyrosine 
kinase (BTK) [ 17 ,  18 ]. However, Akt has traditionally been regarded as the primary 
executer of PI3-K and regulates the function of a broad array of proteins involved in 
cell growth, proliferation, motility, adhesion, neovascularization, and apoptosis 
[ 19 ]. Akt enhances cellular resistance to apoptosis by directly phosphorylating and 
inactivating several proapoptotic proteins, including procaspase 9, the bcl-2 family 
member BAD, and apoptosis signal-regulating kinase-1 (ASK1) [ 20 – 22 ]. Akt also 
differentially regulates transcriptional factors controlling expression of apoptotic 
genes, negatively regulating factors promoting expression of death associated genes 
(e.g., forkhead family members [FOXO]) and positively regulating genes promoting 
survival (NF-κB) [ 23 ,  24 ]. 

 In addition to its pro-survival effects, Akt also promotes tumor proliferation by 
enhancing progression through the cell cycle. Several Akt-regulated proteins appear to 
modulate the activity of cyclin-dependent kinases (CDKs) which in turn inactivate 
retinoblastoma protein (RB) and allow progression through the G1-S checkpoint. 
Perhaps the most important example of this cell cycle promoting activity of Akt is the 
modulation of cyclin D1 levels, which are elevated in many human cancers. Akt 
enhances cyclin D1 levels through suppression of glycogen synthase kinase 3 (GSK3β) 
[ 25 ,  26 ]. GSK3β is also known to phosphorylate and promote the degradation of other 
cell cycle regulatory proteins such as c-Myc and cyclin E1 as well as transcription 
factors governing cell fate such as c-Jun, β-catenin, GLI, and Notch. 

 As discussed earlier, mTOR is activated downstream of Akt and executes its 
biologic functions in two distinct complexes, TORC1 and TORC2.    TORC2, which 
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includes mTOR and Rictor (rapamycin-insensitive companion of TOR), is relatively 
insensitive to rapamycin and functions to enhance Akt activity by mediating its 
phosphorylation on the Ser473 residue. TORC1 executes most of the biologic func-
tions traditionally attributed to mTOR, acting through its downstream effectors, 
the eukaryotic translation initiation factor 4E-binding protein (4E-BP) and the 40S 
ribosomal protein p70 S6 kinase (S6K), to stimulate protein synthesis and entrance 
into G1 phase of the cell cycle. The activation of S6K by mTOR is critical for ribo-
somal biogenesis, cell growth, anti-apoptosis, and translation of structured 5′UTR 
containing mRNA species, while the phosphorylation (and inactivation) of 4E-BP1 
promotes cap-dependent translation of nuclear mRNA by releasing the inhibition of 
eukaryotic translation initiation factor 4E (eIF4E). 

 In addition to stimulation of growth and proliferation, activation of the mTOR 
pathway may be of particular relevance to RCC because of its role in the regulation 
of the expression of both HIF-1α and HIF-2α. Inappropriate accumulation of HIF-1α 
and HIF-2α as a result of biallelic alterations in the von Hippel-Lindau (VHL) gene 
observed in the majority of clear cell RCC is believed to be a critical step in RCC 
tumorigenesis [ 27 ,  28 ]. It has recently been suggested that the expression of HIF-1α 
is dependent upon the activity of both TORC1 and TORC2, while the expression of 
HIF-2α is dependent upon TORC2 activity alone [ 29 ]. While the overlap between the 
roles of HIF-1α and HIF-2α is poorly understood, it is generally accepted that HIF-2α 
is the more relevant HIF with respect to the development and progression of RCC 
[ 30 ,  31 ]. In fact, recent studies suggest that HIF-1α may function as a tumor suppres-
sor in clear cell RCC [ 32 ]. Another recent study segregating  VHL -defi cient sporadic 
RCC into two subtypes, those expressing both HIF-1α and HIF-2α and those 
expressing HIF-2α alone, found no specimens expressing HIF-1α alone [ 33 ]. Thus 
the differential activation of TORC1 and TORC2 might play a critical role in RCC 
tumorigenesis and progression.   

   Clinical Results with mTOR Inhibitors 

 The rapalogues temsirolimus and everolimus have both demonstrated clinical effi -
cacy in large randomized phase III trials in patients with advanced RCC. Temsirolimus 
is an intravenously administered analog of rapamycin. After showing promising 
activity in a phase II trial randomizing patients with metastatic RCC to three differ-
ent doses [ 34 ], temsirolimus was assessed in a randomized three-arm phase III trial 
comparing temsirolimus alone versus IFN-α alone versus the combination [ 35 ]. As 
the phase II study suggested potentially unique effi cacy in patients with poor prog-
nostic features in a retrospective analysis, the phase III study enrolled only patients 
with metastatic RCC and ≥3 of 6 risk factors (5 MSKCC risk factors [Karnofsky PS 
<80, time from diagnosis to randomization <12 months, serum LDH >1.5 ULN, 
hemoglobin < LLN, corrected serum calcium >10 mg/dl] + >1 metastatic site). 
Overall, 626 previously untreated patients were enrolled and randomized in a 1:1:1 
fashion to receive IFN-α alone (3 million units three times weekly), temsirolimus 
alone (25 mg IV weekly), or the combination (temsirolimus 15 mg weekly and 
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6 million units IFN-α three times weekly). The overall survival of patients treated 
with temsirolimus alone was statistically longer than those treated with IFN-α alone 
(7.3 versus 10.9 months; 0.73 hazard ratio,  p  = 0.0069). There was no statistical 
difference between patients treated with IFN-α alone and the combination of IFN-α 
and temsirolimus. Overall, temsirolimus was well tolerated with the most com-
mon adverse effects being asthenia, rash, anemia, nausea, peripheral edema, 
hyperlipidemia, and hyperglycemia. Based on these fi ndings, temsirolimus was 
approved by the FDA for therapy in advanced RCC on May 30, 2007, and is now 
considered a standard therapeutic option in the fi rst-line setting for patients with poor 
prognosis features. 

 Everolimus is an orally administered rapalogue and was assessed in a randomized, 
double-blind, placebo-controlled phase III trial in patients with advanced RCC 
who had failed prior treatment with either sorafenib, sunitinib, or both (other prior 
therapy also allowed) within the preceding 6 months ( RE nal Cell cancer treatment 
with  O ral  R AD001 given  D aily-1 [RECORD-1]) [ 36 ]. Overall, 416 patients were 
enrolled and randomized in a 2:1 fashion to receive either everolimus ( n  = 277) or 
placebo ( n  = 139) each together with best supportive care. The primary end point 
was PFS as randomization was unblinded at time of progression, and patients on 
placebo were allowed to crossover to open-label everolimus, confounding any 
potential differences in overall survival. The trial was halted at the second interim 
analysis after 191 progression events had been observed. At the fi nal central radiology 
assessment, the median PFS for patients treated with everolimus was 4.88 months 
as compared with 1.87 months in the placebo group (hazard ratio 0.33, [95 % CI 
0.25–0.43]  p  < 0.0001) [ 37 ]. Five patients (2 %) in the everolimus group experi-
enced partial responses versus none in the placebo group. Similar to temsirolimus, 
the side effect profi le of everolimus was favorable with most common adverse 
events with everolimus being stomatitis (40 %), rash (25 %), fatigue (20 %), hyper-
cholesterolemia (76 %), hypertriglyceridemia (71 %), and hyperglycemia (50 %). 
Pneumonitis was observed in 22 patients (8 %) compared with 0 in the placebo 
group. Based on these fi ndings, everolimus was approved by the FDA in March 
2009 for the treatment of patients with advanced RCC who failed either sorafenib, 
sunitinib, or both and is now considered a standard second-line therapeutic option 
following the failure of VEGF-targeted TKI. 

 Special mention should be made of the potential effi cacy of the rapalogues in 
non-clear cell RCC. Of the molecularly targeted agents, only temsirolimus has been 
studied in a randomized phase III trial allowing patients with non-clear cell histology 
[ 35 ]. Upon sub-analysis of this phase III trial, among the 73 patients with non- clear 
cell histology (75 % of which had the papillary subtype) randomized to receive 
either temsirolimus ( n  = 36) or IFN ( n  = 37), the median overall survival of patients 
was 11.6 months in the temsirolimus group versus 4.3 months in the IFN group 
[ 38 ]. For this reason, temsirolimus is the only agent given a category 1 recommen-
dation by the National Comprehensive Cancer Institute (NCCN) for the treatment 
of patients with metastatic non-clear cell RCC. Studies comparing the effi cacy of 
the rapalogues in comparison to VEGFR-TKI in patients with non-clear cell RCC 
are underway and should better characterize the effi cacy of these agents in this 
group of patients.  
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   Predictive Biomarkers 

 Unfortunately, only a subset of patients experience substantial clinical benefi t from 
treatment with rapalogues. Therefore, the therapeutic index of this class of agents 
might be enhanced by the development of patient selection strategies to direct these 
drugs to the patients most likely to benefi t. As with other molecularly targeted agents, 
however, there are currently no clinically validated predictive clinicopathologic 
features or biomarkers of benefi t from therapy with mTOR inhibitors. Although 
temsirolimus has demonstrated specifi c effi cacy in patients with poor-risk MSKCC 
features, the same fi nding has yet to be observed with everolimus, raising questions 
as to whether this is a class effect of all mTOR inhibitors. Several lines of evidence 
suggest, however, that treatment outcome is likely to be determined by the particular 
genetic alterations and signaling pathways activated in individual tumors. 

 Many studies have suggested the familiar paradigm that the pretreatment activation 
status of PI3-K/Akt/mTOR signaling may be a predictor of the likelihood of 
response to agents targeting this pathway [ 39 ]. For example, in a small study carried 
out in parallel with a recent phase II trial of temsirolimus in patients with RCC, a 
correlation between tumor cell Akt and S6 phosphorylation as defi ned by immuno-
histochemistry and clinical response was demonstrated [ 40 ]. The signifi cance of 
this study is limited because of its retrospective nature and the small number of 
tumors examined. This study was also limited by the reliance on immunohisto-
chemistry which is associated with an inherent subjectivity in interpretation and 
also dependent upon the availability of reliable antibodies against the substrates of 
interest. Many investigators are now moving toward genetic predictors of mTOR 
pathway activation as a more objectively determined biomarker. In a recent study 
reported by Voss et al., specimens from six patients treated with rapalogues who 
were felt to be robust responders were analyzed by directed sequencing [ 16 ]. It was 
subsequently found that two cases had mutations in TSC1, one case with a mutation 
in TSC2, and one case with a mutation in mTOR. Data from The Cancer Genome 
Atlas (TCGA) project will soon be emerging and will provide valuable information on 
the expected frequency of mutations expected to result in constitutive mTOR activa-
tion in RCC and shed light on the feasibility of the correlation of such mutations to 
clinical response in a broader sample of patients.  

   Novel Inhibitors of PI3-K, Akt, and mTOR 

 In addition to identifying predictive biomarkers, efforts to improve upon the 
therapeutic index of rapalogues have also focused on developing more effective 
drugs targeting this pathway. As discussed earlier, although mTOR is a validated 
therapeutic target in RCC, it is but one of many kinases governed by PI3-K and Akt, 
which activate several other downstream signaling pathways essential for energy 
generation, protein synthesis, proliferation, and cell survival. It is clear that there are 
several mechanisms by which TORC1 inhibition is felt to potentially result in the 
feedback activation of PI3-K and Akt, including via release a feedback loop involving 
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the IGF-1 receptor and derepression of TORC2 resulting in TORC2-mediated 
phosphorylation of Akt on Ser 473  [ 41 ,  42 ]. The feedback activation of PI3-K may 
directly undermine the effi cacy of TORC1 inhibitors by promoting the phosphory-
lation of eIF4E by Mnk1, thereby enhancing its affi nity for the mRNA cap structure 
and activating cap-dependent translation [ 43 ]. Therefore, inhibition of PI3-K or Akt 
has emerged as a therapeutic strategy that may negate activation of this feedback 
loop and more effectively suppress the translation of critical mRNAs. 

 Another pharmacologic approach worthy of investigation is the direct inhibition 
of the catalytic domain of mTOR. Such an approach has the advantage of inhibiting 
the kinase activity of mTOR regardless of whether it is in a complex with Raptor 
(TORC1) or Rictor (TORC2). As noted earlier, the expression of HIF-2α (the domi-
nant HIF in RCC) is largely dependent upon the activity of TORC2 and independent 
of TORC1 activity. As such, this therapeutic approach may have advantages to the 
allosteric inhibition of TORC1 alone and have particular relevance to RCC. 

 Many agents are currently in development which are pan-isoform inhibitors of 
PI3-K, inhibitors of Akt (both catalytic and allosteric), and dual inhibitors of PI3-K 
and mTOR. Preclinical studies with PI3-kinase inhibitors in RCC have supported 
the hypothesis that these agents may have activity in RCC. Inhibition of PI3-K/Akt 
signaling by PI3-K inhibitors LY294002 and wortmannin resulted in signifi cant 
reduction in cell proliferation and induction of tumor cell apoptosis by both TUNEL 
and propidium iodide staining in RCC cell lines (786-O) [ 44 ]. Treatment of nude 
mice bearing RCC xenografts derived from the 786-O cells with LY294002 resulted 
in up to 50 % reduction in tumor size. Similarly, the treatment of nude beige mice 
bearing RCC xenografts with NVP-BEZ235, a dual inhibitor of PI3-K/mTOR, 
resulted in signifi cantly greater suppression of tumor growth compared with either 
rapamycin or vehicle [ 45 ]. This suppression of tumor growth was correlated with 
reduced markers of proliferation (Ki67 staining) and modest induction of markers 
of apoptosis (cleaved caspase 3 staining), as well as suppression of the expression 
of HIF-2α and cap-dependent gene products such as cyclin D1. Together, these 
preclinical studies have suggested that PI3-K/Akt may be a relevant therapeutic 
target in RCC and provided the rationale for the clinical assessment of novel agents 
targeting this pathway. 

 One of the earliest such agents to be assessed in RCC was perifosine, an orally 
available alkylphospholipid which prevents Akt activation by blocking its pleckstrin 
homology domain-dependent recruitment to the cell membrane. Perifosine was 
recently assessed in two independent phase II trials in patients with advanced RCC 
who had failed prior targeted therapy [ 46 ]. In Perifosine 228, 24 patients with 
advanced RCC who had progressed after prior therapy with VEGF-targeted agents 
and/or cytokines were enrolled and treated with perifosine at 100 mg once daily. 
In Perifosine 231, 50 patients with advanced RCC were enrolled into two groups 
and treated with perifosine at a dose of 100 mg once daily. Group A included 
patients who failed a VEGFR-TKI but not on an mTOR inhibitor, whereas group B 
included patients who failed both targeted agents. In the combined analysis of 
74 patients on both trials, six patients experienced a partial response (ORR 8 %), 
and the median PFS was 14 weeks [95 % CI (12.8, 20.0)]. The most common toxicities 
were fatigue, musculoskeletal pain, diarrhea, and nausea. Although perifosine had 
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clear clinical activity in RCC, it was felt that this activity was not superior to 
currently available agents, and this agent was not worthy of further development as 
a single agent in RCC. 

 The lack of robust clinical activity seen with perifosine has not muted the 
enthusiasm for PI3-K/Akt as a therapeutic target in RCC, however. Perifosine is an 
indirect inhibitor of Akt. As mentioned earlier, more reliable inhibition of this path-
way may be achieved with the catalytic inhibitors of PI3-K/mTOR or with direct 
inhibitors of Akt (both catalytic and allosteric). Not surprisingly, several clinical 
trials with novel inhibitors of PI3-K/mTOR and Akt are underway as shown in 
Table  12.1 . It is hoped that the results from these clinical trials may provide further 
validation of the PI3-K/Akt pathway as a therapeutic target in RCC.

      Conclusion 

 The clear clinical activity of the rapalogues has established the relevance of the 
mTOR pathway in renal cell carcinoma. Enhanced understanding of the biology of 
this pathway has facilitated the identifi cation of both potential predictive biomark-
ers of response and novel therapeutic strategies. Efforts must remain focused on 
identifying the subset of patients who derive the most clinical benefi t from agents 
targeting this pathway. At the same time, agents that might prove superior to rapa-
logues are in active clinical development in RCC. The hope remains that the concur-
rent development of both patient selection strategies and better drugs will result in 
improved clinical outcomes for patients with advanced RCC.     
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