Chapter 3

The Evolving Role of Mammalian Target
of Rapamycin (mTOR) Inhibitors in Renal
Cell Carcinoma

Carlyn C. Tan, Robert A. Figlin, and Andrew E. Hendifar

Abstract Over the last decade, treatment for metastatic renal cell carcinoma
(mRCC) has dramatically improved. Previously limited to minimally effective
immunotherapies such as interleukin-2 and interferon-alfa, the management of
mRCC has been transformed by targeted therapies including two mammalian target
of rapamycin (mTOR) inhibitors, four multi-targeted tyrosine kinase inhibitors, and
one antivascular endothelial growth factor (VEGF) monoclonal antibody. Overall
survival in the advanced disease setting has improved to over 2 years. Current avail-
able treatments have provided a framework on which to build the next generation of
medications. Numerous novel inhibitors targeting various components of the mTOR
pathway are currently being developed with many showing promising antitumor
activity. The future success of mRCC treatment will likely involve a combination of
agents targeting multiple pathways involved in cellular proliferation, migration, and
angiogenesis. In addition, the development of genetic, immunologic, and other pre-
dictive biomarkers will allow for better patient selection and rational combination.

3.1 Introduction

Renal cell carcinoma (RCC) is the most common form of kidney cancer [1, 2].
Annually, there are approximately 209,000 new cases and 102,000 associated deaths
worldwide with incidence rising by 2 % each year [3—7]. RCC is the seventh leading
malignancy in men and the ninth most common malignancy in women [I, 3].
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Approximately 25-30 % of patients have metastatic renal cell carcinoma (mRCC)
at the time of diagnosis [2, 5, 6, 8]. Twenty to 50 % of patients develop advanced
disease within 1-3 years after surgery [4, 8]. Patients with mRCC at the time of
diagnosis have an estimated 5-year survival rate of approximately 10 %, underscor-
ing the need for improved treatment strategies [9, 10].

RCC is generally resistant to traditional chemotherapy and radiotherapy. In the
past, improvements in overall survival were observed with interleukin 2 (IL-2) and
interferon-alfa (IFN-o) [11-14]. Treatment with high-dose IL-2 demonstrated anti-
tumor activity with durable complete responses in 7-10 % of patients [9, 12, 13].
IFN-a also led to a modest improvement in clinical outcome compared to support-
ive drugs such as medroxyprogesterone [14]. However, the small clinical benefit of
IL-2 and IFN-« is achieved at the expense of significant toxicities.

Improved understanding of the pathogenesis of RCC has led to the development
of a number of novel targeted therapies. Many of these new drugs control tumor
growth by altering angiogenic pathways. In 2005, sorafenib was the first vascular
endothelial growth factor receptor/platelet-derived growth factor receptor (VEGFR/
PDGFR)-targeted tyrosine kinase inhibitor (TKI) to be approved by the United
States Food and Drug Administration (FDA) for improved progression-free sur-
vival (PFS) and overall survival (OS) in patients with advanced clear cell RCC
resistant to standard therapy [15, 16]. Other approved TKIs include sunitinib, pazo-
panib, and axitinib [17-19]. Both sunitinib and pazopanib are National
Comprehensive Cancer Network (NCCN) category 1 options for first-line therapy
in patients with relapsed or medically unresectable predominantly clear cell stage
IV RCC [20]. Axitinib is the newest TKI, approved in 2012 for patients with
advanced RCC who had failed/progressed on one prior systemic therapy based on
results of the AXIS trial [19]. An anti-VEGF monoclonal antibody, bevacizumab in
combination with IFN-q, is also another first-line treatment option in patients with
advanced clear cell RCC after demonstrating improved PFS and response in com-
parison with IFN-a plus placebo [20-24].

Advances in our understanding of signaling pathways in RCC have led to the
development of a second mechanistic class. The mammalian target of rapamycin
(mTOR) pathway is critical to cellular processes such as proliferation, growth,
metabolism, and angiogenesis, which prompted the development and exploration of
mTOR inhibitors for cancer therapy. Many of these agents, including temsirolimus
and everolimus, inhibit only mTOR complex 1 (mTORC1), one of the two mTOR
complexes that control cellular growth in response to environmental signals.
Temsirolimus, a parenteral formulation, received FDA approval in 2007 for the
treatment of advanced RCC after demonstrating improved PFS, OS, and response in
comparison with IFN-« [25]. Everolimus, an orally active agent, was approved in
2009 for the treatment of patients with advanced RCC after failure of treatment with
sunitinib or sorafenib [26]. These mTORCI inhibitors have demonstrated survival
benefits for patients with mRCC and have validated the importance of the phos-
phoinositide 3-kinase (PI3K)/Akt/mTOR pathway in the pathogenesis of RCC. This
chapter will review the evolution of mTOR inhibitors in the field of renal cell carci-
noma and future targets for therapy.
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3.2 The Role of mTOR in Renal Cell Carcinoma

mTOR is a serine/threonine kinase involved in the PI3K/Akt signaling pathway
that regulates cell growth and metabolism in response to environmental factors.
The PI3K/Akt/mTOR pathway is dysregulated in many cancers and plays a critical
role in RCC tumorigenesis [27-29]. In RCC tumors, activation of this pathway has
been shown to correlate with aggressive behavior and poor prognostic features [27,
30, 31].

By integrating input from growth factors such as VEGF, insulin growth factor
(IGF), and endothelial growth factor (EGF), hormones, and nutrients, mTOR acti-
vates protein synthesis and contributes to numerous critical cellular functions,
including protein synthesis/degradation and angiogenesis. The mTOR response to
growth factors and nutrients is directly controlled by PI3K/Akt. Growth factors acti-
vate PI3K through various receptor tyrosine kinases. PI3K subsequently stimulates
activation of Akt, which leads to phosphorylation of tuberous sclerosis tumor com-
plex 2 (TSC2) and the inactivation of the TSC1-2 complex, a key regulator of mTOR
[32, 33]. Inactivation of the TSC1-2 complex then leads to activation of
mTOR. Overactive mTOR signaling can occur through various mechanisms, includ-
ing overexpression or activation of growth factor receptors (VEGFR, IGF-1R,
EGFR) or decreased expression of TCS1/2, PTEN, or von Hippel-Lindau (VHL)
tumor suppressor genes [34, 35].

Structurally mTOR exists as two distinct protein complexes, mTORCI1 and
mTORC2. mTORCI is involved in rapamycin-sensitive control of cell growth and is
activated by Akt through inhibition of TSC2 and by regulation of cellular energy.
mTORCI stimulates protein synthesis through the phosphorylation of p70 ribosomal
protein S6 kinase (p70S6K) and 4E-binding-protein 1 (4E-BP1). Activated p70S6K
phosphorylates the 40S ribosomal protein S6 kinase which causes promotion of
mRNA translation, stimulation of protein synthesis, and entrance into the G1 phase
of the cell cycle [36]. mMTORC1 mediates the downstream inhibitory phosphoryla-
tion of 4E-BP1. 4E-BP1 is subsequently unable to inactivate the translation/initiation
factor, eukaryotic translation initiation factor 4E (eIF4E). As a result, active eIF4E is
able to associate with eIF4G to form an active eIF4F complex, a key component of
protein synthesis. elFAF complex is particularly important for the translation of
5’'capped mRNA, including VEGF, cyclin D, c-Myc, and survivin [37, 38].

mTORC?2 is involved in rapamycin-insensitive control of cell growth. Both
mTORC1 and mTORC?2 increase hypoxia-inducible factor (HIF-1a) gene expres-
sion at the level of mRNA translation and protein stabilization [39, 40]. mTORC2,
on the other hand, also controls expression of HIF-2a [41, 42]. HIF-1a and HIF-2a
activate transcription of genes that regulate angiogenesis, proliferation, and invasion
as well as factors important for responding to hypoxic and stressful conditions, such
as VEGF and glycolytic enzymes [39, 40]. Upregulation of these factors is critical
to the pathogenesis of RCC.

Most mRCC tumors exhibit dysregulated genes that alter or depend on mTOR
activity for their pathology [43]. Up to 60 % of sporadic clear cell RCC contain altera-
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tion of the VHL tumor suppressor gene [44]. The primary function of VHL protein is
to target HIF-a for degradation. VHL mutation or gene silencing leads to increased
HIF levels and is considered to have a critical role in tumorigenesis [45]. Activated
mTOR activity increases synthesis of HIF, whereas inhibition of mTOR has been
shown to reduce expression of HIF in mouse xenograft models [45]. This suggests
that mTOR plays a critical role in RCC pathogenesis. In addition, PTEN gene expres-
sion has been shown to be downmodulated in a large percentage of RCC tumors [46].
Lack of PTEN expression leads to increased activity of the PI3K/Akt/mTOR pathway
and is a prognostic indicator of poor survival in mRCC patients [47]. A tissue micro-
array-based analysis of the mTOR pathway in RCC has shown predictive and prog-
nostic relevance [30]. Specifically, the expression of p70S6K was significantly higher
in mRCC patients and was found to be a strong predictor of survival in localized and
metastatic RCC [30]. Although the baseline activity of the mTOR pathway in RCC
requires further investigation, the activation of PI3K/Akt/mTOR pathway is associ-
ated with RCC pathogenesis and poor prognostic features of RCC tumors.

3.3 Development of Novel mTORC1-Targeted Therapies

mTORCT inhibitors are structural derivatives of the macrocyclic lactone rapamycin
or sirolimus. Found to have fungicidal, immunosuppressive, and antiproliferative
properties, sirolimus was initially approved in 1999 as an immunosuppressant for
solid organ transplants. Preclinical data showed promising results in tumor cell
models; phase I and II trials showed that sirolimus reduced the size of angiomyoli-
pomas in patients with tuberous sclerosis complex and lymphangioleiomyomatosis
[48, 49]. Temsirolimus was the first mMTORCI inhibitor approved in 2007 for the
treatment of advanced RCC. Everolimus was initially developed in the organ trans-
plant setting but was approved in 2009 for the treatment of advanced RCC patients
who had failed treatment with sunitinib or sorafenib.

Temsirolimus and everolimus inhibit mTOR by binding to the cytosolic protein
FKBP-12. The resulting protein-drug complex inhibits mTOR through allosteric
binding to the FKBP12-rapamycin binding domain adjacent to the catalytic site of
mTOR [50, 51]. The protein-drug complex is only able to bind mTORC1 and is
unable to inhibit mMTORC2. The inhibition of mTORC1 pathway prevents protein
synthesis, cellular growth and proliferation, and angiogenesis, thereby arresting the
cells in the G1 phase of the cell cycle.

3.3.1 Temsirolimus

Temsirolimus was first identified to have antitumor activity by the Developmental
Therapeutic Branch of the National Cancer Institute [52]. It is an inactive soluble
ester with low oral bioavailability. As an intravenous (IV) formulation,
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temsirolimus acts as a prodrug that is metabolized to the active compound siroli-
mus. Temsirolimus exploits the antitumor properties of sirolimus with improved
pharmacokinetics. In preclinical models, temsirolimus exhibited antitumor activity
by normalizing p70S6K activity and reducing proliferation of murine xenografts in
a variety of cancers, including glioma, rhabdomyosarcoma, medulloblastoma, and
prostate and breast cancer [53—56]. A phase I study in patients with advanced solid
tumors identified weekly temsirolimus 25, 75, and 250 mg IV as appropriate doses
for further clinical testing [57]. Dose-limiting toxicities (DLTs) included thrombo-
cytopenia, acneiform rash, stomatitis, and mucositis which all resolved after discon-
tinuation of therapy [57]. In this study of 24 patients, confirmed partial responses
were observed in two patients with mRCC and breast cancer. Of note, the patient
with mRCC had documented progression with prior IL-2 and IFN-« therapy [57].

A phase II study enrolled 111 patients with advanced refractory RCC who were
treated with temsirolimus 25, 75, and 250 mg IV weekly [58]. Antitumor activity
was observed in all dosing levels, and treatment was generally well tolerated [58].
Since no major differences were observed in terms of toxicity or measurable effi-
cacy between the three dosing levels, a 25 mg weekly dosage was selected for fur-
ther evaluation. A multicenter Global Advanced Renal Cell Carcinoma (ARCC)
phase III study randomized 626 treatment-naive patients identified to have poor-risk
features to one of three arms: (1) temsirolimus 25 mg IV weekly, (2) temsirolimus
15 mg IV weekly plus IFN-a 6 million units three times weekly, or (3) IFN-a 3 mil-
lion units with increase to 18 million units subcutaneously three times weekly [25].
Poor-risk features are defined in Table 3.1. This study demonstrated that temsiroli-
mus 25 mg IV weekly prolonged PFS and OS compared to IFN-a (3.8 months vs
1.9 months for PFS; 10.9 months vs 7.3 months for OS, respectively) [25]. Based on
these results, IV temsirolimus was approved in 2007 for patients with advanced
RCC. Guidelines recommend temsirolimus as first-line treatment for mRCC patients
with poor-risk features [20, 22-24].

3.3.2 Everolimus

Prior to reports of antitumor activity, everolimus was studied extensively in the set-
ting of cardiac and renal transplantation. Antitumor effects were initially demon-
strated in a rat pancreatic tumor model [59]. A single dose of everolimus was shown

Table 3.1 Poor-risk criteria 1. Serum LDH > 1.5 times the upper limit of normal
20, 2] 2. Hemoglobin level <lowest limit of normal
3. Corrected serum calcium level > 10 mg/dL (2.5 mmol/L)

4. Interval of less than 1 year from initial diagnosis of RCC to
start of systemic therapy

5. Karnofsky performance score <70
6. >2 sites of organ metastases
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to block phosphorylation of 4E-BP1 and inactivate S6K1 in human peripheral blood
mononuclear cells [59]. Everolimus is orally bioavailable with no active metabo-
lites. A phase I dose escalation study demonstrated that everolimus was well toler-
ated at doses up to 70 mg weekly and 10 mg daily [60]. DLTs included hyperglycemia,
stomatitis, and fatigue [60]. Partial responses were observed in 4 patients, and 12
patients remained progression-free for >6 months, including 5 of 10 patients with
RCC [60]. Other phase I pharmacokinetic/pharmacodynamics studies showed that
continuous daily dosing with everolimus 10 mg resulted in a more sustained targeted
inhibition of mTOR than that achieved with a weekly dosage schedule [61, 62]. As
aresult, a daily dose of 10 mg was selected for further trials with everolimus.

A phase II study involving patients with mRCC, who had received at most one
prior therapy other than an mTOR inhibitor, demonstrated the antitumor activity of
everolimus 10 mg daily with reported median PFS and OS of 11.2 months and
22.1 months, respectively [63]. The pivotal phase IIl RECORD-1 trial examined the
role of everolimus in patients with clear cell mRCC who had received prior sorafenib
and/or sunitinib. This international study demonstrated that everolimus 10 mg daily
resulted in a median PFS of 4.9 months compared to 1.9 months with placebo [26,
64]. Pharmacodynamic modeling of tumor growth in the RECORD-1 patient popu-
lation showed that compared to placebo, everolimus 5 and 10 mg daily significantly
slowed growth of mRCC target lesions, nontarget lesions, and new metastases; the
10 mg daily dosing was more effective than 5 mg daily in reducing growth of target
lesions [65]. Based on results from the RECORD-1 study, oral everolimus was
approved in the USA for patients with mRCC who had failed treatment with suni-
tinib or sorafenib and in Europe for patients who progressed on or after treatment
with VEGF-targeted therapy [20, 22-24]. Although everolimus is well established
as a second-line agent, its role as a first-line option is currently under investigation.
The RECORD-3 trial is a phase II study investigating first-line everolimus followed
by sunitinib versus standard sequence. Preliminary data demonstrated that PFS non-
inferiority was not achieved with first-line everolimus when compared with suni-
tinib, supporting the current standard treatment paradigm [66].

3.4 Safety Considerations with mTORC-1 Inhibitors
in Renal Cell Carcinoma

mTORCI inhibitors are commonly associated with disorders of metabolism, nonin-
fectious pneumonitis and stomatitis. Hyperglycemia and hypercholesterolemia are
common although the severity is generally mild. Noninfectious pneumonitis has
been recognized as a class effect of mTORCI inhibitors. A follow-up study of
patients treated with temsirolimus in the ARCC trial identified four cases of pneu-
monitis with one patient progressing from grade 3 to 5 toxicity [67]. The RECORD-1
trial reported that 14 % of patients treated with everolimus developed noninfectious
pneumonitis [64]. Among ten patients who developed grade 3 noninfectious pneu-
monitis, eight had clinical resolution with steroid therapy. A review of these cases
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suggests that noninfectious pneumonitis can be managed effectively with early rec-
ognition and prompt intervention [68]. The use of imaging studies to monitor
patients can be particularly challenging since radiographic abnormalities are seen in
a higher percentage of patients receiving mTORCI inhibitors compared to placebo
in the absence of symptoms or a clinical diagnosis of pneumonitis [63, 67, 69].
Patients receiving mTORCI inhibitors should be monitored closely for signs and
symptoms of respiratory illness. Mild stomatitis and rash occurred in more than
20 % of patients in both the ARCC and RECORD-1 trials [25, 64]. These toxicities
are manageable with standard supportive measures.

3.5 Limitations of mTORC1-Targeted Therapy

Although mTORCI inhibitors produce clinically meaningful responses with improved
PFS and OS, these responses are short-lived, and rarely do these therapies induce
complete responses. None of the current available mTORCT inhibitors have been able
to induce sustained disease remission. Many patients initially respond but eventually
relapse usually due to the development of resistance after a median of 6-15 months of
treatment. These acquired mechanisms of resistance to mTORCI inhibitors lead to
reestablishment of tumor vasculature [70, 71]. They are thought to be facilitated
through activation of alternative or compensatory pathways that lead to upregulation
of various factors that promote cell growth and survival, including HIF. Potential
mechanisms include transient and partial inhibition of 4E-BP1 and loss of negative
feedback loops that are normally induced when mTORC1/p70S6K is active. The
phosphorylation of 4E-BP1 has been shown to be less responsive to rapalogs than that
of p70S6K. Although rapamycin inhibits the functions of p70S6K and 4E-BP1 in the
short term, prolonged treatment renders mTORC] to be rapamycin-resistant toward
4E-BP1 resulting in reinitiation of cap-dependent translation of mRNAs despite con-
tinued mTORCI inhibition [72]. Findings by Choo et al. also suggest that catalytic
inhibitors of mTOR, including a dual PI3K and mTOR inhibitor, were more effective
than rapamycin in dephosphorylating 4E-BP1, supporting their clinical promise [72].
Recent data suggest loss of negative feedback loops from inhibition of mTORCI1
leads to compensatory activation of PI3K and Akt which drives resistance via
upregulation of mTORC?2 [73]. Activation of S6K through mTORCI1 phosphoryla-
tion results in phosphorylation of rictor, which prevents mTORC?2 activation [74,
75]. If mTORC1/S6K is inhibited, the negative feedback is lost leading to derepres-
sion of mTORC?2 and mTORC2-mediated phosphorylation and activation of Akt
[76]. Activation of mTORC?2 also leads to upregulation of HIF-2a which has been
argued to be the more relevant HIF with respect to the development and progression
of RCC. HIF-2a activation has been shown to strongly suppress E-cadherin expres-
sion, allowing for increased cell motility [77]. E-cadherin loss is frequently associ-
ated with tumor progression and metastasis [78]. These findings highlight the
potential therapeutic advantage of simultaneous inhibition of mTORCI and
mTORC?2 in preventing tumor cell proliferation, growth, invasion, and metastasis.
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Another potential mechanism of resistance is the loss of a negative feedback loop
that normally prevents upstream overstimulation of insulin receptor substrate 1
(IRS1)/PI3K/Akt signaling [79]. mTORCI activation of S6K causes destabilization
of IRS1-2 which uncouples IGF-1 from the PI3K/Akt pathway. Normally, IGF-1
binds IGFR which in turn phosphorylates substrates IRS1-2 which then relays the
activation to PI3K. mTORC1/S6K inhibition results in the loss of this feedback loop
and leads to the upregulation of IRS1 protein and activation of the PI3K/Akt cas-
cade [80]. PI3K/Akt signaling activates an array of kinases that promote cell growth
and survival. This prosurvival effect occurs through various pathways including
negative regulation of factors that promote expression of death genes, positive regu-
lation of prosurvival genes such as NF-xB, direct phosphorylation and inactivation
of proapoptotic proteins, and regulation of the cell cycle [81].

3.6 Future Directions and Novel Therapies

Because of their suspected roles in resistance to mTORCI inhibitors, PI3K, Akt,
and mTORC?2 are potential targets for the development of novel therapies for vari-
ous malignancies, including mRCC. Consistent with their proposed roles in the
development of resistance and pathogenesis of mRCC, a microarray analysis of
RCC tissue specimens showed that high PI3K and mTOR expression levels corre-
sponded with late-stage, high-grade tumors and were prognostic factors for
decreased survival [82]. A number of PI3K, mTORC1/2, and Akt inhibitors have
been developed and have demonstrated promising results in RCC cell lines and
xenograft models. This section will focus on these novel targeted agents that have
been evaluated in RCC (Table 3.2).

3.6.1 mTORCI1/2 Inhibitors

Novel mTORC1/2 inhibitors bind directly to the adenosine triphosphate (ATP)-
binding domain of mTOR, resulting in the inhibition of both mTORC1 and mTORC2
(Table 3.2) [83, 87, 88, 92]. These mTOR kinase inhibitors prevent the rebound
activation of PI3K/Akt cascade as seen with rapalogs. An mTORC1/2 inhibitor can
also prevent HIF-2a suppression of E-cadherin expression and result in restored
cell-cell adhesion to prevent tumor cell motility and migration [77]. INK128/
MLNO128 is a highly potent, orally active mTOR kinase ATP-competitive inhibitor
that is currently being investigated in RCC cell lines [83]. Preclinical data suggest
that it has antitumor and antimetastatic activity in prostate cancer models as well as
synergistic activity with TKI lapatinib in breast cancer models refractory to anti-
HER?2 therapy [84, 85]. INK128/MLNO0128 has been shown to inhibit downstream
substrates of mTOR, phosphorylation of Akt, and tumor cell proliferation as well as
induce G1 cell cycle arrest [86]. INK128/MLNO0128 demonstrated antitumor



55

3 The Evolving Role of Mammalian Target of Rapamycin (mTOR) Inhibitors

9IT-111]
011-L01]
901011
€01-101]
[001—¢6]
[zel
[16-88]
(L8]
[98—¢8]
QOUAIJY

[
[
[
[

YOI

sreonnaoeurreydorg xA193[
SIIRAON

sfeonnaosewIeyd aioydewas
SIMIRAON

S[eoNNAdBULIEYJ SOPNY]
BOQUOZBNSY

mokm

QunyI[[IU]

Kuedwod Iniq

11 °seud

11 °seyd
1I/1 °seyd
I oseyd
II/1 °seyd
[earur[oa1d
I oseyd
[eorur[oaIg
I =oseyd
juowdofarap
Jo aseyq

[BIO
[®I0
[®10
[BIO
[®I10
snouaAenU]
[BIO
810
[®10
UONB[NULIO]

nyv

nv

eld
¢/1DI0LW/MEld
<1DIOLW/HEId
2/1OY0Lw
1D90.Lw
1od0Lw
/1OY0Lw
ja31e],

90CTIN
QUISOJLIDG
0TI E

9CI14S
SeCZd9-dAN
76L£90003]
€C08dZV
CEISTI-HAM
STIONTIA/STIINI
Jualdy

juowdopaaap ur sAemyjed YO LW pue WY/ EId Sunedie) sjuade [9AON 7°€ dqeL



56 C.C. Tan et al.

activity in RCC mouse models which was further enhanced in combination with
sorafenib or bevacizumab. The combination resulted in a sustained regression of the
tumor through inhibition of tumor cell proliferation by INK128/MLNO0128 and
angiogenesis by sorafenib/bevacizumab [83]. These findings suggest that combina-
tion therapy may be an option for maximizing therapeutic benefits of novel agents
in the treatment of mRCC.

WYE-125132 is a pyrazolopyrimidine molecule that acts as an orally active,
highly potent, ATP-competitive and specific mTOR kinase inhibitor. It has demon-
strated antitumor activity in RCC cell lines and mouse models resulting in strong
G1 phase arrest and tumor growth suppression [87]. Combination of WYE-125132
and bevacizumab caused dramatic tumor regression of large A498 tumors [87].
Unlike rapalogs, WYE-125132 was able to disrupt cap-dependent translation initia-
tion elF4F complex; after treatment with the molecule, there was a drastic increase
in the inhibitory binding of 4E-BP1 to eIF4E with almost complete loss of
elF4G. WYE-125132 also strongly inhibited hypoxia-induced accumulation of
HIF-1a and HIF-2a [87].

AZDB8055 is a third potent, orally active, highly selective mTORC1/2 inhibitor.
Preclinical data show that it is better at inhibiting phosphorylation of 4E-BP1 than
rapamycin, resulting in significant inhibition of cap-dependent translation [88, 89].
It was also able to inhibit Akt in MCF-7 breast carcinoma cells where rapamycin
treatment resulted in rebound activation of Akt [88, 89]. Chresta et al. demonstrated
that AZD8055 potently inhibits cellular proliferation and induces autophagy in vitro
with H838 and A549 cells. In vivo, AZD8055 induced significant tumor growth
inhibition and regression in a variety of human tumor types, including breast, lung,
colon, prostate, and uterine xenograft models [89]. Recent data suggest that
AZD8055 has significant antitumor activity against clear cell RCC cell lines UOK-
139 and UOK-140 [90]. AZD8055 is currently undergoing clinical evaluation in
phase I trials. Naing et al. reported a maximum tolerated dose of 90 mg PO
BID. DLTs included grade 3 transaminitis (increased alanine aminotransferase
22 %, increased aspartate aminotransferase 22 %) and fatigue (16 %) [91].
Transaminitis was reversible in all patients, except for one with liver metastases.
AZDS8055 was overall well tolerated, but no complete or partial responses were
observed [91].

Ku0063794 is another highly specific small molecular inhibitor of mTOR kinase.
It has been shown to inhibit phosphorylation of S6K and 4E-BP1 as well as Akt
phosphorylation [92]. Ku0063794 has been compared with temsirolimus in pre-
clinical RCC models. It was found to be more effective than temsirolimus in
decreasing viability and growth of RCC cell lines in vitro by inducing cell cycle
arrest and autophagy, but not apoptosis [92]. However, in xenograft models, there
was no difference in the inhibition of tumor growth by Ku0063794 or temsirolimus
[92]. A potential explanation is that temsirolimus has additional effects on tumor
microenvironment, including decreasing tumor angiogenesis. VEGF and PDGF
expression was lower in cells treated with temsirolimus than in cells treated with
Ku0063794 [92]. This observation suggests that mMTORC1/2 inhibitors may provide
better tumor suppression and regression in combination with anti-angiogenic agents.
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3.6.2 PI3K/mTOR Inhibitors

Because the catalytic domain of mTOR and p110a subunit of PI3K is structurally
similar, multiple agents have been developed to have dual inhibitory activity against
PI3K and mTORC1/2 (Table 3.2) [82, 93]. These ATP-competitive, pan-selective
inhibitors of PI3K and mTOR have demonstrated impressive antitumor activity in a
wide range of tumor models. NVP-BEZ235 is a potent orally available imidazo-
quinoline dual PI3K/mTOR inhibitor. It reversibly inhibits class 1 PI3K activity by
binding to its ATP-binding domain [94]. It also directly binds to the mTOR ATP-
binding domain and inhibits its catalytic activity. In preclinical studies, NVP-
BEZ235 has been shown to inhibit PI3K and mTOR activity resulting in tumor
growth suppression in numerous human tumor models, including glioblastoma,
multiple myeloma, and prostate, breast, and pancreatic carcinoma [95-97]. A com-
parison of NVP-BEZ235 and rapamycin activity in RCC xenografts revealed that
NVP-BEZ235 is significantly more effective at downmodulating cyclin D, survivin,
and HIF-2a than rapamycin. It was also more effective at inhibiting tumor growth
both in vitro and in vivo through antiproliferative and proapoptotic effects [93]. A
study with RCC cell lines 786-O and Caki-1 demonstrated that the combination of
NVP-BEZ235 and sorafenib had greater antitumor activity through reduction of
tumor cell growth and increasing apoptosis than either agents alone [98]. This find-
ing suggests that dual PI3K/mTOR inhibitor in combination with an anti-angiogenic
agent may result in enhanced synergistic antitumor activity. A phase I clinical trial
with advanced solid tumors showed that BEZ235 is generally well tolerated with a
favorable safety profile [99]. The most commonly reported adverse events included
nausea, vomiting, diarrhea, fatigue/asthenia, and anorexia. Available pharmacody-
namics and efficacy data also showed that NVP-BEZ235 is active, especially in
patients with PI3K pathway dysregulated tumors [99]. Another phase I study with a
new formulation of NVP-BEZ235 using a solid dispersion system (SDS) sachet
included three RCC patients and showed that this specific formulation was well
tolerated [100]. Common adverse events included nausea, vomiting, diarrhea, and
fatigue/asthenia. The SDS sachet formulation of NVP-BEZ235 has been chosen for
further evaluation in phase II clinical trials [100].

Another pan-PI3K/mTORC inhibitor SF1126 is a prodrug of LY294002 admin-
istered intravenously. The active LY294002 has significant antitumor and anti-
angiogenic activities in vivo, but is not a drug candidate due to insolubility and short
half-life. To increase solubility and bioavailability, LY294002 is conjugated to RGD
(Arg-Gly-Asp) peptide via a cleavable linker to form SF1126. In preclinical models,
SF1126 exhibited both antitumor and anti-angiogenic activities [101]. In a 786-O
RCC xenograft model, SF1126 demonstrated 50-90 % tumor inhibition or regres-
sion of tumor volume [101]. It has also been shown to significantly suppress signal-
ing pathways downstream of PI3K, including Akt, and eliminate hypoxia-induced
stabilization of HIF-2a [102]. A phase I clinical trial found that SF1126 is generally
well tolerated [103]. Grade 3 DLTs included peripheral edema, increased alkaline
phosphatase, diarrhea, weakness, hypoglycemia, urticaria/pruritus, anemia, hypo-
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kalemia, and hypersensitivity [103]. Common adverse events included nausea,
fatigue, vomiting, diarrhea, pyrexia, chills, pruritus, anemia, anorexia, and head-
ache [103]. Stable disease was the best response observed with mean duration of 21
weeks (range of 8—84 weeks); 2 of the 3 RCC patients had stable disease at 14 and
84 weeks [103].

3.6.3 PI3K Inhibitors

In addition to mTORC1/2 inhibitors and dual PI3K/mTOR kinase inhibitors, PI3K-
selective inhibitors are currently under investigation (Table 3.2). BKM 120 is an oral
pyrimidine-derived pan-PI3K inhibitor with specific and potent activity against
class I PI3Ks [104, 105]. In preclinical studies, BKM120 demonstrated a strong
antiproliferative effect and induced apoptosis in vitro on various human cancer cell
lines [105]. In vivo, BKM120 had significant antitumor activity in U87MG glio-
blastoma and A2780 ovarian xenograft models [105, 106]. A phase I study showed
that BKM120 is well tolerated with median treatment duration of 7.5 weeks and
showed antitumor activity in 28 of 66 patients, including 2 patients with partial
response and 26 with stable disease [104]. Adverse events included decreased appe-
tite, rash, diarrhea, nausea, fatigue, hyperglycemia, anxiety, depression, and muco-
sitis [104]. BKM 120 is currently being tested in a number of clinical trials, including
a phase I study in combination with bevacizumab in patients with mRCC who had
failed prior systemic therapies.

3.6.4 Akt Inhibitors

Because of Akt’s critical role in cellular survival and tumorigenesis, Akt inhibitors
have been developed with promising results (Table 3.2). Perifosine is a synthetic,
substituted heterocyclic alkylphospholipid with the ability to inhibit Akt activity
[107]. It inhibits Akt activation by interfering with the interaction between the pleck-
strin homology domain of Akt and phosphatidylinositol phosphate (PIP3) [107]. This
interference precludes Akt’s translocation to the plasma membrane where activation
would have occurred through phosphorylation by pyruvate dehydrogenase kinase,
isozyme 1 (PDK1). Fu et al. showed that perifosine induced autophagy and inhibited
assembly of the mTOR complexes by promoting degradation of Akt, mTOR, rictor,
raptor, p70S6K, and 4E-BP1 [108]. A phase I trial showed that perifosine was well
tolerated with nausea, vomiting, diarrhea, and fatigue as the most commonly observed
toxicities [109]. A phase II trial assessed the efficacy and safety of perifosine in
patients with advanced RCC who had failed previous VEGF-targeted therapy. It
demonstrated modest activity in patients with advanced RCC, but this activity was
not superior to currently available second-line agents [110]. Further studies are
needed on the possibility of combination therapy with perifosine for RCC.
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MK-2206 is a potent orally active allosteric Akt inhibitor. It has nanomolar
potency against purified recombinant human Akt (half maximal inhibitory concen-
tration [ICs], 5 nmol/L) and Akt2 enzymes (IC50, 12 nmol/L) but lower potency
against human Akt3 (IC50, 65 nmol/L). MK-2206 inhibits phosphorylation at
Thr308 and Ser473 of AKT and demonstrates greater than 100-fold selectivity of
Akt against more than 200 other kinases [111]. It has in vitro and in vivo antitumor
activity as a single agent and enhances preclinical activity of conventional cytotoxic
chemotherapy and other targeted therapies [112, 113]. Hirai et al. demonstrated that
MK-2206 synergistically inhibited cell proliferation in combination with molecular
targeted agents, such as erlotinib and lapatinib as well as with standard cytotoxic
agents, including doxorubicin, gemcitabine, 5-fluorouracil, docetaxel, and carbopla-
tin in lung NCI-H460 and ovarian A2780 cells [113]. In vivo, the addition of
MK-2206 exerted significantly more potent antitumor activity than each agent in the
monotherapy setting [113]. A phase I clinical trial involving 33 patients with
advanced solid tumors, including patients with RCC, showed that MK-2206 was
well tolerated [114]. DLTs included skin rash and stomatitis. The maximum tolerated
dose was established at 60 mg. Drug-related toxicities included skin rash (51.5 %),
nausea (36.4 %), pruritus (24.2 %), hyperglycemia (21.2 %), and diarrhea (21.2 %)
[114]. Another phase I study investigated the maximum tolerated dose, DLTs, PK,
and efficacy of MK-2206 in combination with targeted and cytotoxic agents in
patients with advanced solid tumors, including patients with RCC [115]. MK-2206
with carboplatin/paclitaxel, docetaxel, or erlotinib was found to be well tolerated.
DLTs included skin rash, febrile neutropenia, tinnitus, and stomatitis. Common
adverse events included fatigue (68 %), nausea (49 %), rash (47 %), diarrhea (44 %),
anorexia (44 %), alopecia (40 %), vomiting (36 %), stomatitis (32 %), and hypergly-
cemia (25 %) [115]. A recent phase II clinical trial compared MK-2206 with evero-
limus in patients with VEGF inhibitor refractory mRCC [116]. MK-2206 was held
in three patients due to grade 3 rash, and one patient had to come off study for the
rash. Median PFS for MK-2206 was 3.65 months and 7.43 months for everolimus.
Two patients in the MK-2206 group demonstrated dramatic responses with greater
than 50 % disease regression and PFS of 8 and 6 months. Jonasch et al. showed that
monotherapy with MK-2206 was not superior to everolimus, but a dramatic response
to MK-2206 was seen in a subset of patients [116]. Further translational studies ana-
lyzing genotype-phenotype correlations may help explain this observation and iden-
tify biomarkers to allow for patient selection and rational drug combination.

3.7 Conclusion

Over the past decade, the treatment of mRCC has been revolutionized by the advent
of targeted therapies, specifically agents that target the VEGF and mTOR pathways.
These agents have improved PFS and OS of patients with mRCC. However, they
have not been able to induce long-term remission, and many patients relapse due to
the evolution of resistance. Studies are investigating the interplay between RCC and
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its microenvironment and analyzing novel mechanisms driving tumorigenesis and
proliferation. One potential mechanism of resistance is thought to involve activation
of proangiogenic transcription factor HIF through compensatory mTORC2 and
PI3K/Akt signaling. Therefore, numerous inhibitors targeting mTORC1/2, PI3K,
and Akt are currently being developed with many showing promising preclinical
antitumor activity in RCC cell lines and xenograft models. The future success of
mRCC treatment will likely involve a combination of agents targeting multiple
pathways, including VEGFR, PI3K, and mTORC1/2 and the application of various
biomarkers to allow for patient selection and rational combination.
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