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Abstract

The phosphatidylinositol 3 kinase (PI3K)/AKT pathway is genetically targeted in more pathway 

components and in more tumor types than any other growth factor signaling pathway, and thus is 

frequently activated as a cancer driver. More importantly, the PI3K/AKT pathway is composed of 

multiple bifurcating and converging kinase cascades, providing many potential targets for cancer 

therapy. Renal cell carcinoma (RCC) is a high-risk and high-mortality cancer that is notoriously 

resistant to traditional chemotherapies or radiotherapies. The PI3K/AKT pathway is modestly 

mutated but highly activated in RCC, representing a promising drug target. Indeed, PI3K pathway 

inhibitors of the rapalog family are approved for use in RCC. Recent large-scale integrated 

analyses of a large number of patients have provided a molecular basis for RCC, reiterating the 

critical role of the PI3K/AKT pathway in this cancer. In this review, we summarizes the genetic 

alterations of the PI3K/AKT pathway in RCC as indicated in the latest large-scale genome 

sequencing data, as well as treatments for RCC that target the aberrant activated PI3K/AKT 

pathway.
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Introduction

The phosphatidylinositol 3 kinase (PI3K)/AKT pathway is activated by gene mutations and 

copy number alterations (CNAs) in more pathway components and in more tumor types than 

any other signaling pathways involved in cancer (Brugge et al., 2007). A catalytic subunit of 

PI3K, p110α, is the most commonly targeted oncogene in cancer. More importantly, genetic 

mutations result in activation of the PI3K/AKT pathway, which is composed of multiple 

bifurcating and converging kinase cascades, representing a “target-rich” environment for 

cancer therapy. Not surprisingly, inhibitors of PI3K isoforms, AKT, mammalian target of 

rapamycin (mTOR), and other components in the pathway are being actively pursued for 

targeted cancer therapy.

Kidney cancer, which is increasing in incidence, is the ninth most common cancer 

worldwide; about 337,860 new cases were diagnosed in 2012 (Jonasch et al., 2014). In the 

United States, an estimated 14,000 of the 64,000 new cases of kidney cancer diagnosed in 

2014 resulted in patient death, making kidney cancer a high-risk and high-mortality cancer 

type. Most kidney cancers are renal cell carcinoma (RCC), including the major subtype clear 

cell RCC (ccRCC), which accounts for most kidney cancer-related deaths. Treatment for 

ccRCC in the United States is currently leading a revolution from traditional chemotherapy 

and radiotherapy to molecularly targeted therapy. Seven targeted drugs have been approved 

by the US Food and Drug Administration since 2005, some of which directly or indirectly 

target the PI3K/AKT pathway. In this review, we summarize the alterations of the 

PI3K/AKT pathway that occur in RCC, with an emphasis on its primary components, PI3K 

and AKT, and we discuss the development of drugs targeting aberrant activation of the 

PI3K/AKT pathway in RCC.

The PI3K/AKT pathway

PI3K and upstream regulators

PI3K is a family of lipid kinases that phosphorylate the 3-hydroxyl group of the inositol ring 

of phosphatidylinositol (PtdIns) lipids in the plasma membrane (Fruman et al., 1998). PI3K 

is divided into three classes (class I, II, and III) according to their different structures and 

lipid substrate preferences (Vanhaesebroeck et al., 2010). Class I PI3K is the most studied 

and best understood group because it plays an important role in cancer. Class I PI3Ks are 

heterodimers of a 110-kDa catalytic subunit (p110) and a regulatory subunit (i.e., p85). 

There are four p110 isoforms (p110α, p110β, p110γ, and p110δ) produced from different 

genes and seven regulatory subunits (p85α, p85β, p55α, p55γ, p50α, p101, and p87) 

produced by a combination of alternative start codons and different gene in mammals 

(Vanhaesebroeck et al., 2010). The regulatory subunits bind to the p110 catalytic subunits 

stabilizing the PI3K protein heterodimers, inhibiting the kinase activity under basal 

conditions and directing PI3K to upstream regulators for activation.

PI3K is normally activated by extracellular signals in physiologic conditions (Fig. 1). A 

variety of stimuli, including growth factors, cytokines, and hormones, may activate PI3K. 

Growth factors, such as epidermal growth factor (EGF), platelet-derived growth factor 

(PDGF), or insulin-like growth factor (Auger et al., 1989; Ruderman et al., 1990), bind to 
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the N-terminal extracellular region of their corresponding transmembrane receptor tyrosine 

kinases (RTKs), resulting in autophosphorylation of tyrosine residues on the cytoplasmic 

regions of the RTKs and in linker molecules. PI3K is then recruited to the RTKs through 

interactions between the p85 SH2 domains and phospho-Tyr residues on members of the 

RTK complex, which leads to allosteric activation of PI3K. In addition to RTKs, G protein 

coupled receptors are another large group of classic upstream regulators that activate PI3K, 

most commonly p110β (Fruman and Rommel, 2014). In addition, small GTPases such as 

Ras and RAB5 can activate PI3K (Fruman and Rommel, 2014) directly and indirectly.

Activated PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] to 

form phosphatidylinositol 3,4,5-trisphosphate [PtdIns(3,4,5)P3] on the inner cell membrane, 

which propagates activation signals to downstream molecules. Phosphatase and tensin 

homologue deleted on chromosome 10 (PTEN) serves as a lipid phosphatase to convert 

PtdIns(3,4,5)P3 back to PtdIns(4,5)P2, turning off the pathway (Hennessy et al., 2005; 

Gewinner et al., 2009). Inositol polyphosphate-phosphatase type II (INPP4B) converts 

PtdIns(3,4)P2 to PtdIns(3)P1, attenuating PI3K signaling as well as redirecting signaling to 

different pleckstrin homology (PH) domain containing proteins (Gewinner et al., 2009). A 

key mediator responding to the PtdIns(3,4,5)P3 signal generated by PI3K is the serine/

threonine kinase AKT. However, it is important to note that there are multiple PI3K 

downstream targets in addition to AKT that can initiate particular signaling cascades 

independent of AKT and also converge on the same downstream cascades.

AKT and downstream effectors

The serine/threonine kinase AKT (also known as protein kinase B), comprising a group of 

three isoforms (AKT1, AKT2, and AKT3) in mammals, is a key propagator of PI3K 

signaling. In the canonical PI3K/AKT activation model, AKT and its upstream kinase, 3-

phosphoinositide-dependent protein kinase-1 (PDK1), are recruited to the inner cell 

membrane via interactions of their PH domains with PtdIns(3,4,5)P3 generated by PI3K, 

which initiates AKT phosphorylation at Thr308 (based on AKT1 amino acid sequence 

unless designated otherwise) in the activation T-loop by PDK1 (Alessi et al., 1997). mTOR 

complex 2 (mTORC2) and other potential kinases phosphorylate AKT at Ser473 in the 

regulatory hydrophobic domain, resulting in optimal activation (Sarbassov et al., 2005; 

Bozulic et al., 2008;). The phosphorylated active AKT then translocates from the cell 

membrane to other cell compartments to phosphorylate multiple downstream substrates to 

fulfill AKT functions (Andjelkovic et al., 1997) (Fig. 1).

AKT activation and stability are elaborately regulated by multiple layers of phosphorylation. 

In addition to Thr308 and Ser473, phosphorylation of which is required for optimal 

activation, 31 other residues of AKT1 have been experimentally identified using mass 

spectrometry or site-specific approaches as potential sites for phosphorylation, including 11 

serine residues, 14 threonine residues, and 6 tyrosine residues (http://www.phosphosite.org) 

(Hornbeck et al., 2012). AKT2 has 22 identified phosphorylation sites, and AKT3 has 18. 

The number of potential phosphorylation sites of AKT is expected to grow further, 

considering the total number of serine, threonine, and tyrosine residues in AKT (e.g., 71 in 

AKT1).
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The regulation, stoichiometry, and functions of these phosphorylation sites are only 

beginning to be elucidated. For example, co-translational phosphorylation at Thr450 is 

required for proper folding and stability of AKT (Ikenoue et al., 2008; Oh et al., 2010). 

Phosphorylation at Thr305, Thr312, and Tyr474 has been shown to contribute to optimal 

AKT activation. Thr72 and Ser246 have been proposed to be trans-autophosphorylated, 

whereas Thr34, Thr450, and Tyr176 phosphorylation is likely mediated by upstream 

kinases, including atypical protein kinase C, c-Jun N-terminal kinases, and Ack1 (Mao et al., 

2000; Powell et al., 2003; Mahajan et al., 2010). Furthermore, phosphorylation of AKT is 

isoform-specific. For example, AKT1 Ser129, but not the equivalent AKT2 Ser131, is 

phosphorylated by the casein kinase 2, contributing to AKT1-specific substrate recognition 

(Girardi et al., 2014) and potentially to differential functions of AKT1 and AKT2. We have 

also shown that the pattern of phosphorylation events is markedly different between AKT1 

and AKT2 under basal and ligand-induced conditions in multiple cell types (Guo et al., 

2013). Six detectable formats of AKT1 with different pI values, but only three detectable 

formats of AKT2, are present at basal conditions, representing complex combinations of 

phosphorylation of different sites on individual AKT molecules (Guo et al., 2013). 

Following insulin stimulation, a large percentage of AKT1 is phosphorylated at Thr308 and 

Ser473. In contrast, only very little AKT2 is phosphorylated at the equivalent sites (Guo et 

al., 2013).

Activated AKT phosphorylates a large number of substrates controlling almost every aspect 

of physiologic and pathologic cellular functions, including cell survival, growth, 

metabolism, tumorigenesis, and metastasis (Brazil et al., 2004; Manning and Cantley, 2007) 

(Fig. 1). A critical downstream signaling branch is AKT-mediated activation of mTOR 

complex 1 (mTORC1), which leads to protein translation and lipid or nucleotide synthesis. 

AKT phosphorylates and inhibits tuberous sclerosis (TSC) complex 1/2 (Cai et al., 2006), a 

GTPase-activating protein for the Ras-related small G protein RHEB; therefore, AKT 

phosphorylation activates RHEB, which in turn activates mTORC1 (Fig. 1) (Manning and 

Cantley, 2003). AKT also promotes mTORC1 activation by phosphorylating and inhibiting 

an mTORC1 component, 40KD proline-rich AKT1 substrate 1 (Haar et al., 2007). mTORC1 

phosphorylates a variety of substrates, including p70 ribosomal S6 kinase (p70S6K) and 

eIF4E-binding proteins, which promotes anabolic syntheses (Manning and Cantley, 2003; 

Fruman and Rommel, 2014;). The mTORC1 signaling branch is also dominantly and 

negatively regulated by energy-sensing AMP-activated protein kinase, which phosphorylates 

and activates TSC1/2, therefore inhibiting mTORC1 (Hay and Sonenberg, 2004; Sengupta et 

al., 2010). In addition, activation of mTOR is dependent on the presence of adequate 

nutrients and in particular amino acids. Furthermore, MAP kinases and p90RSK 

phosphorylate a number of the same targets in the mTOR pathway as do AKT isoforms. 

Thus, activation of the mTOR cascade represents the integration of signaling from multiple 

upstream cascades. Activation of mTORC1 can inhibit the PI3K/AKT pathway through a 

negative feedback loop mediated by p70S6K phosphorylation of insulin receptor substrate 1 

(O'Reilly et al., 2006; Tremblay et al., 2007).
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Genetic alterations of the PI3K/AKT pathway in cancer

The Cancer Genome Atlas (TCGA; http://cancergenome.nih.gov) has characterized more 

than 11,000 cancer patient samples using large-scale genome sequencing coupled with 

epigenomic, transcriptomic, and proteomic analyses; these data have greatly advanced our 

understanding of the molecular basis of cancer. Data are available from TCGA or other 

websites providing analysis tools for large datasets, such as cBioPortal 

(www.cbioportal.org) (Cerami et al., 2012; Gao et al., 2013) and The Cancer Proteome Atlas 

(www.TCPAportal.org) (Li et al., 2013). We compiled a panel of 20 representative 

components of the PI3K/AKT pathway (GNB2L1, EGFR, PIK3CA, PIK3R1, PIK3R2, 

PTEN, PDPK1, AKT1, AKT2, AKT3, FOXO1, FOXO3, MTOR, RICTOR, TSC1, TSC2, 

RHEB, AKT1S1, RPTOR, and MLST8), modified from the PI3K pathway genes 

summarized in the TCGA ccRCC study (The Cancer Genome Atlas Research, 2013), and 

surveyed the genetic alterations of the panel components in the latest provisional TCGA 

datasets of all 25 cancer types currently available in cBioPortal. Genetic alterations of the 

panel components were identified in every cancer lineage. The mutation and CNA rates 

ranged from 6% in thyroid carcinoma to a striking 95% in endometrioid carcinoma (Fig. 2). 

The average genetic alteration rate was about 50% across all cancer types.

Genetic alterations were identified in every layer of the PI3K/AKT signaling cascade. More 

importantly, many of these genetic alterations have been independently demonstrated by 

experimental manipulation to be oncogenic. For example, at the layer of PI3K, PIK3CA 

gene coding for the catalytic subunit p110α has been found to be frequently mutated in 

cancer, underscoring the importance of this isoform (Samuels et al., 2004; Engelman, 2009; 

Fruman and Rommel, 2014). PIK3CA was first found to be highly amplified in ovarian 

cancer, implicating its role as an oncogene (Shayesteh et al., 1999). High-frequency somatic 

mutations of PIK3CA were then identified in colorectal cancer, glioblastoma, gastric cancer, 

breast cancer, and lung cancer (Samuels et al., 2004). Strikingly, most of the mutations were 

observed in two small, highly conserved clusters in the helical and kinase domains of p110α 

(Samuels et al., 2004), displaying a pattern of activation mutations. Many additional studies 

revealed PIK3CA mutations in almost all cancer types, including ovarian, head and neck, 

cervical, endometrial, and kidney cancers (Campbell et al., 2004; Murph et al., 2008). The 

recurrent mutations of PIK3CA were demonstrated to be oncogenic (Samuels et al., 2004; 

Kang et al., 2005; Samuels et al., 2005). Intriguingly, PIK3CA mutations are generally 

mutually exclusive with mutations in other members of the pathway (Stemke-Hale et al., 

2008) with the exception of endometrial cancer and a subset of bowel cancers where 

mutations in multiple pathway members are common (Liang et al., 2012).

Traditionally, PIK3CA was regarded as the second most mutated oncogene in cancer after 

KRAS gene. However, the latest TCGA data indicate that PIK3CA is actually the most 

altered oncogene targeted by mutations and amplifications across all cancers (Lawrence et 

al., 2014), and PIK3CA mutation is particularly prevalent in endometrial cancer (57%), lung 

squamous cell carcinoma (48%), cervical cancer (42%), invasive breast cancer (39%), head 

and neck cancer (35%), colon cancer (30%), and ovarian cancer (30%; www.cbioportal.org). 

Likewise, frequent mutations of PIK3R1 gene coding for the p85 regulatory subunit, have 

also been identified in TCGA, particularly in endometrial cancer (34%), glioblastoma 
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(11%), uterine carcinosarcoma (11%), and bladder urothelial carcinoma (7.8%; 

www.cbioportal.org) (Cheung et al., 2011). Oncogenic mutations of p85α may target 

PI3K/AKT pathway activation by activating p110 (Jaiswal et al., 2009) or inhibiting PTEN 

(Cheung et al., 2011). Recently, neomorphic truncation mutations of p85α have been 

discovered to promote the mitogen-activated protein kinase pathway in cancer, revealing a 

new category of oncogenic functions for p85α mutations (Cheung et al., 2014).

PTEN, the lipid phosphatase that counteracts the PI3K pathway, is the second most mutated 

or deleted tumor suppressor after p53 across all cancers. Frequent mutations and deletions of 

PTEN have been found in various cancers, including endometrial cancer (67%), 

glioblastoma (42%), and prostate cancer (22%). In addition to these genetic alterations, 

PTEN is also targeted by promoter methylation, transcriptional inhibition, microRNA, and 

posttranslational modifications, resulting in downregulation of PTEN functions and 

subsequently upregulation of PI3K/AKT pathway signaling in cancer (Song et al., 2012). 

INPP4B is another emerging lipid phosphatase tumor suppressor frequently mutated or 

deleted in multiple cancer types (Hennessy et al., 2005; Gewinner et al., 2009; Agoulnik et 

al., 2011).

At the layer of AKT, the core component of the PI3K/AKT pathway, amplification and 

mutations of AKT isoforms have been identified in multiple cancer types, although not at 

high levels. Amplification of AKT2 was first identified in ovarian cancer (Cheng et al., 

1992) and then in multiple other cancers, including pancreatic, gastric, liver, and lung 

cancers (Cheng et al., 1996; Hers et al., 2011). The latest TCGA data show that AKT 

amplifications are prevalent in ovarian (21%), uterine (20%), invasive breast (18%), liver 

(15%), and bladder (12%) cancers. Furthermore, amplification is more common in AKT2 or 

AKT3 than in AKT1 (Cohen, 2013) (www.cbioportal.org), suggesting that AKT 

contributions to cancer are isoform-specific.

Although AKT is a central member of the highly mutated PI3K/AKT pathway, somatic 

AKT mutations occur at relatively low frequencies and were discovered only recently. E17K 

mutation was first identified in AKT1 in breast, colorectal, and ovarian cancers as an 

oncogenic mutation (Carpten et al., 2007) (Stemke-Hale et al., 2008), and was then 

identified in more cancer types and in the AKT3 isoform (Davies et al., 2008). This 

mutation enhances the association of AKT with the cell membrane, promoting AKT 

activation (Carpten et al., 2007).

At the layer downstream of AKT, mutations in TSC1/TSC2 have been identified but are 

relatively rare (Lawrence et al., 2014). RHEB, an activator of mTORC1, is overexpressed in 

liver, lung, bladder, stomach, colorectal, and breast cancers (Lu et al., 2010). Elevated 

RHEB was sufficient to induce constitutive mTORC1 pathway activation and skin tumors in 

mouse models, indicating that RHEB is a bona fide oncogene (Lu et al., 2010). More 

recently, a recurring activation mutation (Y35N) was identified in endometrial cancer and 

ccRCC (Lawrence et al., 2014), validating the oncogenic role of RHEB in the PI3K/AKT 

pathway.
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In summary, most components of the PI3K/AKT pathway harbor genetic alterations that 

activate the pathway across cancer lineages. Next, we summarize the genetic alterations of 

the PI3K/AKT pathway specifically in the three major types of RCC.

Genetic alterations of the PI3K/AKT pathway in RCC

Kidney cancer, which is increasing in incidence worldwide, falls into the class of cancers 

with a high risk of death; an estimated 14,000 of the 64,000 newly diagnosed patients in the 

United States in 2014 died of the disease. RCC accounts for about 90% of cases of kidney 

cancer. Other minor types of kidney cancer include renal pelvis carcinoma and Wilms tumor 

(Bhatt and Finelli, 2014), which are not discussed in this review. There are three major 

histologic subtypes of RCC, including ccRCC (accounting for 75%–80% of cases of RCC), 

papillary RCC (pRCC, 10%– 15%), and chromophobe RCC (chRCC, 4%–5%), as well as 

many other minor RCC subtypes (Jonasch et al., 2014). We focus on the three major RCC 

subtypes in this review.

The PI3K/AKT pathway in ccRCC

ccRCC is the most common type of RCC, accounting for the vast majority of kidney cancer 

deaths (Jonasch et al., 2014). ccRCC is notoriously resistant to traditional chemotherapies 

and radiotherapies. Fortunately, recent rapid advances in genomic and proteomic studies 

have revealed much of the molecular basis of ccRCC and, therefore, provided new 

therapeutic opportunities for this challenging disease. The von Hippel Lindau (VHL) gene is 

mutated in 80%–90% of cases of ccRCC (Nickerson et al., 2008), indicating that loss of 

VHL function is a key underlying driver (Jonasch et al., 2012). VHL serves as the substrate 

recognizing subunit for a ubiquitin E3 ligase complex that mediates ubiquitination and 

subsequent degradation of hypoxia-inducible factors (HIFs) (Maxwell et al., 1999). HIF 

upregulation due to VHL loss plays a critical role in ccRCC tumorigenesis. However, loss of 

VHL function alone is not sufficient for ccRCC initiation (Frew and Moch, 2015). Other 

genetic or epigenetic events are required for ccRCC to initiate or progress.

Another group of frequently altered genes in ccRCC is the components of the PI3K/AKT 

pathway. In the TCGA ccRCC dataset, the overall genetic alteration rate of the 20 

representative PI3K/AKT pathway panel components in our analysis was 27.7% (Fig. 3). 

Most of the components were identified with genetic alterations, including GNB2L1 

amplification (6%), PIK3CA amplifications or mutations (5%), PTEN deletions or mutations 

(5%), or MTOR mutations (6%), in a largely mutually exclusive manner (Fig. 3) (The 

Cancer Genome Atlas Research, 2013). MTOR mutations are highly clustered in small 

regions in ccRCC, conferring mTOR hyperactivation (Grabiner et al., 2014). Seven AKT 

mutations (~2%) were identified, including a known E40K activation mutation in AKT1 

(Sun et al., 2001) and an E17K activation mutation in AKT3. Three recurrent Y35N 

mutations in RHEB were identified, consistent with activation of the PI3K/AKT pathway 

(Lawrence et al., 2014).

Similar genetic alteration rates of the PI3K pathway in ccRCC were identified in other large-

scale integrated analyses (Sato et al., 2013). Note that we surveyed only the genetic 

alterations of 20 representative PI3K/AKT pathway components in ccRCC. The true genetic 
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alteration rate of the pathway including all components is likely higher. Furthermore, 

considering the dysregulation of the PI3K/AKT pathway at epigenetic, posttranscriptional, 

and posttranslational levels, the aberrant pathway activation is likely more prevalent in 

ccRCC. Integrated genomic and proteomic studies have shown a convergence upon 

PI3K/AKT/mTOR activation through a variety of mechanisms in ccRCC (Akbani et al., 

2014) (Fisher et al., 2014). Furthermore, high intratumor genomic heterogeneity has been 

detected in ccRCC (Gerlinger et al., 2012; Gerlinger et al., 2014); therefore, current 

mutation and CNA data represent only a small fraction of the full spectrum of genetic 

alterations in a given tumor. The frequency of the PI3K/AKT pathway activation in ccRCC 

could be substantially higher than that indicated by currently available data.

The VHL/HIF and PI3K/AKT pathways cross talk extensively in a large signaling network, 

contributing to ccRCC. First, HIF upregulation due to VHL loss promotes expression of a 

variety of growth factors, including EGF, PDGF, and vascular endothelial growth factor 

(VEGF) (Jonasch et al., 2012), which in turn may activate the PI3K/AKT pathway through 

RTKs. The subsequent activation of mTORC1 and mTORC2 then promotes HIF expression 

(Bernardi et al., 2006; Toschi et al., 2008), therefore forming a positive feedback loop 

resulting in constitutive activation of the signaling network (Fig. 1). This is consistent with 

the observation that PI3K/AKT signaling is usually activated in ccRCC (Li et al., 2013; 

Akbani et al., 2014). Although the overall mutation rate of the PI3K/AKT pathway in 

ccRCC is relatively low compared with many other cancer types (Fig. 2), the overall 

activation of AKT in ccRCC is high among all cancer types, as indicated by high 

phosphorylation levels of AKT and AKT substrates (Li et al., 2013; Akbani et al., 2014). 

Therefore, the VHL/HIF and PI3K/AKT pathways are closely connected, forming a large 

signaling network contributing to ccRCC.

In addition to alterations in the VHL/HIF and PI3K/AKT pathways, high frequencies of 

gene mutations or deletions of PBRM1 (36%), SETD2 (15%), BAP1 (13%), and KDM5C 

(7%) have also been identified in the ccRCC TCGA dataset and other studies (Varela et al., 

2011; The Cancer Genome Atlas Research, 2013). Notably, all of these genes play important 

roles in chromatin remodeling, indicating that dysregulation of chromatin remodeling is a 

generalizable event in ccRCC. The potential role of the VHL/HIF and PI3K/AKT pathways 

in the regulation of chromatin remodeling in ccRCC remains largely unknown, and would 

be an interesting topic to explore.

The PI3K/AKT pathway in pRCC

pRCC is the second most common subtype of RCC (Twardowski et al., 2014). In the TCGA 

pRCC dataset, the overall genetic alteration rate of the PI3K/AKT pathway panel 

components was 28% (Fig. 2), including amplifications of GNB2L1, PDK1, and RPTOR and 

mutations of PTEN and the PI3K subunits, many of which are known to activate the 

signaling pathway.

pRCC is further divided into two types, type 1 and type 2, on the basis of different cell 

morphologies (Jonasch et al., 2014). Studies of hereditary pRCC revealed that type 1 pRCC 

is associated with mutations of the mesenchymal epithelial transition (MET) gene. MET is a 

transmembrane receptor for hepatocyte growth factor, which is upstream of the PI3K/AKT 
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pathway. Activation mutations of MET found in type 1 pRCC lead to increased 

proliferation, invasion, and metastases, owing at least in part to activation of the PI3K/AKT 

pathway (Twardowski et al., 2014). Kinases activated by gene fusions are found in most 

cancer types, including pRCC (Stransky et al., 2014). MET fusions to other genes, leading to 

MET activation, were identified in multiple pRCC samples, demonstrating an alternative 

mechanism of activation in addition to gene amplifications and mutations (Stransky et al., 

2014).

Type 2 pRCC was found to be associated with mutations in fumarate hydratase (FH) 

(Tomlinson, 2002). FH is a tricarboxylic acid cycle enzyme that catalyzes the conversion 

from fumarate to malate. Loss of FH function owing to mutations results in accumulation of 

fumarate, leading to upregulation of HIF1α (Isaacs, 2005), which mimics the loss of VHL in 

ccRCC.

The PI3K/AKT pathway in chRCC

Compared with ccRCC, chRCC is a rare subtype of RCC; only 3,000 new cases are 

diagnosed in the United States annually (Davis et al., 2014). However, rare cancer can offer 

a unique opportunity to identify cancer drivers that are not found in common cancers. 

Although only 66 patient samples are currently available in the chRCC TCGA dataset, the 

PI3K/AKT pathway has been shown to be significantly targeted genetically; the 20 

representative panel components are altered in 32% of patients (21 out of 66; Fig. 1). PTEN 

is the most mutated or deleted component, occurring in 11% of patients. Mutations and 

CNAs have also been identified in multiple other components, including PDK1, AKT1, 

TSC1/TSC2, and mTOR (Davis et al., 2014).

As a gatekeeper, TP53 is the most mutated gene across all cancer types. TP53 is the most 

frequently mutated gene in chRCC (33%) (Davis et al., 2014), but not in ccRCC (2%) or 

pRCC (4%). However, unlike chRCC, ccRCC may find an alternative way to interfere with 

p53 function through loss of VHL. VHL has been shown to interact with p53, enhancing the 

stability and activation of p53 (Roe et al., 2006).

Additional mechanisms activating the PI3K/AKT pathway in RCC

Activation of the PI3K/AKT pathway is not always initiated from extracellular signals and 

transmembrane receptors. Multiple other mechanisms of AKT activation or inhibition have 

been identified in RCC, contributing to aberrant PI3K/AKT pathway activation. We have 

shown that glucose deprivation induces a unique form of AKT phosphorylation and 

activation in multiple cell lines, including 786-0, RXF393, ACHN, and other RCC cells 

(Gao et al., 2014). AKT is selectively phosphorylated on Thr308 through enhanced protein 

complex formation with PDK1 and 78-kDa glucose-regulated protein under glucose-

deprivation conditions, which likely represents a novel AKT activation mechanism in RCC, 

as well as in other cancers when metabolic stress is present (Dawood et al., 2014; Gao et al., 

2014).

MicroRNA is emerging as a new class of important regulators of the PI3K/AKT pathway. 

miR-182-5p has been shown to be a negative regulator of AKT, and downregulation of this 
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microRNA results in AKT activation and subsequent RCC proliferation (Xu et al., 2014). 

miR-122 has been shown to be a positive regulator of the PI3K/AKT signaling pathway, 

promoting proliferation, invasion, and migration of RCC cells (Lian et al., 2013).

Targeting the PI3K/AKT pathway in RCC

The treatment of ccRCC is currently leading the development of targeted therapy. Multiple 

targeted drugs have been approved by the US Food and Drug Administration for ccRCC. 

The first class of approved targeted drugs for metastatic RCC was anti-angiogenesis drugs 

that target elevated VEGF or VEGF receptors (VEGFR), on the basis of the rationale that 

ccRCC is a highly vascularized cancer owing to activated VEGF signaling resulting from 

HIF upregulation. This class of drugs includes the small-molecule inhibitors sorafenib 

(approved in 2005), sunitinib (2006), pazopanib (2009), and axitinib (2010), which target 

VEGFR and other RTKs, and a monoclonal antibody, bevacizumab (2009), which targets 

VEGF. Newer inhibitors (such as brivanib, cabozantinib, cediranib, dovitinib, foretinib, 

lenvatinib, linifanib, nintedanib, regorafenib, tivozanib, vandetanib, and aflibercept) for 

VEGFR and additional targets (such as PDGFR, FGFR, c-kit, and MET) and monoclonal 

antibodies (ramucirumab and rilotumumab) are being developed and tested in clinical trials 

for ccRCC (Dutcher, 2013; Randall et al., 2014). Although some studies (Huang et al., 

2010) suggested that anti-angiogenesis drugs such as sunitinib primarily target tumor 

endothelial cells instead of cancer cells, the studies also showed that the drugs inhibited 

RTKs in cancer cells. The role of the PI3K/AKT pathway in cancer treated with anti-

angiogenesis drugs has not been elucidated. Considering that these drugs inhibit multiple 

other RTKs in addition to VEGFR (Jonasch et al., 2014), it is likely that these drugs may 

target the PI3K/AKT pathway in cancer cells, contributing to tumor inhibition.

The second class of approved targeted drugs for metastatic RCC includes temsirolimus 

(approved in 2007) and everolimus (2009) (Figlin et al., 2013; Jonasch et al., 2014). These 

drugs target mTOR, a component of the PI3K/AKT pathway, on the basis of the rationale 

that mTOR activation resulting from PI3K/AKT and other pathway activation is important 

for ccRCC tumorigenesis and progression. Furthermore, mTOR is a key regulator of cell 

metabolism, whereas RCC is primarily a cancer of metabolism dysregulation (Linehan et al., 

2010).

Currently available targeted drugs for metastatic and advanced ccRCC have shown some 

degree of efficacy; however, even for the subpopulation of patients that demonstrate 

responses to these drugs, the responses are short and patients almost always show disease 

progression within a year (Jonasch et al., 2012). Two-thirds of patients diagnosed with 

ccRCC are also diagnosed with metastatic RCC, for which the 5-year overall survival rate is 

only 20% (Jonasch et al., 2014). Thus, identification of new drug targets, development of 

new drugs and in particular rational drug combinations for RCC are still urgently needed. As 

described above, the PI3K/AKT pathway components are frequently targeted in RCC, 

suggesting that targeting the pathway, either alone or in combination with other drugs, holds 

great potential in RCC (Brugge et al., 2007; Fruman and Rommel, 2014).
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The currently approved mTOR inhibitors, temsirolimus and everolimus, are both rapalog 

allosteric mTOR inhibitors, which result in only partial inhibition of mTORC1 activation 

toward some substrates (e.g., p70S6K) but not others (e.g., eIF4E-binding proteins) (Fruman 

and Rommel, 2014). This might be part of the reason that rapalogs provided only modest 

survival benefits for patients with ccRCC (Randall et al., 2014). A new class of mTOR 

inhibitors that directly target mTOR kinase activity, including AZD8055, MLN0128, and 

OSI-027, are in clinical development and clinical trials for the treatment of ccRCC (Cho, 

2013). These agents target both mTORC1 and mTOCR2 conferring greater efficacy for the 

PI3K/AKT/mTOR pathway inhibition.

PI3K inhibitors have been tested in multiple cancer types including RCC. However, no drug 

has reached clinical use. Numerous pan or isoform specific PI3K inhibitors are in clinical 

development or clinical trials in RCC including GDC0941, XL147, BKM120, NVP-

BYL719 (p110α specific), SAR260301 (p110β specific), and TGR-1202 (p110β specific) 

(Cho, 2013; Fruman and Rommel, 2014). PI3K and mTOR are structurally related. Many 

dual inhibitors for both PI3K and mTOR (such as NVP-BEZ235, GDC-0980 and XL765) 

are being investigated, which may overcome the limitations of single kinase inhibition 

resulting from feedback loops (O'Reilly et al., 2006; Cho, 2013; Figlin et al., 2013; Fruman 

and Rommel, 2014).

Allosteric AKT inhibitors (such as MK2206) and kinase inhibitors (such as GDC0068 and 

AZD5663) are being tested in ccRCC clinical trials (Cho, 2013; Fruman and Rommel, 

2014). Different AKT isoforms mediate critical non-redundant functions in cancer 

pathophysiology. For example, AKT1 has been shown to be a major contributor to tumor 

initiation, whereas AKT2 appears to primarily promote tumor metastasis (Dillon et al., 2009; 

Endersby et al., 2011). In ccRCC cells, HIF2α expression is dependent on AKT2 but not on 

other isoforms, whereas HIF1α expression is dependent on AKT3 (Toschi et al., 2008). 

Therefore, isoform-specific AKT inhibition is also a promising approach in ccRCC.

In addition to treatments targeting angiogenesis and the PI3K/AKT/mTOR pathway, other 

novel treatment approaches are being explored and tested in RCC. Immunotherapy is an 

emerging promising approach. Monoclonal antibodies (such as ipilimumab and 

tremelimumab) against the immune checkpoint inhibitors cytotoxic T lymphocyte antigen 4 

or programmed cell death 1 have shown antitumor activity and are being tested in multiple 

clinical trials for the treatment of RCC (Dutcher, 2013; Jonasch et al., 2014). Peptide 

vaccines have also been in development for certain types of RCC (Jonasch et al., 2014). 

Considering that one-third of all VHL mutations in ccRCC are missense point mutations, 

generating a full-length unstable protein with residual functionality (Lee et al., 2009; 

Rechsteiner et al., 2011), we proposed that destabilized VHL could be refunctionalized by 

modulating the proteostasis of missense point mutated VHL (Ding et al., 2012), and we 

provided evidence that the proteasome inhibitors bortezomib and carfilzomib, which are 

currently in clinical use, stabilize VHL-R167Q, the most common hereditary mutation, and 

increase its ability to downregulate HIF2α (Ding et al., 2014). The variety of novel 

approaches, together with the development of the next generation of inhibitors for 

angiogenesis and the PI3K/AKT/mTOR pathway, are expected to make an impact on 

ccRCC patient care.
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Concluding remarks

The treatment of metastatic RCC has changed dramatically from traditional chemotherapies 

or radiotherapies to targeted cancer therapy, aiming to fulfill the promise of personalized 

molecular medicine (Jonasch et al., 2012). The efficient implementation of this new 

generation of cancer treatments is dependent on a clear understanding of protein function 

and signaling networks in cancer cells, especially the druggable oncogenic pathways such as 

the PI3K/AKT pathway. The latest large-scale genomic and proteomic studies of RCC have 

provided a molecular basis of the disease, which is likely to lead to rapid development of 

new targeted drugs for this deadly cancer.
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Fig. 1. 
Schematic diagram of the PI3K/AKT pathway.
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Fig. 2. 
Genetic alteration frequency of 20 representative components of the PI3K/AKT pathway 

across 25 cancer types in The Cancer Genome Atlas (TCGA) database at cBioPortal.

We surveyed the mutation and copy number alteration rates of the panel components in the 

latest provisional TCGA datasets at cBioPortal, including uterine corpus endometrial 

carcinoma (Uterine), glioblastoma multiforme (GBM), lung squamous cell carcinoma (Lung 

squ), uterine carcinosarcoma (Uterine CS), ovarian serous cystadenocarcinoma (Ovarian), 

bladder urothelial carcinoma (Bladder), breast invasive carcinoma (Breast), stomach 

adenocarcinoma (Stomach), head and neck squamous cell carcinoma (Head & neck), 

cervical squamous cell carcinoma and endocervical adenocarcinoma (Cervical), skin 

cutaneous melanoma (Melanoma), lung adenocarcinoma (Lung adeno), prostate 

adenocarcinoma (Prostate), adrenocortical carcinoma (ACC), colorectal adenocarcinoma 

(Colorectal), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), sarcoma 

(Sarcoma), pancreatic adenocarcinoma (Pancreas), brain lower grade glioma (Glioma), 

kidney chromophobe (chRCC), liver hepatocellular carcinoma (Liver), kidney renal 

papillary cell carcinoma (pRCC), kidney renal clear cell carcinoma (ccRCC), acute myeloid 

leukemia (AML), and thyroid carcinoma (Thyroid).

Guo et al. Page 19

J Genet Genomics. Author manuscript; available in PMC 2016 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Genetic alterations of 20 representative components of the PI3K/AKT pathway in clear cell 

renal cell carcinoma.

We surveyed the mutations and copy number alterations of the PI3K/AKT panel 

components in the latest provisional TCGA dataset of ccRCC at cBioPortal. Small grey 

rectangles represent patients. Genes and alteration rates are indicated to the left.

Guo et al. Page 20

J Genet Genomics. Author manuscript; available in PMC 2016 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


