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Abstract: The phosphatidylinositol 3-kinase (PI3K) pathway plays a central role in the regulation of 

cell signaling, proliferation, survival, migration and vesicle trafficking in normal cells and is 

frequently deregulated in many cancers. The p85α protein is the most characterized regulatory 

subunit of the class IA PI3Ks, best known for its regulation of the p110-PI3K catalytic subunit. In 

this review, we will discuss the impact of p85α mutations or alterations in expression levels on the 

proteins p85α is known to bind and regulate. We will focus on alterations within the N-terminal 

half of p85α that primarily regulate Rab5 and some members of the Rho-family of GTPases, as well 

as those that regulate PTEN (phosphatase and tensin homologue deleted on chromosome 10), the 

enzyme that directly counteracts PI3K signaling. We highlight recent data, mapping the interaction 

surfaces of the PTEN–p85α breakpoint cluster region homology (BH) domain, which sheds new 

light on key residues in both proteins. As a multifunctional protein that binds and regulates many 

different proteins, p85α mutations at different sites have different impacts in cancer and would 

necessarily require distinct treatment strategies to be effective. 

Keywords: PI3K (phosphatidylinositol 3-kinase); cancer; mutations; p85α subunit; PTEN 

(phosphatase and tensin homologue deleted on chromosome 10); Rab5 

 

1. Introduction 

Class IA phosphatidylinositol 3-kinase (PI3Ks) consist of an 85 kDa regulatory subunit (p85), 

partnered with a 110 kDa catalytic subunit (p110). The p85 isoforms are encoded by three genes, 

PIK3R1 (p85α, p50α, p55α), PIK3R2 (p85α) and PIK3R3 (p55α). All the isoforms contain a pair of SH2 

(Src homology 2) domains (nSH2, cSH2), flanking an interSH2 (iSH2) domain. These C-terminal 

domains are responsible for mediating binding to upstream tyrosine phosphorylated sites on 

receptors or adapter proteins, and to the p110-PI3K protein. In addition to the C-terminal domains, 

the larger p85 isoforms contain N-terminal regions that include: an SH3 (Src homology 3) domain 

and a breakpoint cluster region homology (BH) domain that has GTPase activating protein (GAP) 

activity (Figure 1). These regions bind to small GTPases and the lipid phosphatase PTEN 

(phosphatase and tensin homologue deleted on chromosome 10). 

The p85α protein has a well-characterized role in binding, stabilizing and regulating the activity 

of the p110α catalytic subunit of PI3K [1]. Class IA PI3K is typically activated by upstream tyrosine 

kinases, either by activated receptor tyrosine kinases like the epidermal growth factor (EGF) receptor, 

or by cytoplasmic tyrosine kinases such as Src-family kinases [2,3]. Tyrosine phosphorylation of these 

kinases, or intermediate adapter proteins, creates binding sites for the SH2 domains within p85α, 

which simultaneously relocalizes the pre-existing p85α–p110α complexes to these intracellular 

locations (typically at the plasma membrane), and relieves the catalytic repression of p85α towards 
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p110α [4,5]. The membrane localized and activated p85α–p110α-PI3K phosphorylates the 3′-position 

on phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to generate phosphatidylinositol 3,4,5-

trisphosphate (PI(3,4,5)P3), a key signaling lipid. 

 

Figure 1. Domain structure of the p85α protein showing key regions involved in binding to several 

proteins. SH3 = Src homology region 3 domain, PR1 = proline-rich region 1, BH/GAP = breakpoint 

cluster homology or GTPase activating protein domain, PR2 = proline-rich region 2, nSH2 = N-

terminal Src homology region 2 domain, iSH2 = interSH2 domain and cSH2 = C-terminal Src 

homology region 2 domain; pTyr = phosphotyrosine; PTEN = phosphatase and tensin homologue 

deleted on chromosome 10. 

PI(3,4,5)P3 formation recruits pleckstrin homology domain containing proteins, including PDK1 

(phosphoinositide-dependent protein kinase-1) and Akt to the membrane, facilitating the 

phosphorylation and activation of downstream Akt signaling [3,6,7], important for cell growth, cell 

cycle entry and progression, protein translation, and cell survival [7–9]. Activated receptor tyrosine 

kinases are internalized by clathrin-mediated endocytosis, a process involving small GTPases such 

as Rab5 [10,11]. After endocytosis, receptors are either deactivated and recycled back to the plasma 

membrane, or sorted for degradation in the lysosome through Rab-mediated trafficking [10,11]. Both 

pathways inactivate upstream receptor signaling, allowing the inactivation of the PI3K/Akt signaling 

pathway. It has been established that p85α binds to and downregulates several small GTPases, 

including Rab5 [12]. Mutations in p85α that inactivate its Rab5 regulatory activity, give rise to 

increased levels of activated receptors, resulting in cell transformation [13]. 

The activity of the PI3K pathway is counteracted by the lipid phosphatase PTEN which 

dephosphorylates PI(3,4,5)P3 back to PI(4,5)P2, preventing sustained downstream activation of the 

Akt pathway [14–16]. The p85α protein is bound to p110α with a strong interaction and is also 

required for p110α stability [1,17]. When p85α levels are in excess of p110α, the p85α protein 

homodimerizes [18] and binds directly to PTEN in response to growth factor stimulation, an 

interaction that improves PTEN stability and stimulates the catalytic activity of the PTEN protein 

[18–20]. Thus, p85α is uniquely positioned to both positively and negatively regulate the PI3K 

pathway through its interactions with protein partners including p110α, Rab5 and PTEN [11]. 

The PI3K pathway is dysregulated in a large number of cancers, including those of the 

endometrium, urothelial tract, breast, prostate, colon and brain (Figure 2; and reviewed in [5,8,11,21–

28]. Oncogenic mutations can occur in various components of the pathway, including receptor 

tyrosine kinases and activating mutations in the p110α catalytic subunit or regulatory subunit p85α 

that leads to constitutive PI3K/Akt pathway activation. Loss of function mutations or deletions of 

PTEN, and/or the p85α protein can similarly result in sustained PI3K pathway activation. Various 

drugs targeting PI3K and other constitutively activated kinases within the pathway have been 

developed to treat dysregulation of the PI3K pathway [2,22,25,29]. Increasing evidence suggests that 

the effectiveness of these drugs may, in part, be dependent upon the specific mutations present in 

specific target proteins, and the genetic context in which that mutation occurs. A better 

understanding of how p85α mutations impact its interactions and influence its regulatory functions 

should provide a better understanding of which cancer-associated mutations lead to dysregulation of the 

PI3K pathway and could help identify the most effective pathway components to target with inhibitors. 
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Figure 2. Human cancer types with the highest frequencies of alterations in (a) PIK3CA, (b) PIK3R1, 

and (c) PTEN. Cancer-associated alterations include: mutations (green), fusions (purple), 

amplifications (red), deep deletions (blue) and multiple alterations (grey). Figures were generated 

using cBioPortal [30,31]. NOS = not otherwise specified. 

2. p110α–p85α Interactions and Alterations 

The p110αprotein consists of an adapter binding domain (ABD), a Ras binding domain (RBD), 

a C2 domain, a helical domain and a kinase domain. The C2 domain of p110α interacts with the iSH2 
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domain of p85α and the helical domain of p110α binds to the p85α nSH2 domain [5]. p110α is 

constitutively associated with p85α in a pre-formed complex localized to the cytosol, until growth 

factor stimulation relocates it to activated receptors at the plasma membrane. 

According to the cBioPortal database [30,31], missense mutations and other alterations in the 

gene encoding p110α, PIK3CA, are observed in 11% of all cancers, with considerably higher 

frequencies in many cancer types including: endometrial (52%, 304/586), vaginal (50%, 2/4), penile 

(43%, 3/7), cervical (39%, 18/46) and breast (38%, 732/1923) (Figures 2a, 3a and 4a) [30,31]. Other p110 

isoforms (p110α, p110α, p110α) are not typically mutated in tumors, but are instead overexpressed, 

which can be sufficient to mediate oncogenic transformation [32–36]. Gene amplifications of PIK3CA 

are also common in some cancer types and can contribute to an aggressive phenotype [37] (Figure 

4a). Most PIK3CA mutations are gain-of-function mutations that activate p110α, resulting in 

increased downstream Akt signaling, promoting aberrant cell survival and tumorigenesis. The 

majority of these mutations occur in hotspots in either the kinase or helical domains and are 

oncogenic mutations (Figure 3a) [38–41]. The cancer-associated H1047R mutation is located within 

the p110α kinase domain (Figure 3a) and results in catalytic activation that still requires p85α 

binding, but is independent of Ras [27,42,43]. The H1047R mutation also seems to increase the 

attachment to the membrane [44]. In contrast, the cancer-associated E542K and E545K mutations are 

located within the helical domain (Figure 3a) and these p110α mutants still require binding to Ras 

[27]. These mutations activate p110α by disrupting the inhibitory interactions with the p85α nSH2 

domain (residues K379 and R340) [42,43]. 

N345K is another frequent C2 domain p110α mutation that disrupts interactions with p85α 

residues D560 and N564. Interestingly, the corresponding mutations, D560G and N564D, have also 

been identified in the PIK3R1 gene encoding p85α. The functional effects of each of these mutations 

is to remove the inhibitory influence of p85α on p110α, resulting in p110α activation [45,46]. 

Alterations in the PIK3R1 gene are less common than PIK3CA mutations with an average of 3% 

across all cancer types. PIK3R1 alterations are found at high frequency in several cancer types, 

including: endometrial (29%, 172/586), glioblastoma (7%, 41/593), colorectal (6%, 38/594) and prostate 

(6%, 4/70) (Figure 2b) [30,31]. The most common p85α point mutations are located within the nSH2 

domain (G376R and K379N/E) and iSH2 domain (D560G, N564D and K567E) (Figure 3b). Mutations 

in the nSH2 domain of p85α, such as the K379E mutation, may have the same effect as mutations 

such as the hotspot E542K and E545K mutations in the helical domain of p110α [5,47,48]. They are 

gain-of-function mutations as a result of the loss of p110α inhibition and enhanced PI3K signaling 

[38,39,46]. The effect of p85α mutations within the C-terminal half of the protein responsible for 

p110α stabilization, relocalization and regulation are more thoroughly discussed in an excellent 

recent review article [22]. 

3. Small GTPases–p85α Interactions and Alterations 

Rho GTPases are signaling G protein members of the Ras superfamily and include Rho, Rac and 

Cdc42. These small GTPases function to regulate the organization of the actin cytoskeleton and focal 

adhesions, which are important factors influencing cell migration and invasion [49]. Small GTPases 

have two functional conformations: the inactive GDP-bound conformation, and the active GTP-bound 

conformation which is able to bind multiple protein effectors. Both Cdc42 and Rac, but not RhoA, 

have been shown to function as upstream regulators of PI3K. Studies by Zheng et al. identified direct 

binding of active Cdc42 and Rac to the BH domain of p85α , stimulating PI3K activity [50]. This 

increase in PI3K activity appears to be situation dependent and may only account for a small 

proportion (<1%) of total PI3K activity [51,52]. In fact, the final goal of this interaction may not be to 

increase PI3K activity but rather to target the small GTPases to specific sites. The decrease in actin 

stress fibers and the development of filopodium by activated Cdc42 has been shown to be dependent 

on Cdc42 binding to the p85αregulatory subunit, but not PI3K activity, following stimulation of the 

platelet-derived growth factor receptor α (PDGFRB) [53]. It is thought that the change in the 

subcellular location of p85α following PDGFRB stimulation enables recruitment of Cdc42, which is 
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then activated through the actions of guanine nucleotide exchange factors (GEFs) at that site, bringing 

about cytoskeletal changes [53]. 

 

Figure 3. Frequency and distribution of cancer-associated mutations in key phosphatidylinositol 3-

kinase (PI3K) pathway genes. (a) PIK3CA, (b) PIK3R1, and (c) PTEN. Missense (green), truncating 

(black), inframe (red) and other (magenta) are indicated and the frequency of each is reflected by the 

height of the line, according to scale indicated on the left. Hotspot mutations with very high 

frequencies beyond the scale are written above with the frequencies in brackets. PIK3CA encodes the 

p110α protein which contains five domains: an adapter binding domain (ABD), a Ras-binding domain 

(RBD), a C2 domain, a helical domain, and a lipid kinase domain. PIK3R1 encodes p85α which 

includes an: SH3 domain, proline-rich region 1 (PR1), BH/GAP domain, proline-rich region 2 (PR2), 

and two SH2 domains (nSH2 and cSH2) on either side of an inter-SH2 domain (iSH2). The PTEN gene 

encodes the PTEN protein which has a plasma membrane binding domain (PMB), a dual specificity 

lipid/protein phosphatase domain (PASE), a C2 domain, a Ser/Thr-rich regulatory domain (REG), and 

a PDZ binding domain (PDZB). Figures were generated using cBioPortal [30,31]. 
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Figure 4. Gene expression across cancer types for (a) PIK3CA, (b) PIK3R1, and (c) PTEN. Gene 

expression (RNAseq, log2), together with genetic alteration information, is included by color-coding 

the samples as indicated, where available, e.g., missense driver mutations (dark green fill), missense 

variants of unknown significance (VUS; light green fill), not mutated (light blue fill), amplifications 

(red open), gain (pink open), deep deletion (dark blue open), and shallow deletion (cyan open). 

Figures were generated using cBioPortal [30,31]. 
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Rac-GEFs, including Vav1 and Sos1, both of which require PI(3,4,5)P3 for their activity [54,55]. This 

creates a positive feedback loop due to activation of PI(3,4,5)P3 regulated GEFs at the cell membrane. 

The Rho GTPases have been implicated in performing roles in many of the steps of cancer 

ranging from tumor initiation to metastasis, which have previously been summarized in a couple of 

reviews [56,57]. Rho GTPases are overexpressed in a number of cancers, and alterations in both 

upstream and downstream regulators can also contribute to tumorigenic properties [58]. More 

recently some tumors have been identified that contain a low frequency of activating mutations in 

Rac and Cdc42 in melanoma, breast and neck cancer [59–62]. These are recent discoveries and more 

work is required to determine the impact of these mutations on cancer cell properties. 

Binding to the BH domain of p85α can also regulate several small GTPases, including Rab4 and 

Rab5 [12,50,52]. Rab5 is involved in the uptake and trafficking of receptors, integrins, and other cell 

surface proteins into the cytoplasm via the early endosome [63–66]. As other GTPases, Rab5 cycles 

between an active GTP-bound and inactive GDP-bound state. For Rab5, the cycling between these 

states controls early endosomal trafficking events by regulating protein recruitment to vesicles 

necessary for tethering and fusion of the endosomal membranes, lipid modifications to the membrane 

composition, and movement [67–69]. While Rab-family proteins have intrinsic GTPase activity, 

allowing for a level of self-regulation, they are also regulated by GAPs which significantly accelerate 

the rate of hydrolysis of GTP to GDP [68,70,71]. The BH domain of p85α is one such Rab5-GAP 

though its activity is quite weak [12,72]. The role of p85α-mediated regulation of Rab5 function was 

also demonstrated during the processes of bacterial invasion [73] and cell motility [66]. 

Cell migration is a complex process involving the formation of actin-mediated protrusions, the 

transient formation of integrin-mediated focal adhesions to the extracellular matrix at the leading 

edge, and actomyocin-mediated contraction with adhesion disassembly at the rear of the cell, to allow 

the cell to slide forward [74]. In vivo, cells also require extracellular matrix degradation to provide 

space for the cells to move [75]. Rab5 facilitates protein complex assembly in cell migration and 

invasion to help degrade the extracellular matrix [75,76], remodel actin structures [77,78], and 

regulate focal adhesion turnover to allow cells to attach at the front and to detach at the back 

[75,76,79]. Specifically, Rab5 overexpression has been shown to promote matrix metalloprotease 

release and activation, contributing to extracellular matrix degradation [75,76]. Additionally, Rab5-

GTP levels are increased at the leading edge of migrating tumor cells where it interacts with RIN2 

and recruits Tiam1, a Rac guanine nucleotide exchange factor that activates Rac [80]. This leads to 

actin polymerization, stimulating the formation of lamellipodia and membrane ruffles at the leading 

edge of a migrating cell. Rab5 also associates with α1 integrins, focal adhesion kinase (FAK), vincillin 

and paxillin and plays an essential role in focal adhesion disassembly [76,79,81]. Rab5 increases the 

rate of internalization and recycling of α1 integrins as they move from the back of a migrating cell to 

the leading edge [79,81–83]. Thus, Rab5 has been described as the master regulation of endocytosis 

and its overexpression has been suggested to contribute to more aggressive and metastatic cancer [75]. 

Rab5 has been found to be upregulated in many cancers including colorectal cancer [84], breast 

cancer [75,85], cervical cancer [86], liver cancer [82], lung cancer [87] and pancreatic cancer [88,89]. 

Overexpression of RAB5A is an indicator of poor prognosis in hepatocellular carcinoma, pancreatic 

cancer and estrogen receptor positive breast cancer [86,90–92]. These studies demonstrated that 

migration and invasion of cancer cells are directly affected by Rab5 expression levels. The increased 

Rab5 levels in these cancer cells may overwhelm Rab5 regulatory proteins such as GAPs—allowing 

for an increase in active Rab5 as compared to normal cells and disruption of the temporal regulation 

of endosomal traffic. Indeed, the re-expression or overexpression of the dominant negative mutant 

Rab5-S34N does not mimic the overexpression of wild type Rab5, indicating that active Rab5-GTP is 

responsible for these phenotypic effects [75,83]. 

All of these activities require active Rab5, suggesting that mutation or changes in expression of 

GAPs and GEFs would be able to influence cell migration through their regulation of Rab5 [93,94]. 

As a GAP protein that stimulates the downregulation of Rab5 to the inactive Rab5-GDP form, p85α 

is also involved in regulating Rab5-mediated processes, including cell migration. In support of this, 

caveolin-1 was shown to sequester p85α [75], which promoted Rac activation, Rab5-dependent 
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endocytosis and migration of cancer cells [95]. Sequestration of p85α would block p85α-mediated Rab5 

inactivation and increase cell migration. This suggests that inhibitors which block the caveolin-1–p85α 

interaction could function as new therapies to reduce cancer metastases. 

There is another example where sequestration of p85α has been shown to drive increased Rab5-

dependent migration. Caspase 8 is a cysteine protease involved in apoptotic signaling that also 

associates with early endosomes [96–98] and plays a role in cell motility [99–102]. Phosphorylation of 

caspase 8 was found to enhance cell motility by binding p85α and sequestering it away from Rab5, 

resulting in increased Rab5-GTP [103,104]. In a subsequent study, integrin engagement induced Rab5 

activation and association with α1 integrin complexes [81]. Caspase 8 expression was also shown to 

promote Rab5-mediated α1 integrin internalization and recycling, increasing cell migration, which 

was independent of caspase enzymatic activity [81]. Thus, sequestration of p85α by caspase 8 

enhanced Rab5-GTP-dependent processes, presumably by keeping p85α-encoded GAP activity away 

from Rab5. 

As mutations in p85αthat compromise its GAP activity (e.g., R274A, R151A, E137K) have been 

shown to result in increased Rab5-GTP levels and oncogenic cell properties [76,105], similar results 

would be expected for mutations in either p85α (e.g., L191D, V263D) or Rab5 that abrogate binding 

[105]. Oncogenicity resulted from the altered kinetics of Rab5- and Rab4-mediated PDGFRB 

internalization, dephosphorylation and recycling that gave rise to sustained downstream signaling 

[13]. Moreover, the correlation between increased RAB5A expression [75,82,84–89] and decreased 

PIK3R1 expression in cancer [106,107] warrants further investigation, as a possible feature of 

oncogenic adaptation where metastasis via Rab5-mediated cell migration progresses unchecked due 

to loss of regulation by p85α. 

4. PTEN–p85α Interactions and Alterations 

PTEN is composed of five domains: a plasma membrane binding domain that binds PI4,5P2 

(PMB), a dual lipid/protein phosphatase domain (PASE), a C2 domain (C2), a Ser/Thr rich regulatory 

domain (REG), and a PDZ binding domain (PDZB). In the absence of growth factor stimulation, 

PTEN is constitutively phosphorylated on residues S370, S380, T382, T383, and S385 within the PTEN 

regulatory domain by casein kinase 2, GSK3β (glycogen synthase kinase 3β), PICT-1 (protein 

interacting with carboxyl terminus 1), and ROCK (Rho-associated coiled-coil-containing protein 

kinase 1) kinases [108]. These phosphorylated residues are thought to interact with basic residues 

found on a surface of the phosphatase (R161, K163, K164) and C2 (K260, K263, K266, K267, K269) 

domains to form a closed conformation [109]. The closed conformation of PTEN keeps it localized in 

the cytosol and increases the stability of the protein [15]. Stimulation from upstream activating 

signals, such as EGF stimulation, triggers the dephosphorylation of PTEN which assumes an open 

conformation to allow for interactions with lipids at the plasma membrane [15,16,109–111]. PTEN 

homo-dimerization has also been shown to play a role in its lipid phosphatase activity [112]. 

The EGF-stimulation has been shown to induce p85α association with the unphosphoryated 

form of PTEN, and this PTEN–p85α interaction stimulates PTEN lipid phosphatase activity [19,20]. 

The binding of p85α to PTEN stimulates PTEN lipid phosphatase activity and is mediated by both 

the SH3 and BH domains of p85α, and the phosphatase and C2 domains of PTEN [18,20,113]. 

Truncation mutations in p85α (e.g., E160*), give rise to a protein that lacks the BH domain and other 

C-terminal domains. These function as dominant negative mutants by binding to the wild type full-

length p85α forming a non-productive dimer that sequesters it from PTEN [114]. As a result, p85α 

does not stimulate PTEN activity and leads to reduced levels of PTEN protein [114]. 

The ability to form p85α homodimers is critical for their interaction with the PTEN protein and 

is necessary for PTEN stability [18]. Homodimerization of p85αhas been suggested to be mediated 

by reciprocal interactions between the SH3 domain of one monomer with the PR1 region on a 

separate p85α monomer [115], together with interactions between the two cSH2 domains [116] and 

may also involve BH–BH domain interactions [18,115,117]. Mutations of residues within the p85α 

SH3 domain (D21A and W55A or E19A and E20A) and BH domain (I133N, I177N, or M176A) resulted 

in decreased p85α homodimerization and binding to PTEN [18]. These mutant proteins caused an 
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increase to PTEN ubiquitination and a decrease in total PTEN protein levels. The p85α homodimers 

were found to compete with the E3 ubiquitin protein-ligase WWP2, and the disruptions to p85α 

homodimerization lead to increased proteosomal degradation of PTEN from increased 

ubiquitination [18]. Thus, other mutations and/or truncations in p85α that block its 

homodimerization, would be expected to cause similar reductions in PTEN stability. 

Disruption of the PTEN–p85α interaction has a considerable negative impact on PTEN levels 

resulting in sustained activation of the PI3K/Akt pathway as noted above. To identify key residues 

important for the PTEN–p85α interaction our lab recently carried out extensive deletion and 

mutagenesis analyses [113]. Our initial experiments demonstrated that PTEN mutations K342E and 

K344E blocked p85α binding, and p85α mutations D168R, E212R, E218R, K224E + K225E, R228E, 

H234D, Q241D and K249E disrupted PTEN binding. We subsequently carried out a pair of docking 

analyses, using the previously solved structure of PTEN (PDB ID# 6D81;[110]) with either of the 

solved structures of the BH domain of human p85α (PDB ID# 1PBW; [117]) or bovine p85α (PDB ID# 

6D81; [105]). One model emerged as the most consistent with the available binding data. This model 

shows extensive interactions between the PTEN PASE domain (R84, Q87, Y88, E91, E99) and the p85α 

BH domain (Q214, E212, Q221, K224, K225), as well as the PTEN C2 domain (R189, R190, Q219, C250, 

D252) and the p85α BH domain (R228, H234, W237, K245, E297). Some of these interactions are shown 

in Figure 5. Subsequent experiments testing multiple mutations in the p85α BH domain, or PTEN-

E91R mutation lend further support to this model [113]. 

The PTEN–p85α interaction model is consistent with other available data for both PTEN and 

p85α, in that it can accommodate PTEN plasma membrane association [111], PTEN 

homodimerization [112], p85α BH domain homodimerization [117] and p85α BH domain 

Rab5/GTPase binding [105,113]. The model also has space for other PTEN and p85α domains not 

present in the protein fragments modeled. A previous study showed a modest reduction (~35% 

decrease) in PTEN binding for a triple mutant p85α-I127A + I133A + E137A [18]. The location of these 

residues within our model suggests they could associate with the PTEN C-terminal regulatory region 

(not in the model), which is positioned along that p85αBH domain surface (Figure 5). This newly 

generated model for the PTEN–p85α BH domain interface can be used to predict the consequences 

of cancer-associated mutations in key residues expected to disrupt binding and destabilize PTEN. 

Based on this model, there are cancer-associated mutations in PTEN that would be predicted to 

disrupt binding to p85α, including: D84G, Q87P, Y88C/H/N/S, E91Q, E99K, R189K, K342N and 

K344R [113]. Similarly, there are cancer-associated mutations in p85α that would be predicted to 

disrupt binding to PTEN, including: Q214L, W237L and K245T, according to the COSMIC [61] and 

cBioPortal [30,31] databases. 

PTEN loss or mutation is a frequent event in many cancer types, particularly in endometrial 

(62%, 364/586), glioblastoma (32%, 187/593) and prostate (22%, 124/564) (Figure 2c) [30,31]. The most 

common hotspot mutation (R130Q/G/L) (Figure 3c) renders PTEN inactive and can exert dominant 

negative effects by constraining the phosphatase activity of the co-expressed wild type PTEN through 

dimerization [112]. Since PTEN is stabilized by p85α binding, mutations in PTEN and/or p85α that 

disrupt this interaction would have similar impacts, to reduce PTEN levels and PTEN activity, 

resulting in an upregulation of the Akt pathway. 

Alterations in PTEN and PIK3R1 also include a high frequency of deletions (Figure 4b,c) and 

truncating mutations (Figure 3b,c), resulting in either reduced expression or dominant negative 

effects as noted above. PIK3R1 expression is reduced in some cancer types as compared to that in 

their corresponding normal tissue, including cancers of the ovary, prostate, breast, lung, liver and 

kidney [106,118]. Reductions in PIK3R1 is associated with poor prognosis in breast and lung cancer 

[106,107], likely due to its important role in PTEN stabilization. In animal models of cancer, liver-

specific knockout of PIK3R1 increased the activation of the PI3K pathway and caused tumorigenesis 

[118]. They also showed a corresponding decrease in PTEN levels, consistent with the loss of p85α-

mediated PTEN stabilization. Decreased expression of p85α through heterozygous deletion of 

PIK3R1 was sufficient to increase the frequency of intestinal polyps in the context of a PTEN 
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heterozygous background from 30 to 60%, when compared to PTEN heterozygous mice [119]. Thus, 

decreased levels of p85α can contribute to tumorigenesis. 

 

Figure 5. A model with two views showing some of the contacts between the PTEN and the p85α BH 

domain. (a,b) The PTEN-PASE domain (light green) and the p85α BH domain (magenta) interactions 

are shown R84:Q214, Q87:E212 and E91:K225 (interacting residues; PTEN-PASE are dark green: p85α 

are red). PTEN-C2 domain (yellow) and the p85α BH domain (magenta) interaction is shown, R189 

(PTEN-C2 residue is orange): K245 (p85α BH domain residue is purple). There are additional contacts 

buried more deeply within the interface that are not visible in the space filling model. The PTEN 

homodimerization site (black) and PTEN membrane lipid binding residues (dark blue) are also 

shown. The p85α BH homodimerization residues (hot pink) and the three residues previously shown 

contribute to PTEN binding (I127, I133 and E137; tan) are also indicated. Rab5 (cyan) binds to a distinct 

region of the p85α BH domain that includes p85α residues L191 and V263. 

5. Characterizing Variants of Unknown Significance 

The vast majority of cancer-associated alterations are of low frequency and remain variants of 

unknown significance (Figure 4). This represents a major obstacle in designing effective treatment 

strategies, since the biological impact of the numerous different mutations are not known, and 

variants of unknown significance are typically present in multiple proteins within a single tumor. 

OncoKB is a database that annotates the effects of mutations and treatment implications based on 

information gathered from publications, and makes them available through a public web resource 

(http://oncokb.org) [120]. This information has also been included in cBioPortal for Cancer Genomics, 

as a way to provide some of the mutational consequences to oncologists and researchers. Another 

strategy utilized a computational analysis of 25,000 cancers, including >10,000 from patients with 

advanced and/or previously treated disease [121]. The scale of the data analysis allowed nearly 1200 

statistically significant hotspot mutations to be identified, with 80% occurring at frequencies of less 

than 1 in 1000. A small subset of patients derived clinical benefit when they received treatments based 

on these newly identified hotspot mutations [121]. These results suggest that as more genomic and 

clinical data becomes publicly available for analysis, e.g., through initiative such as the AACR Project 

GENIE [122], more mutational hotspots will be identified and the number of patients to benefit from 

available treatments will increase. 
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The discovery of cancer driver mutations does not effectively predict therapeutic benefit in the 

absence of additional information. Computational analyses have been used in conjunction with tools 

such as protein structure data to define colocalized mutations within the folded protein [122]. 

Network analysis, machine learning and database mining strategies are also being applied to factor 

in clinical information and other data [122]. Understanding the impact of multiple combinations of 

mutations and other genetic alterations on cancer biology and treatment sensitivity further 

complicates the field. 

Systematic functional characterization of cancer-associated mutations is a huge challenge, but is 

essential for implementing precision oncology. A recent report describes a moderate-throughput 

functional genomics platform and uses it to annotate >1000 cancer variants of unknown significance 

[123]. This study focused on clinically actionable genes where current targeted therapies were 

available (e.g., EGFR, PIK3CA, BRAF and ERBB2), as well as potentially druggable genes (e.g., PTEN, 

ALK, PDGFRA and FGFR2). Two cell lines were used for each target to determine the growth factor-

independent cell viability when the mutant was expressed, as compared to the wild type control. A 

functional proteomic analysis was also carried out on a subset of these cell lines using a reverse phase 

protein array (RPPA) to quantify target protein levels and specific post-translational modifications 

[123]. Results could be clustered according to the signaling pathways altered by the different 

mutation. This type of functional data allows linkages to be made between key mutations thought to 

drive the tumor, and downstream pathways that may also be targeted through combination 

therapies. An open-access web portal, functional annotation of somatic mutations in cancer (FASMIC; 

http://bioinformatics.mdanderson.org/main/FASMIC) was also developed to ensure the data were 

broadly available [123]. These types of assays and the sharing of this function data will move us ever 

closer to the goal of precision oncology. 

6. Conclusions 

Mutations in different regions of p85α, even within the same domain, can exert very different 

cellular effects depending on which of the many p85α binding partners that they impact [11]. The 

fact that different surfaces of the p85α BH domain are involved in regulating PTEN and Rab5 (Figure 

5; [105,113]) means that clinically, cancers which have deregulated Rab5 functions as a result of p85α 

mutations may require very different treatments as compared to those where PTEN is deregulated. 

Thus, not only is it important to determine the specific proteins that are mutated in a given cancer, 

but it will also be critical to determine the location, nature and impact of that specific mutation to 

define the most effective treatment for a particular patient. 

Author Contributions: J.D.S.M., D.E.W., P.M. and D.H.A have planned, written and edited the article. 

Funding: This work was supported by the Canadian Institutes of Health Research (MOP 84277) and the 

Saskatchewan Cancer Agency. 

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Yu, J.; Zhang, Y.; McIlroy, J.; Rordorf-Nikolic, T.; Orr, G.A.; Backer, J.M. Regulation of the p85/p110 

phosphatidylinositol 3′-kinase: Stabilization and inhibition of the p110α catalytic subunit by the p85 

regulatory subunit. Mol. Cell. Biol. 1998, 18, 1379–1387. 

2. Liu, P.; Cheng, H.; Roberts, T.M.; Zhao, J.J. Targeting the phosphoinositide 3-kinase pathway in cancer. 

Nat. Rev. Drug Discov. 2009, 8, 627–644. 

3. Cantley, L.C. The phosphoinositide 3-kinase pathway. Science 2002, 296, 1655–1657. 

4. Taniguchi, C.M.; Tran, T.T.; Kondo, T.; Luo, J.; Ueki, K.; Cantley, L.C.; Kahn, C.R. Phosphoinositide 3-kinase 

regulatory subunit p85α suppresses insulin action via positive regulation of PTEN. Proc. Natl. Acad. Sci. 

USA 2006, 103, 12093–12097. 

5. Miled, N.; Yan, Y.; Hon, W.C.; Perisic, O.; Zvelebil, M.; Inbar, Y.; Schneidman-Duhovny, D.; Wolfson, H.J.; 

Backer, J.M.; Williams, R.L. Mechanism of two classes of cancer mutations in the phosphoinositide 3-kinase 

catalytic subunit. Science 2007, 317, 239–242. 



Biomolecules 2019, 9, 29 12 of 17 

6. Toker, A.; Cantley, L.C. Signalling through the lipid products of phosphoinositide-3-OH kinase. Nature 

1997, 387, 673–676. 

7. Alessi, D.R.; James, S.R.; Downes, C.P.; Holmes, A.B.; Gaffney, P.R.; Reese, C.B.; Cohen, P. Characterization 

of a 3-phosphoinositide-dependent protein kinase which phosphorylates and activates protein kinase Bα. 

Curr. Biol. 1997, 7, 261–269. 

8. Carracedo, A.; Pandolfi, P.P. The PTEN-PI3K pathway: Of feedbacks and cross-talks. Oncogene 2008, 27, 

5527–5541. 

9. Stephens, L.; Anderson, K.; Stokoe, D.; Erdjument-Bromage, H.; Painter, G.F.; Holmes, A.B.; Gaffney, P.R.; 

Reese, C.B.; McCormick, F.; Tempst, P.; et al. Protein kinase B kinases that mediate phosphatidylinositol 

3,4,5-trisphosphate-dependent activation of protein kinase B. Science 1998, 279, 710–714. 

10. Bakker, J.; Spits, M.; Neefjes, J.; Berlin, I. The EGFR odyssey—From activation to destruction in space and 

time. J. Cell Sci. 2017, 130, 4087–4096, doi:10.1242/jcs.209197. 

11. Mellor, P.; Furber, L.A.; Nyarko, J.N.K.; Anderson, D.H. Multiple roles for the p85α isoform in the 

regulation and function of PI3K signalling and receptor trafficking. Biochem. J. 2012, 441, 23–37. 

12. Chamberlain, M.D.; Berry, T.R.; Pastor, M.C.; Anderson, D.H. The p85α Subunit of Phosphatidylinositol 3′-

Kinase Binds to and Stimulates the GTPase Activity of Rab Proteins. J. Biol. Chem. 2004, 279, 48607–48614. 

13. Chamberlain, M.D.; Oberg, J.C.; Furber, L.A.; Poland, S.F.; Hawrysh, A.D.; Knafelc, S.M.; McBride, H.M.; 

Anderson, D.H. Deregulation of Rab5 and Rab4 proteins in p85R274A-expressing cells alters PDGFR 

trafficking. Cell. Signal. 2010, 22, 1562–1575, doi:10.1016/j.cellsig.2010.05.025. 

14. Myers, M.P.; Stolarov, J.P.; Eng, C.; Li, J.; Wang, S.I.; Wigler, M.H.; Parsons, R.; Tonks, N.K. P-TEN, the 

tumor suppressor from human chromosome 10q23, is a dual-specificity phosphatase. Proc. Natl. Acad. Sci. 

USA 1997, 94, 9052–9057. 

15. Vazquez, F.; Grossman, S.R.; Takahashi, Y.; Rokas, M.V.; Nakamura, N.; Sellers, W.R. Phosphorylation of 

the PTEN tail acts as an inhibitory switch by preventing its recruitment into a protein complex. J. Biol. Chem. 

2001, 276, 48627–48630. 

16. Vazquez, F.; Matsuoka, S.; Sellers, W.R.; Yanagida, T.; Ueda, M.; Devreotes, P.N. Tumor suppressor PTEN 

acts through dynamic interaction with the plasma membrane. Proc. Natl. Acad. Sci. USA 2006, 103, 3633–3638. 

17. Backer, J.M. The regulation of class IA PI 3-kinases by inter-subunit interactions. Curr. Top. Microbiol. 

Immunol. 2010, 346, 87–114. 

18. Cheung, L.W.; Walkiewicz, K.W.; Besong, T.M.; Guo, H.; Hawke, D.H.; Arold, S.T.; Mills, G.B. Regulation 

of the PI3K pathway through a p85α monomer-homodimer equilibrium. eLife 2015, 4, e06866, 

doi:10.7554/eLife.06866. 

19. Rabinovsky, R.; Pochanard, P.; McNear, C.; Brachmann, S.M.; Duke-Cohan, J.S.; Garraway, L.A.; Sellers, 

W.R. p85 Associates with unphosphorylated PTEN and the PTEN-associated complex. Mol. Cell. Biol. 2009, 

29, 5377–5388. 

20. Chagpar, R.B.; Links, P.H.; Pastor, M.C.; Furber, L.A.; Hawrysh, A.D.; Chamberlain, M.D.; Anderson, D.H. 

Direct positive regulation of PTEN by the p85 subunit of phosphatidylinositol 3-kinase. Proc. Natl. Acad. 

Sci. USA 2010, 107, 5471–5476. 

21. Ito, Y.; Hart, J.R.; Vogt, P.K. Isoform-specific activities of the regulatory subunits of phosphatidylinositol 3-

kinases—Potentially novel therapeutic targets. Expert Opin. Ther. Targets 2018, 22, 869–877, 

doi:10.1080/14728222.2018.1522302. 

22. Cheung, L.W.; Mills, G.B. Targeting therapeutic liabilities engendered by PIK3R1 mutations for cancer 

treatment. Pharmacogenomics 2016, 17, 297–307, doi:10.2217/pgs.15.174. 

23. Ross, R.L.; Burns, J.E.; Taylor, C.F.; Mellor, P.; Anderson, D.H.; Knowles, M.A. Identification of mutations 

in distinct regions of p85α in urothelial cancer. PLoS ONE 2013, 8, e84411, doi:10.1371/journal.pone.0084411. 

24. Samuels, Y.; Waldman, T. Oncogenic mutations of PIK3CA in human cancers. Curr. Top. Microbiol. Immunol. 

2010, 347, 21–41. 

25. Wong, K.K.; Engelman, J.A.; Cantley, L.C. Targeting the PI3K signaling pathway in cancer. Curr. Opin. 

Genet. Dev. 2010, 20, 87–90, doi:10.1016/j.gde.2009.11.002. 

26. Vogt, P.K.; Hart, J.R.; Gymnopoulos, M.; Jiang, H.; Kang, S.; Bader, A.G.; Zhao, L.; Denley, A. 

Phosphatidylinositol 3-kinase: The oncoprotein. Curr. Top. Microbiol. Immunol. 2010, 347, 79–104. 

27. Zhao, L.; Vogt, P.K. Class I PI3K in oncogenic cellular transformation. Oncogene 2008, 27, 5486–5496. 

28. Yuan, T.L.; Cantley, L.C. PI3K pathway alterations in cancer: Variations on a theme. Oncogene 2008, 27, 

5497–5510. 



Biomolecules 2019, 9, 29 13 of 17 

29. Garcia-Echeverria, C.; Sellers, W.R. Drug discovery approaches targeting the PI3K/Akt pathway in cancer. 

Oncogene 2008, 27, 5511–5526, doi:10.1038/onc.2008.246. 

30. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, 

M.L.; Larsson, E.; et al. The cBio cancer genomics portal: An open platform for exploring multidimensional 

cancer genomics data. Cancer Discov. 2012, 2, 401–404, doi:10.1158/2159-8290.CD-12-0095. 

31. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; 

Larsson, E.; et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. 

Sci. Signal. 2013, 6, pl1, doi:10.1126/scisignal.2004088. 

32. An, H.J.; Cho, N.H.; Yang, H.S.; Kwak, K.B.; Kim, N.K.; Oh, D.Y.; Lee, S.W.; Kim, H.O.; Koh, J.J. Targeted 

RNA interference of phosphatidylinositol 3-kinase p110-β induces apoptosis and proliferation arrest in 

endometrial carcinoma cells. J. Pathol. 2007, 212, 161–169. 

33. Knobbe, C.B.; Trampe-Kieslich, A.; Reifenberger, G. Genetic alteration and expression of the 

phosphoinositol-3-kinase/Akt pathway genes PIK3CA and PIKE in human glioblastomas. Neuropathol. 

Appl. Neurobiol. 2005, 31, 486–490. 

34. Benistant, C.; Chapuis, H.; Roche, S. A specific function for phosphatidylinositol 3-kinase α (p85α-p110β) 

in cell survival and for phosphatidylinositol 3-kinase β (p85α-p110β) in de novo DNA synthesis of human 

colon carcinoma cells. Oncogene 2000, 19, 5083–5090. 

35. Sujobert, P.; Bardet, V.; Cornillet-Lefebvre, P.; Hayflick, J.S.; Prie, N.; Verdier, F.; Vanhaesebroeck, B.; 

Muller, O.; Pesce, F.; Ifrah, N.; et al. Essential role for the p110δ isoform in phosphoinositide 3-kinase 

activation and cell proliferation in acute myeloid leukemia. Blood 2005, 106, 1063–1066. 

36. Denley, A.; Kang, S.; Karst, U.; Vogt, P.K. Oncogenic signaling of class I PI3K isoforms. Oncogene 2008, 27, 

2561–2574. 

37. Holst, F.; Werner, H.M.J.; Mjos, S.; Hoivik, E.A.; Kusonmano, K.; Wik, E.; Berg, A.; Birkeland, E.; Gibson, 

W.J.; Halle, M.K.; et al. PIK3CA Amplification Associates with Aggressive Phenotype but Not Markers of 

AKT-MTOR Signaling in Endometrial Carcinoma. Clin. Cancer Res. 2018, doi:10.1158/1078-0432.CCR-18-

0452. 

38. Ikenoue, T.; Kanai, F.; Hikiba, Y.; Obata, T.; Tanaka, Y.; Imamura, J.; Ohta, M.; Jazag, A.; Guleng, B.; Tateishi, 

K.; et al. Functional analysis of PIK3CA gene mutations in human colorectal cancer. Cancer Res. 2005, 65, 

4562–4567. 

39. Samuels, Y.; Velculescu, V.E. Oncogenic mutations of PIK3CA in human cancers. Cell Cycle 2004, 3, 1221–1224. 

40. Samuels, Y.; Wang, Z.; Bardelli, A.; Silliman, N.; Ptak, J.; Szabo, S.; Yan, H.; Gazdar, A.; Powell, S.M.; 

Riggins, G.J.; et al. High frequency of mutations of the PIK3CA gene in human cancers. Science 2004, 304, 554. 

41. Miaczynska, M.; Pelkmans, L.; Zerial, M. Not just a sink: Endosomes in control of signal transduction. Curr. 

Opin. Cell Biol. 2004, 16, 400–406. 

42. Huang, C.H.; Mandelker, D.; Schmidt-Kittler, O.; Samuels, Y.; Velculescu, V.E.; Kinzler, K.W.; Vogelstein, 

B.; Gabelli, S.B.; Amzel, L.M. The structure of a human p110α/p85β complex elucidates the effects of 

oncogenic PI3Kα mutations. Science 2007, 318, 1744–1748. 

43. Gabelli, S.B.; Mandelker, D.; Schmidt-Kittler, O.; Vogelstein, B.; Amzel, L.M. Somatic mutations in PI3Kα: 

Structural basis for enzyme activation and drug design. Biochim. Biophys. Acta 2010, 1804, 533–540, 

doi:10.1016/j.bbapap.2009.11.020. 

44. Mandelker, D.; Gabelli, S.B.; Schmidt-Kittler, O.; Zhu, J.; Cheong, I.; Huang, C.H.; Kinzler, K.W.; Vogelstein, 

B.; Amzel, L.M. A frequent kinase domain mutation that changes the interaction between PI3Kα and the 

membrane. Proc. Natl. Acad. Sci. USA 2009, 106, 16996–17001, doi:10.1073/pnas.0908444106. 

45. Wu, H.; Shekar, S.C.; Flinn, R.J.; El-Sibai, M.; Jaiswal, B.S.; Sen, K.I.; Janakiraman, V.; Seshagiri, S.; Gerfen, 

G.J.; Girvin, M.E.; et al. Regulation of Class IA PI 3-kinases: C2 domain-iSH2 domain contacts inhibit 

p85/p110α and are disrupted in oncogenic p85 mutants. Proc. Natl. Acad. Sci. USA 2009, 106, 20258–20263. 

46. Jaiswal, B.S.; Janakiraman, V.; Kljavin, N.M.; Chaudhuri, S.; Stern, H.M.; Wang, W.; Kan, Z.; Dbouk, H.A.; 

Peters, B.A.; Waring, P.; et al. Somatic mutations in p85α promote tumorigenesis through class IA PI3K 

activation. Cancer Cell 2009, 16, 463–474. 

47. Sun, M.; Hillmann, P.; Hofmann, B.T.; Hart, J.R.; Vogt, P.K. Cancer-derived mutations in the regulatory 

subunit p85α of phosphoinositide 3-kinase function through the catalytic subunit p110aα. Proc. Natl. Acad. 

Sci. USA 2010, 107, 15547–15552. 

48. Liu, S.; Knapp, S.; Ahmed, A.A. The structural basis of PI3K cancer mutations: From mechanism to therapy. 

Cancer Res. 2014, 74, 641–646, doi:10.1158/0008-5472.CAN-13-2319. 



Biomolecules 2019, 9, 29 14 of 17 

49. Tapon, N.; Hall, A. Rho, Rac and Cdc42 GTPases regulate the organization of the actin cytoskeleton. Curr. 

Opin. Cell Biol. 1997, 9, 86–92. 

50. Zheng, Y.; Bagrodia, S.; Cerione, R.A. Activation of phosphoinositide 3-kinase activity by Cdc42Hs binding 

to p85. J. Biol. Chem. 1994, 269, 18727–18730. 

51. Tolias, K.F.; Cantley, L.C.; Carpenter, C.L. Rho family GTPases bind to phosphoinositide kinases. J. Biol. 

Chem. 1995, 270, 17656–17659. 

52. Bokoch, G.M.; Vlahos, C.J.; Wang, Y.; Knaus, U.G.; Traynor-Kaplan, A.E. Rac GTPase interacts specifically 

with phosphatidylinositol 3-kinase. Biochem. J. 1996, 315, 775–779. 

53. Jimenez, C.; Portela, R.A.; Mellado, M.; Rodriguez-Frade, J.M.; Collard, J.; Serrano, A.; Martinez, A.C.; 

Avila, J.; Carrera, A.C. Role of the PI3K regulatory subunit in the control of actin organization and cell 

migration. J. Cell Biol. 2000, 151, 249–262. 

54. Innocenti, M.; Frittoli, E.; Ponzanelli, I.; Falck, J.R.; Brachmann, S.M.; Di Fiore, P.P.; Scita, G. 

Phosphoinositide 3-kinase activates Rac by entering in a complex with Eps8, Abi1, and Sos-1. J. Cell Biol. 

2003, 160, 17–23, doi:10.1083/jcb.200206079. 

55. Cain, R.J.; Ridley, A.J. Phosphoinositide 3-kinases in cell migration. Biol. Cell 2009, 101, 13–29, 

doi:10.1042/BC20080079. 

56. Sahai, E.; Marshall, C.J. RHO-GTPases and cancer. Nat. Rev. Cancer 2002, 2, 133–142, doi:10.1038/nrc725. 

57. Vega, F.M.; Ridley, A.J. Rho GTPases in cancer cell biology. FEBS Lett. 2008, 582, 2093–2101, 

doi:10.1016/j.febslet.2008.04.039. 

58. Gomez del Pulgar, T.; Benitah, S.A.; Valeron, P.F.; Espina, C.; Lacal, J.C. Rho GTPase expression in 

tumourigenesis: Evidence for a significant link. Bioessays 2005, 27, 602–613, doi:10.1002/bies.20238. 

59. Krauthammer, M.; Kong, Y.; Ha, B.H.; Evans, P.; Bacchiocchi, A.; McCusker, J.P.; Cheng, E.; Davis, M.J.; 

Goh, G.; Choi, M.; et al. Exome sequencing identifies recurrent somatic RAC1 mutations in melanoma. Nat. 

Genet. 2012, 44, 1006–1014, doi:10.1038/ng.2359. 

60. Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.P.; Nickerson, E.; Auclair, 

D.; Li, L.; Place, C.; et al. A landscape of driver mutations in melanoma. Cell 2012, 150, 251–263, 

doi:10.1016/j.cell.2012.06.024. 

61. Forbes, S.A.; Bindal, N.; Bamford, S.; Cole, C.; Kok, C.Y.; Beare, D.; Jia, M.; Shepherd, R.; Leung, K.; Menzies, 

A.; et al. COSMIC: Mining complete cancer genomes in the Catalogue of Somatic Mutations in Cancer. 

Nucleic Acids Res. 2011, 39, D945-950, doi:10.1093/nar/gkq929. 

62. Stransky, N.; Egloff, A.M.; Tward, A.D.; Kostic, A.D.; Cibulskis, K.; Sivachenko, A.; Kryukov, G.V.; 

Lawrence, M.S.; Sougnez, C.; McKenna, A.; et al. The mutational landscape of head and neck squamous 

cell carcinoma. Science 2011, 333, 1157–1160, doi:10.1126/science.1208130. 

63. Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 2009, 10, 513–525. 

64. Seachrist, J.L.; Ferguson, S.S. Regulation of G protein-coupled receptor endocytosis and trafficking by Rab 

GTPases. Life Sci. 2003, 74, 225–235. 

65. Zerial, M.; McBride, H. Rab proteins as membrane organizers. Nat. Rev. Mol. Cell Biol. 2001, 2, 107–117. 

66. Torres, V.A.; Stupack, D.G. Rab5 in the regulation of cell motility and invasion. Curr. Protein Pept. Sci. 2011, 

12, 43–51. 

67. Schnatwinkel, C.; Christoforidis, S.; Lindsay, M.R.; Uttenweiler-Joseph, S.; Wilm, M.; Parton, R.G.; Zerial, 

M. The Rab5 effector Rabankyrin-5 regulates and coordinates different endocytic mechanisms. PLoS Biol. 

2004, 2, E261, doi:10.1371/journal.pbio.0020261. 

68. Shin, H.W.; Hayashi, M.; Christoforidis, S.; Lacas-Gervais, S.; Hoepfner, S.; Wenk, M.R.; Modregger, J.; 

Uttenweiler-Joseph, S.; Wilm, M.; Nystuen, A.; et al. An enzymatic cascade of Rab5 effectors regulates 

phosphoinositide turnover in the endocytic pathway. J. Cell Biol. 2005, 170, 607–618. 

69. Woodman, P.G. Biogenesis of the sorting endosome: The role of Rab5. Traffic 2000, 1, 695–701. 

70. Cherfils, J.; Zeghouf, M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol. Rev. 2013, 93, 269–

309, doi:10.1152/physrev.00003.2012. 

71. Paduch, M.; Jelen, F.; Otlewski, J. Structure of small G proteins and their regulators. Acta Biochim. Pol. 2001, 

48, 829–850. 

72. Amin, E.; Jaiswal, M.; Derewenda, U.; Reis, K.; Nouri, K.; Koessmeier, K.T.; Aspenstrom, P.; Somlyo, A.V.; 

Dvorsky, R.; Ahmadian, M.R. Deciphering the Molecular and Functional Basis of RHOGAP Family 

Proteins: A Systematic Approach Toward Selective Inactivation Of Rho Family Proteins. J. Biol. Chem. 2016, 

291, 20353–20371, doi:10.1074/jbc.M116.736967. 



Biomolecules 2019, 9, 29 15 of 17 

73. Stankiewicz, T.E.; Haaning, K.L.; Owens, J.M.; Jordan, A.S.; Gammon, K.; Bruns, H.A.; McDowell, S.A. 

GTPase activating protein function of p85 facilitates uptake and recycling of the β1 integrin. Biochem. 

Biophys. Res. Commun. 2010, 391, 443–448, doi:10.1016/j.bbrc.2009.11.077. 

74. Lauffenburger, D.A.; Horwitz, A.F. Cell migration: A physically integrated molecular process. Cell 1996, 

84, 359–369. 

75. Frittoli, E.; Palamidessi, A.; Marighetti, P.; Confalonieri, S.; Bianchi, F.; Malinverno, C.; Mazzarol, G.; Viale, 

G.; Martin-Padura, I.; Garre, M.; et al. A RAB5/RAB4 recycling circuitry induces a proteolytic invasive 

program and promotes tumor dissemination. J. Cell Biol. 2014, 206, 307–328, doi:10.1083/jcb.201403127. 

76. Mendoza, P.; Ortiz, R.; Diaz, J.; Quest, A.F.; Leyton, L.; Stupack, D.; Torres, V.A. Rab5 activation promotes 

focal adhesion disassembly, migration and invasiveness in tumor cells. J. Cell Sci. 2013, 126, 3835–3847, 

doi:10.1242/jcs.119727. 

77. Diaz, J.; Mendoza, P.; Ortiz, R.; Diaz, N.; Leyton, L.; Stupack, D.; Quest, A.F.; Torres, V.A. Rab5 is required 

in metastatic cancer cells for Caveolin-1-enhanced Rac1 activation, migration and invasion. J. Cell Sci. 2014, 

127, 2401–2406, doi:10.1242/jcs.141689. 

78. Palamidessi, A.; Frittoli, E.; Garre, M.; Faretta, M.; Mione, M.; Testa, I.; Diaspro, A.; Lanzetti, L.; Scita, G.; 

Di Fiore, P.P. Endocytic trafficking of Rac is required for the spatial restriction of signaling in cell migration. 

Cell 2008, 134, 135–147, doi:10.1016/j.cell.2008.05.034. 

79. Pellinen, T.; Arjonen, A.; Vuoriluoto, K.; Kallio, K.; Fransen, J.A.; Ivaska, J. Small GTPase Rab21 regulates 

cell adhesion and controls endosomal traffic of β1-integrins. J. Cell Biol. 2006, 173, 767–780, 

doi:10.1083/jcb.200509019. 

80. Sandri, C.; Caccavari, F.; Valdembri, D.; Camillo, C.; Veltel, S.; Santambrogio, M.; Lanzetti, L.; Bussolino, 

F.; Ivaska, J.; Serini, G. The R-Ras/RIN2/Rab5 complex controls endothelial cell adhesion and 

morphogenesis via active integrin endocytosis and Rac signaling. Cell Res. 2012, 22, 1479–1501, 

doi:10.1038/cr.2012.110. 

81. Torres, V.A.; Mielgo, A.; Barbero, S.; Hsiao, R.; Wilkins, J.A.; Stupack, D.G. Rab5 mediates caspase-8-

promoted cell motility and metastasis. Mol. Biol. Cell 2010, 21, 369–376, doi:10.1091/mbc.E09-09-0769. 

82. Geng, D.; Zhao, W.; Feng, Y.; Liu, J. Overexpression of Rab5a promotes hepatocellular carcinoma cell 

proliferation and invasion via FAK signaling pathway. Tumour Biol. 2016, 37, 3341–3347, 

doi:10.1007/s13277-015-4124-5. 

83. Nader, G.P.; Ezratty, E.J.; Gundersen, G.G. FAK, talin and PIPKIγ regulate endocytosed integrin activation 

to polarize focal adhesion assembly. Nat. Cell Biol. 2016, 18, 491–503, doi:10.1038/ncb3333. 

84. Yu, M.H.; Luo, Y.; Qin, S.L.; Zhong, M. Increased expression of Rab5A predicts metastasis and poor 

prognosis in colorectal cancer patients. Int. J. Clin. Exp. Pathol. 2015, 8, 6974–6980. 

85. Pan, Y.; Wang, R.; Zhang, F.; Chen, Y.; Lv, Q.; Long, G.; Yang, K. MicroRNA-130a inhibits cell proliferation, 

invasion and migration in human breast cancer by targeting the RAB5A. Int. J. Clin. Exp. Pathol. 2015, 8, 

384–393. 

86. Liu, S.S.; Chen, X.M.; Zheng, H.X.; Shi, S.L.; Li, Y. Knockdown of Rab5a expression decreases cancer cell 

motility and invasion through integrin-mediated signaling pathway. J. Biomed. Sci. 2011, 18, 58, 

doi:10.1186/1423-0127-18-58. 

87. Yu, L.; Hui-chen, F.; Chen, Y.; Zou, R.; Yan, S.; Chun-xiang, L.; Wu-ru, W.; Li, P. Differential expression of 

RAB5A in human lung adenocarcinoma cells with different metastasis potential. Clin. Exp. Metastasis 1999, 

17, 213–219. 

88. Li, Y.; Sun, X.; Ji, D.; Kong, X.; Liu, D.; Zhao, Z.; Yan, J.; Chen, S. Expression of Rab5a correlates with tumor 

progression in pancreatic carcinoma. Virchows Arch. 2017, 470, 527–536, doi:10.1007/s00428-017-2098-y. 

89. Igarashi, T.; Araki, K.; Yokobori, T.; Altan, B.; Yamanaka, T.; Ishii, N.; Tsukagoshi, M.; Watanabe, A.; Kubo, 

N.; Handa, T.; et al. Association of RAB5 overexpression in pancreatic cancer with cancer progression and 

poor prognosis via E-cadherin suppression. Oncotarget 2017, 8, 12290–12300, doi:10.18632/oncotarget.14703. 

90. Silva, P.; Soto, N.; Diaz, J.; Mendoza, P.; Diaz, N.; Quest, A.F.; Torres, V.A. Down-regulation of Rab5 

decreases characteristics associated with maintenance of cell transformation. Biochem. Biophys. Res. 

Commun. 2015, 464, 642–646, doi:10.1016/j.bbrc.2015.06.176. 

91. Kawauchi, T. Cell adhesion and its endocytic regulation in cell migration during neural development and 

cancer metastasis. Int. J. Mol. Sci. 2012, 13, 4564–4590, doi:10.3390/ijms13044564. 

92. Diggins, N.L.; Kang, H.; Weaver, A.; Webb, D.J. α5β1 integrin trafficking and Rac activation are regulated 

by APPL1 in a Rab5-dependent manner to inhibit cell migration. J. Cell Sci. 2018, 131, doi:10.1242/jcs.207019. 



Biomolecules 2019, 9, 29 16 of 17 

93. Banworth, M.J.; Li, G. Consequences of Rab GTPase dysfunction in genetic or acquired human diseases. 

Small GTPases 2018, 9, 158–181, doi:10.1080/21541248.2017.1397833. 

94. Silva, P.; Mendoza, P.; Rivas, S.; Diaz, J.; Moraga, C.; Quest, A.F.; Torres, V.A. Hypoxia promotes Rab5 

activation, leading to tumor cell migration, invasion and metastasis. Oncotarget 2016, 7, 29548–29562, 

doi:10.18632/oncotarget.8794. 

95. Hagiwara, M.; Shirai, Y.; Nomura, R.; Sasaki, M.; Kobayashi, K.; Tadokoro, T.; Yamamoto, Y. Caveolin-1 

activates Rab5 and enhances endocytosis through direct interaction. Biochem. Biophys. Res. Commun. 2009, 

378, 73–78, doi:10.1016/j.bbrc.2008.10.172. 

96. Algeciras-Schimnich, A.; Shen, L.; Barnhart, B.C.; Murmann, A.E.; Burkhardt, J.K.; Peter, M.E. Molecular 

ordering of the initial signaling events of CD95. Mol. Cell. Biol. 2002, 22, 207–220. 

97. Lee, K.H.; Feig, C.; Tchikov, V.; Schickel, R.; Hallas, C.; Schutze, S.; Peter, M.E.; Chan, A.C. The role of 

receptor internalization in CD95 signaling. EMBO J. 2006, 25, 1009–1023, doi:10.1038/sj.emboj.7601016. 

98. Schneider-Brachert, W.; Tchikov, V.; Neumeyer, J.; Jakob, M.; Winoto-Morbach, S.; Held-Feindt, J.; 

Heinrich, M.; Merkel, O.; Ehrenschwender, M.; Adam, D.; et al. Compartmentalization of TNF receptor 1 

signaling: Internalized TNF receptosomes as death signaling vesicles. Immunity 2004, 21, 415–428, 

doi:10.1016/j.immuni.2004.08.017. 

99. Barbero, S.; Barila, D.; Mielgo, A.; Stagni, V.; Clair, K.; Stupack, D. Identification of a critical tyrosine residue 

in caspase 8 that promotes cell migration. J. Biol. Chem. 2008, 283, 13031–13034, doi:10.1074/jbc.M800549200. 

100. Finlay, D.; Vuori, K. Novel noncatalytic role for caspase-8 in promoting SRC-mediated adhesion and Erk 

signaling in neuroblastoma cells. Cancer Res. 2007, 67, 11704–11711, doi:10.1158/0008-5472.CAN-07-1906. 

101. Helfer, B.; Boswell, B.C.; Finlay, D.; Cipres, A.; Vuori, K.; Bong Kang, T.; Wallach, D.; Dorfleutner, A.; Lahti, 

J.M.; Flynn, D.C.; et al. Caspase-8 promotes cell motility and calpain activity under nonapoptotic 

conditions. Cancer Res. 2006, 66, 4273–4278, doi:10.1158/0008-5472.CAN-05-4183. 

102. Barnhart, B.C.; Legembre, P.; Pietras, E.; Bubici, C.; Franzoso, G.; Peter, M.E. CD95 ligand induces motility 

and invasiveness of apoptosis-resistant tumor cells. EMBO J. 2004, 23, 3175–3185, 

doi:10.1038/sj.emboj.7600325. 

103. Senft, J.; Helfer, B.; Frisch, S.M. Caspase-8 interacts with the p85 subunit of phosphatidylinositol 3-kinase 

to regulate cell adhesion and motility. Cancer Res. 2007, 67, 11505–11509, doi:10.1158/0008-5472.CAN-07-5755. 

104. Torres, V.A.; Mielgo, A.; Barila, D.; Anderson, D.H.; Stupack, D. Caspase 8 promotes peripheral localization 

and activation of Rab5. J. Biol. Chem. 2008, 283, 36280–36289. 

105. Mellor, P.; Marshall, J.D.S.; Ruan, X.; Whitecross, D.E.; Ross, R.L.; Knowles, M.A.; Moore, S.A.; Anderson, 

D.H. Patient-derived mutations within the N-terminal domains of p85α impact PTEN or Rab5 binding and 

regulation. Sci. Rep. 2018, 8, 7108, doi:10.1038/s41598-018-25487-5. 

106. Cizkova, M.; Vacher, S.; Meseure, D.; Trassard, M.; Susini, A.; Mlcuchova, D.; Callens, C.; Rouleau, E.; 

Spyratos, F.; Lidereau, R.; et al. PIK3R1 underexpression is an independent prognostic marker in breast 

cancer. BMC Cancer 2013, 13, 545, doi:10.1186/1471-2407-13-545. 

107. Lu, Y.; Lemon, W.; Liu, P.Y.; Yi, Y.; Morrison, C.; Yang, P.; Sun, Z.; Szoke, J.; Gerald, W.L.; Watson, M.; et 

al. A gene expression signature predicts survival of patients with stage I non-small cell lung cancer. PLoS 

Med. 2006, 3, e467, doi:10.1371/journal.pmed.0030467. 

108. Tamguney, T.; Stokoe, D. New insights into PTEN. J. Cell Sci. 2007, 120, 4071–4079. 

109. Rahdar, M.; Inoue, T.; Meyer, T.; Zhang, J.; Vazquez, F.; Devreotes, P.N. A phosphorylation-dependent 

intramolecular interaction regulates the membrane association and activity of the tumor suppressor PTEN. 

Proc. Natl. Acad. Sci. USA 2009, 106, 480–485. 

110. Lee, J.O.; Yang, H.; Georgescu, M.M.; Di Cristofano, A.; Maehama, T.; Shi, Y.; Dixon, J.E.; Pandolfi, P.; 

Pavletich, N.P. Crystal structure of the PTEN tumor suppressor: Implications for its phosphoinositide 

phosphatase activity and membrane association. Cell 1999, 99, 323–334. 

111. Das, S.; Dixon, J.E.; Cho, W. Membrane-binding and activation mechanism of PTEN. Proc. Natl. Acad. Sci. 

USA 2003, 100, 7491–7496. 

112. Papa, A.; Wan, L.; Bonora, M.; Salmena, L.; Song, M.S.; Hobbs, R.M.; Lunardi, A.; Webster, K.; Ng, C.; 

Newton, R.H.; et al. Cancer-associated PTEN mutants act in a dominant-negative manner to suppress 

PTEN protein function. Cell 2014, 157, 595–610, doi:10.1016/j.cell.2014.03.027. 

113. Marshall, J.D.S.; Mellor, P.; Ruan, X.; Whitecross, D.E.; Moore, S.A.; Anderson, D.H. Insight into the 

PTEN—p85α interaction and lipid binding properties of the p85α BH domain. Oncotarget 2018, 9, 36975–

36992, doi:10.18632/oncotarget.26432. 



Biomolecules 2019, 9, 29 17 of 17 

114. Cheung, L.W.; Hennessy, B.T.; Li, J.; Yu, S.; Myers, A.P.; Djordjevic, B.; Lu, Y.; Stemke-Hale, K.; Zhang, F.; 

Ju, Z.; et al. High Frequency of PIK3R1 and PIK3R2 Mutations in Endometrial Cancer Elucidates a Novel 

Mechanism for Regulation of PTEN Protein Stability. Cancer Discov. 2011, 1, 170–185, doi:10.1158/2159-

8290.CD-11-0039. 

115. Harpur, A.G.; Layton, M.J.; Das, P.; Bottomley, M.J.; Panayotou, G.; Driscoll, P.C.; Waterfield, M.D. 

Intermolecular interactions of the p85α regulatory subunit of phosphatidylinositol 3-kinase. J. Biol. Chem. 

1999, 274, 12323–12332. 

116. LoPiccolo, J.; Kim, S.J.; Shi, Y.; Wu, B.; Wu, H.; Chait, B.T.; Singer, R.H.; Sali, A.; Brenowitz, M.; Bresnick, 

A.R.; et al. Assembly and Molecular Architecture of the Phosphoinositide 3-Kinase p85α Homodimer. J. 

Biol. Chem. 2015, 290, 30390–30405, doi:10.1074/jbc.M115.689604. 

117. Musacchio, A.; Cantley, L.C.; Harrison, S.C. Crystal structure of the breakpoint cluster region-homology 

domain from phosphoinositide 3-kinase p85 α subunit. Proc. Natl. Acad. Sci. USA 1996, 93, 14373–14378. 

118. Taniguchi, C.M.; Winnay, J.; Kondo, T.; Bronson, R.T.; Guimaraes, A.R.; Aleman, J.O.; Luo, J.; 

Stephanopoulos, G.; Weissleder, R.; Cantley, L.C.; et al. The phosphoinositide 3-kinase regulatory subunit 

p85α can exert tumor suppressor properties through negative regulation of growth factor signaling. Cancer 

Res. 2010, 70, 5305–5315. 

119. Luo, J.; Sobkiw, C.L.; Logsdon, N.M.; Watt, J.M.; Signoretti, S.; O’Connell, F.; Shin, E.; Shim, Y.; Pao, L.; 

Neel, B.G.; et al. Modulation of epithelial neoplasia and lymphoid hyperplasia in PTEN+/− mice by the p85 

regulatory subunits of phosphoinositide 3-kinase. Proc. Natl. Acad. Sci. USA 2005, 102, 10238–10243. 

120. Chakravarty, D.; Gao, J.; Phillips, S.M.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai, 

T.; Nissan, M.H.; et al. OncoKB: A Precision Oncology Knowledge Base. JCO Precis. Oncol. 2017, 2017, 

doi:10.1200/PO.17.00011. 

121. Chang, M.T.; Bhattarai, T.S.; Schram, A.M.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; Chakravarty, D.; 

Phillips, S.; Kandoth, C.; Penson, A.; et al. Accelerating Discovery of Functional Mutant Alleles in Cancer. 

Cancer Discov. 2018, 8, 174–183, doi:10.1158/2159-8290.CD-17-0321. 

122. Bailey, M.H.; Tokheim, C.; Porta-Pardo, E.; Sengupta, S.; Bertrand, D.; Weerasinghe, A.; Colaprico, A.; 

Wendl, M.C.; Kim, J.; Reardon, B.; et al. Comprehensive Characterization of Cancer Driver Genes and 

Mutations. Cell 2018, 173, 371–385 e318, doi:10.1016/j.cell.2018.02.060. 

123. Ng, P.K.; Li, J.; Jeong, K.J.; Shao, S.; Chen, H.; Tsang, Y.H.; Sengupta, S.; Wang, Z.; Bhavana, V.H.; Tran, R.; 

et al. Systematic Functional Annotation of Somatic Mutations in Cancer. Cancer Cell 2018, 33, 450–462 e410, 

doi:10.1016/j.ccell.2018.01.021. 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons 

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


