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Abstract

Mutations in growth factor receptor signaling pathways are common in cancer cells, including the 

highly lethal brain tumor glioblastoma (GBM) where they drive tumor growth through 

mechanisms including altering the uptake and utilization of nutrients. However, the impact of 

changes in micro-environmental nutrient levels on oncogenic signaling, tumor growth and drug 

resistance is not well understood. We recently tested the hypothesis that external nutrients promote 

GBM growth and treatment resistance by maintaining the activity of mechanistic target of 

rapamycin complex 2 (mTORC2), a critical intermediate of growth factor receptor signaling, 

suggesting that altered cellular metabolism is not only a consequence of oncogenic signaling, but 

also potentially an important determinant of its activity. Here, we describe the studies that 

corroborate the hypothesis and propose others that derive from them. Notably, this line of 

reasoning raises the possibility that systemic metabolism may contribute to responsiveness to 

targeted cancer therapies.
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Introduction

Normal cells require growth factors to instruct them to take up and utilize nutrients. In 

contrast, mutations in the growth factor receptor signaling apparatus can render tumor cells 

independent of such cues, enabling them to metabolize nutrients in a cell-autonomous 

fashion [1]. The enhanced flux of nutrients into metabolic intermediates enables tumor cells 

to meet their energetic and anabolic demands, and may also globally alter gene transcription 

and the epigenetic landscape through generation of acetyl coenzyme A (acetyl-CoA) [2,3]. 

However, the effect of altered external nutrient levels on oncogenic signaling and therapeutic 

response is not well understood. Here, we propose three main and testable hypotheses. First, 

we hypothesize that altered cellular metabolism is not only a consequence of oncogenic 

signaling, but also potentially an important determinant of its activity. Second, we 

hypothesize that mTORC2, a component of the growth factor receptor signaling system, is a 
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critical node that integrates growth factor receptor signaling with nutrient availability, 

influencing tumor growth and response to treatment. Third, we hypothesize that glucose or 

acetate-derived acetyl-CoA directly contributes to tumor growth and drug resistance by 

acetylation of Rictor, a core component of mTORC2 to promote its activity. The evidence 

for these three hypotheses is based on a recent study of the highly lethal brain cancer 

glioblastoma (GBM) [4].

GBM is characterized by frequent growth factor receptor pathway mutations and by altered 

cellular metabolism [5]. GBM was one of the first cancers sequenced by The Cancer 

Genome Atlas (TCGA) project and is now one of the most genomically well-characterized 

forms of human cancer [6,7]. Mutations in protein coding genes occurring at frequencies 

≥5% above background are likely to have been identified [8], revealing a mutational 

landscape dominated by genetic alterations that potently activate growth factor receptor 

signaling pathways including the epidermal growth factor receptor (EGFR) [7], converging 

on the phosphoinositide 3-kinase (PI3K)-Akt-mechanistic target of rapamycin (mTOR) 

signaling network [3,5,7,9,10]. PI3K can also be hyper-activated in tumor cells by non-

mutational events including hypoxia, partly through activation of the insulin and insulin-like 

growth factor (IGF) receptors [11–13].

We recently identified a new mechanism by which altered growth factor receptor signaling 

through the PI3K/Akt pathway in GBM cells is “tuned” in response to glucose and acetate 

levels via acetylation of Rictor, a core component of mTORC2. Thus in GBM cells, glucose 

or acetate are sufficient to maintain mTORC2 activity, rendering GBMs resistant to EGFR, 

PI3K and Akt- targeted treatments when extracellular nutrient levels are sufficiently high.

mTORC2, a critical component of altered growth factor receptor signaling

mTOR is a serine/threonine kinase that exists in two distinct complexes, mTORC1 and 

mTORC2, which differ in their regulation, function and responsiveness to the allosteric 

inhibitor, rapamycin [14,15]. mTORC1 contains mTOR kinase in association with Raptor, 

PRAS40, mLST8, Deptor and Tti1/Tel2. mTORC1 is a validated cancer target, integrating 

growth factor receptor signaling, energy status and amino acid sensing, to regulate 

downstream activity, including protein translation, cellular metabolism and nucleotide 

synthesis [16]. In contrast, mTORC2 is less well-understood. mTORC2 is composed of 

mTOR kinase in association with Rictor, mSIN1, Protor1/2, mLST8, Deptor and Tti1/Tel2 

[14,15]. Upon growth factor receptor activation [10,17], the plasma membrane-embedded 

phospholipid, phosphatidylinositol (3,4,5)-trisphosphate (PIP3), physically interacts with 

mSIN1 to activate mTORC2 kinase activity, which consequently phosphorylates Akt at 

Ser473 [18] and two other members of the protein kinase A/G/C (AGC) subfamilies, PKCα, 

and serum and glucocorticoid-inducible kinase 1 (SGK1) [19,20]. Mutations in growth 

factor receptor signaling components including EGFR alterations, PIK3CA mutations and 

PTEN deletions highlight potential therapeutic pathways [5,7], which converge on mTORC2 

to promote cellular proliferation and tumor growth [10,21,22].
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mTORC2 signaling is elevated in many cancers, including GBM

mTORC2 signaling can be aberrantly activated in cancer in two ways (Fig. 1). In non-small 

cell lung cancer and melanoma, Rictor amplification drives persistent mTORC2 signaling 

[23,24]. In prostate cancer, leukemia and GBM, mTORC2 signaling is hyper-activated by 

upstream growth factor signaling pathway mutations [9,10,22,25].

In a Drosophila glioma model driven by persistently activated EGFR, RAS and PI3K 

signaling, loss of function Rictor and SIN1 alleles prevented glioma formation, 

demonstrating that mTORC2 is required for glioma formation [21]. Consistent with these 

data, conditional Rictor overexpression in astrocytes was sufficient to cause gliomas in mice 

[26]. These results indicate that mTORC2 may play an essential role in GBM pathogenesis, 

but its underlying molecular mechanisms are not understood.

We recently showed that mTORC2 promotes GBM growth and drug resistance, at least in 

part, through metabolic reprogramming. Many types of cancer cells, including GBM cells, 

convert the majority of the glucose they take up into lactate, providing a supply of glycolytic 

intermediates as carbon-containing precursors for macromolecular biosynthesis (i.e. the 

Warburg effect), even in the presence of sufficient oxygen to support oxidative 

phosphorylation [27–29]. This biochemical adaptation enables cancer cells to meet the 

coordinately elevated anabolic and energetic demands imposed by rapid tumor growth. We 

found that mTORC2, which is potently activated by EGFRvIII, the most common gain of 

function EGFR mutation in GBM, promotes the Warburg effect by controlling c-Myc 

through a novel acetylation dependent cascade to drive tumor growth [3,9]. We also showed 

that EGFRvIII remodels an epigenome and transcription factor network that regulates c-

Myc, including via mTORC2, to control GBM metabolism [30]. Thus, mTORC2 plays a 

central role in GBM pathogenesis downstream of altered growth factor receptor signaling, at 

least in part, by reprogramming cellular metabolism.

mTORC2 signaling is regulated by glucose and acetate through acetyl-CoA

Given the importance of mTORC2-dependent metabolic reprogramming in GBM 

pathogenesis [3,9], we asked whether mTORC2 signaling itself, could be responsive to the 

nutrient microenvironment, and made the surprising discovery that glucose or acetate, two 

“fuel sources” that are widely available in the brain and readily taken up by tumor cells 

[31,32] are required to activate oncogenic EGFR-mTOR signaling and promote tumor 

growth [4] (Fig. 2).

In GBM cells, glucose and acetate-derived carbons can be used to produce the intermediary 

metabolite acetyl-CoA, the production of which is facilitated by oncogene-driven metabolic 

reprogramming [3]. Specifically, we found that glucose is metabolized into acetyl-CoA via 

pyruvate dehydrogenase (PDH) and acetate is similarly metabolized via acetyl-CoA 

synthetase 2 (ACSS2) to activate mTORC2 signaling in GBM cells. Importantly, a major 

part of carbon metabolism is regulated by acetyl-CoA which plays a key role in 

bioenergetics metabolism, cellular proliferation, and the regulation of gene expression [31]. 

Moreover, acetyl-CoA producing enzymes including PDH, ACSS2 and ATP citrate lyase 
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(ACLY) are required by tumor cells for acetate utilization [31–35]. These results nominate 

mTORC2 as a critical integrator of nutrient status and growth factor receptor signaling and 

suggest that this activity is dependent upon levels of acetyl-CoA.

A variety of human tumors overexpress ACSS2, and its activity is responsible for the 

majority of cellular acetate uptake into both lipids and histones, qualifying ACSS2 as a 

targetable metabolic “Achilles heel” of a wide array of tumors [31–33,36]. PDH complex 

(PDC) has also been shown to be present and functional in the nucleus of mammalian cells 

in a cell-cycle-dependent manner, and also in response to serum, epidermal growth factor or 

mitochondrial stress [34]. Dynamic, spatial and temporal regulation of acetyl-CoA 

producing enzymes by oncogenic signaling provides a pathway for nuclear acetyl-CoA 

synthesis required for histone acetylation and epigenetic regulation [34,35,37]. Further 

studies will be necessary to determine how altered growth factor receptor signaling regulates 

these enzymes in order to facilitate post-translational modifications of oncogenic proteins in 

the cytosol, as well as the epigenetic landscape including histone modifications which will 

promote the growth of many types of human cancers.

Glucose-dependent Rictor acetylation promotes mTORC2 signaling

Next we assessed how intermediate metabolites, specifically acetyl-CoA, promote mTORC2 

oncogenic signaling. Recent mass spectrometry and metabolomics analyses indicate that 

lysine acetylation is a critical post-translational modification in regulating essential cellular 

functions [38,39], including the activity of many metabolic enzymes [40–42]. Rictor 

contains several lysine residues that when acetylated increase mTORC2 activity, thus 

providing a critical link between nutrient-sensitive apparatus and mTORC2 signaling [43]. 

Further, the acetyl-CoA produced from glucose and acetate could potentially provide the 

acetyl group [44] used for Rictor acetylation to regulate mTORC2 signaling.

Biochemical analyses demonstrated that glucose and acetate promote the acetylation of 

Rictor protein through acetyl-CoA to activate mTORC2 [4]. PDH and ACSS2, which are the 

critical enzymes for acetyl-CoA production from glucose and acetate, are involved in the 

Rictor acetylation process, linking nutrient availability and metabolism to oncogenic 

mTORC2 signaling. Additionally, bioinfomatic analyses suggested that specific, 

evolutionarily conserved lysine residues within the Rictor protein may be the targets of 

acetylation that regulate the signaling of mTORC2 [4,43,45,46]. We therefore constructed a 

mutant of Rictor that substitutes arginine for these specific lysine residues (K1116, K1119, 

and K1125) which confers resistance to acetylation, and found that the presence of glucose 

significantly increased the acetylation of the wild-type Rictor construct, but could not 

promote that of the mutant, indicating that these lysines are essential in the glucose-

dependent acetylation of Rictor [4]. Importantly, the substitution of the lysine residues by 

arginine in Rictor indeed prevents glucose-dependent increase of mTORC2 signaling. The 

results indicate that glucose promotes Rictor acetylation to activate mTORC2 signaling.

Masui et al. Page 4

Bioessays. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mTORC2 forms an auto-activation loop through HDAC-mediated Rictor 

acetylation

Protein acetylation, including the acetylation of Rictor, can be controlled through the 

balance between histone acetyltransferase (HAT) and histone deacetylase (HDAC) activities 

[43,47,48]. We recently demonstrated that mTORC2 suppresses the activity of class IIa 

HDACs in EGFR-mutant GBMs through a signal cascade that results in their inactivating 

phosphorylation [9]. Thus, if class IIa HDACs negatively regulate mTORC2 in response to 

extracellular nutrient via deacetylation of Rictor, mTORC2 can establish a feed-forward 

auto-activation loop through inactivation of class IIa HDACs to keep Rictor in an acetylated 

state, maintaining downstream signaling.

We demonstrated that among AGC subfamily kinases, PKCα phosphorylates and inactivates 

class IIa HDACs downstream of mTORC2 signaling, and Rictor is in turn physically 

associated with class IIa HDACs and deacetylated by them [4]. This signaling cascade forms 

an auto-activation loop of mTORC2 and promotes the activity of mTORC2. Importantly, the 

circuitry of mTORC2 signaling, inactivating phosphorylation of class IIa HDACs, and 

Rictor acetylation is coordinately up-regulated in human GBM patients and may be involved 

in the GBM pathogenesis in the clinic. Together, these results indicate that mTORC2 forms 

an auto-activation loop through acetyl-CoA- and HDAC-mediated Rictor acetylation, which 

underlies the mechanism of mTORC2’s response to nutrient availability and metabolic 

reprogramming in EGFR-mutant GBMs (Fig. 2).

Therapeutic implications: Glucose-dependent Rictor acetylation renders 

GBM cells resistant to EGFR, PI3K and Akt targeted therapies

We hypothesize that an acetylation-dependent auto-activation loop maintains mTORC2 

signaling independent of upstream stimulation. Therefore, GBM cells with activated 

mTORC2 in the presence of glucose would be expected to be resistant to therapies that 

target its upstream elements including EGFR and PI3K [49]. Using genetic and 

pharmacological approaches, we showed that glucose-dependent acetylation of Rictor makes 

tumor cells resistant to therapies targeting key components of a growth factor receptor 

signaling pathway commonly hyper-activated in cancer by maintaining persistent 

downstream signaling (Fig. 2) [4,50]. The observations make the surprising prediction that 

GBM cells may use nutrients to escape targeted therapies.

These results have a number of potentially important and unanticipated implications. First, 

the therapeutic efficacy including chemotherapeutics [51] and molecularly targeted 

treatments [4] could be affected by the local and systemic metabolism, including 

hyperglycemia, which is common in GBM patients, particularly if they are treated with 

dexamethasone to reduce brain swelling [52]. Second, these results raise the possibility that 

diet could potentially influence response to treatment [53]. Third, it is likely that the 

glucose-dependent mTORC2 regulation is one component of a set of interlacing 

mechanisms by which tumor cells adjust their activity in response to metabolic changes. 

Recent work suggests that in addition to modulating Akt signaling in response to high 
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glucose levels, cells can also maintain Akt signaling when glucose levels are low, through 

heightened activity of protein kinase RNA-like endoplasmic reticulum kinase (PERK) as 

part of an unfolded protein response [54]. Therefore, tumor cells appear to have evolved 

multiple complementary mechanisms to control the central nodes of core signaling pathways 

in response to changes in the nutrient environment, enabling tumor cells to tune their 

responses to maximize survival [55].

Future Research

In general, many of the epidemiological studies linking cancer propensities with obesity, 

diabetes, western life style and diet are relatively weak, in part, because they have not been 

designed to take tumor genotype into account. Thus, moving forward, it will be necessary to 

design rigorous mechanistic studies that will permit molecular dissection of the interaction 

between nutrients, metabolism and cancer genotype, and their impact both on tumor 

pathogenesis, aggressiveness and response to treatment. Further, our studies are based on 

one tumor type, although the molecular players that drive this behavior are common to many 

forms of cancer. We have proposed three hypotheses, each of which can be directly tested. 

First, to determine whether altered cellular metabolism is not only a consequence of 

oncogenic signaling, but also potentially an important determinant of its activity, it will be 

necessary to rigorously control diet and nutrient levels and to assess their impact on signal 

transduction, tumor growth, and response to treatment in genotyped patient-derived 

orthotopic mouse models and/or mouse genetic models. Critically, it is important to 

recognize that the micro-environmental levels of specific nutrients are not merely a 

consequence of the diet, but rather they are regulated by the interplay between dietary 

uptake, de novo synthesis and cellular utilization [1,56–58]. Thus, directly measuring 

nutrient levels and tracing their uptake and utilization in tumor tissue will be needed. 

Importantly, it is essential to recognize that mTORC2 is only one of the critical nodes 

integrating nutrient status and altered growth factor receptor signaling. Understanding how it 

interacts with other nutrient sensing pathways will also be important.

Second, to test our hypothesis that mTORC2 integrates growth factor receptor signaling with 

nutrient availability, influencing tumor growth and response to treatment, it will be necessary 

to study the role of mTORC2 and its modulation by nutrients in other cancer types including 

in patient-derived orthotopic or genetic mouse models.

Third, to test the hypothesis that glucose or acetate-derived acetyl-CoA directly contributes 

to tumor growth and drug resistance by acetylation of Rictor, a core component of mTORC2 

to promote its activity, genetic studies will be needed in other cancer models, particularly to 

confirm the hypothesized importance of Rictor acetylation, and to determine if persistent 

downstream mTORC2 signaling caused by glucose or acetate is sufficient to maintain tumor 

growth and cause drug resistance. Further, it will be critical to elucidate the mechanisms by 

which mTORC2 promotes tumor growth and drug resistance, including by examining the 

impact of elevated acetyl-CoA levels on enhancer activation and transcriptional 

reprogramming.
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Conclusion and outlook

Cancer is a disease of endogenous somatic mutations. However, tumor development, 

progression and response to therapy are also profoundly influenced by the exogenous tumor 

environment. Therefore, in order to truly “personalize” cancer therapy, at least for patients 

with certain cancers where the epidemiological and molecular links between life style 

factors and cancer have been suggested [59–61], it may be necessary to broaden the concept 

of personalization to include an analysis of the ways in which each person’s diet, exercise 

and medications influence their tumor’s behavior and response to treatment. Many 

epidemiological studies have suggested an important role for nutrition in cancer 

pathogenesis [62], including by showing associations between blood glucose and cancer. 

Diabetes, hyperglycemia and hyper-insulinemia all increase the risk of cancer occurrence 

and reduce the efficacy of anti-cancer treatment [63–66], and pre-diabetic hyperglycemia 

and diabetes are significant risk factors for cancer death [52,67]. Several studies also suggest 

that anti-diabetic drugs, including metformin, may reduce cancer risk via several pathways 

related to cellular metabolism [68,69]. Further, the ketogenic diet is in clinical trials for 

some cancer patients [70,71], although the ability of GBM cells to maintain Rictor 

acetylation in response to acetate when glucose is not available, raises the possibility that a 

ketogenic diet may not be sufficient to prevent nutrient-dependent maintenance of mTORC2 

signaling [4,72].

Rigorous studies that are molecularly based are needed to complement epidemiological 

analysis, in order to dissect the mechanisms by which local or systemic nutrients regulate the 

activity of oncogenes and the relative fitness of tumor cells bearing specific mutations. For 

example, KRAS-mutant colon cancer cells are preferentially selected in low glucose 

environments because of their enhanced ability to take up and utilize this nutrient [73]. It is 

anticipated, that the biochemical environment can shape the behavior of tumor cells in a 

genotype-specific fashion, potentially by altering the relative fitness of cells bearing a 

mutation to grow within that metabolic niche and also potentially by directly regulating 

downstream signaling. Future studies are need to mechanistically determine precisely how 

extracellular nutrients modulate oncogenic signaling and to translate these insights into more 

effective treatments for cancer patients.
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EGFR epidermal growth factor receptor

GBM glioblastoma multiforme

HDAC histone deacetylase

mTORC2 mechanistic target of rapamycin complex 2
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Figure 1. 
mTORC2 signaling is elevated in many cancers via two distinct mechanisms.

In non-small cell lung cancer and melanoma, Rictor amplification drives mTORC2 signaling 

while mTORC2 signaling is hyper-activated by upstream growth factor signaling pathway 

mutations in prostate cancer, leukemia and GBM. Hyper-activated mTORC2 can drive tumor 

formation, remodel an epigenome and transcription factor network, and facilitate metabolic 

reprogramming through an oncogenic transcription factor c-Myc. del, deletion; EGFRvIII, 

epidermal growth factor receptor variant III; GBM, glioblastoma multiforme; mut, mutation; 

NSCLC, non-small cell lung cancer; PI3K, phosphoinositide 3-kinase; PIK3CA, 

phosphatidylinositol (4,5)-bisphosphate 3-kinase catalytic subunit alpha; PIP2, 

phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; 

PTEN, phosphatase and tensin homolog deleted on chromosome 10; TF, transcriptional 

factor.

Masui et al. Page 12

Bioessays. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Extracellular nutrients are required to maintain growth factor receptor signaling through 

mTORC2.

mTORC2 forms an auto-activation loop (i) by promoting glucose/acetate uptake and acetyl-

CoA production through its downstream pathways of c-Myc [11] and (ii) by an activation of 

mTORC2 through acetyl-CoA-dependent acetylation of Rictor [36]. By these mechanisms, 

GBM cells with activated mTORC2 are resistant to molecularly targeted therapies toward 

their upstream stimulators, including EGFR. This study suggests that altered cellular 

metabolism is not only a consequence of oncogenic signaling, but also an important 

determinant of its activity, raising the possibility that systemic metabolism may contribute to 

resistance to targeted cancer therapies [59]. Ac, acetyl-group; Ac-CoA, acetyl-CoA.
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