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Abstract

Altered tumor cell metabolism is now firmly established as a hallmark of human cancer.
Downstream of oncogenic events, metabolism is re-wired to support cellular energetics and supply
the building blocks for biomass. Rapid, uncontrolled proliferation results in tumor growth beyond
the reach of existing vasculature and triggers cellular adaptations to overcome limiting nutrient
and oxygen delivery. However, oncogenic activation and metabolic re-programming also elicit
cell intrinsic stresses, independent of the tumor microenvironment. To ensure metabolic
robustness and stress resistance, pro-growth signals downstream of oncogene activation or tumor
suppressor loss simultaneously activate homeostatic processes. Here, we summarize recent
literature describing the adaptive mechanisms co-opted by common oncogenes, including mTOR,
MYC, and RAS. Recurrent themes in our review include: 1) coordination of oncogene-induced
changes in protein and lipid metabolism to sustain endoplasmic reticulum homeostasis, 2)
maintenance of mitochondrial functional capacity to support anabolic metabolism, 3) adaptations
to sustain intracellular metabolite concentrations required for growth, and 4) prevention of
oxidative stress. We also include a discussion of the hypoxia inducible factors (HIFs) and the
AMP-dependent protein kinase (AMPK)—stress sensors that are co-opted to support tumor
growth. Ultimately, an understanding of the adaptations required downstream of specific
oncogenes could reveal targetable metabolic vulnerabilities.
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1. Introduction

Cellular transformation, driven by activation of oncogenes and loss of tumor suppressors,
results in dysregulated cell proliferation. Activation of pro-growth pathways downstream of
MYC, RAS, mTOR, and other oncogenes not only maintain cellular bioenergetics, but also
rewire metabolism to generate the biomass needed for cell division; reviewed in [1, 2].
While proliferation of non-transformed cells is controlled by environmental cues such as
growth factor signaling and nutrient availability, tumors often grow beyond the reach of
perfusion by existing vasculature, generating a cell extrinsic source of stress that requires
cancer cell adaptations for survival. These responses include homeostatic pathways to
trigger angiogenesis, maintain energetics, overcome stress, and sustain viability. Thus,
microenvironmental stresses can promote a transition from anabolism and growth to
catabolism and homeostasis.

However, there may not be such a sharp demarcation between states of growth versus
homeostasis in cancer cells. Instead, oncogene-induced anabolic processes generate cell
intrinsic metabolic stresses that enhance their requirement for homeostatic (often catabolic)
processes, even in the absence of microenvironmental perturbations. For example, increased
protein synthesis consumes amino acids and increases load on the endoplasmic reticulum
(ER). While heightened protein synthesis contributes to disease progression [3, 4], it also
elicits vulnerabilities to proteotoxicity and ER stress. Additionally, metabolic changes
associated with cellular transformation generate reactive oxygen species (ROS) [5]. While
low levels of ROS have signaling functions that support tumor growth, excessive levels can
damage mitochondria, thus impairing tumor cell anabolic metabolism, and lead to oxidative
damage of DNA, proteins, and lipids.

To ensure metabolic robustness and stress resistance, pro-growth signals downstream of
oncogene activation or tumor suppressor loss simultaneously activate homeostatic processes.
Such processes maintain intracellular metabolite concentrations to support growth and
viability, ensure mitochondrial quality to support anabolism and limit oxidative stress, and
prevent ER stress. In this review, we summarize recent literature describing how oncogenes
not only impart self-sufficiency of growth signals, but also stimulate adaptations to support
such growth. Knowledge of these pathways can elucidate targetable tumor cell
vulnerabilities. For a summary of the homeostatic processes discussed in this review, see
Table 1.

2. mTORC1

The mechanistic target of rapamycin (mTOR) is a Ser/Thr kinase that functions as a master
regulator of cell growth, proliferation, and metabolism [6]. mTOR exists in two distinct
complexes (MTORC1 and mTORC2), with different subunit composition and cellular
functions. Our focus will be on mTORCL1, which promotes protein synthesis, glycolysis,
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lipogenesis, and nucleotide biosynthesis [6—-8]. mTORC1 functions as a nutrient and growth
factor sensor in normal cells. Growth factor signaling and amino acid availability regulate
mTORC1 via distinct mechanisms and both are required for mTORC1 activation; reviewed
in [9]. Growth factors activate mTORCL via the Rheb GTPase. In the absence of growth
factors, Rheb is inactivated by a GTPase activating protein (GAP) complex consisting of
TSC1 and TSC2 [10]. Many mTORC1 activities have been identified through examination
of cells lacking the TSC1/2 tumor suppressor complex. Individuals with loss of function
mutations in TSC1 or TSC2 develop a tumor syndrome consisting of malignancies in the
kidney, skin, brain, and heart. However, mMTORCL1 hyperactivation is observed in a broad
range of human malignancies and discoveries made in TSC-null cells are often generalizable
to other cancers.

2.1. Sustaining mTORCL1 driven protein synthesis

Perhaps one of the best-characterized functions of mMTORCL is increased protein synthesis
through translation initiation and elongation (via phosphorylation of 4E-BP1 and S6K1).
Protein synthesis consumes both energy and cellular amino acids. If heightened protein
synthesis was not balanced with pathways to maintain cellular amino acid content,
translation would not be sustainable and cells would become exhausted for amino acids that
are also required to generate biomass. Recently, Zhang et al demonstrated that mMTORC1
enhances proteasome activity to sustain intracellular amino acid levels [11] (Figure 1A).
This occurs via activation of nuclear factor erythroid-derived 2-related factor (NRF1,
encoded by NFE2L1) dependent upregulation of genes encoding proteasome components.
The requirement for nTORC1 dependent proteasome activity is likely enhanced by the fact
that mTORC1 suppresses autophagy, another primary mechanism for breakdown of
intracellular proteins into constituent amino acids [12, 13]. While this study focused on
maintenance of amino acid content, another function of the proteasome is suppression of
proteotoxicity and ER stress (Figure 1B). Indeed, heightened protein synthesis in mTORC1-
activated cells induces ER stress and triggers the unfolded protein response (UPR) [14-16]
(Figure 1C), which includes proteasome-dependent clearance of misfolded proteins (ER
associated protein degradation, ERAD) [16]. Thus, suppression of proteasome function in
mTORC1 driven cancers could oppose tumor growth via exhaustion of intracellular amino
acid concentrations and induction of ER stress. Indeed, the mechanism of action of the
proteasome inhibitor Bortezomib in multiple myeloma derives, in part, from induction of
cytotoxic ER stress [17].

2.2. Coordinating protein and lipid metabolism to maintain ER homeostasis

The ER is a hub for both protein and lipid metabolism, and optimal ER function requires
coordination of these processes (Figure 1D). In particular, increases in ER protein load
require expansion of ER membrane via lipid synthesis, a process that is particularly
important under ER stress [18]. In addition, altered ER lipid content can impair protein-
folding capacity [19]. Multiple laboratories have identified the sterol regulatory element
binding proteins (SREBP1/2) as mediators of fatty acid and sterol synthesis gene expression
programs downstream of mMTORC1 [20, 21]. Furthermore, Peterson et al demonstrated that
the mechanism for this regulation involves mTORCZ1-dependent phosphorylation of lipin 1,
which controls nuclear localization of mature SREBP [22]. mTORC1 activation not only
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enhances the quantity of fatty acids required for replication, but also the composition of the
fatty acid pool that ultimately gives rise to phospholipid membranes within the cell. Proper
desaturation of membrane lipids is absolutely required to sustain cell viability. The stearoyl
CoA desaturase enzyme (SCD1) generates unsaturated lipids within the cell. This enzyme,
which is an mTORC1/SREBP1 target gene, also requires oxygen for its enzymatic activity.
Our lab demonstrated that under hypoxic conditions, where SCD1 is inhibited, mMTORC1
activated tumor cells were uniquely sensitive to serum lipid deprivation and subsequent ER
stress [23]. Notably cytotoxic ER stress was suppressed by providing cells with the
unsaturated fatty acid oleic acid or by suppression of ER protein load using rapamycin or
cyxloheximide. These findings were demonstrated in a variety of human cancer cells lines,
revealing unsaturated lipid dependence as generalizable tumor cell vulnerability. Consistent
with this finding, Griffiths et al showed that ablation of SREBP1 and 2, and thus SCD1
expression, elicited ER stress and cell death under conditions of serum lipid deprivation in
various cancer cells [24].

While it may be attractive to target mTORCL1 directly, there is growing evidence that it
could be more effective to leave mTORCL signaling intact and target resulting metabolic
vulnerabilities [25]. For example, rapamycin analogs exhibit anti-tumor activity in various
malignancies, but are often cytostatic and tumor regrowth commonly occurs upon therapy
cessation [19]. The findings summarized in this section identify ER homeostasis as a prime
target for mTORCL1 driven malignancy, where heightened protein synthesis renders cells
critically dependent on unsaturated lipid availability, and potentially proteasome function,
for viability (Figure 1).

MY C activation has profound effects on tumor cell metabolism; reviewed in [26]. Here, we
focus on three features of MYC activation: 1) heightened protein synthesis rate, 2)
coordination of protein and lipid synthesis to support viability, and 3) maintenance of
mitochondrial function to support growth.

3.1. Sustaining MYC driven protein synthesis

As a transcriptional regulator of the overall translational machinery, MYC enhances global
protein synthesis when stimulated. This is required for transformation downstream of MYC,
as haploinsufficiency of a ribosomal gene L24 reduced protein synthesis rates and inhibited
tumor progression in the Eu-Myc model of B-cell lymphoma [3]. However, increased
translation rates also generate metabolic stresses that must be overcome to sustain tumor
growth (Figure 2A). Recently, Hart et al demonstrated that MY C dependent protein
synthesis triggers UPR-mediated cytoprotective autophagy to support cell viability [27].
Mechanistically, increased ER protein load triggered the PERK arm of the UPR, which was
required for maintenance of autophagy (Figure 2B). Suppression of either PERK signaling
or autophagy led to apoptosis in cell culture models and impaired xenograft tumor growth.
Importantly, samples from patients with MY C driven lymphoma clearly exhibited evidence
of an engaged MY C-PERK-autophagy axis. Autophagy mediates multiple cellular
adaptations, including protein quality control, maintenance of intracellular metabolite
concentrations, and mitochondrial quality control (via mitophagy) [12, 13]. Future studies
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elucidating the precise tumor-promoting mechanisms of PERK-dependent autophagy may
reveal additional targetable vulnerabilities.

Shin et al reported additional cross talk between the UPR and MY C-driven translation [28].
These authors demonstrated that the NAD+ dependent histone deacetylase SIRT7 is induced
by the IRELa/XBP1 arm of the UPR and functions to dampen MY C dependent
transactivation of ribosomal genes, limit ER protein load, and ameliorate ER stress (Figure
2C). SIRT7 enzymatic activity was required for this function. While this work focused on
MY C in the context of fatty liver disease, it seems plausible that this signaling axis is
engaged downstream of UPR activation in MYC transformed cells and required for ER
stress prevention. These studies reveal that increased translation and ER stress may be
therapeutic vulnerabilities in MYC driven malignancies. For example, PERK or autophagy
inhibitors would be predicted to enhance cytotoxic ER stress, while suppression of SIRT7
deacetylase activity could result in unsustainable rates of translation and subsequent
proteotoxicity.

3.2. Coordinating protein and lipid metabolism to maintain ER homeostasis

As discussed for mTORC1 (section 2.1), heightened protein synthesis renders tumor cells
critically dependent on altered lipid metabolism to support ER homeostasis and viability.
Recent work by Carroll et al sheds light on how MY C stimulates various homeostatic
processes, including lipogenesis, to sustain cell viability [29] (Figure 2D). The authors
demonstrate that MY C induces MondoA, a MY C superfamily member, which cooperates
with MY C at a subset of loci, but also transactivates a variety of genes independently of

MY C. Within the latter category are processes that limit metabolic stress downstream of
MYC, including ER maintenance and lipid biosynthesis. Remarkably, MondoA ablation was
selectively toxic in MY C activated cells. Additionally, expression of MondaA correlates
with poor prognosis in multiple malignancies, including neuroblastoma, hepatocellular
carcinoma, and colon carcinoma. The importance of MondoA dependent lipogenesis was
underscored by the finding that provision of exogenous lipid in the form of the unsaturated
fatty acid oleic acid was sufficient to rescue MondoA loss. While the authors did not address
the mechanisms whereby lipid deprivation led to cell death in MondoA depleted cells,
emerging data describing the importance of coordinating protein and lipid synthesis suggest
that ER stress may be involved (Figure 2E). Lastly, because MondoA activity requires
heterodimerization with MLX, targeted suppression of this pathway may be feasible.

3.3. Maintaining mitochondrial function in MYC transformed cells

Despite the observation that MY C stimulates aerobic glycolysis (Warburg effect),
mitochondrial function is vital in MYC transformed cells. First of all, MYC activation
enhances dependence on exogenous glutamine to sustain concentrations of TCA cycle
metabolites that are consumed for biosynthetic reactions (a process termed anaplerosis)
(Figure 2F). MYC drives glutamine-dependent anaplerosis by upregulating genes that
promote glutamine uptake (ASCT2 and SLC7A25) and conversion to glutamate
(glutaminase, GLS) [30, 31]. Glutamine-dependent anaplerosis requires mitochondrial
function, which MYC also supports through multiple mechanisms. First of all, MYC
enhances mitochondrial functional capacity by activating peroxisome proliferator-activated
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receptor gamma coactivator 1a (PGC-1a) and transcription factor A, mitochondrial
(TFAM), mediators of mitochondrial biogenesis and gene expression, respectively [32, 33].
MY C also sustains respiratory capacity of mitochondria. In a synthetic lethality screen for
genes that are required for viability in MY C transformed cells, Liu et al identified AMPK-
related kinase 5 (ARKS5), which stimulates AMP-activated kinase (AMPK) to limit
mTORC1 activity [34]. ARKS5 function was required to sustain mitochondrial function,
glutamine-dependent anaplerosis, and cell viability. These ARKS5 functions depend on its
ability to suppress mTORCL1 (Figure 2G). However, the mechanism(s) by which ARK5/
AMPK sustains mitochondrial function in MYC activated cells were unclear. One potential
mechanism is AMPK-dependent clearance of damaged mitochondria via autophagy, which
would be activated upon mTORCL1 suppression. In this case, one would expect autophagy
inhibition to phenocopy ARKS5 ablation in MY C activated cells. Ultimately, direct inhibition
of ARKS or suppression of autophagy-mediated mitochondrial quality control may be
tractable targets in MYC driven cancers.

Oncogenic activation of RAS commonly occurs via suppression of its GTPase activity and
confers growth factor independent proliferation [35]. To support this commitment to rapid
growth, RAS promotes stress resistance and metabolic robustness through a variety of
pathways. Here, we summarize recent literature describing these adaptations.

4.1. Maintaining redox homeostasis in RAS transformed cells

A well-recognized feature of RAS activation is increased levels of mitochondria-derived
reactive oxygen species (ROS) [5] (Figure 3A). While excessive oxidative stress can induce
cell death, low levels of ROS have crucial signaling functions that support tumor growth,
including modulation of MAPK and HIF pathways [36, 37]. Multiple mechanisms prevent
excessive ROS accumulation in RAS transformed tumor cells.

NADPH is a source of reducing equivalents for biosynthetic reactions and maintenance of
redox homeostasis [5]. Three sources of cellular NADPH have been described (Table 1) [5,
38]. Son et al demonstrated that RAS reprograms glutamine metabolism to support malic-
enzyme 1 (MEL1) dependent NADPH production in pancreatic cancer (Figure 3B). While
most cells utilize glutamate dehydrogenase (GLUD1) to convert glutamine-derived
glutamate into a-ketoglutarate, RAS transformed pancreatic cancer cells relied on a distinct
pathway in which glutamate undergoes a transamination reaction with oxaloacetate
(catalyzed by mitochondrial aspartate aminotransferase, GOT2) to generate aspartate and a-
ketoglutarate. Aspartate is then exported to the cytosol where GOT1 generates oxaloacetate.
Cytosolic oxaloacetate is metabolized to malate and then pyruvate. This last step, catalyzed
by ME1, generates NADPH that is utilized to sustain levels of reduced glutathione for redox
balance. RAS directly reprograms the metabolic fate of glutamine by downregulating
GLUD1 and upregulating GOTL. This work follows reports that RAS preferentially
enhances metabolism of glucose through the non-oxidative pentose phosphate pathway
(PPP) to generate nucleotide precursors, rather than the NADPH generating oxidative PPP
[39], likely explaining the enhanced requirement for glutamine-dependent NADPH
generation. Importantly, RAS driven pancreatic cancer cells were sensitive to AOA
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(aspartate aminotransferase inhibitor) but not ECGG (glutamate dehydrogenase inhibitor).
p53 loss commonly occurs alongside RAS activation in human malignancies. Notably, Jiang
et al demonstrated that p53 suppressed ME1 and ME2 expression [40]. Collectively, these
findings suggest a greatly enhanced requirement for malic enzyme activity in RAS/p53
mutated pancreatic cancers. Further studies are warranted to test the generalizability of this
pathway within other RAS driven malignancies, such as lung cancer.

The critical role of redox balance in RAS transformed cells is further exemplified by their
enhanced requirement for autophagy in lung and pancreatic cancers [41, 42] (Figure 3C).
Multiple reports indicate that RAS activation induces a high level of basal autophagy,
independent of starvation [42, 43]. A common endpoint of inhibiting autophagy in RAS
transformed tumors is induction of oxidative stress, DNA damage, and accumulation of
dysfunctional mitochondria [41, 42]. As the mitochondria serve both energetic and
biosynthetic functions in tumor cells, maintenance of functional mitochondria is absolutely
required for disease progression. Consistent with this idea, Guo et al indicate that chronic
autophagy suppression diverts RAS driven tumors toward benign oncocytomas rather than
carcinoma [41].

4.2. Feeding the RAS-driven cancer

The enhanced growth rate driven by RAS necessitates increased uptake of nutrients to
sustain cell proliferation and viability. RAS is known to promote angiogenesis to maintain
tumor perfusion [35]. Recent literature suggests that RAS transformed cells also engage in
scavenging of both proteins and lipids from the extracellular space to support growth.
Commisso et al demonstrate that macropinocytosis-dependent engulfment of extracellular
protein (ie. Albumin) can yield intracellular amino acids, including glutamine [44] (Figure
3D). In addition, Kamphorst et al demonstrate that RAS transformed cells take up high
levels of serum unsaturated lysophospholipids (phospholipids with one acyl chain) [45]. An
understanding of the mechanisms driving lipid scavenging and the function of this
phenotype in RAS driven cancers could guide the development of additional therapeutic
opportunities. Potential tumor-promoting functions for lipid uptake would include
maintenance of ER homeostasis and a decreased reliance on de novo lipid synthesis, which
is a heavy NADPH consuming process. The latter would leave more NADPH available for
redox balance. Furthermore, macropinocytosis and autophagy both require lysosome
function to yield intracellular metabolites, suggesting another vulnerability of RAS driven
cancers.

5. HIFs and AMPK: stress sensors that are co-opted for tumor growth

5.1. Hypoxia inducible factors

Cellular responses to low oxygen are primarily orchestrated by the hypoxia inducible factors
(HIFs), which include two oxygen labile subunits (HIF-1a and HIF-2a) that independently
heterodimerize with ARNT/HIF-1p to mediate adaptive transcriptional changes [46-48].
HIFs mediate broad metabolic changes, including induction of aerobic glycolysis,
autophagy, and altered lipid metabolism [46, 49]. Interestingly, multiple oncogenes elicit
hypoxia-independent stabilization of HIF-a subunits and co-opt their downstream metabolic
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adaptations. For example, mMTORC1 activation enhances expression of HIF-1a [20, 50],
while mTORC2 activation promotes HIF-2a expression [50]. Furthermore, elevated ROS
levels are sufficient to inhibit the prolyl-hydroxylase (PHD) enzymes required for HIF
degradation. Normoxic stabilization of HIF-1a by elevated ROS, downstream of either
mTORC1, MYC, or RAS, promoted tumor growth in various malignancies, including lung
cancer, glioma, and lymphoma [51-54].

5.1.1 Hypoxia inducible factors in clear cell renal cell carcinoma—The roles of
HIF-1a and HIF-2a in tumor progression are complex and likely context dependent.
Nonetheless, there are many examples in which metabolic changes downstream of the HIF
pathway can support tumor growth. HIF-1a induces aerobic glycolysis and glutamine
dependent lipid synthesis [55-57], while HIF-2a has a prominent role in rewiring lipid
metabolism in hepatocytes and clear cell renal cell carcinoma (ccRCC) [58-60]. HIF
functions have been extensively studied in the context of ccRCC, where loss of the pVHL
E3 ubiquitin ligase results in normoxic stabilization of HIF-1a and HIF-2a in approximately
90% of cases. Functional distinctions between HIF-1a and HIF-2a are evident in ccRCC,
where genetic and functional data implicate HIF-1a as a tumor suppressor [61-63], while
HIF-2a is absolutely required for disease [64]. Well-characterized tumor promoting
functions of HIF-2a include cyclin D1 expression [65], mTORCL1 activation [66], and
secretion of growth factors that promote proliferation (TGFa) and angiogenesis (VEGFA)
[49, 67].

Recent work from our laboratory revealed a surprising functional connection between two
hallmarks of ccRCC—HIF-2q activation and enhanced lipid storage [60]. The lipid droplet
is functionally and physically associated with the ER, as both protein and lipid species are
exchanged between these two organelles [68, 69]. We found that HIF-2a promoted lipid
storage by upregulating the lipid droplet coat protein PLIN2. Mechanistically, PLIN2
dependent lipid storage suppressed cytotoxic ER stress responses that otherwise result from
elevated protein synthetic activity in ccRCC. A majority of human ccRCC samples exhibit
mTORC1 activation [70]. Consistent with our discussion of coordinating protein and lipid
metabolism in MTORC1 activated cells (section 2.2), suppression of ER protein load via
mTORC1 inhibitors or cycloheximide ameliorated ER stress and cell death in PLIN2
depleted cells. Furthermore, our results revealed ER stress as a targetable vulnerability
created by inhibition of HIF-2a-dependent lipid storage, including enhanced sensitivity to
the proteasome inhibitor Bortezomib. As HIF-2a specific inhibitors are currently being
tested for ccRCC therapy (NCT02293980), our work provides a proof of principle for
combining these agents along with ER stress inducers. Future investigations into the specific
ER lipid alterations that occur upon PLINZ2 depletion may also reveal additional mechanisms
for targeting ER homeostasis in ccRCC.

5.2. AMP activated protein kinase

The AMP activated protein kinase (AMPK) is a sensor of cellular energy status; reviewed in
[71, 72]. Similar to the HIFs, AMPK has context specific roles in cancer. Tumor suppressive
attributes of AMPK include the ability to inhibit mMTORCL1 and activate p53 [71]. However,
many studies provide examples of tumor promoting functions for AMPK, owing to its
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ability to overcome metabolic stresses typical of advanced tumors. We summarize recent
examples here.

5.2.1. Translational control by AMPK in cancer—Translational elongation is often
constitutively activated downstream of oncogenic signaling, including mTORC1 and RAS
[73]. This process requires activity of elongation factor 2 (EF2), which mediates the
translocation stage of translational elongation [73]. Protein synthesis is a costly process with
respect to energy and biomass. As a result, in normal cells, EF2 activity is suppressed by
inactivating phosphorylation via the EF2 kinase (EF2K) when growth factors or nutrients
are limiting, a process involving activating phosphorylation by AMPK [74, 75]. On the other
hand, oncogene activation suppresses EF2K activity by various mechanisms, including 1)
inhibitory phosphorylation by S6K1 (downstream of mTORC1) or RSK (downstream of
RAS) and 2) loss of AMPK-dependent activation of EF2K. Faller et al recently revealed a
tumor promoting function of MTORC1-mediated translation elongation in a mouse model of
colon cancer [4]. Thus, as in the case of MY C-dependent transformation (section 3.1),
heightened translation is a tumor-promoting process downstream of mTORC1 activation.

However, Leprivier et al demonstrated that constitutive activation of translation elongation
is a liability under conditions of nutrient deprivation [76]. While acute oncogene activation
suppressed the ability of AMPK to activate EF2K, advanced tumors often reactivate the
capacity for AMPK to stimulate EF2K-dependent phosphorylation of EF2. This suppression
of translation elongation promotes survival in the setting of nutrient deprivation. Advanced
human medulloblastoma exhibit greater EF2 phosphorylation compared to normal tissue.
Additionally, heightened EF2K expression correlates with poor prognosis in multiple human
malignancies, including medulloblastoma and glioma. This suggests that targeting EF2K
could be a strategy to enhance metabolic stress in advanced human malignancies. However,
like AMPK itself, the role of the EF2K pathway in cancer is context dependent and
therapeutic tractability must be determined empirically.

5.2.2. Recruitment of AMPK by oncogene activation or tumor suppressor loss
—Similar to the HIF proteins, known oncogenic/tumor suppressive pathways can mediate
their metabolic changes though AMPK signaling. Tennakoon et al reported that AMPK was
activated in human prostate cancer [77]. Functional studies revealed that androgen signaling
promoted AMPK activation and subsequent metabolic adaptations, including mitochondrial
biogenesis and enhanced oxidation of glucose and fatty acids. These metabolic alterations
were mediated by AMPK-dependent activation of PGC-1a, a master regulator of
mitochondrial biogenesis. Importantly, they showed that androgen-induced proliferation
required this AMPK/PGC-1q axis.

Similarly, Yan et al recently reported activation of the AMPK/PGC-1a pathway in patients
with the hereditary tumor syndrome Birt-Hogg-Dube (BHD) [78]. BHD patients carry germ
line mutations in Folliculin (FLCN) and are predisposed to renal cell carcinoma, skin
tumors, and lung cysts. FLCN was previously demonstrated to interact with AMPK. In this
study, the authors showed that loss of FLCN function activated AMPK-dependent metabolic
changes, including mitochondrial biogenesis and enhanced glucose oxidation. The growth
advantage derived from metabolic reprogramming due to FLCN loss required activation of
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HIF-1a downstream of AMPK/PGC-1a driven mitochondrial biogenesis and ROS
formation. Furthermore, human BHD tumors exhibit increased mitochondrial content and
activation of HIF-1a activity. Interestingly, enhanced HIF-1a activity was not associated
with elevated protein levels. Thus, ROS-dependent suppression of PHD function is not
sufficient to explain HIF activation. The asparagine hydroxylase factor inhibiting HIF (FIH)
is another mechanism for regulation of HIF activity, which functions though suppression of
HIF transactivation capacity on chromatin. Interestingly, Masson et al previously reported
that FIH is more potently suppressed by reactive oxygen species than the PHD enzymes
[79], suggesting a potential explanation for these findings.

Highlighting the complexity and context dependent nature of AMPK function in cancer,
Faubert et al demonstrated that AMPK deletion enhanced HIF-1a dependent aerobic
glycolysis (Warburg effect) and tumor progression in the context of Myc-driven lymphoma
[80]. Thus, while AMPK activity could restrain the heightened anabolic metabolism that is
necessary for initial tumor development, it could become crucial in more advanced tumors
that experience metabolic stress. Mutations in AMPK subunits are rare in human cancer,
suggesting that it may have some tumor promoting functions. Ultimately, evidence of
AMPK activation in human cancers could provide insight into the metabolic dependencies
of such tumors, including increased mitochondrial respiration and adaptive suppression of
translation elongation.

6. Concluding remarks

Altered tumor cell metabolism is now firmly established as a hallmark of human cancer. We
have highlighted examples of the vulnerabilities created by heightened anabolic metabolism
and summarized recent literature that describes oncogene-induced adaptive processes co-
opted to overcome these metabolic challenges. Knowledge of these adaptive functions has
the potential to guide additional therapies, and future studies are warranted to examine if a
therapeutic window for targeting these processes is available.

Recurrent themes in our review of the literature include maintenance of ER homeostasis and
mitochondrial function as crucial adaptations for supporting tumor growth. Experience with
proteasome inhibitors in multiple myeloma, where enhanced immunoglobulin synthesis
renders tumor cells more sensitive to ER stress-inducing agents, suggests that ER
homeostasis can be targeted therapeutically. Additionally, inhibitors of the PERK arm of the
UPR have been developed [81]. While on target toxicity within the endocrine pancreas has
been noted with these inhibitors [81, 82], the finding that MY C activation enhances the
requirement for PERK-mediated adaptations suggests that a therapeutic window may be
possible. Multiple studies have revealed the importance of maintaining ER lipid homeostasis
to prevent cytotoxic ER stress that would otherwise occur downstream of oncogene-induced
protein synthesis. Thus, disruption of the balance between protein and lipid synthesis (or
uptake) may be another targetable tumor cell vulnerability.

The antitumor effect of inhibiting autophagy has been demonstrated in many preclinical
models and numerous clinical trials in human malignancies are under-way [12]. From the
work reviewed here, RAS and MYC driven malignancies would be predicted to be sensitive
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to such therapies. In the case of RAS driven pancreatic cancer cells, the mitochondria are
vital for glutamine-dependent NADPH generation and redox balance. Perhaps compromised
mitochondrial function in autophagy-inhibited cells would enhance the anti-tumor effect of
inhibiting glutamine uptake and metabolism. While a role for autophagy in MYC
transformed cells has been demonstrated, a greater understanding of the mechanisms by
which autophagy supports tumor growth would yield similar opportunities to target tumor
cell metabolic vulnerabilities.
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Figure 1. mTORCI1 driven adaptations to support tumor growth
Activation of protein synthesis downstream of mTORCL supports tumor progression, but

also consumes amino acids at a rapid rate. To maintain amino acid concentrations required
to sustain protein synthesis and anabolic metabolism, mTORC1 activates NRF1-
dependepent proteasome biosynthesis (A). Another potential function of enhanced
proteasome activity downstream of mTORCL1 is maintenance of protein quality control (B),
as proteasome dependent ER associated protein degradation (ERAD) is a part of the UPR.
Increased protein synthesis also enhances ER stress (C). To expand the ER membrane and
accommodate increased protein load, mTORCL activates SREBP-dependent lipogenic gene
expression. In particular, synthesis of unsaturated lipid by SCD1 is crucial to maintain ER
lipid homeostasis and prevent ER stress (D). Functional outputs of tumor cell adaptations
are shown in red. Question marks denote hypothesized mechanisms that have not been
directly tested.
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Figure 2. MYC driven adaptations to support tumor growth
Activation of protein synthesis downstream of MY C supports tumor progression. An

increase in ER protein load triggers the UPR (A), which limits ER stress by multiple
mechanisms. Activation of PERK facilitates cytoprotective autophagy (B). IRE-1a signaling
upregulates the NAD+ dependent histone deacetylase SIRT7 (C), which represses MYC-
dependent transcription of ribosomal genes and limits protein synthesis rate to prevent ER
stress. MY C activates lipogenic gene expression by upregulating MondoA-dependent lipid
synthesis (D), which is required for viability in MY C-activated cells. A potential mechanism
involves maintenance of ER lipid homeostasis to accommodate increased protein load and
limit ER stress (E). MYC drives glutamine uptake and metabolism to support anabolic
processes. (F). This process, termed glutamine-dependent anaplerosis, requires
mitochondrial metabolism. MY C activates an ARK5-AMPK pathway to maintain
mitochondrial function (G). ARKS5 ablation is synthetically lethal to MYC activated cells.
Functional outputs of tumor cell adaptations are shown in red. Question marks denote
hypothesized mechanisms that have not been directly tested.
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Figure 3. RAS driven adaptations to support tumor growth
A well-recognized feature of RAS activated cells is increased levels of mitochondrial

reactive oxygen species (A). While low levels of ROS promote tumor growth, RAS
transformed cells must engage adaptations to prevent excessive oxidative damage. RAS
drives glutamine-dependent NADPH generation via aspartate amino transferase (GOT1) and
malic enzyme 1 (ME1). NADPH generated from this pathway is required to for redox
balance in RAS transformed cells (B). RAS also stimulates high rates of basal autophagy
(C), which are required to maintain mitochondrial function and limit oxidative stress. To
sustain intracellular amino acid concentrations, such as glutamine, RAS transformed cells
engage in macropinocytosis of extracellular protein (D). Note that both autophagy and
macropinocytosis-dependent nutrient acquisition require lysosome function, revealing a
potential vulnerability of RAS transformed cells. Functional outputs of tumor cell
adaptations are shown in red.
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Table 1

Summary of adaptive processes co-opted by oncogenes to support growth.
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Pathway

Description

References

Autophagy

Facilitates lysosomal degradation of intracellular contents targeted to
autophagasomes, including proteins, lipids, and organelles. Functions include
maintenance of intracellular metabolite concentrations and clearance of damaged
mitochondria or insoluble protein aggregates.

12,13

Unfolded protein response (UPR)

A highly conserved response triggered by increased mis-folded protein load or
disruption of ER membrane lipid composition. ER stress sensors including PERK,
IRE-1a, and ATF6 initiate adaptations to restore ER homeostasis, but can trigger cell
death if stress is irremediable.

14-16

NADPH-dependent redox control

NADPH provides reducing equivalents for biosynthesis and regeneration of reduced
glutathione to control redox balance. Cellular sources of NADPH include oxidative
pentose phosphate pathway, malic enzyme, and serine-dependent one carbon
metabolism.

35, 36, 38

Hypoxia inducible factors (HIFs)

The cellular response to hypoxia is largely orchestrated by two oxygen-labile HIF-a
subunits (HIF-1a and HIF-2a). Upon stabilization under low oxygen and
heterodimerization with HIF-1p, the HIFs promote transcriptional adaptation to
hypoxia.

44-47

AMP-activated protein kinase (AMPK)

A heterotrimeric Ser/Thr kinase complex that functions as an energy sensor. APMK
is activated by increased AMP:ATP ratio and alters cellular metabolism to restore
energy homeostasis.

69-70
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