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Hallmark tumor metabolism becomes a
validated therapeutic target
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Itered cell metabolism has long been recog-
nized as a distinctive feature of malignant
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altered in cancer cells. Improved understanding has
yielded the first regulatory approval in this new class
of drugs. Here, we discuss the latest developments
in the therapeutic targeting of the cancer metabo-
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A cancer cell’s sweet tooth

The metabolism of cancer cells differs from that of
normal cells, an observation that has spawned a ded-
icated field of research and new targeted drug devel-
opment. The German physiologist Otto Warburg
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is credited as the father of the field with his obser- ":I[)::) T Lipid synthesis
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energy from glucose. i
. In normal cells, glu?ose. is converted into pyruvate S loaphpelpeerate Acetyl-CoA
in the cytoplasm, which is then, most often, fed to Bk
the mitochondria that use oxidative phosphoryla- Phosphoenolpyruvate
tion to produce energy in the form of adenosine tri- ADPY| pic

phosphate (ATP). Cancer cells seem instead to favor
using the pyruvate to produce lactate through gly-
colysis (Figure 1).

Glycolysis is usually reserved for conditions of
poor oxygen availability, but although the tumor
microenvironment is often hypoxic, cancer cells
have been shown to use glycolysis even when oxygen
is plentiful. As a result, the phenomenon is known as
aerobic glycolysis, although it is most often referred
to as the Warburg effect.?

Glycolysis is much less efficient than oxidative
phosphorylation at producing energy, yielding only
2 ATP. In order to meet their energy demands in
this way, cancer cells ramp up their glucose intake,
an effect that has been exploited for the detection of
cancer with positron-emission tomography.

Warburg postulated that this metabolic shift was
a result of mitochondrial damage and defective oxi-
dative phosphorylation, even going so far as to sug-
gest that cancer was a mitochondrial disease. It has
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FIGURE 1 The glycolytic pathway and its association
with other metabolic pathways. Reproduced under a
creative commons license. Yu L, et al. The sweet trap in
tumors: aerobic glycolysis and potential targets for ther-

apy. Oncotarget 2016;7(25):38908-38926.

Aldo, aldolase; Eno, enolase; G6PD, glucose-6-phosphate dehy-
drogenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
GLUTs, glucose transporters; HK, hexokinase; LDH, lactate dehy-
drogenase; MCT, monocarboxylate transporter; PFK, phosphofruc-
tokinase; PGI, phosphoglucose isomerase; PGK, phosphoglycerate
kinase; PGM, phosphoglycerate mutase; PK, pyruvate kinase; TCA,
tricarboxylic acid cycle; TPI, triose phosphate isomerase

subsequently been shown that the mitochondria are
mostly intact in cancer cells and that oxidative phos-
phorylation can still occur.?
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TABLE 1 Select drugs targeting tumor cell metabolism

Mechanism of
action

Enasidenib Agios IDH inhibitor FDA approved August 2017 for the treatment of relapsed/refractory IDH2-mutant
(AG-221) AML
Phase 3 vs SOC in IDH2-mutant AML (IDHENTIFY; NCT02577406)

Phase 3 + azacitidine in IDH-mutant AML (AGILE; NCT03173248)
Phase 3 in IDH-mutant cholangiocarcinoma (ClarlDHy; NCT02989857)
Phase 1 + AG-881 in IDH-mutant low-grade glioma (NCT03343197)

Phase 2 in IDH-mutant glioma (NCT02977689)

Phase 1 in advanced solid tumors (NCT02481154¢) and hematologic malignancies
(NCT024927377)

Phase 3 in CRC (NCT02614339)

Phase 2/3 endometrial cancer (NCT02065687)

Phase 2 + gemcitabine in pancreatic cancer (NCT02005419)
Phase 2 in NSCLC (NCT02285855)

Phase 2 colon cancer (MECORA; NCT03359681)

Phase 2 + simvastin in bladder cancer (NCT02360618)

Phase 1 in advanced cancer (NCT01791595)
Phase 2 + docetaxel in mCRPC (NCT03136640)

Phase 1 + mefformin in relapsed/refractory multiple myeloma or CLL

(NCT02948283)

Phase 2 + paclitaxel in TNBC (NCT03057600)

Phase 2 + everolimus in RCC (NCT03163667)

Phase 1/2 + azacitidine in MDS (NCT03047993)

Phase 1/2 + capecitabine in solid tumors and fluoropyrimidine-resistant PIK3CA-
mutant CRC (NCT02861300)

Phase 1/2 + nivolumab in ccRCC and other solid tumors (NCT02771626)

P2 + enzalutamide mCRPC (RE-AKT;, NCT02525068)

P1/2 + paclitaxel advanced gastric adenocarcinoma (NCT02451956,
NCT02449655)

P1/2 + chemotherapy in mCRPC (ProCAID; NCT02121639)

P1 in advanced solid tumors with AKT mutations (NCT03310541)

P2 + fluoropyrimidine and oxaliplatin in gastric/GEJ cancer (NCT01896531)¢
P2 + paclitaxel in TNBC (LOTUS; NCT02162719)¢
P1/2 + abiraterone acetate mCRPC (NCT01485861)°

P2 + trametinib in multiple myeloma (NCT01989598)¢
P2 + trametinib in uveal melanoma (NCT01979523)e
P2 + trametinib in TNBC (NCT01964924)°

P1 + trametinib in endometrial cancer (NCT01935973)¢

P2 + bicalutamide in prostate cancer (NCT01251861)¢
P1 + anastrozole, fulvestrant or both in mBC (NCTO1344031)°
P1 +hydroxychloroquine in advanced solid tumors (NCT01480154)¢

Drug Developer Approved indication/clinical testing

IDH inhibitor

Ivosidenib

(AG-120)

Agios

IDH305
AG-881

IDH inhibitor
IDH inhibitor

Novartis

Agios

MD Anderson
Cancer Center

Metformin Antidiabetic drug

AZD3965

Ritonavir

MCT1 inhibitor
GLUT-1 inhibitor

AstraZeneca
AbbVie

Glutaminase
inhibitor

CB-839 Calithera

AZD5363 AstraZeneca AKT inhibitor

Ipatasertib Genentech AKT inhibitor

(GDC0068)

GSK2141795 GSK AKT inhibitor

MK-2206 Merck AKT inhibitor

IDH, isocitrate dehydrogenase; MCT1, monocarboxylate transporter 1; GLUT1, glucose transporter 1; FDA, United States Food and Drug Administration; AML, Acute myelogenous
leukemia; SOC, standard of care; CRC, colorectal cancer; NSCLC, non-small cell lung cancer; mCRPC, metastatic castration-resistant prostate cancer; TNBC, friple-negative breast
cancer; RCC, renal cell carcinoma; MDS, myelodysplastic syndrome; ccRCC, clear cell renal cell carcinoma; TNBC, triple negative breast cancer; mBC, metastatic breast cancer

<Trial is active, but no longer recruiting participants.
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The Warburg effect has been the subject of significant
investigative efforts as researchers have attempted to bet-
ter understand how this phenomenon comes about. Studies
have shown that it is driven in large part by the transcrip-
tion factors hypoxia inducible factor 1 alpha (HIF-1a) and
c-Myec. In addition, numerous other signaling pathways,
including the phosphatidylinositol 3-kinase (PI3K)-Akt-
mammalian target of rapamycin (mTOR) pathway, and the

activation of oncogenes and inactivation of tumor suppres-
sors, are thought to play a central role.

HIF-1a is an oxygen-sensing transcription factor that
coordinates cellular responses to reduced oxygen levels by
binding to specific regions, known as hypoxia response ele-
ments, on target genes in the nucleus and regulating their
subsequent expression. Oxygen levels and metabolism are
tightly linked, and HIF-1a sits at the intersection of the
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2 since many of its target genes are involved in metabolic
pathways, including many glycolytic enzymes, but it also
directly inhibits oxidative phosphorylation by suppressing
key enzymes in this metabolic pathway.

The expression of HIF-la and numerous glycolytic
enzymes, including lactate dehydrogenase (LDH), phos-
phofructokinase (PFK), hexokinase II (HKII), and pyru-
vate dehydrogenase kinase (PDK) is increased in many
tumor types. Other molecules associated with glucose
uptake and metabolism are also dysregulated, such as the

GLUT-1 glucose transporter.>**

Targeting glycolysis and glucose uptake
According to one study, glucose transporters and glycolytic
enzymes are overexpressed in 24 different types of can-
cer, representing more than 70% of all cancer cases.” This
enables cancer cells to respond metabolically as though
they are experiencing hypoxia, even when oxygen is plen-
tiful and, indeed, when hypoxia is a concern, to mount a
faster response. It also provides a tempting avenue for anti-
cancer drug design by exploiting the dependency of cancer
cells on glycolysis to survive and thrive.

Inhibitors of HKII, LDH, PFK, PDK, and GLUT-1 have
been and continue to be developed. For example, 2-deoxy-D-
glucose is a glucose molecule in which the 2-hydroxyl group
has been replaced by hydrogen, preventing further glycolysis;
it acts as a competitive inhibitor of HKII. Dichloroacetate
(DCA) activates the pyruvate dehydrogenase complex and
inhibits the actions of the PDKs. Although development of
DCA itself was unsuccessful, DCA derivatives continue to
be pursued. WZB117 and STF-31 are novel small-molecule
inhibitors of GLUT-1-mediated glucose transport. To date,
where inhibitors of glycolysis have progressed into clinical
trials, they have not proved successful, often limited by oft-
target effects and low potency.®!

A variety of cell signaling pathways are implicated in
metabolism by tightly regulating the ability of cells to gain
access to and use nutrients. Through aberrations in these
pathways, cancer cells can essentially go rogue, ignoring
regulatory signals and taking up nutrients in an autono-
mous manner. One of the most frequently altered signaling
pathways in human cancer, the PI3K-Akt-mTOR path-
way, is also an important regulator of metabolism, coordi-
nating the uptake of multiple nutrients, including glucose.

Akt in particular is thought to have a critical role in glu-
cose metabolism and increased Akt pathway signaling has
been shown to correlate with increased rates of glycolysis in
cancer cells. Thus, Akt inhibitors could double as glycolytic
or glucose transport inhibitors.'*!3

A number of Akt inhibitors are being evaluated in clinical
trials (Table) and results from the phase 2 LOTUS trial of
ipatasertib (GDC-0068) were recently published. Among
124 patients randomly assigned to paclitaxel in combina-
tion with either ipatasertib or placebo, there was a modest
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improvement in progression-free survival (PFS) in the ipa-
tasertib arm in patients with triple-negative breast cancer
(TNBC; 6 months vs 4.2 months, respectively; hazard ratio
[HR], 0.60; P = .037). The effect was more pronounced,
though not statistically significant, in patients with phos-
phatase and tensin homolog (PTEN)-low tumors (6.2
months vs 3.7 months; HR, 0.59; P = .18). The most com-
mon grade 3 and higher adverse events (AEs) were diar-
rhea, reduced neutrophil count, and neutropenia.'*

The Warburg paradox

Although the molecular mechanisms underlying the
Warburg effect have been revealed to some extent, why
cancer cells would choose to use such an energy-inefficient
process when they have such high energy demands, remains
something of a paradox. It’s still not entirely clear, but sev-
eral explanations that are not necessarily mutually exclu-
sive have been proposed and relate to the inherent benefits
of glycolysis and might explain why cancer cells favor this
pathway despite its poor energy yield. First, ATP is pro-
duced much more rapidly through glycolysis than oxida-
tive phosphorylation, up to 100 times faster. Thus, using
glycolysis is a trade-off, between making less energy and
making it more quickly.

Second, cancer cells require more than just ATP to meet
their metabolic demands. They need amino acids for pro-
tein synthesis; nucleotides for DNA replication; lipids for
cell membrane synthesis; nicotinamide adenine dinucleo-
tide phosphate (NADPH), which helps the cancer cell
deal with oxidative stress; and various other metabolites.
Glycolysis branches oft into other metabolic pathways that
generate many of these metabolites. Among these branched
pathways is the pentose phosphate pathway (PPP), which
is required for the generation of ribonucleotides and is a
major source for NADPH. Cancer cells have been shown
to upregulate the flux of glucose into the PPP to meet their
anabolic demands and counter oxidative stress.

Third, the lactic acid produced through glycolysis is
actively exported from tumor cells by monocarboxylate
transporters (IMCTs). This creates a highly acidic tumor
microenvironment, which can promote several cancer-
related processes and also plays a role in tumor-induced
immunosuppression, by inhibiting the activity of tumor-
infiltrating T cells, reducing dendritic cell maturation, and
promoting the transformation of macrophages to a protu-
morigenic form.>*

Beyond the Warburg effect

Although the focus has been on glucose metabolism and
glycolysis, it has been increasingly recognized that many
different metabolic pathways are altered. Fundamental
changes to the metabolism of all 4 major classes of mac-
romolecules — carbohydrates, lipids, proteins, and nucleic
acids — have been observed, encompassing all aspects of
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There is thought to be a “lactate
shuttle” between the stromal and
cancer cells. The stromal cells express
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review of the cancer hallmarks.!” It
has also begun to shape the thera-
peutic landscape as new drug targets
have emerged.

FIGURE 2 The ‘reverse’ Warburg effect. Cancer cells induce oxidative stress in neighboring stromal fi-
broblasts, triggering aerobic glycolysis and the production of lots of lactate. Via the ‘lactate shuttle’
mechanism, the lactate is exported from the stromal cell through MCTs and transported to the cancer
cells where it is imported via different MCTs. In the cancer cell, it is oxidized back into pyruvate and
used to fuel oxidative phosphorylation. Reproduced under a creative commons license. Gupta S, et al.
Metabolic cooperation and competition in the tumor microenvironment: implications for therapy. Front
Oncol. 2017;7:68.

MCT, monocarboxylate transporter

cellular metabolism and enabling cancer cells to meet their
complete metabolic requirements. There is also evidence
that cancer cells are able to switch between different met-
abolic pathways depending on the availability of oxygen,
their energetic needs, environmental stresses, and many
other factors. Certainly, there is significant heterogeneity
in the metabolic changes that occur in tumors, which vary
from tumor to tumor and even within the same tumor and
across the lifespan of a tumor as it progresses from an early
stage to more advanced or metastatic disease.

'The notion of the Warburg effect as a universal phenom-
enon in cancer cells is now being widely disregarded. Many
tumors continue to use oxidative phosphorylation, particu-
larly slower growing tumors, to meet their energy needs.
More recently a “reverse” Warburg effect was described,
whereby cancer cells are thought to influence the metabo-
lism of the surrounding stromal fibroblasts and essentially
outsource aerobic glycolysis to these cells, while perform-
ing energy-efficient oxidative phosphorylation themselves

(Figure 2).>1>1¢

e50 THE JOURNAL OF COMMUNITY AND SUPPORTIVE ONCOLOGY B January-February 2018

IDH inhibitors first to

market
A number of new metabolically-targeted treatment strate-
gies are being developed. Most promising are small molecule
inhibitors of the isocitrate dehydrogenase (IDH) enzymes.
These enzymes play an essential role in the TCA cycle, cat-
alyzing the conversion of isocitrate to alpha-ketoglutarate,
generating carbon dioxide and NADPH. Recurrent muta-
tions in the IDHI and IDH2 genes have been observed
in several different types of cancer, including glioma, acute
myeloid leukemia (AML), and cholangiocarcinoma.

IDH mutations are known as neomorphic mutations
because they confer a new function on the altered gene
product. In this case, the mutant IDH enzyme converts
alpha-ketoglutarate further into D-2-hydroxyglutarate
(D-2HG). This molecule has a number of different effects
that promote tumorigenesis, including fostering defective
DNA repair (Figure 3).202!

Intriguing research presented at the American
Association of Cancer Research Annual Meeting revealed
that IDH mutations may make cancer cells more vulner-

able to poly (ADP-ribose) polymerase (PARP) inhibition,
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likely as a result of defects in homologous recombination
pathways of DNA repair.”?

The pursuit of IDH as a potential therapeutic target has
yielded the first regulatory approval for a metabolically tar-
geted anticancer therapy. In August 2017, the United States
Food and Drug Administration (FDA) approved enasidenib,
an IDH?2 inhibitor, for the treatment of relapsed or refrac-
tory AML with an IDH2 mutation. It was approved in com-
bination with a companion diagnostic, the RealTime IDH2
Assay, which is used to detect IDH2 mutations.

The approval was based on a single-arm trial in which
responses occurred in almost a quarter of the 199 patients
treated with 100 mg oral enasidenib daily. After a median
follow-up of 6.6 months, 23% of the patients experienced
a complete response or a complete response with partial
hematologic recovery lasting a median of 8.2 months. The
most common AEs were nausea, vomiting, diarrhea, ele-
vated bilirubin levels, and reduced appetite.”®

Several other IDH inhibitors are also showing encourag-
ing efficacy. Ivosidenib is an IDH1 inhibitor and the results
of a phase 1 study in patients with cholangiocarcinoma
were recently presented at a leading conference. Escalating
doses of ivosidenib (100 mg twice daily to 1,200 mg once
daily) were administered to 73 patients (as of December
2016). The confirmed partial response (PR) rate was 6%,
the rate of stable disease was 56%, and PFS at 6 months
was 40%. There were no dose-limiting toxicities (DLTs)
and treatment-emergent AEs included fatigue, nausea,
vomiting, diarrhea, decreased appetite, dysgeusia, and QT
prolongation.?*

Another study of ivosidenib was presented at the 2017
annual meeting of the Society for Neuro-Oncology. In
that study, patients with glioma received daily doses of ivo-
sidenib ranging from 300 mg to 900 mg. Two patients had
a minor response, 83% had stable disease, and the median
PFS was 13 months. There were no DLTs and most AEs
were mild to moderate and included, most commonly,
headache, nausea, diarrhea, and vomiting.”

Pursuing alternative targets and
repurposing drugs

Other metabolic targets that are being pursued include
glutaminase, given the observation of significantly
enhanced glutamine uptake in cancer cells. CB-839 is a
glutaminase inhibitor that is currently being evaluated in
phase 1 and 2 clinical trials. Updated clinical trial data
from a phase 1 trial of CB-839 in combination with pacli-
taxel in patients with advanced/metastatic TNBC were
presented at the San Antonio Breast Cancer Symposium
last year.?

As of October 2017, 49 patients had been treated with
400 mg, 600 mg, or 800 mg CB-839 twice daily in com-
bination with 80 mg/m? intravenous paclitaxel weekly.
Among the 44 patients evaluable for response, the rate of
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FIGURE 3 IDH inhibitors: mechanism of action. Mutant IDH enzymes con-
vert a-ketoglutarate, the usual product of IDH enzymatic action, into the
unusual oncometabolite 2-hydroxyglutarate. IDH inhibitors block this con-
version and prevent the oncogenic effects of the IDH mutant. Reproduced
from a creative commons license. Carlsson SK, et al. Emerging treatment
strategies for glioblastoma multiforme. EMBO Mol Med. 2014;6:1359-
1370.

IDH, isocitrate dehydrogenase

PR was 22% and of disease control, 59%. The one DLT was
grade 3 neutropenia at the 400 mg dose. Overall AEs were
mostly low grade and reversible.

In recent years, lactate has emerged as more than just a
by-product of altered cancer cell metabolism. It is respon-
sible, at least in part, for the highly acidic tumor microenvi-
ronment that fosters many of the other hallmarks of cancer.
In addition, lactate promotes angiogenesis by upregulating
HIF-1a in endothelial cells. Depriving tumor cells of the
ability to export lactate is a potentially promising thera-
peutic strategy. An MCT-1 inhibitor, AZID3965, is being
evaluated in early stage clinical trials.

Finally, several drugs that are renowned for their use
in other disease settings are being repurposed for cancer
therapy because of their potential effects on cancer cell
metabolism. Ritonavir, an antiretroviral drug used in the
treatment of HIV, is an inhibitor of GLUT-1 and is being
evaluated in phase 1 and 2 clinical trials. Meanwhile,
long-term studies of metformin, a drug that has revolu-

January-February 2018 ® THE JOURNAL OF COMMUNITY AND SUPPORTIVE ONCOLOGY e51



Feature

tionized the treatment of diabetes, have revealed a reduc-
tion in the emergence of new cancers in diabetic patients
treated who are treated with it, and the drug has been

anticancer effects are somewhat unclear, but it is thought
to act in part by inhibiting oxidative phosphorylation.
Numerous clinical trials of metformin in different types

shown to improve breast cancer survival rates. Its precise
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