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Abstract

Cancer cells must ater their metabolism in order to satisfy the demands of necessary energy
and cellular building blocks. These metabolic aterations are mediated by many oncogenic
changes that affect cellular signalling pathways, which result in sustained cell growth and
proliferation. Recently, metabolomics, has received great attention in the field of cancer
research and as the essential metabolic pathways that drive tumour growth and progression are
determined, the possibilities of new targets for therapeutic intervention are opened. More
specifically, as breast cancer is a heterogeneous disease there is growing evidence that

differences in metabolic changes exist between molecular subtypes.

In this review, the most recent findings in breast cancer cell metabolism are discussed, with
particular emphasis on glutamine and its transporters which is considered one of the key amino
acids fuelling cancer growth. Furthermore, the metabolic differences between the molecular
subtypes of breast cancer are examined, highlighting the clinical utility for breast cancer

diagnosis and treatment.
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I ntroduction

One of the hallmarks of cancer ?, altered metabolic profile, has been demonstrated for many
years, and the significance of cancer metabolism and its exploitation for anticancer therapy has
recently attracted great attention. Relentless proliferation of cancer cells is metabolically
demanding, requiring ATP generation for the necessary energy and production of metabolic
intermediates. The latter are the precursors for cellular ‘building blocks', in the form of
nucleotides for DNA/ RNA, amino acids for proteins and fatty acids for lipids. In addition to
increasing the amount of metabolites the cells require, cancer cells actively alter the way

nutrients are used. This adaptation process has been termed “ metabolic transformation” 2.

In order to fuel the aberrant proliferation, cancer cells reprogram their glucose metabolism.
Glycolysisis normally elevated under anaerobic conditions and is the major source of energy
in malignant tumours, even with the presence of oxygen; a phenomenon known as aerobic
glycolysis or the Warburg effect > 4, where glucose is mainly converted to lactate rather than
engaging in the mitochondrial oxidative phosphorylation. Glutamine is the second primary
metabolite to nourish cancer cell proliferation. Although it is anon-essential amino acid in
normal cells, glutamine becomes essential to the proliferative neoplastic cells and certain
cancer cell types become “addicted” to glutamine as they fail to grow or proliferate in its
absence °. Glutamine metabolism not only assists ATP production, it is also essential for
biosynthesis of nucleotides, lipid and proteins in addition to its role as a regulator for
redox balance 6. SLC1A5 (ASCT2) and SLC7A5 (LAT1) are the key cellular glutamine
transporterswhich show higher affinity for their substratesand both are up-regulated in

avariety of cancerswheretheir expression pattern iscomparable”’.

Changes in glutamine metabolism are controlled by activated oncogenes (e.g. MYC) and/or

loss of tumour suppressors, e.g. Retinoblastoma (Rb), which can enhance the uptake and



utilisation viaup-regulation of cellular transporters and enzymes supporting tumour replication

and giving rise to aggressive cancer phenotypes 8 °.

Breast cancer (BC) is a heterogeneous disease characterised by different morphology,
clinical outcome and responseto treatment. Based on the gene expression profile, BC can
be classified into different molecular subtypes; luminal A (ER and/or PR receptor
positive, HER2 negative, low Ki67), Luminal B (ER and/or PR receptor positive, HER2
positive, or HER2 negative with high Ki67), basal-like tumours (mainly triple-negative
BC) and HER2 positive (ER/PR negative, HER2 positive). Luminal tumours usually
confer good clinical outcome, whilethe last two subtypes confer shorter relapse free and
overall survival 1 11, BC also shows heterogeneity in the metabolic reprogramming
including glutamine metabolism. Therefore, understanding the cellular metabolism in

different subtypes will help in identifying potential novel therapeutic targets.

This review highlights the metabolic modulations in breast cancer with emphasis on the role
of atered glutamine metabolism and glutamine transporters in the different molecular

subtypes.

Glutamine metabolism in breast cancer cells

Non-essential amino acids are synthesised endogenously by mammalian cells. However, in
tumour cellsthey become essential in order to meet the needs of rapid cell growth 2. Glutamine
is the second most essential nutrient used after glucose for driving tumour cell proliferation
and surviva ' with some cancer cells displaying glutamine addiction, to facilitate cell
metabolism and sustain growth. Glutamine can provide the tumour cell with severa
mechanismsto achievethis (Figure 1). Firstly, glutamine provides the nitrogen required for the
biosynthesis of nucleotides and non-essential amino acids 4. In addition, glutamine can
replenish the mitochondrial Tricarboxylic acid cycle (TCA) carbon pool via a-ketoglutarate (o-
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K Q) synthesis and subsequently, a-KG can undergo reductive carboxylation which supports

citrate and fatty acid synthesisin stress conditions such as hypoxia > 16

Alternatively, glutamine can be metabolised by glutaminases to provide glutamate. The latter
is aprecursor for glutathione (GSH), which is used to reinforce the anti-oxidant response and
maintain the redox balance within cancer cells 1”18, A further role for glutamine is facilitating
the import of essential amino acids including leucine which maintains activation of the
mammalian target of rapamycin complexl (MTORC1), which in turn regulates protein
translation and prevents apoptosis in cancer cells °. Furthermore, in tumours that bear
mutationsin isocitrate dehydrogenase (IDH1/ IDH2) such as glioma?® and chol angiocarcinoma
21 mitochondrial glutamine may be asource for 2 hydroxyglutarate (2HG) which competitively
inhibits a-KG-dependent dioxygenase. If accumulated, 2HG causes aberrations in DNA and
histone methylation that result in increased stem cell marker expression indicating a switch to
astem-like phenotype in cancer cells 2% 2., It has been found that 2HG can be accumulated in
MY C driven BC without IDH mutation 2%, Both Triple negative (TNBC) and HER2-positive
breast cancer have higher levels of glutamine consumption and glutaminolysis compared with

luminal subtypes %,

Mutational landscapes control glutamine and glucose metabolism in breast cancer

Glucose and glutamine serves as the primary nutrients to fuel cancer cell proliferation
and indeed therate of their utilisation far exceed the consumption of other nutrients. It
is been found that the metabolism of these two nutrients is co-regulated as cancer cells
which depend on glycolysis must increase the rate of glutamine consumption to provide
0-KG to the TCA cycle for further production of intermediates required for biosynthetic
pathways. This reprogramming is controlled by mutations in oncogenes and/or tumour

suppressors or more directly by copy number aberrations of metabolic genes themselves 2.



The most frequent of these aberrations is TP53 mutations, which occur in approximately 80%
of basal-like and HER2-positive tumours 2. Wild type P53 tar gets cytochrome C oxidase-2
(SCO2), which promotes aerobic respiration, and TP53-induced glycolysis regulatory
phosphatase (TIGAR), which inhibits glycolysis. Thus, loss of TP53 function shifts
metabolism toward aerobic glycolysis and Warburg metabolism 28 2, In addition,
mutations in PI3K pathway, which commonly occur in the luminal subtypes of BC, not only
stimulate glycolysis through the growth factor (PI(3)K/Akt/mTOR) signalling pathway
30 it also induces glycolysis through the activation and mobilisation of aldolase A from

the actin cytoskeleton 32,

The oncogene MY C isamplified in approximately 15% of breast cancers particularly in basal-
like tumours, with a lower occurrence in HER2-positive and luminal subtypes 3. MYC is
known to divert glucose metabolism toward aerobic glycolysis and lactate production.
Simultaneoudly, it hasarobust influencein glutamine metabolism asit directly facilitates
glutamine uptake by binding to the promotor s and inducing the expression of glutamine
transporters (e.g. SLC1A5 and SLC38A5). It also indirectly promotes the expression of
glutaminase (GL S1) by repressing the expression of miR 23 a/b, miRNAsthat repressthe
expression of this enzyme 3334 Additionally, MY C- driven ER-negative tumours showed
GLS over-expression and 2HG accumulation conferring poor overall surviva 2. Glutamine
uptake can be also regulated by Rb family proteins via controlling the E2F-3
transcription factor, which associates with the SL C1A5 promoter and directly regulates
its gene expression where Rb knockout cells exhibit elevated SL C1A5 when compared to

Rb wild type cells .



Metabolic signature in breast cancer varies among different molecular classes

Recently, metabolic profiling of breast tumours has demonstrated a large difference between
malignant and normal breast cells %37 which has been further established within the different
molecular breast cancer subtypes, where ER-negative tumours can be distinguished from those

that are ER-positive depending on their metabolic signatures.

Breast cancer cells have been shown to overexpress glucose transporters and glycolytic
enzymes involved in the metabolic process. For example, Kanaan et a reported an elevated
level of nearly all glycolytic intermediates with strong lactate accumulation in TNBC when
compared to ER-positive tumours. However, there was a slight decrease in citrate observed in
TNBC, indicating an increase in Warburg metabolism, where glucose-derived pyruvate is
shunted to lactate, and citrate is utilised in fatty acid biosynthesis 340, Similarly, it has been
reported that the highly invasive MDA-MB-231 (TNBC) cell line has much higher glucose

consumption rates than MCF7 cells (ER-positive, luminal A) 4.,

Glutamine dependent mechanisms also can vary substantially among breast cancer subtypes.
TNBCs have increased expression of glutamine metabolic enzymes #2. However, the highest
levels of glutamine metabolism with increased GLS and glutamate dehydrogenase (GLUD)
expression is observed in HER2-positive breast cancer, while luminal A tumours have the
lowest level of these enzymes 2. This is in concordance with higher levels of glutamate and
lower levels of glutamine in TNBC and HER2-positive tumours compared with ER-positive
tumours suggesting an increase in glutamine consumption and glutaminolysisin these tumours
38 39 Subsequently, glutamine deprivation can reduce the proliferation and progression

especially among the most aggressive types of breast cancer.



Glutamine transporters and their relevance to breast cancer

In general, all amino acids, including glutamine, require the aid of selective transporters to be
able to cross the plasma membrane. Approximately fourteen amino acid transporters accept
glutamine as a substrate. However, none are solely selective for this amino acid as they also
transport other neutral, cationic and anionic amino acids. Furthermore, they function either in
the influx or efflux of glutamine into/from cells. These transporters belong to four different
gene families; Solute carrier family (SLC) SLC1, SLC6, SLC7, and SLC38; namely SLC1A5,

SLC6A14, SLC6A19, SLC7AS5-9, SLC38A1-3, -5, 7-8[22].

Table 1 summarises the glutamine transporters along with their functions and relevance to

breast cancer.

Reviewing al of the glutamine transportersis beyond the scope of this review, however within
the field of breast cancer metabolism, SLC1A5 and SLC7A5 have been attracting particular
attention dueto their role in supporting tumour metabolism and potential as atherapeutic target

within the aggressive sub-classes of BC.

SLC1A5 and SLC7AS5 are both expressed in the aggressive subtypes of breast cancer indicating
that the two transporters co-operate at the functiona level in promoting tumour growth, as
SLC1A5 maintains the sodium-coupled influx of glutamine, which preserves the biosynthetic
pathway of the rapidly growing cancer cells, whereas SLC7A5 mediates the efflux of this
amino acid in exchange with the influx of leucine, an essential amino acid and potent activator

of mMTORCL1 (Figure 1).

It is known that c-MY C enhances the expression of SLC1A5 and SLC7A5 through binding to
their promotor regions [39, 40]. Upon glutamine deprivation, activation factor 4 (ATF4), in

coordination with MY C, directly activates the expression of both transporters to maintain



intracellular levels of amino acids [41, 42]. High expression of SLC1A5 and SLC7A5 was
observed in TN and HER2-positive BC compared with luminal subtypes [20], [43]. Recent
work carried out by our group (data unpublished), have shown that SLC1A5 and SLC7A5
proteins are predominantly expressed in the membrane of the more aggressive ER-positive
luminal B tumours where it confers a poor patient outcome (Figure 2A and 2B). In addition,
cases which exhibited co-expression of both transporters showed a poorer outcome compared
to the single expression of each protein. Indeed SLC7A5 is included, along with other
immunohistochemical markers, in Mammostrat® test, which predicts recurrence rate of early
stage breast cancer patients treated with endocrine therapy “2. In addition, it is shown that this
biomarker, along with carcinoembryonic antigen-related adhesion molecules (CEACAMS5 and
CEACAMG), can act as a predictor of poor response to heoadjuvant chemotherapy in locally
advanced breast cancer. Therefore, it will be possible to limit the toxicity of chemotherapy of

non-responder patients 44,

Other glutamine transporters that have been investigated in breast cancer include SLC6A 14
and SLC7A8 which are upregulated in ER-positive but not ER-negative breast tumours ** %6,
In addition, SLC7A7 may be considered a progesterone receptor (PR) target gene, as a study
carried out by Leo et d., showed a 6.5 fold expression change within the TNBC cell line MDA-
MB-231 after PR-transfection /. Additionally, SLC7A7 aong with SLC7A8, SLC7A9 and
SLC38A5 are overexpressed in HER2-positive breast cancer cellsline “®. Moreover, SLC38A 1
isupregulated and overexpressed in different breast cancer cell lines, particularly those that are
ER-negative, compared with normal breast tissues 4. SLC38A2 has not been investigated in
specific breast cancer subtypes but it has been found to be upregulated by BRCA1 which is
frequently associated with basal-like TNBC % 51, Other glutamine transporters have yet to be

studied in breast cancer.



Metabolic biomarkers can be exploited to predict breast cancer progression and

response to therapy

Various metabolic pathways of cancer cells harbour targets that can be exploited for treatment
of malignant diseases, including breast cancer. These agents can deactivate the essentia
pathways which result in lack of energy and the necessary molecules required for cancer cell

growth and survival.

Breast cancer patients with ER-positive and HER2-positive subtypes respond well to endocrine
therapies and anti-HER2 agents respectively. However, some cancers exhibit resistance.
Moreover, conventional chemotherapy remains the main strategy for treating the aggressive
TNBC as there currently lacks targeted therapy for these tumours. Therefore, cellular
metabolism in breast cancer may be promising for developing targeted therapies with fewer
complications and which may aso reverse drug resistance. Metabolic approaches including
liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass spectrometry
(GC-MS) and nuclear magnetic resonance (NMR) spectroscopy, can be applied to analyse
different metabolites in tumour tissue and plasma in order to identify novel diagnostic and
prognostic biomarkers, aswell as providing anew anti-cancer agents especially in tumours that

lack response to conventional treatment.

Differences in metabolic signatures between ER-negative and ER-positive breast tumours may
further guide therapy and predict disease outcome. GLS inhibitor CB-839 for example, is
currently being assessed in phase I clinical trials in many solid tumours including in patients
with TNBC 2. Similarly, targeting glutamine transporters in vitro show a considerable
inhibitory effect on these highly aggressive breast cancer cells 4> %3, Interestingly, TNBC cells
are particularly sensitive to the pharmacological inhibition of mMTORC1 >*. Likewise, aclinical

trial showed that trastuzumab-refractory HER2-positive patients can be actively treated with
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mTORC1 inhibitors combined with anti-HER2 agents *°. Accordingly, targeting SLC1A5 and
SLC7AS5 may afford a potentia rolein treating patients with the most aggressive breast cancer
subtypes through impeding the import of leucine and the subsequent mTORCL1 activation.

Thus, designing specific inhibitors, which target this pathway, should be further investigated.

Targeting the transcription factor MY C is another aspect that can be exploited for blocking
cancer metabolism which controls metabolic changesin cancer especially for glutamine import
and catabolism. It has been challenging to target the pleotropic MY C therapeutically. However,
the small molecule inhibitor, CX-3543, that binds G-quadruplexes which exists in the MYC

promoter is currently being tested in phase |1 clinical trials >® >,

Targeting metabolic reprogramming can be potentially useful as a strategy to over come
resistance to therapy. It is been found that enhanced Warburg metabolism, via
AKT/mTOR/HIF-10. modulations, is one of the mechanisms for deriving tamoxifen
resistance and impairing glycolysis can restore tamoxifen sensitivity in the endocrine-
resistant BC cells 8. Similarly, Zhao et al found that increased glycolysis in HER2+
cancer cells, through the upregulation of heat shock factor 1 (HSF1) and lactate
dehydrogenase A (LDHA) can participatein trastuzumab resistance, asa combination of
glycolysis inhibitor and the anti-HER2+ drug inhibited the growth of trastuzumab-

resistant breast cancer.

It isimportant to note that cancer cells exhibit metabolic plasticity which allow them to survive
and grow under unfavourable and stressful environments, making this character a mgjor issue
facing metabolic targeting of cancer cells. Targeting a particular metabolic pathway may not
be sufficient as a viable strategy for cancer treatment as tumour cells could develop resistance
through expressing other alternative pathways. For example, metastatic breast cancer shows

striking plasticity to adapt their metabolism and growth under different conditions.

11



Toallow exposing to microenvironmental changeswhich better represent invivo systems,
M agnetic Resonance Spectroscopy (MRS) was applied, by Simdes et al, in a high-density
3D invitro model. They observed that under glutamine starvation, metastatic breast cancer
cells (4T1) showed increased pyruvate carboxylase activity, which catal yses the carboxylation
of pyruvate to form oxaloacetate (OAA), while glutamine supply can cause decrease in the
activity of this enzyme, as more glutamine is available to replenish the TCA cycle at the level
of OAA. This indicates the presence of an aternative pathway into the TCA cycle driven by
glutamine and independent of glucose *°. Therefore, to obtain a more effective anti-cancer
therapy of metastatic breast cancer, both pathways, glycolysis and oxidative phosphorylation,
should be targeted. In addition, it can be suggested that the synergistic lethality targeting both
glutamine and glucose pathways may prove to be more effective in the treatment of cancer,
taking into account the toxic effect of these on normal cells, otherwise this treatment regime

may be accompanied with the same types of toxicity caused by conventional chemotherapy.
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Conclusion

Breast cancer exhibits disparity among their molecular classes for the relative importance of
metabolic pathways. The most prominent is the aggressive metabolic pattern of TNBC and the
changes in the glutamine pathway. Studying the metabolic pathways of these breast cancer
subtypes can lead to the discovery of candidate biomarkers as well as providing novel agents
which can guide to a personalised treatment. Designing metabolic targeting agents with a
synergistic lethality may proveto be more effectivein cancer treatment. Overall, theintegration
of metabolomic characteristics of breast cancer with genomic, transcriptomic, and proteomic
datais away forward towards a more comprehensive understanding of the disease progression

and response to therapy.
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Tablel. Glutamine transporters, their functions and relevance to breast cancer

Transporter

Function

Observationsin different BC subtypes

SLC1A5

Glutamine influx/efflux

Expressed mainly in HER2+ and
TNBC

Inhibition or knockdown of
SLC1AS5 decreased tumour cell
growth in basal-like cells
(HCC1806) in vitro and in vivo,
while the growth of MCF7 was
unaffected *2.

SLC7A5

Glutamine influx/efflux

Expressed mainly in HER2+ and
TNBC.
Applying SLC7A5 inhibitor BCH
or knockdown significantly
inhibits MDA-MB-231 cell growth
53

SLC6A14

Glutamine influx

Up-regulated in ER+ve BC
Treatment with SLC6A 14
inhibitor, a-methyl-DL-tryptophan
(a-MT), reduced ZR-75-1 cell
growth, while it did not affect the
growth of MDA-MB-231%

SLC7A8

Glutamine efflux

Up regulated in ER+ve breast cancer
and it has the same amino acid
substrate like SLC7AS5. However, it
exhibits relatively lower affinity.

SLC38A1

Glutamine influx

SLC38A1 isupregulated and
overexpressed in ER-ve cell lines
Knockdown of SLC38A1 reduce
cell growth of the mouse breast
cancer cell line (4T1) %

SLC7A7
SLC7A9
SLC38A5

Glutamine influx
Glutamine efflux
Glutamine influx/efflux

Overexpressed in HER2 positive
breast cancer cell lines.

SLC7A6
SLC38A2
SLC38A3
SLC38A7
SLC38A8

Glutamine influx
Glutamine influx
Glutamine influx/efflux
Glutamine influx
Glutamine influx

Have yet to be studied in breast
cancer
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Figurelegends

Figurel. Role of glutaminein supporting tumour growth

Key: GLUT, Glucose transporter; SLC1A5, Solute carrier family 5 memberl; SLC7A5, Solute carrier family 7
member 5; TCA. Tricarboxylic acid cycle; AC-coA, Acetyl coenzyme A; OAA, Oxaloacetate; o-KG, o-
Ketoglutarate, LDH, Lactate dehydrogenase; GLS, Glutaminase; GLUD, Glutamate dehydrogenase; mTORCL,
mammalian target of rapamycin complex1; 2HG, 2 Hydroxyglutarate.

Glucose and glutamine are the two essential metabolites used to fuel cancer cells. Glutamine plays an essential
role in supporting cancer cell growth. Glutamine can act as a nitrogen donor and assist nucleotide biosynthesis
and the synthesis of other essential amino acids. Additionally, Glutamine can be metabolised by glutaminases to
provide glutamate. The latter, isa precursor for glutathione, which neutralises the reactive oxygen species (ROS).
Furthermore, glutamate can be converted to a-KG, which is used to replenish the TCA cycle. a-KG can also be a
precursor for the oncometabolite (2HG), which causes methylation specific changes and increases the expression
of stem cell markers. Glucose and glutamine are the two essential metabolites used to fuel cancer cells. Glutamine
is imported into the cells through glutamine transporters (e.g. SLC1A5) and its efflux is coupled by influx of
leucine, through SLC7A5, The amino acid which activates mTORC1 and subsequently supports cancer cell
proliferation.

Figure 2. Immunohistochemical expression of SLC1A5 and SLC7A5in invasive BC

Positive cytomembranous immunoreactivity of glutamine transporters in invasive breast cancer cores. A)
SLC7A5, B) SLC1AS.

16



References

1 Hanahan D, and Robert A. Weinberg. Hallmarks of cancer: The next generation. cell
2011;144,646-674.

2. R.A. CairnsIH, S. McCracken and T.W. Mak. Cancer cell metabolism. Cold Soring Harbor
symposia on quantitative biology 2011;76;299-311.

3. Michalopoulou E, Bulusu V, Kamphorst JJ. Metabolic scavenging by cancer cells: When the
going gets tough, the tough keep eating. British journal of cancer 2016;115;635-640.

4, Warburg O. On respiratory impairment in cancer cells. Science (New York, N.Y.)
1956;124;269-270.

5. Fuchs BC, Bode BP. Stressing out over survival: Glutamine as an apoptotic modulator. The
Journal of surgical research 2006;131;26-40.

6. DeBerardinis RJ, Cheng T. Q's next: The diverse functions of glutamine in metabolism, cell
biology and cancer. Oncogene 2010;29;313-324.

7. Fuchs BC, Bode BP. Amino acid transporters asct2 and lat1 in cancer: Partnersin crime?
Seminarsin cancer biology 2005;15;254-266.

8. Deberardinis RJ, Sayed N, Ditsworth D, Thompson CB. Brick by brick: Metabolism and
tumor cell growth. Current opinion in genetics & development 2008;18;54-61.

9. Chang CF, Diers AR, Hogg N. Cancer cell metabolism and the modulating effects of nitric
oxide. Freeradical biology & medicine 2015;79;324-336.

10. Perou CM, Sorlie T, Eisen MB et al. Molecular portraits of human breast tumours. Nature
2000;406;747-752.

11. Sorlie T, Perou CM, Tibshirani R et al. Gene expression patterns of breast carcinomas
distinguish tumor subclasses with clinical implications. Proceedings of the National Academy of
Sciences of the United Sates of America 2001;98;10869-10874.

12. Geck RC, Toker A. Nonessential amino acid metabolism in breast cancer. Advancesin
biological regulation 2016;62;11-17.
13. Eagle H. Nutrition needs of mammalian cellsin tissue culture. Science (New York, N.Y.)

1955;122;501-514.

14. Cory JG, Cory AH. Ciritical roles of glutamine as nitrogen donors in purine and pyrimidine
nucleotide synthesis: Asparaginase treatment in childhood acute lymphoblastic leukemia. In vivo
(Athens, Greece) 2006;20;587-589.

15. DeBerardinis RJ, Mancuso A, Daikhin E et al. Beyond aerobic glycolysis: Transformed cells
can engage in glutamine metabolism that exceeds the requirement for protein and nucleotide
synthesis. Proceedings of the National Academy of Sciences of the United States of America
2007;104,19345-19350.

16. Metallo CM, Gameiro PA, Bell EL et al. Reductive glutamine metabolism by idhl mediates
lipogenesis under hypoxia. Nature 2011;481;380-384.

17. Y udkoff M, Pleasure D, Cregar L et al. Glutathione turnover in cultured astrocytes: Studies
with [15n]glutamate. Journal of neurochemistry 1990;55;137-145.

18. Vaughn AE, Deshmukh M. Glucose metabolism inhibits apoptosis in neurons and cancer
cells by redox inactivation of cytochrome c. Nature cell biology 2008;10;1477-1483.

19. Yanagida O, Kanai Y, Chairoungdua A et al. Human I-type amino acid transporter 1 (latl):
Characterization of function and expression in tumor cell lines. Biochimica et biophysica acta
2001;1514;291-302.

20. Choi C, Ganji SK, DeBerardinis RJ et al. 2-hydroxyglutarate detection by magnetic resonance
spectroscopy in idh-mutated patients with gliomas. Nature medicine 2012;18;624-629.

21. Borger DR, Goyal L, Yau T et al. Circulating oncometabolite 2-hydroxyglutarate is a
potential surrogate biomarker in patients with isocitrate dehydrogenase-mutant intrahepatic
cholangiocarcinoma. Clinical cancer research : an official journal of the American Association for
Cancer Research 2014;20;1884-1890.

17



22, Figueroa ME, Abdel-Wahab O, Lu C et al. Leukemic idhl and idh2 mutations result in a
hypermethylation phenotype, disrupt tet2 function, and impair hematopoietic differentiation. Cancer
cell 2010;18;553-567.

23. XuW, Yang H, LiuY et al. Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of
alpha-ketoglutarate-dependent dioxygenases. Cancer cell 2011;19;17-30.

24, Terunuma A, Putluri N, Mishra P et al. Myc-driven accumulation of 2-hydroxyglutarate is
associated with breast cancer prognosis. The Journal of clinical investigation 2014;124;398-412.

25, Kim S, Kim DH, Jung WH, Koo JS. Expression of glutamine metabolism-related proteins
according to molecular subtype of breast cancer. Endocrine-related cancer 2013;20;339-348.

26. Haider S, Mclntyre A, van Stiphout RG et al. Genomic alterations underlie a pan-cancer
metabolic shift associated with tumour hypoxia. Genome biology 2016;17;140.

27. Comprehensive molecular portraits of human breast tumours. Nature 2012;490;61-70.

28. Matoba S, Kang JG, Patino WD et al. P53 regulates mitochondrial respiration. Science (New
York, N.Y.) 2006;312;1650-1653.

29. Bensaad K, Tsuruta A, Selak MA et al. Tigar, ap53-inducible regulator of glycolysis and
apoptosis. Cell 2006;126;107-120.

30. Elstrom RL, Bauer DE, Buzzai M et al. Akt stimulates aerobic glycolysisin cancer cells.
Cancer research 2004;64;3892-3899.

31. Hu H, Juvekar A, Lyssiotis CA et al. Phosphoinositide 3-kinase regul ates glycolysis through
mobilization of aldolase from the actin cytoskeleton. Cell 2016;164;433-446.

32. Xu J, Chen 'Y, Olopade Ol. Myc and breast cancer. Genes & cancer 2010;1;629-640.

33. Wise DR, DeBerardinis RJ, Mancuso A et al. Myc regulates a transcriptional program that
stimulates mitochondrial glutaminolysis and leads to glutamine addiction. Proceedings of the
National Academy of Sciences of the United States of America 2008;105;18782-18787.

34. Gao P, Tchernyshyov I, Chang TC et al. C-myc suppression of mir-23a/b enhances
mitochondrial glutaminase expression and glutamine metabolism. Nature 2009;458;762-765.

35. Reynolds MR, Lane AN, Robertson B et al. Control of glutamine metabolism by the tumor
suppressor rb. Oncogene 2014;33;556-566.

36. Budczies J, Denkert C, Muller BM et al. Remodeling of central metabolism in invasive breast
cancer compared to normal breast tissue - a gc-tofms based metabolomics study. BMC genomics
2012;13;334.

37. Hilvo M, Denkert C, Lehtinen L et al. Novel theranostic opportunities offered by
characterization of altered membrane lipid metabolism in breast cancer progression. Cancer research
2011;71;3236-3245.

38. Kanaan YM, Sampey BP, Beyene D et al. Metabolic profile of triple-negative breast cancer in
african-american women reveals potential biomarkers of aggressive disease. Cancer genomics &
proteomics 2014;11;279-294.

39. Cao MD, Lamichhane S, Lundgren S et al. Metabolic characterization of triple negative
breast cancer. BMC cancer 2014;14;941.

40. Penkert J, Ripperger T, Schieck M, Schlegelberger B, Steinemann D, Illig T. On metabolic
reprogramming and tumor biology: A comprehensive survey of metabolism in breast cancer.
Oncotarget 2016.

41. Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? Nature reviews.
Cancer 2004;4;891-899.

42 van Geldermalsen M, Wang Q, Nagaragjah R et al. Asct2/dclab controls glutamine uptake
and tumour growth in triple-negative basal-like breast cancer. Oncogene 2016;35;3201-3208.

43, Bartlett IM, Thomas J, Ross DT et al. Mammostrat as atool to stratify breast cancer patients
at risk of recurrence during endocrine therapy. Breast cancer research : BCR 2010;12;R47.

44, Bansa A, Garg M, Chintamani C, Saxena S. Immunohistochemical expression of
carcinoembryonic antigen-related cell adhesion molecules 5, ceacam6, and dc7a5: Do they aid in
predicting the response to neo-adjuvant chemaotherapy in locally advanced breast cancer? Clinical
Cancer Investigation Journal 2014;3;521-525.

45, Karunakaran S, Ramachandran S, Coothankandaswamy V et al. Slc6al4 (atb0,+) protein, a
highly concentrative and broad specific amino acid transporter, is a novel and effective drug target for

18



treatment of estrogen receptor-positive breast cancer. The Journal of biological chemistry
2011;286;31830-31838.

46. Thakkar AD, Raj H, Chakrabarti D et al. Identification of gene expression signature in
estrogen receptor positive breast carcinoma. Biomarkersin cancer 2010;2;1-15.

47. Leo JC, Wang SM, Guo CH et al. Gene regulation profile reveals consistent anticancer
properties of progesterone in hormone-independent breast cancer cells transfected with progesterone
receptor. International journal of cancer 2005;117;561-568.

48. Sweet R, Paul A, Zastre J. Hypoxia induced upregulation and function of the thiamine
transporter, slc19a3 in a breast cancer cell line. Cancer biology & therapy 2010;10;1101-1111.

49, Wang K, Cao F, Fang W et al. Activation of snat1/dc38al in human breast cancer:
Correlation with p-akt overexpression. BMC cancer 2013;13;343.

50. Atalay A, Crook T, Ozturk M, Yulug I1G. Identification of genesinduced by brcal in breast
cancer cells. Biochemical and biophysical research communications 2002;299;839-846.

51. Prat A, Cruz C, Hoadley KA, Diez O, Perou CM, Balmana J. Molecular features of the basal-
like breast cancer subtype based on brcal mutation status. Breast cancer research and treatment
2014;147;185-191.

52. Gross M1, Demo SD, Dennison JB et al. Antitumor activity of the glutaminase inhibitor cb-
839 in triple-negative breast cancer. Molecular cancer therapeutics 2014;13;890-901.

53. Liang Z, Cho HT, Williams L et al. Potential biomarker of I-type amino acid transporter 1in
breast cancer progression. Nuclear medicine and molecular imaging 2011,;45;93-102.

54, Montero JC, Esparis-Ogando A, Re-Louhau MF et al. Active kinase profiling, genetic and
pharmacol ogical data define mtor as an important common target in triple-negative breast cancer.
Oncogene 2014;33;148-156.

55. Garcia-GarciaC, Ibrahim YH, SerraV et al. Dua mtorcl/2 and her2 blockade resultsin
antitumor activity in preclinica models of breast cancer resistant to anti-her2 therapy. Clinical cancer
research : an official journal of the American Association for Cancer Research 2012;18;2603-2612.
56. Martinez-Outschoorn UE, Peiris-Pages M, Pestell RG, Sotgia F, Lisanti MP. Cancer
metabolism: A therapeutic perspective. Nature reviews. Clinical oncology 2016.

57. Chen BJ, Wu YL, Tanaka Y, Zhang W. Small molecules targeting c-myc oncogene:
Promising anti-cancer therapeutics. International journal of biological sciences 2014;10;1084-1096.
58. Woo YM, ShinY, Lee EJ et al. Inhibition of aerobic glycolysis represses akt/mtor/hif-1al pha
axis and restores tamoxifen sensitivity in antiestrogen-resistant breast cancer cells. PloSone
2015;10;e0132285.

59. Simoes RV, Serganova lS, Kruchevsky N et al. Metabolic plasticity of metastatic breast
cancer cells: Adaptation to changes in the microenvironment. Neoplasia (New York, N.Y.)
2015;17;671-684.

19



Glutamine
SLC1A5

Glutamine ___Vitrogen | Nucleotide and

donor™ | amino acid synthesis
Leucine
l Glucose
mTORFl Glutaminolysis
activation

Metabolic transformation
Protein translation

CB-839 LDH
s \/ ‘/Pyruvate ‘ Lactate

Glut: t e
Cell proliferation GfH A Tu AC-coA
GLUD 8 /
Maintain redox balance l s Citrate ~
IHG —— o-KG =

/

l [ \
DNA aberrations *\ ICA #
Histone methylation \ 4

Succinate

Malate

o

Fumarate

Mitochondrion +—







