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Amino acid (AA) metabolism plays an important role in many cellular processes including
energy production, immune function, and purine and pyrimidine synthesis. Cancer cells
therefore require increased AA uptake and undergo metabolic reprogramming to satisfy
the energy demand associated with their rapid proliferation. Like many other cancers,
myeloid leukemias are vulnerable to specific therapeutic strategies targeting metabolic
dependencies. Herein, our review provides a comprehensive overview and TCGA data
analysis of biosynthetic enzymes required for non-essential AA synthesis and their
dysregulation in myeloid leukemias. Furthermore, we discuss the role of the general
control nonderepressible 2 (GCN2) and-mammalian target of rapamycin (mTOR)
pathways of AA sensing on metabolic vulnerability and drug resistance.
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INTRODUCTION

Myeloid leukemias are a group of disorders characterized by the presence of increased numbers of
immature myeloid cells in the marrow and peripheral blood. These diseases are most common in
adults with survival rates and first-line therapy options varying by age. In this review, we focus on
the differences of non-essential amino acid (NEAA) metabolism in myeloid leukemias with an
emphasis on the enzymes required for amino acid biosynthesis. While normal cells can synthesize
NEAAs, cancers, in order to maintain their rapid growth and proliferation, can alter the expression
of genes involved in amino acid biosynthesis and therefore lose the ability to synthesize specific
NEAAs. This auxotrophy, or the inability of cancer cells to synthesize certain NEAA amino acids
required for growth, leads to a dependency on exogenous sources of NEAAs, which can be
pharmacologically targeted.

To comprehensively examine potential metabolic targets in myeloid leukemias within this
review, we first introduce the disease and currently available pharmacotherapies to demonstrate the
need for novel agents and to identify patients most likely to benefit from pharmacological agents
targeting NEAA dependencies. We thereafter discuss the biosynthesis of NEAA, explore gene
expression data analysis of potentially dysregulated pathways, and consider the supporting evidence
for novel vulnerabilities in myeloid leukemias. Lastly, we detail mechanisms of cancer cell
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adaptation to nutrient stress and considerations for the optimal
design of strategies targeting NEAA metabolic vulnerabilities.
MYELOID LEUKEMIAS AND NEED FOR
NOVEL TREATMENT OPTIONS

Novel Drug Therapies Are Needed to
Improve Outcomes in Myeloid
Leukemia Patients
Myeloid leukemias are classified as either chronic or acute based
on their proliferation rate. Acute and chronic myeloid leukemias
make up 14 and 33% of all estimated new 2020 leukemia cases in
the United States, respectively (1).

Acute myeloid leukemia (AML) is the most common acute
leukemia in adults. As of 2016, the 5-year overall survival (OS) of
AML is approximately 24% (2), but the highest rate of AML
deaths in the United States is among older patients (~90% for
ages ≥ 65)1, underscoring the need for better therapy options.
Due to the lower performance status of this demographic and
inability to tolerate aggressive chemotherapy, these older patients
have more limited curative pharmacotherapy options available.

Younger AML patients with good performance status can
receive traditional intensive remission-induction chemotherapy
with cytarabine, an anthracycline, and a FLT3 inhibitor
depending on FLT3 mutation status. Alternatively,
pharmacotherapy options for patients not eligible for intensive
induction therapy include targeted approaches such as the
hypomethylation agents decitabine or azacitidine and the BCL2
inhibitor venetoclax (3). Current approaches for post-induction
therapy for low-risk patients generally include additional therapy
using similar induction agents (such as high-dose cytarabine),
and higher risk patients proceed to allogenic hematopoietic cell
transplantation (HCT).

The main characteristic of chronic myeloid leukemia (CML)
is the translocation between chromosomes 22 and 9 (i.e.
Philadelphia chromosome) that creates a BCR-ABL fusion
oncogene with constitutively activated tyrosine kinase activity
(4, 5). The cornerstone of CML treatment is the BCR-ABL
tyrosine kinase inhibitor (6). However, there remains a need to
develop novel therapies for CML patients with unfavorable
prognosis, including those that are negative for the
Philadelphia chromosome (7) and the 20–30% of CML
patients who fail to achieve treatment milestones or develop
TKI resistance. Altogether, current responses to standard AML
and CML treatment regimens indicate that while many patients
attain responses, there remains a need to develop therapies for
those patients with poor prognosis.

Targeting AAs Dependencies in
Myeloid Leukemias
Novel agents for the treatment of myeloid leukemias with
unfavorable prognosis will most likely rely on certain cancer
cell vulnerabilities to specifically inhibit their growth and limit
treatment toxicity. Differences between the metabolic status of
cancerous and normal cells are one of the primary hallmarks of
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cancer (8), and changes in AA metabolism, glucose utilization,
lipid consumption, and ATP generation are adaptations cancer
cells can acquire for meeting their increased energy demands (9–
13). These metabolic changes can lead to an “addiction” of
particular fuel sources and identification of these vulnerabilities
has led to the development of several agents directed toward
specific molecular targets (14).

AAs are the building blocks of protein and are necessary for
the sustenance of both normal and leukemic cells. There are 20
AAs classified as essential, non-essential, and conditionally
essential (15). Essential AAs must be obtained exogenously
from diet, whereas the body possesses the metabolic pathways
to catalyze the synthesis of NEAAs. Conditionally essential AAs,
like arginine and glutamine, are those that can become essential
during certain physiological conditions that limit their synthesis
(16). AAs can serve as precursors to many biological compounds,
including those involved nucleotide synthesis (17), redox balance
(18), lipogenesis (19, 20), and molecules that can fuel the TCA
cycle (21). Furthermore, AAs can modulate the tumor
microenvironment (22), global chromatin structures (23, 24),
and epigenetic factors (25–28).

Herein, our discussion concerning myeloid leukemias and
amino acid metabolism will focus on identifying potential
vulnerabilities in AA biosynthesis that could be exploited for
therapeutic purposes. Below, we provide a thorough discussion
on NEAA biosynthesis for subsequently identifying
dysregulations in potential targets that can lead to a
dependency on extracellular NEAA sources for survival. Upon
identification of an AA dependency, there are several targets
within AA metabolic pathways that can be selectively targeted to
exploit the vulnerability, including AA transporters, synthases,
and transaminases that regulate biosynthesis (13, 29–31). In
addition, enzymatic AA depletion therapy is an effective
strategy for preferentially targeting cancer cells dependent on a
specific AA for maintaining cell proliferation demands (13).
BIOSYNTHESIS OF NEAA

Glutamate Plays a Central Role in the
Biosynthesis of Several NEAA
The concentration of glutamate in the body is tightly regulated to
balance its important role in various biological processes (32).
The biosynthesis of several NEAAs is interlinked with each other
with glutamate playing a central role in the synthesis of several
NEAAs as a precursor of alanine, proline, glutamine, aspartate,
and serine (Figure 1). There are several biochemical pathways
leading to the synthesis of glutamate, with a majority of this
NEAA derived from the hydrolysis of glutamine by the
amidohydrolase enzyme, glutaminase (GLS). Glutamate can
also be derived from branch-chain amino acids (BCAAs) and
proline (Figure 1). BCAA aminotransferase (BCAT) catalyzes
the conversion of BCAAs and a-ketoglutarate into glutamate
and branched chain a-keto acids, whereas oxidation of proline
occurs via two enzymes: proline dehydrogenase (PRODH) and
P5C dehydrogenase (P5CDH). In addition, glutamate is
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metabolized by glutamate dehydrogenase (GLUD1/2) back to a-
ketoglutarate (33).

Alanine, Aspartate, Glutamine, Proline,
and Serine Can Be Synthesized
From Glutamate
As previously mentioned, glutamate serves as a substrate for
several enzymes involved in the synthesis of several NEAAs. For
alanine, the enzyme alanine aminotransferase (ALT/GPT)
Frontiers in Oncology | www.frontiersin.org 3
catalyzes the transamination of pyruvate, with glutamate as the
amino donor, to synthesize alanine (34). Similar to ALT,
aspartate aminotransferase (AST/GOT) transfers an amine
group from glutamate to oxaloacetate of the TCA cycle
producing aspartate and a‐ketoglutarate (35).

Glutamine is the most abundant amino acid in blood and is
indispensable for the survival and growth of cancers. While
humans acquire glutamine mostly through diet, glutamine
synthetase (GS or GLUL, Figure 1) can synthesize glutamine
FIGURE 1 | Several enzymes are involved in the biosynthesis of non-essential amino acids. Glutamate can serve as a precursor for the biosynthesis of alanine,
aspartate, glutamine, proline, and serine. The enzymes glutaminase (GLS/GLS2), proline dehydrogenase 1 (PRODH), P5C dehydrogenase (P5CDH or ALDH4A1),
and branched chain amino acid transaminase (BCAT1/2) are involved in glutamate biosynthesis, whereas glutamate dehydrogenas (GLUD1/2) is involved in its
metabolism. The enzymes alanine aminotransaminase (ALT1/2 or GPT/2), aspartate aminotransferase (AST1/2 or GOT1/2), and glutamine synthetase (GS or GLUL)
convert glutamate to alanine, aspartate, and glutamine, respectively. Pyrroline-5-carboxylate synthase (P5CS/ALDH18A1) and pyrroline-5-carboxylate reductase 1
(PYCR1) are used for proline biosynthesis from glutamate, whereas serine biosynthesis involves the transamination of 3-phosphohydroxypyruvate to 3-
phosphoserine (3-PS) by phosphoserine aminotransferase (PSAT1) with glutamate as the amino donor and phosphoserine phosphatase (PSPH) to convert 3-PS to
serine. Asparatate is a precursor of asparagine and arginine. The enzyme asparagine synthetase (ASNS), argininosuccinate synthase 1 (ASS1), and argininosuccinate
lyase (ASL) are required for converting aspartate to asparagine and arginine, respectively. Serine is a precursor of glycine and cysteine, where serine is converted to
glycine by serine hydroxymethyltransferase (SHMT1/2). Cysteine is synthesized through a process called the reverse transsulfuration pathway involving cystathionine
b-synthase (CBS) and cystathionine g-lyase (CTH). Tyrosine biosynthesis not linked to glutamate, but rather the enzyme phenylalanine hydroxylases (PAH) converts
phenylalanine to tyrosine.
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through the condensation of glutamate and ammonia (36). For
proline biosynthesis (Figure 1), pyrroline-5-carboxylate
synthase (P5CS) produces P5C from glutamate, which is
converted to proline by pyrroline-5-carboxylate reductase
(PYCR) (37).

Glutamate is also used for the biosynthesis of serine (Figure 1),
where the glycolysis intermediate 3-phosphoglycerate (3-PG) is
oxidized by phosphoglycerate dehydrogenase (PHGDH) to
generate 3-phosphohydroxypyruvate (3-PHP). Phosphoserine
aminotransferase (PSAT) catalyzes the transamination of 3-
phosphohydroxypyruvate to 3-phosphoserine (3-PS) with
glutamate as the amino donor, and phosphoserine phosphatase
(PSPH) hydrolyzes 3-phosphoserine to serine (38).

Aspartate Is a Precursor for the
Biosynthesis of Asparagine and Arginine
Similar to glutamate, other NEAAs, such as aspartate, serve as
precursors for the biosynthesis of other AAs. Asparagine is
synthesized from aspartate and glutamine via asparagine
synthetase (ASNS, Figure 1), which transfers an amine group of
glutamine to aspartate (39). Similarly, aspartate can be used for the
synthesis of arginine through a multi-enzyme pathway in which the
enzyme argininosuccinate synthase 1 (ASS1) initiates the process by
catalyzing the formation of argininosuccinate from citrulline, which
is an intermediate of urea synthesis, and aspartate (Figure 1).
Subsequent cleavage of argininosuccinate by argininosuccinate
lyase (ASL) produces arginine and fumarate (40).

Serine Is a Precursor of Both Cysteine
and Glycine
Serine can serve as a precursor for several AAs, including
cysteine and glycine (Figure 1). While cancers can dysregulate
cysteine biosynthesis (41–43), typically cysteine is derived from
extracellular sources (44–46). The metabolic pathway that leads
to the generation of several sulfur metabolites, including cysteine,
is called the transsulfuration pathway, where mammalian cells
can only obtain cysteine through the reverse transsulfuration
pathway (47–49). This pathway for generating cysteine in
mammals involves the condensation of homocysteine (derived
from methionine) with serine to generate cystathionine through
the enzyme cystathionine b-synthase (CBS). Cystathionine g-
lyase (CTH) then converts cystathionine to cysteine (50).

Serine can also be converted to glycine by serine
hydroxymethyltransferase (SHMT), which transfers the b-
carbon of serine to tetrahydrofolate to produce glycine and
5,10-methylene tetrahydrofolate (51). In humans, there are two
SHMT genes: cytoplasmic SHMT1 and mitochondrial
SHMT2 (52).

Tyrosine Is Synthesized by Phenylalanine
Hydroxylases (PAH) From Phenylalanine
While the biosynthesis of other NEAA is linked to each other,
mammals synthesize tyrosine from the essential amino acid
phenylalanine. The enzyme phenylalanine hydroxylases (PAH)
hydroxylates the aromatic side-chain of phenylalanine to
generate tyrosine (53).
Frontiers in Oncology | www.frontiersin.org 4
DYSREGULATION OF ENZYMES
INVOLVED IN NEAA BIOSYNTHESIS IN
MYELOID MALIGNANCIES

Gene Expression Analysis of TCGA
AML Samples
The Expression of Enzymes Involved in the
Biosynthesis of Glutamate Is Dysregulated in AML
A gene expression analysis of enzymes involved in NEAA
biosynthesis was performed using the Gene Expression
Profiling Interactive Analysis (GEPIA) web server (54, 55).
GEPIA uses RNA-Seq datasets based on the UCSC Xena
project2 that has a standard processing pipeline allowing users
to compare gene and transcript expression from The Cancer
Genome Atlas (TCGA) tumor samples to corresponding
Genotype-Tissue Expression (GTEx) normal samples. GEPIA
includes over 8,000 normal samples from TCGA and the GTEx
projects, albeit from unrelated donors (56, 57). For AML, GEPIA
was used to screen for dysregulated enzymes by comparing
transcript expression between AML (n = 173) and
corresponding normal GTEx samples (n = 70).

Using GEPIA and TCGA AML samples, a gene expression
analysis of enzymes involved in the synthesis of glutamate was
performed. Consistent with the central role glutamate plays in
the biosynthesis of several NEAA, we found that the expression
of the glutaminase isoforms GLS and GLS2 in AML is
upregulated relative to normal controls (P <0.01, Figures 2A, B).
Similar to GLS, PRODH was significantly upregulated in AML
samples (P <0.01, Figure 2C), whereas expression levels of P5CDH
(i.e., ALDH4A1, data not shown) showed a similar but non-
statistically significant trend. Interestingly, the two isoforms of
BCAT (cytosolic BCAT1 and mitochondrial BCAT2) were
downregulated in AML TCGA samples (P <0.01, Figures 2D, E),
indicating a potential strong dependence on glutamine and proline
for sources of glutamate. For glutamate dehydrogenase, which is
involved in glutamate metabolism, no association was identified for
GLUD1, whereas theGLUD2 genes was significantly downregulated
(P <0.01, Figure 2F), consistent with a glutamate dependency
in AML.

The Expression of Enzymes Involved in the
Biosynthesis of NEAA Requiring Glutamate as a
Precursor Is Decreased in AML
Given that several enzymes of glutamate biosynthesis were
dysregulated in AML, it was possible that the corresponding
effect on glutamate levels in AML had an influence on other
enzymes involved in the biosynthesis of NEAAs requiring
glutamate as a precursor. An analysis of the 10 enzymes
involved in the biosynthesis of alanine, aspartate, glutamine,
proline, and serine identified significant downregulations in AST
(GOT1 and GOT2), GLUL, PYCR1, PSAT1, and PHGDH
(P <0.01, Figures 3A–F), but no statistical dysregulations in
ALT (GPT and GPT2), P5CS (ALDH18A1), or PSPH (data not
shown). Overall, there was a downregulation in 6 of 10 enzymes
involved in the biosynthesis of these NEAAs, with alanine being
the only NEAA with no association. Therefore, while there seems
July 2021 | Volume 11 | Article 694526
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to be a dependence on glutamine and proline for sources of
glutamate, many of the pathways involved in the biosynthesis of
NEAA requiring glutamate as precursor were repressed.

The Expression of Enzymes Involved in the
Biosynthesis of NEAA Requiring Aspartate or Serine
as Precursors Is Decreased in AML
Aspartate is a precursor for the biosynthesis of asparagine and
arginine, whereas serine is a precursor of cysteine and glycine. Of
the seven collective enzymes involved in the biosynthesis of
asparagine, arginine, cysteine, and glycine, we found that ASNS,
ASS1 , ASL , CTH , and SHMT2 were all statistically
downregulated in AML samples (Figures 4A–E), whereas CBS
and SHMT1 showed non- s t a t i s t i c a l l y s i gn ifi can t
downregulations relative to controls (data not shown).
Altogether, our analysis using the AML samples available
through TCGA shows that there is a consistent decrease in the
expression of enzymes involved in the biosynthesis of NEAAs
that are interconnected through glutamate. In contrast, for
tyrosine, whose biosynthesis is not linked to glutamate, there
was no statistical difference in the expression of PAH between
AML and control samples.

In summary, using GEPIA and TCGA AML samples we
identified statistically significant dysregulations in enzymes
Frontiers in Oncology | www.frontiersin.org 5
involved in the biosynthesis of glutamate, aspartate, glutamine,
proline, serine, asparagine, arginine, cysteine, and glycine.
Therefore, future efforts should focus on validating these
associations across various AML subtypes to best identify
specific patient groups with potential NEAA metabolism
vulnerabilities, which was not possible using GEPIA.

Gene Expression Analysis of NEAA
Biosynthesis in CML
The Expression of Enzymes Involved in Regulating
Glutamate, Aspartate, Alanine, Asparagine, and
Cysteine Levels Is Upregulated in CML
CML samples were not available through the TCGA database;
rather, we used the largest publicly available data set
disaggregated by CML phase with gene expression for all 26
genes involved in the biosynthesis of NEAA (Gene Expression
Omnibus, GEO accession no. GSE47927)3. Unlike AML, we
found few statistical associations for genes encoding enzymes
involved in NEAA biosynthesis (Figure 5). Of the 26 genes
encoding enzymes involved in the biosynthesis of NEAAs used
for our AML analysis, only five statistically significant
dysregulated genes were identified in the combined CML
cohort. We identified a significant downregulation in PRODH
expression in combined and chronic phase CML samples
A B C

D E F

FIGURE 2 | Several enzymes involved in the biosynthesis of glutamate are dysregulated in AML. The expression levels of genes involved in the biosynthesis and
metabolism of glutamate were assessed in AML TCGA samples using GEPIA. The data indicate that the expression of (A) GLS, (B) GLS2, and (C) PRODH is
upregulated, whereas the expression of (D) BCAT1, (E) BCAT2, and (F) GLUD2 is downregulated. Log2 (TPM + 1) was used for log-scale and P values ≤ 0.01 are
denoted with an asterisk (*) and indicate significance (nAML = 173; ncontrol = 70).
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(Figure 5A, PComb = 4.6 × 10−2, PChronic = 9.4 × 10−3), and
significant upregulations in AST1 (Figure 5B, PComb = 0.02,
PChronic = 0.03), GPT/ALT1 (Figure 5C, PComb = 0.03; PChronic =
0.04), ASNS (Figure 5D, PComb = 0.04; PChronic = 0.02), and CTH
Frontiers in Oncology | www.frontiersin.org 6
(Figure 5E, PComb = 3 × 10−4; PChronic <1 × 10−4) in the
combined and chronic phase CML sample analysis. Of the
genes that were identified as significant in the combined CML
analysis, only AST1 upregulation was significant in blast phase
A B C

D E F

FIGURE 3 | The expression of genes involved in the biosynthesis of alanine, aspartate, glutamine, proline, and serine is decreased in AML. The expression of genes
involved in the biosynthesis of alanine, aspartate, glutamine, proline, and serine was analyzed using TCGA AML samples. (A), GOT1, (B) GOT2, (C) GLUL,
(D) PYCR1, (E) PSAT1, and (F) PHGDH gene expression was significantly downregulated in AML. Log2 (TPM + 1) was used for log-scale and P values ≤ 0.01 are
denoted with an asterisk (*) and indicate significance (nAML = 173; ncontrol = 70).
A B C D E

FIGURE 4 | The gene expression of enzymes involved in the biosynthesis of asparagine, arginine, cysteine, and glycine is decreased in AML. AML TCGA analysis of
genes involved in the biosynthesis of asparagine and arginine identified a statistical downregulation in (A) ASNS, (B) ASS1, and (C) ASL. Analysis of genes involved
in cysteine and glycine biosynthesis identified a statistical downregulation in (D) CTH and (E) SHMT2. Log2 (TPM + 1) was used for log-scale and P values ≤ 0.01
are denoted with an asterisk (*) and indicate significance (nAML = 173; ncontrol = 70).
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CML samples (Figure 5B, PBlast = 4.8 × 10−2). While no
consistent similarities between AML and CML were identified,
dysregulation of genes involved in sustaining glutamate (i.e.,
PRODH), aspartate (i.e., AST1), alanine (i.e., GPT), asparagine
(i.e., ASNS), and cysteine (i.e., CTH) levels suggest potential
vulnerabilities involving these amino acids.
EVIDENCE SUPPORTING NEAA
VULNERABILITIES IN AML AND CML

Various factors can lead to genetic alterations in cancers that result
in the downregulation of an enzyme involved in the biosynthesis of
a NEAA, thus rendering the cancer cells dependent on extracellular
sources of the NEAA for proliferation and growth. Based on the
expression changes observed in AML and CML samples described
in the previous section, significant NEAA biosynthesis pathways
identified will be reviewed to identify high-priority NEAA
vulnerabilities in AML and CML.

There Is Strong Clinical Evidence
Supporting Vulnerabilities to Aspartate-
Derived NEAAs in Leukemias
The best evidence supporting amino acid vulnerabilities for the
treatment of leukemias is based on the efficacy of the
Frontiers in Oncology | www.frontiersin.org 7
chemotherapeutic L-asparaginase (58–63), which is a bacteria-
derived enzyme that hydrolyzes asparagine into aspartate and
ammonia (64, 65). The enzyme also possesses off-target residual
glutaminase activity (66, 67) and several studies have indicated
that both its asparaginase and glutaminase activity are required
for antileukemic efficacy depending on the expression of ASNS
by the cancer (68–72). Generally, asparaginase may be beneficial
for malignancies expressing low or no ASNS activity (68, 70, 73,
74), and several studies have investigated the use of asparaginase
in non-hematologic malignancies, such as pancreatic, ovarian,
and breast cancers (75–79). Furthermore, there is substantial
clinical evidence that including asparaginase during the
treatment of AML results in better treatment outcomes (80–
87). While few studies in CML patients are available to assess the
clinical efficacy of asparaginase (88–91), preclinical studies
indicate that asparaginase may also be beneficial for CML
treatment (92, 93).

Similar to asparaginase, many human cancers, such as
melanoma, lymphoma, glioma, and prostate cancer, have low
or no detectable expression of ASS1 (94–97). Therefore, several
approaches have been investigated for depleting arginine in
various cancer types and have led to the development of two
pharmacological agents: arginine deiminase derived from
bacteria (98–100) and human arginase 1 (101–110). Both are
currently undergoing clinical trials (NCT03449901,
NCT04587830, NCT02709512 and NCT03455140) and
A B C

D E

FIGURE 5 | The expression of enzymes involved in glutamate, aspartate, alanine, asparagine, and cysteine biosynthesis is dysregulated in CML. The expression of
26 genes encoding enzymes involved in the biosynthesis of NEAA was analyzed in combined (“comb”) and phase disaggregated (“chronic” and “blast” phase) CML
samples. (A) We identified a significant downregulation in PRODH expression in combined (PComb value = 4.6 × 10−2) and chronic (PChronic value = 9.4 × 10−3) CML
samples. In contrast, (B) AST1 (PComb value = 0.02; PChronic value = 0.03), (C) GPT/ALT1 (PComb value = 0.03; PChronic value = 0.04), (D) ASNS (PComb value = 0.04;
PChronic value = 0.02), and (E) CTH (PComb value = 3 × 10−4; PChronic value < 1 × 10-4) were all upregulated in the combined and chronic CML sample analysis. Only
AST1 expression was significantly dysregulated in blast CML samples (PBlast value = 4.8 × 10−2). Log2 was used for log-scale and differential expression was
determined using Mann–Whitney testing (nCnt = 15, nComb = 52, nChronic = 24, and nBlast = 10). P values < 0.05 are denoted with an asterisk (*).
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encouraging clinical efficacy has been reported (107, 110–116),
including for AML (112, 117).

In our analysis, enzymes involved in the biosynthesis of
aspartate (i.e., AST/GOT) were downregulated in AML
(Figures 3A, B), where aspartate serves as a precursor of
asparagine and arginine (Figure 1). Interestingly, most human
cells express low levels of the mitochondrial aspartate/glutamate
SLC25A12 transporter, thereby depending on AST-dependent
aspartate synthesis (118–120). Furthermore, levels of aspartate
has been linked to cancer cell proliferation (118–122) and have
been shown to provide a competitive growth advantage to cancer
cells under hypoxia by contributing to the formation of
oxaloacetate and enabling NADH recycling for glycolysis (119,
120 , 123 , 124) . Aminooxyace t i c ac id (125 , 126) ,
hydrazinosuccinic acid (126–129), and iGOT1-01 (130) have
been identified as AST inhibitors. While limited information is
available regarding the potential clinical efficacy of targeting the
aspartate biosynthesis pathway in cancer, in vitro studies using
these inhibitors have demonstrated that they can decreases the
proliferation of MDA-MB-231 breast adenocarcinoma cells
(125), PaTu-8902 pancreatic cancer cells (125), PaTu-8902
pancreatic cancer cells (130), and DLD1 colon cancer cells (130).

Restriction of Glutamate or Glutamine
Metabolism Via Inhibitors of Glutaminase
Are Effective Against Myelodysplastic
Syndrome
As previously mentioned, glutaminase (GLS) controls the
formation of glutamate (Figure 1) and is used for various
biosynthetic purposes by cells, in addition to NEAA
biosynthesis, including to generate TCA cycle intermediates,
glutathione (GSH), NADPH, nucleotides, and fatty acids (131).
Therefore, successful strategies targeting the role of glutamate in
cancers have focused on restricting glutamine metabolism via
glutaminase inhibition (132). Studies investigating the non-
competit ive al losteric GLS1 inhibitor CB-839 have
demonstrated that blocking glutamine metabolism has
anticancer activity against triple-negative breast cancer, lung
adenocarcinoma, chondrosarcoma, lymphomas, esophageal
squamous cell carcinoma, and hepatocellular carcinoma (132–
138). Currently, there are 12 ongoing clinical trials evaluating the
CB-839 in patients with colorectal cancer (NCT02861300 and
NCT03263429), myelodysplastic syndrome (NCT03047993),
advanced stage non-small cell lung cancer (NCT04250545 and
NCT03831932), diffuse astrocytoma (NCT03528642), ovarian
cancer (NCT03944902), refractory multiple myeloma
(NCT03798678), advanced or metastatic solid tumors
(NCT03965845) , me ta s t a t i c rena l ce l l ca rc inoma
(NCT03428217), malignancies with NF1, KEAP1/NRF2, or
STK11/LKB1 mutations (NCT03872427), and non-squamous
non-small-cell lung cancer (NCT04265534). Additionally,
recent interim results from a phase Ib clinical study of CB-839
in combination with azacitidine in patients with advanced
myelodysplastic syndrome demonstrate the possible potential
of targeting glutamate sources in leukemias, where the regimen
was safely tolerated and 70% of MDS patients achieved a
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complete response to therapy (139). In addition to CB-839,
compound 968 (C968) is another small molecule inhibitor of
GLS (140) that has been demonstrated to have anticancer activity
in ovarian, brain, pancreatic, and breast cancer (140–142).

Restriction of Other NEAAs Derived From Glutamate
Decrease Myeloid Leukemia Proliferation
The biosynthesis of serine and its derivatives were also identified
as possible targets in AML and CML (Figures 3E, F and
Figure 5E), and consistent with the gene expression analysis,
substantial evidence supports that serine, cysteine, and glycine
play important roles in cancers, including myeloid malignancies.
One-carbon metabolism is required for the synthesis of proteins,
lipids, and nucleic acids, with serine being the main source of
one-carbon units for methylation reactions that occur through
the generation of S-adenosylmethionine (SAM) (143). Glycine is
also a major source of methyl groups for one-carbon pools and is
required for the biosynthesis of GSH and purines (51), whereas
cysteine contributes to redox control and ATP production as a
carbon source for biomass and energy production (144).
Furthermore, restriction of serine (145–148), glycine (145, 148,
149), or cysteine (150) can decrease cancer cell proliferation.
Strategies suppressing PHGDH, SHMT, or cysteine levels via the
enzyme cyst(e)inase have demonstrated encouraging results. For
AML, there is evidence that serine restriction or PHGDH
inhibition can attenuate cell proliferation and that PHGDH
expression is prognostic of AML overall survival (151). In
addition, cysteine has been demonstrated to be critical for the
survival of leukemic stem cells (LSCs) in AML patients, whereas
glycine deprivation has been demonstrated to suppress AML cell
proliferation (152). For CML, similar to our analysis, several
studies have shown that levels of glutamate, serine, which is a
precursor of cysteine, and alanine are increased by CML (153–
155). Consistent with these NEAAs playing an important role in
CML, restriction of serine (156, 157) and its derivatives glycine
(156), or cysteine (158, 159) decreases CML proliferation,
supporting that targeting these NEAA pathways may be a
potential target for CML.

In addition to serine, glycine, and cysteine, several studies
support that inhibiting proline biosynthesis in melanoma and
breast cancers can impede cell growth (160–162). Furthermore,
PYCR1 inhibitors with anticancer activity have been identified to
explore the role of proline biosynthesis in AML (163, 164).
Nevertheless, limited information is available regarding the
effect of inhibiting either enzymes involved in proline
biosynthesis or directly restricting proline in AML. Rather
AML studies available have indicated that proline uptake is
elevated in LSCs isolated from de novo AML patients (165),
and that the proline metabolism pathway is significantly
impacted by differences in the oncogenic receptor tyrosine
kinase FLT3 status of pediatric AML samples (166) or in AML
cells overexpressing the proto-oncogene EVI1 (167).

Alanine is secreted by skeletal muscles and provides the
carbon source for hepatic gluconeogenesis (168, 169), yet
limited information is available about the role of alanine
metabolism in myeloid leukemias. Nevertheless, evidence
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supports that alanine provides a source of a-ketoglutarate for
pancreatic and breast cancers that can be used to fuel the TCA
cycle (170, 171) or remodel the extracellular matrix for
metastasis (172). Additionally, KRAS mutations have been
demonstrated to induce the expression of ALT2/GPT2 and
drive a-ketoglutarate production and cell growth (173). Few
studies have investigated pharmacological strategies for targeting
alanine metabolism, yet l-cycloserine has been identified as an
inhibitor of ALT/GPT that can attenuate the in vitro and in vivo
growth of LLC1 Lewis lung carcinoma cells (173). Taken
together, there is substantial evidence that the NEAA
biosynthesis pathways dysregulated in AML and CML are
promising targets for myeloid leukemias.
GCN2 AND MTOR PATHWAYS CAN
MODULATE RESISTANCE TO
STRATEGIES TARGETING NEAA
VULNERABILITIES

Strategies targeting NEAA biosynthesis vulnerabilities can be a
promising approach for myeloid malignancies. However, cancer
cell adaptation to nutrient stress can lead to drug resistance or
treatment failure (174). This adaptation can be due to
upregulation of amino acid transporters and/or cell changes
leading to increased availability of NEAA pools (8, 174, 175).
Therefore, understanding the mechanism by which myeloid
leukemias adapt and sense NEAA restriction is important for
optimizing therapeutic approaches targeting NEAA metabolic
vulnerabilities. Two essential kinases that are involved in the
adaptation to nutrient stress are mammalian target of rapamycin
(mTOR) and general control nonderepressible-2 kinase (GCN2).
Collectively, these pathways can decrease the cellular demand for
amino acids while concurrently increasing their synthesis to
overcome the nutrient stress and lead to resistance (Figure 6).

Activation of the Amino Acid Response
Pathway (AAR) Can Lead to Nutrient
Stress Resistance
The GCN2 kinase activates the amino acid response (AAR)
pathway by sensing amino acid insufficiency via direct binding
to uncharged tRNAs that accumulate during nutrient stress
(176). Upon activation via autophosphorylation, GCN2
phosphorylates its only known substrate, the a subunit of the
translation eukaryotic initiation factor (eIF2) (177).
Phosphorylation of eIF2a has two essential consequences that
can affect cancer cell responses to amino acid deprivation
(Figure 6). First, it attenuates the general protein translation of
most mRNAs by blocking the activity of the eIF2B guanylate
exchange factor, thereby limiting the availability of ternary
complex required for initiating translation (178–180). Second,
it activates the AAR pathway by concomitantly increasing the
translation of a subset of mRNAs with upstream ORFs that
regulate translation of the downstream main ORF (179, 181–
183). The AAR pathway leads to the upregulation of amino acid
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transporters, aminoacyl-tRNA synthetases, enzymes involved in
the biosynthesis of amino acids, and proteins involved in
autophagy (29, 184–186).

In contrast to GCN2, which directly senses amino acid
depletion, mTORC1 indirectly senses amino acid sufficiency
through mechanisms that were recently elucidated (187–190).
mTORC1 is a serine/threonine protein kinase that acts as an
essential regulator of cell growth and metabolism in response to
nutrient changes. SLC38A9, Sestrin1/2, and CASTOR1 have
been identified as amino acid sensors upstream of mTORC1
that sense the availability of arginine and leucine (187–191).
SLC38A9 stimulates mTORC1 activity through the regulation of
Rag proteins, whereas Sestrin1/2 and CASTOR1 dissociate from
GATOR2, which is a positive regulator of mTORC1, in the
presence of leucine or arginine. Activated mTORC1
phosphorylates 4EBP1 and leads to the dissociation of 4EBP1
from EIF4E, enabling the formation of the translation initiation
complex. In contrast, amino acid deficiency inactivates mTORC1
and suppresses 4EBP1 phosphorylation and protein synthesis
(192–195). In addition to translation, mTORC1 is a negative
regulator of autophagy, which is an intracellular process that
allows orderly degradation and recycling of cellular components,
including amino acids. Autophagy is regulated by mTORC1
through its phosphorylation of UNC-51-like kinase 1 (ULK)
(196–200). Therefore, mTORC1 signaling plays a role in AA
deprivation adaptation by limiting protein translation and
increasing amino acid pools through autophagy (Figure 6).

Interestingly, there is substantial evidence supporting cross-
talk between the GCN2/eIF2a pathway and mTORC1 signaling.
Activating transcription factor 4 (ATF4) is induced by
phosphorylation of eIF2a and several of its targets are
mTORC1 inhibitors, including REDD1, GADD34, and Sestrin2
(201–203). Furthermore, autophagy regulation can be directly
affected by ATF4 via the upregulation of many autophagy genes,
including ATG16L, ATG12, ATG3, BECN1, LC3B, and p62
(185). Several studies have also demonstrated that inhibiting
the GCN2/eIF2a pathway during amino acid deprivation
prevents mTORC1 inactivation (204–206), whereas mTORC1
inhibition by rapamycin has been demonstrated to results in
activation of the GCN2/eIF2a pathway (207).

Because mTORC1 and the GCN2/eIF2a pathway provide
mechanisms of resistance to amino acid deprivation strategies, it
is conceivable that blocking these adaptation pathways would
further sensitize cancer cells to the nutrient stress. Consistent
with that hypothesis, the development of a GCN2 inhibitor has
been shown to enhance the antileukemic efficacy of L-
asparaginase (208). Other studies have demonstrated similar
adaptations and GCN2-dependent sensitizations (174, 209–
215). While constitutive activation of mTORC1 can lead to
resistance against targeted therapies (216), in the context of
amino acid vulnerabilities, blocking the generation of amino
acids from autophagic protein degradation can sensitize cancer
cells to amino acid deprivation approaches (217). Consistent
with this concept, blocking autophagy during asparagine (93,
218–222), arginine (106, 108, 223–229), and glutamine (230)
restriction leads to enhanced efficacy.
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FIGURE 6 | GCN2 and mTORC1 contribute to amino acid deprivation resistance. Upon amino acid deprivation, the accumulation of uncharged tRNA leads to the
activation of the GCN2 kinase, which phosphorylates eIF2a. GCN2 activation can lead to a resistance to the amino acid restriction by inhibiting protein synthesis and
by upregulating the translation of amino acid transporters, enzymes involved in amino acid biosynthesis, and proteins involved in autophagy. In contrast, amino acid
suppression leads to inactivation of mTORC1, which induces autophagy and leads to a decrease in protein synthesis. Collectively, these mechanisms provide amino
acid sources to maintain myeloid leukemia cell proliferation upon NEAA deprivation.
Frontiers in Oncology | www.frontiersin.org July 2021 | Volume 11 | Article 69452610

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Bhingarkar et al. AA Metabolism and Leukemia Therapy
CONCLUSIONS AND FUTURE
PERSPECTIVES

Cancers including myeloid leukemias use various energy sources
to maintain their abnormal proliferation rate and therefore can
become auxotrophic for particular NEAAs. Identifying these
vulnerabilities in myeloid leukemias can therefore lead to new
treatment options and improve survival rates. To date, L-
asparaginase is the most successful clinical example of
exploiting cancer nutrient dependencies. While outside of the
scope of this review, there are several fuel sources aside from
NEAA not considered here that contribute to metabolic
vulnerabilities, including glucose, essential amino acids, fatty
acids, lactate, and acetate (8–11). Furthermore, additional
factors, including the expression of amino acid transporters
(231–236) and the effec t o f s t romal ce l l s on the
microenvironment, can contribute to cancer metabolism and
proliferation (8). It is also clear that optimal treatment strategies
will consider mechanisms of cell adaptation to nutrient stress.
Our AML analysis identified that the biosynthesis of glutamate,
aspartate, glutamine, proline, serine, asparagine, arginine,
cysteine, and glycine are altered in TCGA samples, indicating
that targeting multiple NEAAs may have a greater effect than a
single agent approach. It is feasible that a combination approach
to NEAA metabolic vulnerabilities may require lower drug
exposures versus a single agent approach, and therefore can
lead to better antileukemic efficacy while decreasing the risk of
toxicities. Successful novel regimens with reduced risks of
toxicities can lead to the development of new first-line therapy
Frontiers in Oncology | www.frontiersin.org 11
options for myeloid leukemia patients with limited
treatment options.
FOOTNOTES

1. SEER*Explorer: An interactive website for SEER cancer
statistics. Surveillance Research Program, National Cancer
Institute. Available from https://seer.cancer.gov/explorer/.
[Cited 2021 April 1]

2. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE47927
AUTHOR CONTRIBUTIONS

CF and AB performed all data analysis. All authors contributed
to the article and approved the submitted version.
FUNDING

This study was supported by the University of Pittsburgh School
of Pharmacy, the NIH TL1TR001858 Training Grant, the Rho
Chi Society and American Foundation for Pharmaceutical
Education, and the NIH Grant RO1 CA216815.
10. Vazquez A, Kamphorst JJ, Markert EK, Schug ZT, Tardito S, Gottlieb E.
REFERENCES
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2020. CA Cancer J Clin

(2020) 70(1):7–30. doi: 10.3322/caac.21590
2. Shallis RM, Wang R, Davidoff A, Ma X, Zeidan AM. Epidemiology of Acute

Myeloid Leukemia: Recent Progress and Enduring Challenges. Blood Rev
(2019) 36:70–87. doi: 10.1016/j.blre.2019.04.005

3. DiNardo CD, Jonas BA, Pullarkat V, Thirman MJ, Garcia JS, Wei AH, et al.
Azacitidine and Venetoclax in Previously Untreated Acute Myeloid
Leukemia. N Engl J Med (2020) 383(7):617–29. doi: 10.1056/
NEJMoa2012971.Citedin:Pubmed

4. Druker BJ, Talpaz M, Resta DJ, Peng B, Buchdunger E, Ford JM, et al.
Efficacy and Safety of a Specific Inhibitor of the BCR-ABL Tyrosine Kinase
in Chronic Myeloid Leukemia. N Engl J Med (2001) 344(14):1031–7.
doi: 10.1056/NEJM200104053441401

5. Tanizawa A. Optimal Management for Pediatric Chronic Myeloid
Leukemia. Pediatr Int (2016) 58(3):171–9. doi: 10.1111/ped.12876

6. Chan O, Talati C, Isenalumhe L, Shams S, Nodzon L, Fradley M, et al. Side-
Effects Profile and Outcomes of Ponatinib in the Treatment of Chronic
Myeloid Leukemia. Blood Adv (2020) 4(3):530–8. doi: 10.1182/
bloodadvances.2019000268

7. Issa GC, Kantarjian HM, Gonzalez GN, Borthakur G, Tang G, Wierda W,
et al. Clonal Chromosomal Abnormalities Appearing in Philadelphia
Chromosome–Negative Metaphases During CML Treatment. Blood
(2017) 130(19):2084–91. doi: 10.1182/blood-2017-07-792143%JBlood

8. Vettore L, Westbrook RL, Tennant DA. New Aspects of Amino Acid
Metabolism in Cancer. Br J Cancer (2020) 122(2):150–6. doi: 10.1038/
s41416-019-0620-5

9. Keenan MM, Chi JT. Alternative Fuels for Cancer Cells. Cancer J (2015) 21
(2):49–55. doi: 10.1097/ppo.0000000000000104
Cancer Metabolism at a Glance. J Cell Sci (2016) 129(18):3367–73.
doi: 10.1242/jcs.181016

11. Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer
Metabolism. Cell Metab (2016) 23(1):27–47. doi: 10.1016/j.cmet.2015.12.006

12. JJ Otten, JP Hellwig and LD Meyers eds. Medicine Io. Dietary Reference
Intakes: The Essential Guide to Nutrient Requirements Vol. 1344.
Washington, DC: The National Academies Press (2006). Available at:
https://www.nap.edu/catalog/11537/dietary-reference-intakes-the-essential-
guide-to-nutrient-requirements.

13. Fung MKL, Chan GC. Drug-Induced Amino Acid Deprivation as Strategy for
Cancer Therapy. J Hematol Oncol (2017) 10(1):144. doi: 10.1186/s13045-017-0509-9

14. Hanahan D, Weinberg Robert A. Hallmarks of Cancer: The Next
Generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

15. Lopez MJ MS. Biochemistry, Essential Amino Acids (2021). StatPearls
Publishing. Available at: https://www.ncbi.nlm.nih.gov/books/
NBK557845/?report=classic (Accessed January 2021).

16. Morris CR, Hamilton-Reeves J, Martindale RG, Sarav M, Ochoa Gautier JB.
Acquired Amino Acid Deficiencies: A Focus on Arginine and Glutamine.
Nutr Clin Pract (2017) 32(1S):30S–47S. doi: 10.1177/0884533617691250

17. Nilsson A, Haanstra JR, Engqvist M, Gerding A, Bakker BM, Klingmüller U,
et al. Quantitative Analysis of Amino Acid Metabolism in Liver Cancer
Links Glutamate Excretion to Nucleotide Synthesis. PNAS (2020) 117
(19):10294–304. doi: 10.1073/pnas.1919250117

18. Asantewaa G, Harris IS. Glutathione and its Precursors in Cancer. Curr Opin
Biotechnol (2021) 68:292–9. doi: 10.1016/j.copbio.2021.03.001

19. Green CR,Wallace M, Divakaruni AS, Phillips SA, Murphy AN, Ciaraldi TP,
et al. Branched-Chain Amino Acid Catabolism Fuels Adipocyte
Differentiation and Lipogenesis. Nat Chem Biol (2016) 12(1):15–21.
doi: 10.1038/nchembio.1961
July 2021 | Volume 11 | Article 694526

https://seer.cancer.gov/explorer/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47927
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47927
https://doi.org/10.3322/caac.21590
https://doi.org/10.1016/j.blre.2019.04.005
https://doi.org/10.1056/NEJMoa2012971.Citedin:Pubmed
https://doi.org/10.1056/NEJMoa2012971.Citedin:Pubmed
https://doi.org/10.1056/NEJM200104053441401
https://doi.org/10.1111/ped.12876
https://doi.org/10.1182/bloodadvances.2019000268
https://doi.org/10.1182/bloodadvances.2019000268
https://doi.org/10.1182/blood-2017-07-792143%JBlood
https://doi.org/10.1038/s41416-019-0620-5
https://doi.org/10.1038/s41416-019-0620-5
https://doi.org/10.1097/ppo.0000000000000104
https://doi.org/10.1242/jcs.181016
https://doi.org/10.1016/j.cmet.2015.12.006
https://www.nap.edu/catalog/11537/dietary-reference-intakes-the-essential-guide-to-nutrient-requirements
https://www.nap.edu/catalog/11537/dietary-reference-intakes-the-essential-guide-to-nutrient-requirements
https://doi.org/10.1186/s13045-017-0509-9
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/books/NBK557845/?report=classic
https://www.ncbi.nlm.nih.gov/books/NBK557845/?report=classic
https://doi.org/10.1177/0884533617691250
https://doi.org/10.1073/pnas.1919250117
https://doi.org/10.1016/j.copbio.2021.03.001
https://doi.org/10.1038/nchembio.1961
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Bhingarkar et al. AA Metabolism and Leukemia Therapy
20. Sugden MC, Watts DI, West PS, Norman Palmer T. Proline and Hepatic
Lipogenesis. Biochim Biophys Acta (BBA) - Gen Subj (1984) 798(3):368–73.
doi: 10.1016/0304-4165(84)90111-9

21. Corbet C, Feron O. Cancer Cell Metabolism and Mitochondria: Nutrient
Plasticity for TCA Cycle Fueling. Biochim Biophys Acta (BBA) - Rev Cancer
(2017) 1868(1):7–15. doi: 10.1016/j.bbcan.2017.01.002

22. Renner K, Singer K, Koehl GE, Geissler EK, Peter K, Siska PJ, et al. Metabolic
Hallmarks of Tumor and Immune Cells in the Tumor Microenvironment
[Review]. English (2017) 8:248. doi: 10.3389/fimmu.2017.00248

23. Nakanishi S, Cleveland JL. Polyamine Homeostasis in Development and
Disease. Med Sci (Basel) (2021) 9(2):28. doi: 10.3390/medsci9020028

24. Pasini A, Caldarera CM, Giordano E. Chromatin Remodeling by Polyamines
and Polyamine Analogs. Amino Acids (2014) 46(3):595–603. doi: 10.1007/
s00726-013-1550-9

25. Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY,
Ratanasirintrawoot S, et al. Influence of Threonine Metabolism on S-
Adenosylmethionine and Histone Methylation. Science (2013) 339
(6116):222–6. doi: 10.1126/science.1226603%JScience

26. Sun L, Zhang H, Gao P. Metabolic Reprogramming and Epigenetic
Modifications on the Path to Cancer. Protein Cell (2021). doi: 10.1007/
s13238-021-00846-7

27. Maddocks ODK, Labuschagne CF, Adams PD, Vousden KH. Serine
Metabolism Supports the Methionine Cycle and DNA/RNA Methylation
Through De Novo ATP Synthesis in Cancer Cells. Mol Cell (2016) 61
(2):210–21. doi: 10.1016/j.molcel.2015.12.014

28. Ulrey CL, Liu L, Andrews LG, Tollefsbol TO. The Impact of Metabolism on
DNA Methylation. Hum Mol Genet (2005) 14(suppl_1):R139–47.
doi: 10.1093/hmg/ddi100%JHumanMolecularGenetics

29. Pathria G, Ronai ZA. Harnessing the Co-Vulnerabilities of Amino Acid-
Restricted Cancers. Cell Metab (2021) 33(1):9–20. doi: 10.1016/
j.cmet.2020.12.009

30. Maggi M, Scotti C. Enzymes in Metabolic Anticancer Therapy. Adv Exp Med
Biol (2019) 1148:173–99. doi: 10.1007/978-981-13-7709-9_9

31. Tabe Y, Lorenzi PL, Konopleva M. Amino Acid Metabolism in Hematologic
Malignancies and the Era of Targeted Therapy. Blood (2019) 134(13):1014–
23. doi: 10.1182/blood.2019001034

32. Boyko M, Gruenbaum SE, Gruenbaum BF, Shapira Y, Zlotnik A. Brain to
Blood Glutamate Scavenging as a Novel Therapeutic Modality: A Review.
J Neural Transm (Vienna) (2014) 121(8):971–9. doi: 10.1007/s00702-014-
1181-7

33. Mastorodemos V, Kotzamani D, Zaganas I, Arianoglou G, Latsoudis H,
Plaitakis A. Human GLUD1 and GLUD2 Glutamate Dehydrogenase
Localize to Mitochondria and Endoplasmic Reticulum. Biochem Cell Biol
(2009) 87(3):505–16. doi: 10.1139/o09-008

34. Doebbe A, Keck M, La Russa M, Mussgnug JH, Hankamer B, Tekce E, et al.
The Interplay of Proton, Electron, and Metabolite Supply for Photosynthetic
H2 Production in Chlamydomonas Reinhardtii. J Biol Chem (2010) 285
(39):30247–60. doi: 10.1074/jbc.M110.122812

35. Carr EL, Kelman A, Wu GS, Gopaul R, Senkevitch E, Aghvanyan A, et al.
Glutamine Uptake and Metabolism are Coordinately Regulated by ERK/
MAPK During T Lymphocyte Activation. J Immunol (2010) 185(2):1037–
44. doi: 10.4049/jimmunol.0903586

36. Rajagopalan KN, DeBerardinis RJ. Role of Glutamine in Cancer: Therapeutic
and Imaging Implications. J Nucl Med (2011) 52(7):1005–8. doi: 10.2967/
jnumed.110.084244

37. Perez-Arellano I, Carmona-Alvarez F, Martinez AI, Rodriguez-Diaz J,
Cervera J. Pyrroline-5-Carboxylate Synthase and Proline Biosynthesis:
From Osmotolerance to Rare Metabolic Disease. Protein Sci (2010) 19
(3):372–82. doi: 10.1002/pro.340

38. Walsh DA, Sallach HJ. Comparative Studies on the Pathways for Serine
Biosynthesis in Animal Tissues. J Biol Chem (1966) 241(17):4068–76. doi:
10.1016/S0021-9258(18)99812-1

39. Chiu M, Taurino G, Bianchi MG, Kilberg MS, Bussolati O. Asparagine
Synthetase in Cancer: Beyond Acute Lymphoblastic Leukemia. Front Oncol
(2019) 9:1480. doi: 10.3389/fonc.2019.01480

40. Keshet R, Szlosarek P, Carracedo A, Erez A. Rewiring Urea Cycle
Metabolism in Cancer to Support Anabolism. Nat Rev Cancer (2018) 18
(10):634–45. doi: 10.1038/s41568-018-0054-z
Frontiers in Oncology | www.frontiersin.org 12
41. Belalcazar AD, Ball JG, Frost LM, Valentovic MA, Wilkinson JT.
Transsulfuration Is a Significant Source of Sulfur for Glutathione
Production in Human Mammary Epithelial Cells. ISRN Biochem (2014)
2013:637897. doi: 10.1155/2013/637897

42. Leikam C, Hufnagel A, Walz S, Kneitz S, Fekete A, Muller MJ, et al.
Cystathionase Mediates Senescence Evasion in Melanocytes and
Melanoma Cells. Oncogene (2014) 33(6):771–82. doi: 10.1038/onc.2012.641

43. Lien EC, Ghisolfi L, Geck RC, Asara JM, Toker A. Oncogenic PI3K Promotes
Methionine Dependency in Breast Cancer Cells Through the Cystine-
Glutamate Antiporter xCT. Sci Signal (2017) 10(510). doi: 10.1126/
scisignal.aao6604.Citedin:Pubmed

44. Bannai S. Transport of Cystine and Cysteine in Mammalian Cells. Biochim
Biophys Acta (1984) 779(3):289–306. doi: 10.1016/0304-4157(84)90014-5

45. Iglehart JK, York RM, Modest AP, Lazarus H, Livingston DM. Cystine
Requirement of Continuous Human Lymphoid Cell Lines of Normal and
Leukemic Origin. J Biol Chem (1977) 252(20):7184–91. doi: 10.1016/S0021-
9258(19)66953-X

46. Uren JR, Lazarus H. L-Cyst(E)Ine Requirements of Malignant Cells and
Progress Toward Depletion Therapy. Cancer Treat Rep (1979) 63(6):1073–9.

47. McBean GJ. The Transsulfuration Pathway: A Source of Cysteine for
Glutathione in Astrocytes. Amino Acids (2012) 42(1):199–205.
doi: 10.1007/s00726-011-0864-8

48. Sbodio JI, Snyder SH, Paul BD. Regulators of the Transsulfuration Pathway.
Br J Pharmacol (2019) 176(4):583–93. doi: 10.1111/bph.14446

49. Stipanuk MH, Dominy JEJr., Lee JI, Coloso RM. Mammalian Cysteine
Metabolism: New Insights Into Regulation of Cysteine Metabolism. J Nutr
(2006) 136(6 Suppl):1652S–9S. doi: 10.1093/jn/136.6.1652S

50. Liu N, Lin X, Huang C. Activation of the Reverse Transsulfuration Pathway
Through NRF2/CBS Confers Erastin-Induced Ferroptosis Resistance. Br J
Cancer (2020) 122(2):279–92. doi: 10.1038/s41416-019-0660-x

51. Amelio I, Cutruzzola F, Antonov A, Agostini M, Melino G. Serine and
Glycine Metabolism in Cancer. Trends Biochem Sci (2014) 39(4):191–8.
doi: 10.1016/j.tibs.2014.02.004

52. Garrow TA, Brenner AA, Whitehead VM, Chen XN, Duncan RG,
Korenberg JR, et al. Cloning of Human cDNAs Encoding Mitochondrial
and Cytosolic Serine Hydroxymethyltransferases and Chromosomal
Localization. J Biol Chem (1993) 268(16):11910–6. doi: 10.1016/S0021-
9258(19)50286-1

53. Fitzpatrick PF. Tetrahydropterin-Dependent Amino Acid Hydroxylases.
Annu Rev Biochem (1999) 68:355–81. doi : 10.1146/annurev.
biochem.68.1.355

54. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: A Web Server for
Cancer and Normal Gene Expression Profiling and Interactive Analyses.
Nucleic Acids Res (2017) 45(W1):W98–W102. doi: 10.1093/nar/gkx247

55. Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: An Enhanced Web Server
for Large-Scale Expression Profiling and Interactive Analysis. Nucleic Acids
Res (2019) 47(W1):W556–w560. doi: 10.1093/nar/gkz430.Citedin:Pubmed

56. Goldman M, Craft B, Hastie M, Repečka K, McDade F, Kamath A, et al. The
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GLOSSARY

AA Amino acid
AAR Amino acid response
ALT1/GPT Cytosolic alanine aminotransaminase 1/Glutamic pyruvic

transaminase
ALT2/GPT2 Mitochondrial alanine transaminase 2/Glutamic pyruvic

transaminase 2
ASL Argininosuccinate lyase
ASNS Asparagine synthetase
ASS1 Argininosuccinate synthase 1
AST1/GOT1 Aspartate Aminotransferase/glutamic-oxaloacetic transaminase 1
AST2/GOT2 Aspartate Aminotransferase/glutamic-oxaloacetic transaminase 2
ATF4 Activating transcription factor 4
BCAA Branch-chain amino acid
BCAT1/2 Branched chain amino acid transaminase &frac12;
CBS Cystathionine beta-synthase
CML Chronic myeloid leukemia
CTH Cystathionine gamma-lyase
eIF2a Eukaryotic translation initiation factor 2 alpha
GCN2 General control nonderepressible-2
GLS/2 Glutaminase/2
GLUD1/2 Glutamate dehydrogenase &frac12;
GS/GLUL Glutamine synthetase
GSH Glutathione
HCT Hematopoietic cell transplantations
HSC Hematopoietic stem cell
LSC Leukemic stem cell
mTOR Mammalian target of rapamycin
NCCN National Comprehensive Cancer Network
NEAA Non-essential amino acid
OxPhos Oxidative phosphorylation
3-PG 3-Phosphoglycerate
3-PHP 3-phosphohydroxypyruvate
3-PS 3-Phosphoserine
P5CDH/
ALDH4A1

Pyrroline-5-carboxylate dehydrogenase/Aldehyde dehydrogenase
4 family member A1

P5CS/
ALDH18A1

Pyrroline-5-carboxylate synthase/Aldehyde dehydrogenase 18
family member A1

PAH Phenylalanine hydroxylase
PHGDH Phosphoglycerate dehydrogenase
PRODH Proline dehydrogenase 1
PSAT1 Phosphoserine aminotransferase 1
PSPH Phosphoserine phosphatase
PYCR1 Pyrroline-5-carboxylate reductase 1
SAM S-Adenosylmethionine
SHMT1/2 Serine hydroxymethyltransferase &frac12;
ULK UNC-51-like kinase.
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