~ International Journal of
Molecular Sciences

Review

Glioblastoma and Methionine Addiction

Mark L. Sowers 1'2 and Lawrence C. Sowers

check for
updates

Citation: Sowers, M.L.; Sowers, L.C.

Glioblastoma and Methionine
Addiction. Int. J. Mol. Sci. 2022, 23,
7156. https://doi.org/10.3390/
ijms23137156

Academic Editors: Adrienne
C. Scheck and Angela M. Poff

Received: 20 May 2022
Accepted: 24 June 2022
Published: 28 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

1,3,%

Department of Pharmacology and Toxicology, University of Texas Medical Branch, 301 University Boulevard,
Galveston, TX 77555, USA; mlsowers@utmb.edu

2 MD-PhD Combined Degree Program, University of Texas Medical Branch, 301 University Boulevard,
Galveston, TX 77555, USA

Department of Internal Medicine, University of Texas Medical Branch, 301 University Boulevard,
Galveston, TX 77555, USA

*  Correspondence: lasowers@utmb.edu

Abstract: Glioblastoma is a fatal brain tumor with a bleak prognosis. The use of chemotherapy,
primarily the alkylating agent temozolomide, coupled with radiation and surgical resection, has
provided some benefit. Despite this multipronged approach, average patient survival rarely extends
beyond 18 months. Challenges to glioblastoma treatment include the identification of functional
pharmacologic targets as well as identifying drugs that can cross the blood-brain barrier. To address
these challenges, current research efforts are examining metabolic differences between normal and
tumor cells that could be targeted. Among the metabolic differences examined to date, the apparent
addiction to exogenous methionine by glioblastoma tumors is a critical factor that is not well under-
stood and may serve as an effective therapeutic target. Others have proposed this property could be
exploited by methionine dietary restriction or other approaches to reduce methionine availability.
However, methionine links the tumor microenvironment with cell metabolism, epigenetic regulation,
and even mitosis. Therefore methionine depletion could result in complex and potentially undesirable
responses, such as aneuploidy and the aberrant expression of genes that drive tumor progression. If
methionine manipulation is to be a therapeutic strategy for glioblastoma patients, it is essential that
we enhance our understanding of the role of methionine in the tumor microenvironment.

Keywords: glioblastoma; methionine; metabolism; tumor microenvironment; epigenetics; therapeutic
development

1. Introduction
1.1. Methionine Addiction Is a Metabolic Vulnerability in Cancer

Studies in the 1970s [1-3] examined the requirements of both normal and cancer cells in
culture for amino acids and metabolites including methionine. Normal cells were shown to
propagate in vitro in the presence of homocysteine, the metabolic precursor to methionine,
while many cancer cell lines could not. The observation of methionine dependence in many,
but not all human cancer cell lines [4] suggested that this biochemical difference between
normal and malignant cells could be exploited therapeutically.

Extending the cell culture work to primary tumors, Guo et al. demonstrated methio-
nine dependence in 5 of 21 primary human malignant tumors from multiple tissues [5].
In 1994, Fiskerstrand attributed the methionine dependence of glioblastoma in culture
to low homocysteine remethylation, which resulted from low methylcobalamin (vitamin
B12) levels [6]. In 2017, a proteomic study with U87 cells grown under hypoxic conditions
revealed significantly reduced expression of the TCN2 transporter that delivers vitamin B12
to tumor cells, consistent with the Fiskerstrand results [7]. Recently, Wang et al. showed
that tumor-initiating cells (TIC) within heterogenous tumors have an elevated methionine
cycle driven by increased MAT2A, which converts methionine to S-Adenosyl methionine
(SAM) [8]. The upregulation of the methionine cycle could cause methionine consumption
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to exceed the rate of production. It is likely that multiple factors in tumor cells combine
to create a dependence on exogenous methionine, and the relative contribution of these
factors could differ from one cell to another and depend heavily on conditions in the tumor
microenvironment. However, recapitulating the tumor microenvironment in a laboratory
setting is an ongoing challenge of critical importance.

1.2. Traditional Methods for In Vitro Cell Culture Do Not Reflect the Tumor Microenvironment

Metabolic differences between normal and tumor cells have the potential for serving
as selective targets that disadvantage tumor cells. However, the conditions under which
cells are routinely propagated in the laboratory can be very different from those in the
tumor microenvironment. This is a fundamental challenge with previous, as well as many
ongoing studies, of cell metabolism.

Traditional culturing methods have not changed substantially over the past 80 years
since the development of Eagle’s minimal essential medium (EMEM) and Dulbecco’s
Modified Eagle’s Medium (DMEM). The primary advantage of these culture conditions
is that they are effective in promoting cell propagation. Understanding and subsequently
recapitulating the tumor microenvironment will be a key factor in discovering novel
metabolic drug targets.

The abundance of nutrients found in standard culture media could profoundly alter
the metabolism of the tumor cells [9]. For example, standard DMEM media contains
~400 M methionine whereas serum methionine concentration is ~130.6 4+ 92.9 uM and in
CSFitis ~13.9 & 2.6 uM [10]. Others have also reported lower levels around ~30-40 uM
in serum and ~3 pM in CSF [11,12]. Furthermore, culturing cells in 20% O,, in contrast to
a hypoxic tumor microenvironment, could require shunting of the methionine precursor,
homocysteine, towards glutathione synthesis to counteract increased levels of reactive
oxygen species (Figure 1). Decreased methionine synthesis could therefore result in part
from decreased homocysteine availability [13].
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Figure 1. Methionine metabolic pathways.
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Another critical component that is in excess in typicalmedia is glucose. Glucose
consumption has been a major focus of metabolic differences between normal and cancer.
It has long been appreciated that cancer cells frequently consume vast amounts of glucose
and produce lactate; this is called the “Warburg effect.” Interestingly, DMEM media used
to culture cancer cells typically contains 25 mM glucose while serum concentrations in
humans are estimated to be ~3.5-7 mM and ~4 mM in CSF [14]. These supraphysiologic,
but nonetheless historical, cell culture conditions may affect our understanding of cancer
metabolism in its native microenvironment.

Increasing attention is being focused on media composition in cell culture so that
it more closely reflects physiological conditions [12,15-17], and in particular, the tumor
microenvironment. Cantor et al. demonstrated that the metabolic landscape of cells is
extensively altered when comparing cells grown in RPMI1640 versus their human plasma-
like medium (HPLM) [12]. Similarly, Vande Voorde et al. argued that a serum-like amino
acid composition and the addition of selenite better approximates the metabolic profile
of human breast tumors, in contrast to DMEM which introduces metabolic artifacts [16].
Others studying GBM found that when compared to previous studies using DMEM, their
more physiologic medium demonstrated that GBM cells likely produce net glutamine [18]
rather than consume it as a fuel source as previous reports had indicated [19].

Efforts are underway in many laboratories to identify additional factors that should be
examined including the extracellular matrix composition and oxygen tension. With respect
to metabolic manipulation of tumor cell growth, attention to media composition will be
critical for recapitulating the tumor microenvironment.

The growing interest in precision medicine is built upon assumptions that cancer
cell-specific properties, including genetic and epigenetic perturbations, determine how
tumor cells will respond to specific therapies. If alterations in cellular metabolism are
being targeted, nutrient availability will impact response to those drugs. Therefore, the
proper formulation of cell culture conditions is essential to determine how the tumor
nutrient environment might influence drug response in patients. Recent formulations
of culture media based upon the composition of human serum represent a significant
improvement [12,16,18].

1.3. The Accumulation of 11 C-Methionine by Glioblastoma Tumor Cells Is Diagnostic and Reveals
Important Aspects of Tumor Biology

While numerous metabolic differences between cancer and normal tissues have been
appreciated, recent studies using more physiologic media are challenging our current
understanding. Consequently, it is unclear which metabolic defects identified in cancer
cells are more likely artifacts of historical cell culture conditions. However, some of the
most compelling evidence for the requirement of glioblastoma for exogenous methionine
is from ''C-methionine positron emission tomography (PET) imaging which highlights
glioblastoma tumors in patients [20-22]. Methionine transits the blood-brain barrier (BBB)
and enters tumor cells using the LAT1 transporter. In 2005, Nawashiro et al. demonstrated
high expression of the L-type amino acid transporter 1 (LAT1) in infiltrating glioma cells
from primary glioma tissues [23]. Increased transport of methionine into glioma cells
suggests a mechanism for responding to defects in intracellular methionine synthesis. More
recently, new LAT1 PET probes have shown low accumulation in normal brain tissue, but
high accumulation in grade IV glioma like ''C-MET [24].

The anatomic resolution possible with '!C-MET PET can reveal important aspects of
gliomagenesis. Van Dijken et al. recently showed that aggressive tumors that grow near
brain ventricles also accumulate more 'C-MET [25]. The subventricular zone (SVZ) is
an important neural stem cell-containing niche. It is believed that gliomas can arise from
this cell population [26,27]. Glioma tumors in contact with the ventricles are often more
multifocal and can recur distally from the primary tumor. Therapeutic resistance, tumor
aggressiveness, and shorter patient survival are all associated with tumors in contact with
ventricles [28-32].
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While earlier studies of glioblastoma highlighted the capacity of PET to demarcate the
tumor, recent efforts have used PET in conjunction with other modalities. While C-MET
PET can distinguish tumor tissue from inflammatory tissue better than 8F-FDG, 'C-MET
PET requires special facilities including a cyclotron. A fluorescent marker that can be used
intraoperatively to facilitate tumor resection is based upon the metabolism of 5-ALA to a
naturally fluorescent molecule, protoporphyrin IX (PpIX) [33,34]. Prior studies have shown
that glioma cells accumulate PpIX because they metabolize it to heme more slowly than
normal cells, or export it less efficiently. Shimizu et al. studied a series of glioma patients
and established that 5-ALA-mediated tumor fluorescence, measured ex vivo, correlated
with 'C-MET labeling in vivo [35]. While it is not as yet known mechanistically if '!C-MET
and PpIX accumulation are metabolically linked, they both occur within tumor cells in the
same anatomic location.

Gadolinium (Gd) enhancement and magnetic resonance imaging (MRI) is another
traditional approach for imaging glioblastoma. However, tumor volumes indicated by Gd
enhancement are generally smaller than volumes indicated by ''C-MET PET, particularly
for highly infiltrative tumors. Inoue et al. demonstrated that glioma stem cells (GSC) often
exist at the periphery of tumors that do not show Gd enhancement [36]. A series of tumors
were evaluated simultaneously by Gd-enhancing MRI and ''C-MET PET and classified
as having high or low invasiveness on the basis of overlapping tumor volumes measured
by each method. RNA was isolated from both core and peripheral areas of a series of
resected tumors. The levels of transcripts for two genes involved in energy metabolism,
lactate dehydrogenase A (LDH-A) and pyruvate dehydrogenase (PDH) as well as the
stem cell marker CD44 [37] were measured. In the presence of oxygen, pyruvate can be
converted to acetyl-CoA by PDH and then enter the TCA cycle. In hypoxic regions of the
tumor, including the tumor periphery, pyruvate is converted to lactate by LDH-A allowing
continuous glycolysis. Analysis of mRNA by qRT-PCR showed that LDH-A was expressed
at significantly higher levels on the periphery of highly invasive tumors whereas PDH was
expressed at higher levels in the less invasive tumors [36]. In vitro studies with a series of
GSC stem cells showed that expression of CD44 and LDH-A mRNA correlated with the
invasiveness of the cell lines. The authors concluded that highly invasive GSCs, which
consume a significant amount of methionine but little oxygen, exist at the periphery of
glioblastoma tumors [36].

The accumulation of !C-MET can be used to estimate prognosis in patients with
grade II to grade IV astrocytomas [38]. The greater the overall accumulation of 'C-MET,
the shorter the patient survival. Maeda et al. showed that fractal analysis of !C-MET
PET in patients with newly diagnosed GBM could differentiate low-grade glioma and
glioblastoma as well as indicated the IDH1 mutation status [39]. The fractal dimension
measures the pattern of the radioactivity distribution in the region of interest. The uptake
of 1C-MET is lower in IDH-mutant tumors, which tend to be less aggressive.

Collectively, in vitro data, coupled with more direct studies with human tumor tissue
suggest that glioblastomas, as with many other human tumors, have either defective
methionine synthesis, or have an unusual demand for exogenous methionine, or some
combination of both. The accumulation of methionine measured by 'C-MET-PET, in
combination with other modalities, can be useful for distinguishing tumor recurrence from
radiation necrosis, revealing the anatomic location of GSCs, and providing additional
characterization that can benefit the evaluation of patient prognosis.

1.4. Is Dietary Methionine Restriction a Potential Treatment Strategy?

The apparent dependence of many human tumors on exogenous methionine has
led to proposals that methionine restriction or depletion might provide a way to slow or
cure human tumors. In 1959, Sugimura et al. showed that a diet devoid of methionine,
leucine, or valine reduced the growth of Walker tumors implanted into the flanks of
Sprague-Dawley rats [40]. Subsequent animal studies have shown additional health benefits
of reduced methionine consumption including decreased adiposity, increased insulin
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sensitivity, decreased inflammation and oxidative stress as well as extended lifespan. These
results suggest that dietary methionine restriction could benefit cancer patients [41-44].

In human studies, dietary methionine depletion has been synergistic with 5-fluorouracil
(5FU) in patients with advanced gastric cancer [45]. In a phase 1 study involving eight
human subjects [46], it was shown that plasma methionine levels could be reduced from
21 £ 7.3 uM to 9 + 4 uM within two weeks on a methionine-free diet. In 2009, Thivat et al.
examined the combination of the chloroethylnitrosurea, cystemustine, and a methionine-
free diet in 22 patients with melanoma and glioblastoma [47]. While no objective response
was observed, two patients had long-duration stabilization.

In addition to dietary restriction, plasma methionine levels can be further reduced
in humans using recombinant methioninase with no clinical toxicity [48]. Encapsulated
methionine y-lyase [49] reduced plasma methionine levels to 40% of pretreatment levels
and slowed the growth of implanted glioblastoma xenografts in nude mice. Evidence
suggests that methionine dietary restriction, coupled with cytotoxic chemotherapy might
slow the progression of some human tumors.

1.5. Why Does Glioblastoma Need Exogenous Methionine?

While methionine restriction is compelling as a potential treatment strategy, further
studies are required to understand the mechanistic basis of methionine addiction in glioblas-
toma. Such studies should seek to understand the factors that could result in deficits in
homocysteine remethylation to methionine (Figure 1). Further, understanding the apparent
increased demand of tumor cells for exogenous methionine might illuminate more effective
pharmacological targets.

1.5.1. Methionine and Protein Synthesis

Methionine is an amino acid found in most proteins, and protein synthesis likely
consumes a considerable portion of methionine. In eukaryotes, methionine is the first
amino acid at the AUG start codon for the majority of proteins. Occasionally, alternative
start sites utilizing other codons might occur when methionine is limited. Some inves-
tigators have suggested that under low methionine, the transcription of many proteins
will be stopped in favor of the transcription of an alternative set of proteins creating an
altered proteomic program in response [50]. This could be an unintended consequence of
methionine depletion.

The methionine on the amino terminus of newly synthesized proteins is often removed
enzymatically. Removal of the terminal methionine can be necessary for protein stability,
activation and cellular localization. Methionine aminopeptidase (MetAP2) removes the
terminal methionine from newly synthesized proteins, and it is overexpressed at both the
mRNA and protein levels in high grade gliomas. Lin and coworkers have shown that
the knockdown of MetAP2 decreased cell proliferation and decreased angiogenesis. With
respect to methionine consumption, high MetAP2 activity would facilitate the recycling of
methionine, increasing methionine availability [51].

1.5.2. Methionine and Polyamine Synthesis

Methionine is also used for polyamine synthesis. The polyamines spermine, sper-
midine and putrescine are cationic amines critical for cellular growth, proliferation, and
differentiation. During the conversion of putrescine to spermidine and spermidine to
spermine, carbon atoms derived from the methionine backbone of SAM are used, con-
verting SAM to 5'-deoxy-5"-methylthioadenosine (MTA). Polyamine levels are higher in
cancer cells [52] perhaps explaining in part increased utilization of methionine in high-
grade gliomas.

The reutilization or salvaging of MTA, generating adenine and methionine, requires
methylthioadenosine phosphorylase (MTAP). The MTAP gene is found on chromosome
9p21, and regions of this chromosome are deleted in almost half of GBMs [53]. MTAP
deletion would prevent the recycling of methionine, reduce methionine pools and increase
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intracellular MTA. MTA is a strong inhibitor of spermine synthesis [54]. MTA is also an
inhibitor of MAT2A which would reduce SAM levels [55]. Another enzyme inhibited by
MTA is arginine methyltransferase (PRMT5). PRMTS5 acts in multiple signaling pathways
by converting arginine residues in proteins to symmetrically dimethylated residues. The
inhibitory activities of MTA led to suggestions that the inhibition of PRMT5 by small
molecules could be preferentially toxic to MTAP-deficient cells [56,57].

More recent studies suggest that MTA accumulation in MTAP deficient glioblastoma
might not be as lethal as anticipated. In a series of glioblastoma cell lines, MTAP-deficient
cells grown in 100 uM methionine resulted in the accumulation of high levels of MTA [58].
However, when the methionine concentration in the media was reduced to 3 uM, MTA
levels were significantly diminished to those found in MTAP-competent cells. These
results highlight the need to consider dietary nutrient composition in experimental cell
culture studies.

In a similar manner, others have considered the potential role of the tumor microenvi-
ronment in therapy directed against MTAP-deficient cells [59]. Glioblastoma tumors are
heterogenous, containing distinct tumor cell types as well as normal cells including neurons,
astrocytes, microglia, macrophages, neutrophils, lymphocytes, and endothelial cells. While
higher levels of MTA were found within cultured MTAP-deficient cells, substantially greater
levels were found in the extracellular media. In primary resected MTAP-deficient GBM
tumors, no significant increases in MTA levels were observed. Previously, Locasale et al.
measured MTA levels in the CSF from GBM and normal brains [60]. Surprisingly, no
significantly elevated levels of MTA were found in any of the patients even though ~50% of
GBMs are MTAP-deficient. These results suggest that MTA exported from MTAP-deficient
cells can be metabolized by MTAP-proficient cells in the tumor microenvironment.

1.5.3. Methionine, SAM, Transmethylation, and NAD+

Methionine is also a methyl group donor for numerous S-adenosylmethionine-dependent
enzymatic methylation reactions. Small molecules, including melatonin, epinephrine, and
N-methylnicotinamide are the products of SAM-dependent methylation (Figure 1). Among
these pathways, the SAM-dependent methylation of nicotinamide by nicotinamide-N-
methyl transferase (NNMT) is of high significance in glioblastoma. NNMT is commonly
overexpressed in human glioblastoma [61-63] and levels correlate with aggressiveness.
High NNMT transcriptomic expression is negatively associated with patient survival
(Figure 2A) [64], suggesting that methionine consumption by NNMT might be an impor-
tant factor in methionine dependence, but why is NNMT important in tumor cells?

NAD-+ is central to metabolism, signal transduction, and bioenergetics in all cells. Two
major families of signaling pathways, sirtuins and poly-ADPribose polymerases (PARP),
consume NAD+. Sirtuin-mediated signaling operates through protein deacetylation and
NAD+ hydrolysis. PARPs are important in cellular processes including DNA repair where
they act as damage sensors forming a polymer of ADP-ribose connected to proteins and
DNA [65,66]. Both sirtuins and PARPs consume NAD+ and generate nicotinamide (Nam).
Nam is a feedback inhibitor of both sirtuins and PARPs. Nam can be metabolized by nicoti-
namide phosphoribosyltransferase (NAMPT) to nicotinamide mononucleotide (NMN)
and then recycled to NAD+ [67] (Figure 3). Alternatively, Nam can be methylated to N-
methylnicotinamide by NNMT and excreted [68], revealing an intersection of methionine
metabolism and cellular NAD+ levels.
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Figure 2. Kaplan Meier curves of NNMT and MGMT microarray-based expression. High expression
of either gene is associated with poor survival with a Wilcoxon p value of 1 x 10~* and 7.1 x 1073
for NNMT and MGMT, respectively. Data was obtained and visualized using the TCGA-GBM study
Agilent-4502A microarray data. Optimal cutoff points for survival curves were determined using the
survminer package, —1.93 and —1.39 for NNMT and MGMT, respectively. Visualization and statistics
of this data were prepared using http://gliovis.bioinfo.cnio.es/ (accessed on 1 May 2022) [64].
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Figure 3. NAD Synthesis by de novo and salvage pathways.

Dysregulated NAD+ metabolism and loss of NAD+ is a hallmark of aging and many
neurodegenerative diseases [68,69]. The existence of NNMT is therefore paradoxical, as it
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diverts Nam from recycling by NAMPT and it consumes SAM. However, in response to
DNA damage by chemotherapy agents including TMZ and radiation, nicotinamide (Nam)
must be rapidly metabolized to allow unabated PARP-mediated DNA repair. The levels
of both NAMPT and NNMT are increased in high-grade gliomas, and they must compete
for Nam. NAMPT, however, has a very high affinity for Nam (K;; 5 nM) whereas NNMT
has a lower affinity (K, 400 uM) [70]. This difference in substrate affinity means that Nam
will be recycled at low levels and only diverted and excreted at high levels. The essential
role of NAMPT in maintaining NAD+ levels has led to NAMPT inhibitors that can trigger
apoptosis in glioma stem-like cells [71].

In addition to the recycling of Nam by NAMPT, NAD+ can be synthesized by two
pathways [69]. Dietary nicotinic acid (niacin, vitamin B3) can be converted to NAD+ in
three steps. Alternatively, tryptophan can be metabolized by the kynurenine pathway to
kynurenine and then quinolinic acid which can be converted to NAD+. The kynurenine
pathway is hyperactive in glioblastoma [72,73] and it supports tumor development and
progression [74,75], although perhaps not by engaging the aryl hydrocarbon receptor,
AHR [76].

Increased expression of NAMPT and NNMT would allow glioblastoma cells to rapidly
respond to sirtuin signaling and DNA damage and may in part explain chemotherapy and
radiation resistance in glioblastoma stem-like cells. The consumption of SAM required by
this pathway might also explain the excess demand for methionine by glioblastoma cells.

1.5.4. A Special Role for Methionine in DNA Methylation

In addition to small molecules, biological macromolecules including DNA, RNA,
and proteins are also methylated in SAM-dependent pathways. Cytosine in CpG din-
ucleotides in DNA can be methylated enzymatically, forming 5-methylcytosine (5mC),
using SAM as the methyl donor (Figure 1). The location of 5mC bases along the DNA
strands comprises a methylation pattern within a cell. The maintenance methyltransferase
DNMT], follows closely behind the DNA replication fork allowing methylation patterns to
be copied to progeny cells [77]. Alterations in DNA cytosine methylation patterns have
long been recognized in human cancer cells. Regional hypermethylation, coupled with
global hypomethylation is a common finding in human cancer [78]. Perturbations in DNA
methylation are involved in cancer etiology in three distinct ways: (1) the methylation
status of gene promoter regions can regulate transcription, (2) the deamination of 5mC
to T at CpG dinucleotides within gene coding regions can result in transition mutations
that disable tumor suppressor proteins, and (3) the loss of methylation in repetitive DNA
regions can result in aneuploidy.

The transcription of specific genes in eukaryotes is controlled by multiple mechanisms.
The methylation of specific cytosine bases within gene promoter regions, coupled with
the modification of associated histone proteins, comprises the epigenetic control of gene
transcription. In glioblastoma, the aberrant hypermethylation of several genes, resulting
in transcriptional silencing, is associated with poor patient prognosis [79]. Alternatively,
the promoters of transforming genes can become hypomethylated, resulting in aberrantly
increased gene expression.

Cytosine methylation is not limited to gene promoter regions. Most CpG dinucleotides
within gene coding regions are also methylated [80]. Methylation within these coding re-
gions is not correlated with decreased transcription, as is true for methylation in gene
promoters. Rather, methylation of CpG dinucleotides within gene coding regions promotes
the binding of proteins with methyl-binding domains (MBD) which function as chromatin
organizers. Mutations in one MBD protein, methyl CpG binding protein 2 (MeCP2) un-
derlie the development of Rett Syndrome which is characterized by severe neurological
impairment [81]. Within coding regions, C to T transition mutations occur with hotspot
frequency at CpG dinucleotides in glioblastoma due to the hydrolytic deamination of 5mC
to T [82-84].
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A third way in which methylation is involved in cancer etiology is the methylation of
repetitive DNA sequences. Although the exact mechanisms are currently unknown, loss of
methylation in repetitive sequences is associated with ineffective chromosome segregation
and aneuploidy [85,86].

1.6. Potential Consequences of Methionine Restriction in Glioblastoma Patients

While dietary restriction and enzymatic depletion of methionine might benefit some
cancer patients, this strategy might be more difficult to implement with brain tumors.
Locasale et al. examined metabolites in CSF from glioma patients and controls [60]. Sur-
prisingly, despite the accumulation of methionine by tumor cells revealed by !C-MET PET
discussed above, the level of methionine in the CSF of glioma patients was more than twice
the level in noncancer controls. Nicotinamide levels were lower in glioma patient CSF,
perhaps due to increase NAMPT and NNMT activities.

LAT1-PET probes also accumulate in glioblastoma [24,87]. Previously Haining and
coworkers showed that LAT1 overexpression is associated with glioma grade and that LAT1
was expressed in both tumor cells and vascular endothelial cells [88]. LAT1 expression
was associated strongly with microvascular density suggesting it might play a role in the
neovascularization of gliomas. LAT1 transports methionine into glioma cells, and it also
transports methionine across the blood-brain barrier. Overexpression of LAT1 in gliomas
might in part explain elevated CSF methionine levels.

Shen et al. compared plasma metabolite levels with 2-year overall survival of glioblas-
toma patients [89]. Higher levels of methionine and arginine were associated with longer
survival whereas higher kynurenate was associated with shorter survival. Perhaps in-
creasing tumor burden diminishes plasma methionine. Higher kynurenate levels indicate
increased de novo NAD+ synthesis, perhaps in response to NNMT depletion of Nam and
SAM. Reducing CSF methionine levels as a treatment approach to methionine-addicted
tumor cells might be more difficult in the context of gliomas due to the role of LAT1 in the
delivery of methionine to the tumor microenvironment. Potential treatment strategies may
require simultaneous methionine depletion and antagonism of the LAT1 transporter.

Even if methionine levels in the CSF could be significantly reduced, depletion of
exogenous methionine could potentially alter the epigenetic landscape and perturb gene
transcription in tumor cells in adverse ways. The most aggressive molecular subtype of
glioblastoma is the mesenchymal subtype [90]. The mesenchymal subtype is associated
with tumor recurrence as well as chemo and radio-resistance [91]. The ANXA2 gene
product is a positive regulator of the mesenchymal subtype, and loss of DNA methylation
in the promoter of the ANXA2 gene can drive mesenchymal transformation [92]. Loss of
methylation in promoters of other genes, such as uridine phosphorylase (UPP1), is also
associated with decreased survival [79].

The primary chemotherapy drug for glioblastoma, temozolomide (TMZ) is an alky-
lating agent causing DNA base methylation. However, TMZ methylation is not at the
C5 position of cytosine, but primarily at the 6-oxygen of guanine (O6G) and 3-nitrogen
of adenine (N3A). The presence of O6G results in stalled DNA replication. The DNA
repair enzyme, methylguanine methyltransferase (MGMT) can repair alkylation damage
caused by TMZ. Loss of cytosine methylation in the promoter of the MGMT gene results
in increased MGMT expression, reduced sensitivity to TMZ, and potentially decreased
patient survival [93,94].

In older patients with primary glioblastoma, decreased exogenous methionine, cou-
pled with decreased methylation of the MGMT promoter, could result in MGMT expression,
increased repair of TMZ-alkylation damage, and decreased patient survival. However,
increased MGMT transcriptomic expression is not associated with a difference in sur-
vival for low-grade gliomas (Figure 2B). This apparent discrepancy in tumor type is as
yet unexplained.

Regional hypermethylation of gene promoters is associated with decreased gene tran-
scription in human cancer. However, the loss of global cytosine methylation is a hallmark
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of advanced human cancers [78]. Cytosine methylation within repetitive DNA sequences
facilitates proper chromosomal segregation during mitosis, and loss of methylation could
induce aneuploidy. Levels of 5mC in human cancer cell lines are uniformly lower than those
in normal tissues [95]. Transient silencing or gene disruption of DNMT1 in HCT116 cells
results in aneuploidy [96,97]. Treatment with the demethylating drug 5-aza-2'-deoxcytidine
similarly causes genetic instability and aneuploidy [85]. The mechanism by which loss
of global methylation results in aneuploidy is not completely understood. However,
cytosine methylation is important for the DNA binding of proteins containing a methyl-
binding domain (MBD) such as MeCP2, and MeCP2 is known to be important for proper
mitotic spindle organization [98]. Consistent with this mechanism, the loss of another
methyl-binding protein, ZBTB4, can result in increased aneuploidy and tumorigenesis [99].
Depletion of methionine, resulting in global demethylation, could drive aneuploidy and
tumor progression.

In studies with human gliomas, loss of 5mC was associated with increasing tumor
grade [100]. In animal models of glioblastoma, folate supplementation, as opposed to
methionine depletion, is reported to limit glioma aggressiveness by remethylation of
DNA repeat elements [100,101]. Studies with patient-derived glioblastoma stem cells [102]
showed that methionine depletion inhibited tumor growth and reduced the expression
of DNMT1 and DNMT3A. However, methionine restriction also upregulated NNMT ex-
pression, promoted DNA hypomethylation, and promoted a proneural-to-mesenchymal
transition. Therefore, methionine depletion could have undesirable effects through epige-
netic changes that rewire gene expression towards a more aggressive phenotype.

2. Conclusions

Methionine is a critical amino acid involved in multiple biochemical pathways. A
decreased capacity to convert homocysteine to methionine, coupled with increased uti-
lization of exogenous methionine, makes cancer cells more dependent upon methionine
for proliferation. However, methionine also links the tumor microenvironment with epi-
genetic reprogramming. Methionine depletion could then lead to reduced expression of
DNMTT1, reduced SAM levels, and DNA hypomethylation. Hypomethylation within some
promoters could induce expression of genes associated with decreased patient survival,
while loss of global methylation could promote aneuploidy and promote proneural-to-
mesenchymal transition of glioblastoma stem cells. Further studies will be required to sort
out the mechanistic details and such studies may provide novel pharmacological targets.
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