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Purpose of review

In this review, we summarize the biological roles of methionine, methionine adenosyl transferase 2A
(MAT2A) and S-adenosyl methionine (SAM) in methylation reactions during tumorigenesis. Newly emerged
inhibitors targeting the methionine—MAT2A—SAM axis will be discussed.

Recent findings

SAM is the critical and global methyl-donor for methylation reactions regulating gene expression, and in
mammalian cells, it is synthesized by MAT2A using methionine. Recent studies have validated methionine
and MAT2A as metabolic dependencies of cancer cells because of their essential roles in SAM
biosynthesis. MAT2A inhibition leads to synthetic lethality in methylthioadenosine-phosphorylase (MTAP)-
deleted cancers, which accounts for 15% of all cancer types. Of note, remarkable progress has been
made in developing inhibitors targeting the methionine—MAT2A—SAM axis, as the firstin-class MAT2A
inhibitors AG-270 and IDE397 enter clinical trials to treat cancer.

Summary

The methionine—MAT2A—SAM axis plays an important role in tumorigenesis by providing SAM as a
critical substrate for abnormal protein as well as DNA and RNA methylation in cancer cells. Targeting SAM
biosynthesis through MAT2A inhibition has emerged as a novel and promising strategy for cancer therapy.
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Although all cells in an organism carry the iden-
tical genetic information, the fate of an individual
cell is determined by its unique gene expression
program [1]. Under certain environmental condi-
tions, the expression of specific genes is activated
in a spatial and temporal dependent manner to
achieve the predetermined differentiation and
development, and to maintain biological func-
tions of different tissues and organs [2]. Although
several chemical modifications of biomolecules,
including proteins and nucleic acids, are involved
in regulation of gene expression, methylation
processes have been most extensively studied
[3"]. Dysregulated methylation patterns have been
reported to be associated with tumorigenesis. For
example, DNA hypermethylation of tumor sup-
pressor genes frequently leads to gene silencing
and promotes tumorigenesis [4,5]. Targeting of
dysregulated methylation has been a rising focus
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in the development of cancer therapy [6,7].
There are two main strategies to target abnormal
methylation in cancers: Firstly, targeting the
methylation modulators, such as inhibition
of RNA methyltransferase METTL3 to reduce
leukemogenic gene expression in acute myeloid
leukemia  [8%]; secondly, targeting the
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KEY POINTS

o Methylation reactions play an important role in
tumorigenesis through abnormal regulation of
gene expression.

o As the principal methyl-group donor in methylation
reactions, S-adenosyl methionine (SAM) is
biosynthesized by methionine adenosyl transferase 2A
(MAT2A) from methionine and ATP.

o Targeting SAM biosynthesis through MAT2A inhibition
has emerged as a novel strategy for cancer therapy.

‘methionine—methionine adenosyl transferase
2A (MAT2A)— S-adenosyl methionine (SAM)’ bio-
synthesis axis to starve cancer cells of the meth-
ylation substrate SAM. The latter strategy is a
newly emerged field and will be discussed here.
In this article, we summarize the roles of methio-
nine, MAT2A and SAM in methylation during
tumorigenesis, and highlight the most recent pro-
gresses in the development of pharmaceutical
inhibitors targeting this pathway for anticancer
therapies.

SAM biosynthesis is catalyzed by methionine
adenosyl transferase (MAT) from methionine and
ATP. There are two MAT isozymes in mammals,
MAT1 and MAT2. MAT1 is predominantly
expressed in the liver where it regulates the differ-
entiation of hepatocytes and bile duct epithelial
cells. MAT2 is ubiquitously expressed in normal
cells and cancer cells [9,10]. MAT2 contains two
subunits, MAT2A and MAT2B, serving as catalytic
and regulatory subunits, respectively [11]. To main-
tain SAM homeostasis, the expression of MAT2A is
elegantly regulated by the dwell-time of RNA meth-
yltransferase METTL16 on the hairpin structure of
the retained intron between exons 8 and 9 of the
MAT2A RNA [12,13]: when adequate SAM levels are
present, METTL16 utilizes SAM to methylate the
hairpin structure of MAT2A RNA in a brief time and
then leaves intron-retained MAT2A RNA alone for
degradation; when the SAM level is depleted, this
methylation step is impaired due to insufficient
enzymatic turnover, prolonging the occupancy of
METTL16 on the hairpin structure, which then
drives the splicing of MAT2A RNA to produce func-
tional MAT2A protein for increased SAM biosyn-
thesis. Additionally, a recent study has revealed
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that the mechanistic target of rapamycin complex
1 (mTORC1) can promote MAT2A expression
through downstream c¢-MYC, which is a transcrip-
tion factor that binds directly to intron 1 of
MAT2A, thereby promoting its expression [14"].

SAM provides the aminopropyl group in ami-
nopropylation to synthesize polyamines, while it is
mainly consumed during methylation reactions to
add methyl groups to the amino acid side chain of
proteins, to nucleotide bases of DNA and RNA, and
to many other acceptor molecules [15]. These proc-
esses are catalyzed by respective methyltransferases
and are accompanied by the accumulation of the
by-product S-adenosylhomocysteine, which is
reversibly converted to homocysteine to synthesize
cysteine through trans-sulfuration or to regenerate
methionine (Fig. 1) [16].

In the human genome, DNA that encodes
>20 000 genes is precisely and tightly wound
around histones into 23 pairs of chromosomes
[17]. The density of compaction to regulate
chromatin accessibility significantly relies on his-
tone modifications, including phosphorylation,
acetylation, crotonylation, ubiquitination, glyco-
sylation, ADP ribosylation and principally meth-
ylation [18]. Histone methylation is catalyzed by
histone methyltransferases (HMTs), which transfer
one, two, or three methyl groups from SAM onto
either lysine (K) or arginine (R) residues of histones
H3 and H4. The sites and amounts of H3 and
H4 methylation are of great significance for the
regulation of gene expression. For example, while
H3K9me3 mediates transcriptional repression,
H3K4me3 mediates transcriptional activation
[19,20]. In addition to histones, many other pro-
teins can be methylated. Protein methylation
may affect protein—protein, protein—DNA or pro-
tein—RNA interactions, as well as protein stability,
protein subcellular localization or enzymatic
activity [21]. Moreover, in DNA methylation,
DNA methyltransferases (DNMTs) recognize the
5'CG3’ sequence (CpG) of DNA and transfer the
methyl group of SAM mainly to the C-5 position of
cytosine (5SmC), which regulates chromatin struc-
ture and DNA stability, thereby controlling gene
expression [22]. Additionally, in RNA methylation,
methyl groups from SAM can be added to RNA
under the catalysis of RNA methyltransferases to
mainly form N6-methyladenosine (m6A) [23].
mo6A is closely related to human development,
immunity, tumorigenesis and metastasis, stem
cell renewal and differentiation [24]. In summary,
SAM as the principal methyl-group donor in
methylation reactions plays a critical role in
many biological processes through regulating gene
expression.
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Targeting the methionine~-MAT2A-SAM axis in MTAP-deleted cancers. SAM is synthesized by MAT2A using
methionine and ATP and consumed mainly for methylation reactions, in which, the by-product is S-adenosylhomocysteine
(SAH). SAH is reversibly converted to homocysteine (HCY) contributing to methionine recycle. MTAP cleaves MTA into MTR-1P,
and when MTAP is deleted, MTA accumulates and partially inhibits PRMTS5. This partial inhibition results an increased
dependence of PRMTS5 on the concentration of its own substrate SAM. MAT2A inhibitors block the enzymatic activity of
MAT2A, inhibit the nascent biosynthesis of SAM, and thereby suppress the activity of PRMT5 in MTAP-deleted cancer cells and
lead to the synthetic lethality. MAT2A, methionine adenosyl transferase 2A; SAM, S-adenosyl methionine.

Methionine

The essential amino acid methionine has been
found critical for the maintenance of the epigenome
of embryonic stem cells and induced pluripotent
stem cells [25]. Depletion of methionine leads to
decreased SAM levels, thereby impairing H3K4me3
histone methylation, which is conserved and tran-
scriptionally regulates the signaling pathways
involved in pluripotency [25]. This explains how
the nutrient methionine can determine cell fates
metabolically and epigenetically. Interestingly, an
essential role of methionine has also been revealed
in cancer stem cells (CSCs), contributing to tumori-
genesis. Depleting methionine for a short period,
but not other amino acids, dramatically inhibits the
proliferation and tumorigenicity of CSCs in human
nonsmall-cell lung cancer (NSCLC), accompanied
with suppressed histone methylation levels [26].
These affects can be rescued by adding SAM but
not other methionine metabolites, demonstrating
the dependency of CSCs on methionine is attributed
to the need for SAM biosynthesis [26]. Consistent
findings on the role of methionine as a metabolic
dependency were also discovered in human triple-
negative breast cancer (TNBC) and leukemia [27,28].
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METHIONINE ADENOSYL TRANSFERASE
2A

MAT2A is highly expressed in various human cancer
types, including colon, hepatoma, and breast can-
cer, and higher MAT2A expression in cancer
patients is usually correlated with a worse prognosis
[27,29,30%]. Of note, compared to other cancer
types, leukemias have the highest MAT2A expres-
sion and leukemias carrying the Mixed Lineage
Leukemia gene rearrangements (MLL-r), a character-
istic related to dismal prognosis, have the highest
MAT?2A expression levels [28]. Additionally, a recent
study revealed that the higher ratio of cytoplasmic
versus nuclear (C/N) MAT2A expression in breast
cancer correlates with lower 5-year overall survival
rates of patients (C/N < 1:93.7%; C/N > 1:83.3%),
and the increased C/N ratio in breast cancer cells is
accompanied with increased invasiveness, suggest-
ing the C/N expression pattern of MAT2A as a bio-
marker in breast cancer prognosis [30"]. Moreover,
microRNA-203 has been found to suppress hepato-
cellular carcinoma partially through inhibiting
MAT2A expression [31].

Multiple studies have validated MAT2A as a key
anticancer target [26—28]. To target the methionine
metabolism in NSCLC CSCs, researchers evaluated
the tumorigenic role of key enzymes involved, and
found that rather than other enzymes in the
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methionine metabolism pathway, MAT2A expres-
sion was found strongly correlated with cancer
progression and metastases [26]. Additionally,
inhibition of MAT2A eliminated histone methyla-
tions and almost completely inhibited the tumor-
igenicity of NSCLC CSCs while sparing normal
cells, suggesting targeting of MAT2A can selectively
target cancer cells through disrupting methionine
metabolism [26].

CD8" T cells mediate antitumor immunity, and
often become dysfunctional when infiltrated in
tumor microenvironment [32]. This dysfunction is
associated with dysregulated epigenetic modifica-
tions, and the underlying mechanism has been
uncovered in a recent study showing that cancer
cells can outcompete T cells for methionine con-
sumption and disrupt the normal epigenetic pattern
in T cells [33""]. Methionine is transported into cells
through the solute carrier family proteins (SLC) [34].
SLC7AS is similarly expressed in T cells and cancer
cells, while SLC43A2 is selectively overexpressed in
cancer cells, providing cancer cells an advantage in
capturing methionine over CD8" T cells in the
cancer microenvironment [33"]. This results in
low methionine levels in T cells, followed by
decreased SAM levels, impairment of H3K79me2
methylation and suppression of the signal trans-
ducer and activator of transcription 5 (STATS) sig-
naling pathway [33"]. Suppression of STATS in T
cells leads to T cell dysfunction and T cell death.
Additionally, when SLC43A2 was knocked out, the
growth of cancer cell was inhibited [33""]. Consis-
tently, another recent study also revealed that
the dysregulation of methionine metabolism in
hepatocellular carcinoma promotes the exhaustion
of CD8" T cell [35"]. Therefore, targeting cancer
methionine metabolism could be a promising
immunotherapeutic strategy.

Combining depletion of methionine and
inhibition of methionine adenosyl
transferase 2A

Due to the increased addiction of cancer cells to
methionine for SAM biosynthesis, depleting
methionine through either dietary restriction or
methionine degrading enzymes could be a
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promising strategy to target cancer cells [36]. How-
ever, since MAT2A is commonly upregulated after
methionine depletion, a combination of methio-
nine depletion and MAT2A inhibition is often used
to efficiently inhibit SAM biosynthesis in cancer
cells. Multiple studies have shown that this combi-
nation erases histone methylations and selectively
eliminates cancer cells [26-28]. Moreover, in a
recent study using a sarcoma patient-derived xeno-
graft mouse model, a triple drug combination exist-
ing of an oral-recombinant methioninase (o-
rMETase), MAT2A inhibitor cycloleucine and DNA
methylation inhibitor decitabine, caused significant
suppression of tumor burden and induction of
tumor necrosis [37"].

Methionine adenosyl transferase 2A
inhibition in methylthioadenosine-
phosphorylase-deleted cancers

MTAP locates on chromosome 9p21, ~ 100 kb telo-
meric to the common tumor suppressor gene
cyclin-dependent kinase inhibitory protein 2A
(CDKN2A), and the co-deletion of MTAP with
CDKN2A happens in up to 15% of all cancers [9].
MTAP-deleted cancer cells lack the ability to metab-
olize 5’ methylthioadenosine (MTA) into S5-meth-
ylthioribose-1-phosphate ~ (MTR-1P), and the
resulting accumulation of MTA partially inhibits
protein arginine methyltransferase (PRMT) 5§
[9,27,28,38]. PRMT family methylates a variety of
proteins and plays an important role in biological
processes such as gene expression, splicing and
DNA damage repair [39]. The affinity of PRMTS
for MTA is much higher than its own substrate
SAM [40], and the partial inhibition of PRMTS5
caused by MTA accumulation in MTAP-deleted
cancers makes the catalytic activity of PRMTS more
dependent on the level of SAM, which is synthe-
sized by MAT2A. Recent studies have shown that
inhibition of MAT2A results in selective antiproli-
ferative effects in MTAP-deleted cancers (Fig. 1)
[41""-43""]. Inhibition of MAT2A effectively
reduces SAM levels in cancer cells by blocking
the nascent biosynthesis of SAM, while concur-
rently PRMTS, which uses SAM as a substrate in a
strong concentration-dependent mannetr, is subse-
quently inhibited [42"%]. It then impairs splicing
processes, induces DNA damage, defects mitosis
and ultimately leads to inhibition of cell prolifer-
ation [42™].

Because of the enhanced dependence of PRMTS
on MAT2A in MTAP-deleted cancers, pharmacolog-
ical inhibition of MAT2A has become a promising
strategy to induce synthetic cell death in MTAP-
deleted cancers.
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Development of methionine adenosyl
transferase 2A inhibitors

In 1983, cycloleucine was the first reported com-
pound showing inhibitory effect on MAT [44]. How-
ever, the binding affinity of cycloleucine to MAT2A
is weak, and the ICsg is blunt (140-190 uM). Because
cycloleucine participates in other signaling path-
ways and its functional mechanisms remain
unclear, it was not further developed as an anti-
cancer drug. In 2013, a family of fluorinated N,N-
dialkylaminostilbene (FIDAS) agents were devel-
oped as a highly active class of MAT2A inhibitors
to target liver and colorectal cancers, in which
MAT?2A is abnormally overexpressed [45]. Though
FIDAS inhibits the survival and growth of cancer
cells at low nanomolar concentrations, their C=C
structure may participate in redox reactions without
the specificity to only inhibit MAT2A. In 2017, PF-
9366 was discovered by Pfizer as a small molecule
allosteric MAT2A inhibitor, which retains the amino
groups from cycloleucine and FIDAS but with a new
core design to enhance the specificity [46]. How-
ever, since PF-9366 works through binding to
MAT2B, the regulatory unit of MAT2A, it conse-
quently increases the expression of MAT2A in vivo
and shows insufficient cellular potency. In 2018,
MAT2A inhibitor AGI-24512 (enzymatic ICS50
~8nM) was structured by Agios from screening a
library of more than 2000 small molecules and by
analyzing the crystal structure of MAT2A/SAM bind-
ing [47]. Compared to the effects of PF-9366 treat-
ment, MAT2A is also upregulated in cancer cells
after AGI-24512 treatment, but this increase does
not affect the antiproliferative activity. However,
AGI-24512 shows poor oral absorption and short
half-life. After further optimization, AG-270 was
discovered which showed enhanced oral availability
and better pharmacokinetic behavior [41"",42"].
AG-270 reduced intracellular SAM levels more effi-
ciently when compared to cycloleucine, PF-9366
and AG-24512, and showed selective antiprolifera-
tive activity in MTAP-deleted cancer cells [42"].
Importantly, after oral treatment with AG-270, mice
bearing human colon cancer xenografts showed
significantly reduced SAM levels and diminished
tumor burden. Recently, the MAT2A inhibitor AG-
270 has been approved by the FDA for a clinical trial
to treat patients with advanced solid tumors or
lymphoma with MTAP loss (NCT03435250).
IDE397 is another MAT2A inhibitor discovered by
IDEAYA and approved by the FDA to enter clinical
trials based on its significant single-agent antitumor
activity in 45 MTAP-deleted xenograft models
(NCT04794699). Moreover, benefiting from current
advanced drug screening tools, new MAT2A
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inhibitors keep emerging from preclinical studies,
such as newly discovered Compound 28, which also
shows promising in vivo anticancer effects in an
MTAP-deleted xenograft model [43™].

The methionine—-MAT2A-SAM pathway has
emerged as a druggable target in cancer therapy
due to its critical role in the regulation of gene
expression through methylation. Recent studies
revealed essential roles of this pathway in tumori-
genesis, especially in MTAP-deleted cancers. The
first-in-class MAT2A inhibitors AG-270 and
IDE397 were recently enrolled in clinical trials based
on their remarkable potencies in MTAP-deleted can-
cers, suggesting MAT2A inhibitors as promising
novel anticancer therapeutics, especially for the
treatment of a large number of patients with MTAP
deletion. Future studies are expected to better utilize
targeting this axis, such as investigating the appli-
cation of MAT2A inhibitors in other cancer types
and the combined effect of MAT2A inhibitors with
other approved anticancer drugs.
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