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Abstract

Discovery of targeted therapies that selectively exploit the genetic inacti-
vation of specific tumor suppressors remains a major challenge. This in-
cludes the prevalent deletion of the CDKN2A/MTAP locus, which was first
reported nearly 40 years ago. The more recent advent of RNA interfer-
ence and functional genomic screening technologies led to the identification
of hidden collateral lethalities occurring with passenger deletions ofMTAP
in cancer cells. In particular, small-molecule inhibition of the type II argi-
nine methyltransferase PRMT5 and the S-adenosylmethionine-producing
enzyme MAT2A each presents a precision medicine approach for the treat-
ment of patients whose tumors have homozygous loss ofMTAP. In this re-
view, we highlight key aspects of MTAP, PRMT5, and MAT2A biology to
provide a conceptual framework for developing novel therapeutic strategies
in tumors with MTAP deletion and to summarize ongoing efforts to drug
PRMT5 and MAT2A.
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MTAP: PASSENGER CODELETION WITH BENEFITS?

Targeted therapies that block the activity of amplified or gain-of-function mutated oncogenes
have become critical components of cancer therapy (Bollag et al. 2010, Hochhaus et al. 2017,
Shaw et al. 2014, Slamon et al. 2001, Zhang et al. 2012), but there remains a lack of therapies that
selectively exploit loss-of-function mutations or deletions in tumor suppressors. High-resolution
analyses of somatic copy number alterations (Beroukhim et al. 2010) and recent pan-cancer anal-
ysis of whole genomes (PCAWG Consort. 2020) have identified deletion of the 9p21.3 genomic
locus, which encompasses several genes including the tumor suppressor cyclin-dependent kinase
inhibitor 2A/B (CDKN2A/B), as one of the most prevalent biallelic somatic copy number alter-
ations in a wide variety of human cancers, with approximately 15% of all cancers impacted.More-
over, analysis of somatic evolution of mutational processes in oncogenesis has demonstrated that
9p21 deletions appear to be an early and clonal event in several tumor types (Gerstung et al. 2020).
This suggests a lower risk for tumor heterogeneity and thus an increased potential for efficacious
targeted therapies for patients with this genetic alteration.

The 5′-deoxy-5′-methylthioadenosine phosphorylase (MTAP) gene, which resides within
100 kb of the CDKN2A tumor suppressor on chromosome 9p21, is homozygously codeleted in
80–90% of cancer cell lines with CDKN2A deletion (Zhang et al. 1996) (Figure 1). Although
cases have been described where MTAP loss was detected in the absence of CDKN2A deletion in
primary non-small-cell lung cancer (NSCLC) samples and cell lines (Schmid et al. 1998), in the
recent pan-cancer studies (PCAWGConsort. 2020),MTAP loss in the absence of concordant loss
of CDKN2A appears to be a rare event, suggesting that CDKN2A is the primary deletion target
on the 9p21 region that is selected for in human cancers.

MTAP is a critical enzyme in the methionine (Met) salvage pathway that cleaves the
byproduct of polyamine synthesis, 5′-methylthioadenosine (MTA), to adenine and MTR-1-P (5-
methythioribose-1-phosphate), leading to the eventual regeneration of Met (Zappia et al. 1988)
(Figure 1b). Several highly potent cell-permeable transition-state analog inhibitors of MTAP
have been identified and tested (Basu et al. 2007, 2011; Longshaw et al. 2010; Singh et al. 2004),
providing experimental tools that recapitulate genetic loss-of-function phenotypes (Marjon et al.
2016). Because MTAP is the only enzyme in mammalian cells known to catalyze the degrada-
tion of MTA, MTAP loss leads to accumulation of MTA in cancer cells (Kryukov et al. 2016,
Marjon et al. 2016, Mavrakis et al. 2016). MTA in turn has been reported to behave as a com-
petitive inhibitor of methyltransferase enzymes (Enouf et al. 1979,Williams-Ashman et al. 1982),
which may explain some of the biological consequences of MTAP genetic loss discussed below.
However, recent work suggests that MTA accumulation in primary human glioblastoma in vivo
may be moderate compared to tissue culture conditions, likely due to the metabolism of MTA by
MTAP-competent stromal cells (Barekatain et al. 2019). Further work is required to more fully
characterize the impact of MTAP loss on MTA levels in a variety of tumor types.

It remains incompletely understood whether MTAP is simply a passenger codeletion or has
unique tumor-suppressor functions. This later notion is supported by work in the MCF7 breast
adenocarcinoma cell line demonstrating inhibition of anchorage-independent growth in vitro and
tumor growth in vivo upon reconstitution of wild-type MTAP into this MTAP-deleted model
(Christopher et al. 2002). Critically, although homozygous deletion ofMTAP is embryonic lethal,
mice heterozygous for a germline deletion ofMTAP survive to birth but succumb to early death
due to the onset of T cell lymphoma (Kadariya et al. 2009). Further work has demonstrated that
when mice heterozygous for germline loss of MTAP are crossed with the Eμ-Myc mouse model,
this results in the accelerated onset of B cell lymphoma (Kadariya et al. 2013). Finally, convincing
evidence for a tumor-suppressive role of MTAP is derived from its role in diaphyseal medullary
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stenosis with malignant fibrous histiocytoma, a syndrome associated with bone dysplasia and can-
cer, where germline mutations occur in MTAP and result in exon skipping and dysregulated al-
ternative splicing of MTAP isoforms, some of which lack enzymatic activity (Camacho-Vanegas
et al. 2012). In addition to its enzymatic function, MTAP has been proposed to have a nonen-
zymatic role in suppressing tumor-related phenotypes in the HT1080 fibrosarcoma model, as its
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Figure 1 (Figure appears on preceding page)

Cell biology ofMTAP, a genomic neighbor of CDKN2A frequently lost in human cancers that has a key role in MTA catabolism.
(a) Chromosome 9 and the 9p21.3 region containing theMTAP gene close to the CDKN2A gene and its two coding sequences,
P16/INK4A and P14/ARF. (b) The methionine recycling and salvage pathways highlighting MTAP and MAT2A. The red X indicates
deletion of theMTAP gene and corresponding loss of MTAP protein, the green text denotes the metabolic enzyme MAT2A, and the
red text highlights MTA, which accumulates uponMTAP deletion. Panels a,b adapted with permission from Marjon et al. (2016);
copyright 2016 Elsevier. (c) OS curve of advanced lung AC patients stratified byMTAP expression. The median OS was 22 months in
the MTAP-low group versus 32 months in the MTAP-high group (p = 0.044). (d) PFS curve of advanced lung AC patients stratified by
MTAP expression. The median PFS in the MTAP-low group was 8.1 months, compared to 13.1 months in the MTAP-high group (p =
0.002). Panels c,d adapted from Jing et al. (2020); CC-BY 4.0. (e) Frequency of CDKN2A andMTAP homozygous deletions according to
pan-cancer whole genome sequencing analysis. Panel e data are from PCAWG Consort. (2020). Abbreviations: AC, adenocarcinoma;
BNHL, B cell non-Hodgkin lymphoma; CNS, central nervous system; dcSAM, decarboxylated SAM; GBM, glioblastoma multiforme;
HCC, hepatocellular carcinoma; MTA, 5′-methylthioadenosine; OS, overall survival; PFS, progression-free survival; RCC, renal cell
carcinoma; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SCC, squamous cell carcinoma; TCC, transitional cell
carcinoma.

catalytic-dead mutant D220A was capable of reversing soft agar colony formation, cell migration
in a wound-healing assay, and metalloproteinase activity (Tang et al. 2014).

Regardless of whether MTAP is a tumor suppressor, low MTAP expression as analyzed by
immunohistochemistry has been linked to poor prognosis (shorter overall survival and disease
progression-free survival), tumor recurrence, and a higher risk of metastatic disease in several
histological tumor types (Hansen et al. 2019, He et al. 2015, Jing et al. 2020, Roy et al. 2016, Su
et al. 2014, Xu et al. 2019) (Figure 1c,d). Furthermore, according to multivariate survival analysis,
it is an independent prognostic factor with a greater significance than CDKN2A (Hansen et al.
2019, Su et al. 2014).

Despite the prevalence of this genetic lesion and the initial discovery of MTAP deletions in
human cancer nearly 40 years ago (Kamatani et al. 1981, 1982), very few approaches have been
described that selectively target CDKN2A/MTAP-deleted tumors. Inhibitors of CDK4/CDK6
have been reported to selectively block the growth of CDKN2A-deleted cells in vitro (Cen et al.
2012, Young et al. 2014), but this therapeutic approach has not yielded efficacy in clinical studies
to date.

A metabolic strategy to drug MTAP-deleted cancers has been previously proposed (Bertino
et al. 2011, Lubin & Lubin 2009). These earlier efforts focused on the hypothesis that purine
biosynthesis is a synthetic lethal vulnerability inMTAP-deleted cancers. The cornerstone of this
hypothesis is the lack of the adenine salvage in MTAP-deficient tumors, which allows for more
efficient conversion of chemotherapeutic purine/pyrimidine (uracil) analogs to toxic nucleotides
via the activity of APRT (adenine phosphoribosyltransferase) in the absence of competition for
the cellular PRPP (phosphoribosyl-1-pyrophosphate) pool by adenine. In addition, MTAP-null
cancers were proposed to be more sensitive to inhibitors of de novo purine biosynthesis, such as
methotrexate and l-alanosine (Chen et al. 1997,Hori et al. 1996), once again due to lack of MTAP
and adenine salvage. This later notion was not supported by subsequent work (Ruefli-Brasse et al.
2011). l-alanosine was even tested in the clinic and, when dosed up to its maximum tolerated dose,
did not produce significant clinical benefit in patients withMTAP-deficient tumors (Kindler et al.
2009).MTA coadministration in fact did provide a selective growth advantage toMTAP-proficient
cells, as shown usingMTAP isogenic in vitro cell line models (Ruefli-Brasse et al. 2011). However,
this later approach did not translate to the in vivo setting, as the growth ofMTAP-null T cell acute
lymphoblastic leukemia CEM cells was rescued by MTA in vivo (Ruefli-Brasse et al. 2011). The
rescue was attributed to ample adenine salvage pathway activity in normal stromal cells.

Elaboration of MTAP-selective anticancer targets remained an intriguing and unsolved
scientific question (Muller et al. 2015) until recent advances in functional genomic approaches,
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combined with a deeper understanding of the unique metabolic environment of MTAP-deleted
cancers and its impact on biochemical activity of a specific family of methyltransferases, officially
put this genetic lesion on themap as a classic and therapeutically promising collateral vulnerability.

IDENTIFICATION OF NOVEL SYNTHETIC LETHAL
VULNERABILITIES INMTAP-DELETED CANCERS
IN THE ERA OF FUNCTIONAL GENOMICS AND CRISPR

The discovery and implementation of RNA interference (Boutros & Ahringer 2008,Elbashir et al.
2001) and CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 (Cong et al.
2013; Jinek et al. 2012, 2013; Mali et al. 2013) have opened a new chapter in oncology drug target
discovery, as they enable molecular barcode–based pooled depletion screening to identify essen-
tial genes in cancer cells. Three major large-scale studies, Project DRIVE, Project Achilles, and
Project Score, have been performed using these approaches to identify essential genes from nearly
genome-wide libraries across a large number of human cancer cell lines with broad histologic tu-
mor origins and variable genetic spectra (Behan et al. 2019,McDonald et al. 2017, Tsherniak et al.
2017). In addition to identifying genes that are broadly required across all (or most) cancer cell
lines, bioinformatic analyses of these large-scale data sets have identified selective vulnerabilities—
genes that are essential only in molecularly defined subsets of cancers.

Project DRIVE and Project Achilles simultaneously identified for the first time PRMT5 (pro-
tein arginine methyltransferase 5), a type II arginine methyltransferase that generates symmetric
arginine dimethylation marks on proteins, as a synthetic lethal vulnerability in cells with MTAP
deletions (Kryukov et al. 2016, Mavrakis et al. 2016). Importantly, a similar observation was made
using a short-hairpin RNA (shRNA) depletion screen in an HCT116 MTAP isogenic cell line
pair, further strengthening confidence that PRMT5 andMTAP have a synthetic lethal interaction
(Marjon et al. 2016). Not only PRMT5 but also its binding partners, such as the PRMT5 regula-
tor WDR77/MEP50, the methylosome subunit pICIn, and RIOK1 (RIO kinase 1), all scored as
differentially required for the growth ofMTAP-deficient cancer cell lines in these studies.

The findings that PRMT5 is a synthetic lethal vulnerability with MTAP loss and that MTA
levels are characteristically elevated in MTAP-deficient cancer cell lines have prompted further
biochemical characterization of the sensitivity of PRMT5 to inhibition by MTA as a possible rea-
son behind this newly uncovered vulnerability. In fact, Novartis, the Broad Institute, and Agios
Pharmaceuticals have all reported on the uniquely high sensitivity of PRMT5 to inhibition by
MTA in biochemical assays in vitro (Kryukov et al. 2016,Marjon et al. 2016,Mavrakis et al. 2016).
Mavrakis et al. (2016) reported a crystal structure of MTA-bound PRMT5:WDR77 in complex
with a H4 peptide, which potentially provides further explanation. Upon MTA binding, a con-
served Glu435 in a PRMT5 substrate binding pocket was observed to shift from coordinating Arg
residues of the peptide substrate to instead forming a split hydrogen bond with Lys333 and a salt
bridge with Tyr334 residues that are unique to PRMT5.

The interaction between MTAP and the S-adenosylmethionine (SAM)-producing enzyme
MAT2A was another synthetic lethal interaction that emerged from these functional genomic
studies (Marjon et al. 2016, Mavrakis et al. 2016). In fact, in our work in the HCT116 MTAP
isogenic pair, MAT2A was identified as the top hit. The MAT2A and MTAP synthetic lethal-
ity was further validated by doxycycline-inducible shRNA-mediated knockdown of MAT2A and
shRNA-resistant complementary DNA rescue experiments in HCT116MTAP−/− cells and in ad-
ditional endogenous MTAP-deleted models in vitro and in vivo (Marjon et al. 2016). To explain
this synthetic lethality, we measured changes in symmetric arginine dimethylation marks [sym-
metric dimethylarginine (SDMA)] in the HCT116 isogenic pair upon MAT2A knockdown and
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observed a significant reduction in SDMA signal upon MAT2A knockdown inMTAP−/− cells but
notMTAP wild-type cells (Marjon et al. 2016). Critically,MTAP pharmacologic inhibition syner-
gized with MAT2A knockdown to reduce SDMA marks in parental HCT116 cells (Marjon et al.
2016). To explain this further, we compared SAMMichaelis-Menten constant (KM) values for the
N-methyltransferases using an in vitro biochemical panel analysis and observed that PRMT5 ex-
hibited the lowest affinity for SAM (Marjon et al. 2016). This feature of PRMT5, especially in the
context of the metabolically altered, high-MTA environment of MTAP-deficient cells, results in
a second hit on PRMT5 activity upon reduction in intracellular SAM levels due to modulation
of MAT2A and provides a mechanistic basis for MAT2A synthetic lethality in MTAP-deficient
cancers (Marjon et al. 2016). Thus, recent functional genomics work has revealed two potential
precision medicine approaches for treatment of MTAP-deficient cancers: via direct targeting of
PRMT5 or via indirect modulation of PRMT5 activity by targeting MAT2A.

PRMT5 BIOLOGY AND ITS ROLES IN CANCER

Arginine methylation is a highly coordinated multistep process mediated by nine members of the
PRMT family in mammalian cells. Each PRMT recognizes the side chain of arginine residues
characterized by two positively charged guanidino groups that can be subject to methylation.
Methylation reduces the number of arginine hydrogen bond donors, which alters protein-protein,
protein-RNA, and protein-DNA interactions. Methylation reactions are catalyzed by PRMTs
through the transfer of a methyl group from SAM to a guanidine nitrogen of arginine, resulting in
the production of ω-NG-MMA (monomethylated arginine) and SAH (S-adenosylhomocysteine)
(Di Lorenzo & Bedford 2011, Radzisheuskaya et al. 2019). Additionally, MMA can undergo a
secondary methylation by PRMTs to produce either ω-NG,NG-dimethyl-l-arginine [asymmetric
dimethylarginine (ADMA)] or ω-NG,N′G-dimethyl-l-arginine (SDMA). Based on the methyla-
tion generated, PRMTs can be divided into three major groups (Bedford & Clarke 2009): type I
(PRMT1, 2, 3, 4, 6 and 8), which catalyzes the formation of MMA and ADMA; type II (PRMT5
and PRMT9), which catalyzes the formation of MMA and SDMA; and type III (PRMT7), which
is limited to the production of MMA only (Bedford & Clarke 2009, Feng et al. 2013, Stopa et al.
2015).

PRMT5 is the primary type II arginine methyltransferase responsible for most of the symmet-
ric arginine methylation activity within the cell (Wang et al. 2018). It was initially identified in
a yeast two-hybrid screen as JBP1 ( Jak-binding protein 1), a protein that possesses methyltrans-
ferase activity toward nuclear histone proteins (Fabbrizio et al. 2002). Particularly, PRMT5 me-
diates the symmetric methylation of arginines in histone H2A (H2AR3me2s), H3 (H3R2me2s,
H3R8me2s), and H4 (H4R3me2s), which are associated with transcriptional regulation of
gene expression (Ancelin et al. 2006, Girardot et al. 2014, Migliori et al. 2012, Pal et al. 2004,
Tee et al. 2010) (Figure 2a). For example, PRMT5 methylation of H4R3 at the transcription
start site of the cyclin E1 promoter is found to suppress cyclin E transcription and substantially
decrease cell proliferation (Fabbrizio et al. 2002). In a separate study, microarray analysis has re-
vealed that PRMT5 expression stimulates cell proliferation and anchorage-independent growth
through the repression of 227 tumor-suppressor and cell cycle–regulatory genes. Moreover, ec-
topic expression of PRMT5 led to an increase of histoneH3R8methylation, which correlated with
decreased expression of AT7 and NM23 tumor-suppressor genes and induced cell transforma-
tion. In addition, PRMT5 was found to methylate histone H3R2 (H3R2me2s), which is enriched
in actively transcribed euchromatin regions of the nucleus (Migliori et al. 2012). Multiple stud-
ies have demonstrated that histone H4R3me2s is specifically recognized by DNA methyltrans-
ferase DNMT3A,which is recruited through its ADD (ATRX-DNMT3-DNMT3L) domain and
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regulates gene suppression (Ancelin et al. 2006). Loss of H4R3me2s at gene promotors impedes
chromatin binding of DNMT3A, leading to decreased DNA methylation and subsequent activa-
tion of target genes (Zhao et al. 2009).

In addition to histone methylation, PRMT5 regulates gene expression through methylation of
transcription factors andmodulation of cell growth signaling cascades (Zhu&Rui 2019). Arginine
methylation modulates the transcriptional activity and DNA-binding affinity of E2F-1, which is
essential for cell proliferation and apoptosis (Cho et al. 2012, Zheng et al. 2013). PRMT5 methy-
lation of epidermal growth factor receptor (EGFR) at R1175 positively modulates EGF-induced
phosphorylation of EGFR at tyrosine Y1175 in breast cancer cells (Hsu et al. 2011). Loss of EGFR
R1175me2s enhanced EGF-stimulated activation of ERK signaling by reducing the ability of
DHP1 to bind EGFR, leading to decreased proliferation and cell migration.Multiple studies have
demonstrated that loss of PRMT5 activity induces cellular stress, which leads to activation of the
p53 tumor-suppressor gene. In an attempt to assess whether PRMT5 can directly modulate p53
activity, Jansson et al. (2008) studied the interaction of PRMT5 and p53 in control untreated con-
ditions and upon genotoxic stress.The results of this study demonstrated that PRMT5 can directly
bind and methylate p53 at R333, R335, and R337 residues.Moreover, expression of a three-lysine
p53 mutant (p53KKK) demonstrated reduced nuclear localization and failed to induce G1 cell
cycle arrest. These data suggest that PRMT5-mediated methylation of p53 can directly influence
its biochemical properties and thus regulate the transcriptional outcome of the p53 response.

While PRMT5 methylates a variety of cellular substrates, it has become clear that PRMT5-
mediated methylation of RNA splicing machinery represents a particularly critical function of
PRMT5 (Figure 2b). PRMT5-mediated SDMA methyl marks are a physiological ligand for Tu-
dor domain–containing proteins such as SMN (survival of motor neurons), which plays a criti-
cal role in the biogenesis of spliceosomal small nuclear (sn) ribonucleoproteins (RNPs) and the
spliceosome. Spliceosomal RNPs are the key components of splicing machinery composed of
one or two small RNAs (U1, U2, U4, U5, U6) and multiple RNA-binding proteins, including
Arg/Gly-rich Sm proteins (SmB/B′, SmD1, SmD2, SmD3, SmE, and SmF), which are assembled
in a timely, coordinated manner (Friesen et al. 2001, 2002). During spliceosomal assembly, the
SMN protein forms a large complex through interactions with a snRNA and the symmetrically
dimethylated tails of Sm proteins. Although Sm proteins can self-assemble in vitro on any RNA
with a short Sm site sequence, in vivo experiments have demonstrated that Sm cores assemble
on the proper snRNA only through the interaction with the Tudor domain of the SMN protein
in an ATP-dependent manner. Moreover, PRMT5-mediated methylation of SmD1, SmD3, and
SmB-B′ enhances their transfer onto the SMN complex and facilitates the assembly of newly pro-
duced snRNPs (Brahms et al. 2000,Meister et al. 2001).Loss of PRMT5 function leads to aberrant
splicing and formation of transcripts with detained introns and skipped exons (Braun et al. 2017).
These alternative splicing events decrease the total pool of fully spliced mRNA for multiple genes
and decrease the abundance of their corresponding proteins.

Accumulating evidence in the literature demonstrates that PRMT5-mediated methylation of
replication and DNA damage response (DDR) factors is critical for maintenance of genomic in-
tegrity (Clarke et al. 2017, Hamard et al. 2018, Owens et al. 2020) (Figure 2c). In particular,
methylation of POLR2A at R1810 is essential for the recruitment of the SMN complex to RNAP
II transcription sites and stimulates the interaction with DNA-RNA helicase senataxin (Zhao et al.
2016). Loss of PRMT5 induces premature termination of transcription, which is associated with
accumulation of RNA-DNA structures called R-loops (Zhao et al. 2016). Accumulation of un-
resolved R-loops is often accompanied by formation of single-strand DNA breaks and double-
strand DNA breaks (DSB) (Skourti-Stathaki & Proudfoot 2014).Moreover,Mersaoui et al. (2019)
recently demonstrated the importance of PRMT5-mediated methylation of DDX5 helicase in
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resolution of R-loops.DDX5methylation promotes the recruitment of XRN2 to transcription ter-
mination paused sites of multiple transcriptionally active genes. Loss of DDX5 results in accumu-
lation of R-loops at transcription termination sites, resulting in an increase of DSBs. Another reg-
ulator of R-loop formation is FEN1 (Flap endonuclease1) (Cristini et al. 2019). PRMT5-mediated
methylation of FEN1 at R192 promotes the binding to DNA clamp PCNA (proliferating cell nu-
clear antigen) (Guo et al. 2010). Mutations that disrupt FEN1 methylation impair its ability to
localize at the sites of DNA replication or DNA damage and lead to a high frequency of genome-
wide mutations. PRMT5 has also been reported to symmetrically methylate the AAA+ ATPase
RUVBL1 at R205 and promote TIP60-mediated histone H4K16 acetylation (Clarke et al. 2017).
Loss of RUVBL1 R205me2s induces increased retention of 53BP1 at the sites of DNA damage
and inhibition of homologous recombination repair (HRR).

PRMT5 is also known to impact the efficiency of DDR by regulating the splicing of mul-
tiple DDR-regulating genes (Hamard et al. 2018, Zhu & Rui 2019). Specifically, PRMT5 was
reported to prevent DDR genes from exon skipping and intron retention in hematopoietic stem
cells (Tan et al. 2019). Depletion of PRMT5 induced increased intron retention and decreased
expression of FANCA, FANCG, RTEL1, and RAD51 genes involved in regulation of interstrand
cross-linkDNA repair, leading to accumulation of reactive oxygen species (ROS). Loss of PRMT5
induced aberrant splicing of TIP60 and KMT5C, leading to stabilization of 53BP1. Recent stud-
ies by Owens et al. demonstrated that PRMT5 cooperates with plCln to activate a subset of
DNA repair genes that regulate both HRR and NHEJ (nonhomologous end joining) indepen-
dently of MEP50 (Owens et al. 2020). Loss of either PRMT5 or plCln hindered DNA repair
and decreased the expression of multiple genes involved in DDR, including RAD51, RAD51AP1,
RAD51D, BRCA1, BRCA2, NHEJ1, and PRKDC. In addition, Bezzi et al. (2013) demonstrated
that loss of PRMT5 function in a mouse knockout model induces aberrant splicing and skipping
of exon-6 in the p53 negative regulatorMDM4. The authors showed that exon-6 skipping leads to
loss of the p53-interacting domain in MDM4, which stabilizes TP53 expression. Taken together,
all these results indicate that PRMT5 is an integral regulator of gene expression and coordinates
DDR to maintain the genomic integrity of tumor cells.

MAT2A AND ITS ROLE IN CANCER

Methionine adenosyltransferase (MAT), EC (Enzyme Commission) number 2.5.1.6, is the en-
zyme principally responsible for the production of SAM from ATP and l-Met. SAM is the uni-
versal biological donor of methyl groups for all intracellular transmethylation reactions. SAM can
also donate its amino-propyl group during polyamine biosynthesis and its sulfur for glutathione
biosynthesis via cysteine, and it participates in 5′-deoxyadenosyl 5′-radical-mediated biochemical
transformations (Lu & Mato 2012) (Figure 1b).

There are three protein isoforms of the MAT catalytic alpha subunit (MATI, MATII, and
MATIII) encoded by two distinct genes (MAT1A and MAT2A) in mammals (Kotb et al. 1997).
MAT2A encodes the MATII (referred to as MAT2A in this review) catalytic homodimer, a ubiq-
uitously expressed enzyme that generates SAM in all normal and cancer cells, while MAT1A
encodes two liver-specific protein isoforms, MATI (a dimer of MAT1A catalytic subunits) and
MATIII (a tetramer of MAT1A catalytic subunits). MAT1A and MAT2A catalytic subunits are
highly homologous and share 85% sequence similarity (Murray et al. 2016). MAT2B, an acces-
sory protein encoded by the MAT2B gene, interacts with MAT2A and is a negative regulator of
MAT2A catalytic activity (Halim et al. 1999, Kotb & Kredich 1990, Kotb et al. 1997, LeGros
et al. 1997).MAT enzymes demonstrate differences in their kinetic properties and in their affinity
for the Met substrate [KM for Met for is ∼1.8 mM for MAT1A and ∼19 μM for MAT2A (Agios
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Pharmaceuticals, unpublished data)]. Both isoforms are subject to MAT2B-dependent inhibition
by its product SAM, with MAT2A demonstrating stronger sensitivity to SAM inhibition (Halim
et al. 1999, LeGros et al. 1997, Quinlan et al. 2017, Sullivan & Hoffman 1983).

Themultiple fates of SAM in cellularmetabolism and its impact on critical biological processes,
such as methylation- and polyamine-regulated epigenetic and transcriptional regulation of gene
expression, regulation of translation viamethylation of guanosinemRNA caps (Cowling 2009) and
eIF5A hypusination (Pegg 2016), and glutathione-dependent ROS buffering, suggest thatMAT2A
represents a key regulatory node capable of affecting growth, proliferation, differentiation, and
viability of normal and transformed cells.

In fact, dysregulated expression of hepaticMAT enzymes has been linked withmalignant trans-
formation in the liver, with MAT1A being downregulated during tumorigenesis while MAT2A
becomes the predominant isoform (Cai et al. 1996, 1998; Frau et al. 2013). The role of MAT
isoform switch in liver tumorigenesis is further supported by MAT1A-knockout mouse model
studies where upregulation of MAT2A has been observed in the liver of knockout animals, lead-
ing to the development of liver steatosis and eventually hepatocellular carcinoma (Lu et al. 2001,
Martinez-Chantar et al. 2002). The downregulation of MAT1 was proposed to have a critical im-
pact on the key aspects of its downstream biology such as induction of oxidative stress, disruption
of lipid homeostasis, induction of genomic instability, dysregulation of ERK and LKB1/AMPK
signaling, and expansion of progenitor cells, while upregulation of MAT2A is thought to confer
cancer cell proliferation and survival advantages (for reviews, see Frau et al. 2013, Lu & Mato
2012). In addition,MAT enzymes have also been proposed to play a role in cancer biology via im-
pact on the levels of polyamine metabolites produced using SAM and via effects on downstream
polyamine-regulated biology (for additional information, see Casero et al. 2018, Hesterberg et al.
2018).

Although the role of MAT is most well studied in liver cancer, there is continuously emerg-
ing evidence of MAT2A or MAT2B dysregulation in other cancers, including T cell leukemia
( Jani et al. 2009) and colon carcinoma (Chen et al. 2007, Wang et al. 2016), as well as gastric
(T. Zhang et al. 2013), breast (Phuong et al. 2016), pancreatic, and prostate cancer (Tomasi et al.
2017) (reviewed in Maldonado et al. 2018). Furthermore, two recent studies have suggested a role
for SAM biosynthesis in cancer stem cell biology. Wang et al. (2019) observed that TIC (tumor-
initiating cell)-enriched lines derived from resected primary NSCLC adenocarcinoma samples
and grown as nonadherent tumor spheres are addicted to exogenous Met and demonstrate de-
pendency on MAT2A activity for growth in vitro and in vivo. Similar observations were made
by Strekalova et al. (2019) when evaluating effects of Met restriction and MAT2A suppression
in human triple-negative breast carcinoma (TNBC) cell lines that were cultured as cancer stem
cell–enriched mammospheres and in murine models of metastatic TNBC.

CURRENT EFFORTS TO DRUG PRMT5 AND MAT2A

Likely inspired by the findings described above, several academic institutions and pharmaceu-
tical and biotechnology companies are currently developing PRMT5 inhibitors, including four
that have entered clinical development (https://clinicaltrials.gov/, identifiers NCT02783300,
NCT03573310, NCT03854227, NCT03886831) (see Table 1).

The first highly potent, orally bioavailable PRMT5 inhibitor to be developed was EPZ015666
(Chan-Penebre et al. 2015). EPZ015666 inhibits PRMT5 in a SAM-uncompetitive and peptide
substrate–competitivemanner,with IC50 (half-maximal inhibitory concentration) values in the low
nanomolar range (22 ± 14 nM) in biochemical assays. It selectively inhibited PRMT5 and showed
no activity at concentrations up to 50μMagainst 20 other protein methyltransferases. In addition,
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Table 1 Summary of the current preclinical and clinical stage inhibitors of MAT2A and PRMT5

Inhibitor Target Origin/developer IC50 (nM) Stage of development
AG-270 MAT2A Agios 10 nMa Clinical stage

(NCT03435250)
IDB-361 MAT2A Ideaya 3.5 nMb Preclinical development
PF-9366 MAT2A Pfizer, Quinlan et al. 2017 420 nMa Preclinical development
Cycloleucine MAT2A Lombardini & Sufrin 1983 140–190 μMa Academic study
Stilbene derivatives MAT2A W. Zhang et al. 2013 2.1–4.9 μMa Academic study
GSK-3326595 PRMT5 GlaxoSmithKline, Li et al. 2019 6.2 nMa Clinical stage

(NCT02783300)
JNJ-64619178 PRMT5 Johnson & Johnson, Li et al. 2019 0.14 nMa Clinical stage

(NCT03573310)
PF-06939999 PRMT5 Pfizer ND Clinical stage

(NCT03854227)
Ctx series PRMT5 Ctx Pty Ltd., Li et al. 2019 19–533 nMa Preclinical development
PRT-543 PRMT5 Prelude Therapeutics ND Clinical stage

(NCT03886831)
LLY-283 PRMT5 Eli Lilly, Bonday et al. 2018 22 nMa Preclinical development
Compound-9 PRMT5 Lin et al. 2019 11 nMa Academic study
C_4 PRMT5 Zhu et al. 2019 0.72 μMa Academic study
4b14 PRMT5 Zhu et al. 2018 2.71 μMa Academic study
Compound-4 and -10 PRMT5 Tao et al. 2019 8.1 and 6.5 μMa Academic study
CMP5 and HLCL series PRMT5 Baiocchi et al. 2014 ∼5 μMa Academic study
Sinefungin PRMT5 Tao et al. 2019 8.6 μMa Academic study

aIC50 values are based on a published biochemical assay.
bIC50 values are based on a published cell-based assay.
Abbreviations: IC50, half-maximal inhibitory concentration; ND, not documented.

EPZ015666 treatment demonstrated dose-dependent reduction of SmD3me2s expression in a
panel of mantle cell lymphoma cell lines and antiproliferative activity in Z-138 and Maver-1 cell
lines in in vitro growth assays.These results were supported by in vivo studies,which demonstrated
that EPZ015666 induces tumor stasis with more than 90% tumor growth inhibition (TGI) in
the Z-138 models and more than 70% TGI in Maver-1 xenograft models. These initial findings
encouraged further structural optimization of the EPZ015666 scaffold to better understand the
mechanism of efficacy and improve its physicochemical characteristics.

Crystallographic analysis of the PRMT5:MEP50-SAM-EPZ015666 complex prompted the
development of a series of compounds that led to the discovery of the clinical candidate GSK-
3326595 (Gerhart et al. 2018).This compound demonstrated improved cellular potency and phar-
macokinetic properties, with more than 4,000-fold selectivity for PRMT5:MEP50 over any other
protein methyltransferase tested. The antiproliferative activity of GSK-3326595 was profiled in
a panel of 240 cancer cell lines of diverse tumor origin. The result of this analysis revealed that
breast, acute myeloid leukemia, and multiple myeloma cell lines were among the most sensitive to
GSK-3326595 treatment. Furthermore,mechanism of efficacy studies showed that GSK-3326595
induced inhibition of total SDMA in a dose-dependent manner that correlated with efficacy in
vitro and in vivo. Inhibition of PRMT5 after treatment with GSK-3326595 induced expression
of p53 and p21/CDKN1 in p53-proficient Z-138 cell lines in vitro, which was validated in vivo
by immunohistochemistry. Moreover, GSK-3326595 treatment induced alternative splicing that
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was characterized by an isoform switch of MDM4 and, together with the activation of p53 tran-
scription, established a response to inhibition of PRMT5 activity. All of these data suggested that
patients with an intact p53 pathway may benefit from treatment with GSK-3326595.

A mechanistically distinct, SAM-competitive PRMT5 inhibitor approach led to the successful
development of several other selective PRMT5 inhibitors such as LLY-283, JNJ-64619178 (Li
et al. 2019), and PF-06939999. To date, only LLY-283 has been fully described in the literature
(Bonday et al. 2018). LLY-283 is an analog of SAM, in which the methyl moiety is replaced by a
phenyl group. It is a highly potent inhibitor of PRMT5 with IC50 values in the low nanomolar
range, like that of GSK-3326595. LLY-283 also displays more than 100-fold PRMT5 selectiv-
ity over other methyltransferases. Cell-based assays revealed LLY-283 to be a potent inhibitor
of SmBB′-Rme2s methylation in breast MCM7 (IC50: 20 nM) and lung A549 (IC50: 40 nM) cell
lines. Notably, treatment with LLY-283 has also been shown to induce splicing changes and iso-
form switching in MDM4, which led to p53 pathway activation similar to that seen with GSK-
3326595. These findings suggest that both the GSK-3326595 and LLY-283 compounds share
similar mechanisms of efficacy despite their different mechanisms for inhibiting PRMT5.

Several other efforts to discover small-molecule inhibitors of PRMT5 have been described,
including covalent approaches that take advantage of the active site cysteine C449 that is unique
to PRMT5 (Alinari et al. 2015; Baiocchi et al. 2014; Lin et al. 2019; Tao et al. 2019; Zhu et al.
2018, 2019).

Interestingly, the SAM-uncompetitive PRMT5 inhibitor EPZ01566 was tested for MTAP-
selective growth inhibition and failed to display robust selectivity for cancers with deletion of
MTAP (Kryukov et al. 2016, Marjon et al. 2016, Mavrakis et al. 2016). This difference between
genetic ablation of PRMT5 and pharmacologic inhibition of PRMT5 likely occurs because the
mechanism of action of the SAM-uncompetitive PRMT5 inhibitor fails to leverage theMTA-high
metabolic state ofMTAP-deficient cells. Mavrakis et al. (2016) postulated that SAM-competitive
inhibition of PRMT5 would lead to greater selective growth inhibition ofMTAP-deficient cells.
We have noted that two inhibitors of a single enzyme can only be synergistic if they bind to
separate binding sites and their interaction is not mutually exclusive (Breitinger 2012); thus, we
have postulated that small molecules that bind synergistically to the PRMT5:MTA complex would
trap the enzyme in its inactive state. Since MTA levels are higher inMTAP-deficient cancer cells,
an inhibitor that binds synergistically with MTA would be expected to selectively inhibit PRMT5
inMTAP-deficient cells. To date, there are no publications that describe PRMT5 inhibitors that
display a high degree of selectivity for MTAP-deficient cancers, and thus such MTAP-selective
PRMT5 inhibitor strategies currently remain hypothetical. The compelling genetic validation
of PRMT5 as an MTAP-selective target will likely motivate continued drug discovery efforts to
explore alternate modes of inhibition of PRMT5, like those noted above.

Despite its clear implication in cancer biology,MAT2A has only recently emerged as a validated
therapeutic target inMTAP-deleted cancers (Marjon et al. 2016). Although substrate-competitive
Met analog inhibitors of MAT2A such as cycloleucine were identified by Lombardini and col-
leagues in the 1970s and 1980s (Lombardini et al. 1970, Lombardini & Sufrin 1983), their low
potency and structural simplicity raise concerns about their specificity, especially in the cell-based
assay context, due to the potential impact on cellular amino acid metabolism. More recent efforts
identified stilbene derivatives as inhibitors of MAT2A (Sviripa et al. 2014, W. Zhang et al. 2013),
but these compounds carry redox reactivity flags and are unlikely to specifically inhibit MAT2A.
Recently, a high-throughput screening campaign conducted by Pfizer identified a moderately po-
tent allosteric MAT2A inhibitor, PF-9366 (Quinlan et al. 2017). PF-9366 demonstrates the po-
tential to drug MAT2A via an allosteric mechanism, namely by binding to the MAT2B regulatory
pocket. However, PF-9366 treatment in cells induced cellular adaptation, including upregulation
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of MAT2A itself (Pendleton et al. 2017, Vazquez-Chantada et al. 2010, Yang et al. 2015), which
blunted cellular potency and led to inadequate antiproliferative effects.

Konteatis and colleagues have discovered and developed small-molecule inhibitors of MAT2A
that are highly potent, cell permeable, selective, and orally bioavailable, including AGI-25696 and
AG-270 (Z. Konteatis, J. Travins, S. Gross, K. Marjon, A. Barnett, et al., manuscript in review).
TheseMAT2A inhibitors were discovered via fragment screening approaches followed by iterative
structure-guided design, enablingmore than 10,000-fold improvement of the potency.This family
of MAT2A inhibitors are allosteric, substrate noncompetitive, and inhibit MAT2A activity via en-
hanced enzyme product (SAM) inhibition, as they bind to the same allosteric site as the regulatory
MAT2B subunit, similarly to what was reported for PF-9366 (Quinlan et al. 2017). Furthermore,
small-molecule inhibition of MAT2A potently reduces SAM levels in cells by blocking de novo
SAM biosynthesis and leads to MTAP-genotype selective antiproliferative activity in vitro and
in vivo, as well as MTAP-selective effects on PRMT5 methyl marks. Thus, targeting of MAT2A
in MTAP-deficient cancers represents a successful application of synthetic lethality and a novel
therapeutic approach for the substantial subset of patients with loss of the CDKN2A/MTAP locus.

Based on these discoveries, AG-270, a MAT2A inhibitor, has entered clinical development and
is under investigation in a phase I trial that is currently enrolling patients with MTAP-deleted
solid tumors and lymphomas (NCT03435250).

CONCLUDING REMARKS

Identifying and translating novel synthetic lethal vulnerabilities into precision medicine ap-
proaches has been greatly enabled by the implementation of functional genomic approaches and
continuous progress in their development. The insight to target PRMT5 and MAT2A inMTAP-
deficient tumors emerged from these efforts, which is one among a wave of clinically applicable
synthetic lethalities to follow the success of PARP [poly(ADP-ribose) polymerase] inhibitors in
BRCA1- and BRCA2-mutant cancers (Bryant et al. 2005, Farmer et al. 2005, Tutt et al. 2005).
However, in order to recapitulate the phenotypes observed using genetic tools for target modula-
tion with pharmacologic small-molecule agents, it is critical to develop an in-depth understanding
of the underlying target biology and biochemistry in order to identify appropriate drugging strate-
gies. Only one of the two recently discovered synthetic lethal vulnerabilities in MTAP-deficient
cancers, MAT2A, has thus far been translated into anMTAP-null selective small-molecule thera-
peutic agent according to preclinical studies. Current small-molecule inhibitors of PRMT5 have
not yet yielded MTAP-null selectivity, perhaps owing to their mechanism of action. Further ef-
forts are necessary to identify alternative means of drugging PRMT5 that would take advantage
of the high-MTA environment of MTAP-deficient cancers. Both approaches have yet to achieve
proof-of-concept in the clinic and may require the identification of rational combination strate-
gies to provide greater antitumor activity. In addition, an understanding of potential effects on the
tumor microenvironment and immune cells following targeting of MAT2A and PRMT5 (Benci
et al. 2019, Henrich et al. 2016, Inoue et al. 2018, Roy et al. 2020) may produce further insights
into ways of optimizing the efficacy of MAT2A and PRMT5 inhibitors and the potential for com-
binations with existing and emerging immune therapies.
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