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Abstract

Metabolic pathways leading to the synthesis, uptake, and usage of the nonessential amino acid
serine are frequently amplified in cancer. Serine encounters diverse fates in cancer cells, including
being charged onto tRNAs for protein synthesis, providing head groups for sphingolipid and
phospholipid synthesis, and serving as a precursor for cellular glycine and one-carbon units, which
are necessary for nucleotide synthesis and methionine cycle reloading. This review will focus on
the participation of serine and glycine in the mitochondrial one-carbon (SGOC) pathway during
cancer progression, with an emphasis on the genetic and epigenetic determinants that drive SGOC
gene expression. We will discuss recently elucidated roles for SGOC metabolism in nucleotide
synthesis, redox balance, mitochondrial function, and epigenetic modifications. Finally,
therapeutic considerations for targeting SGOC metabolism in the clinic will be discussed.
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1.1 Introduction

The field of cancer biology has appreciated altered metabolism as an essential hallmark of
malignant transformation (Hanahan and Weinberg, 2011; Pavlova and Thompson, 2016). A
century ago, the German biochemist Otto Warburg observed that cells of cancerous origin
displayed an increased uptake of glucose that was fermented to lactic acid rather than
oxidized in the mitochondria (Warburg et al., 1924; Warburg et al., 1927). To account for the
reduced pyruvate entry into the mitochondrial tricarboxylic acid (TCA) cycle for ATP
generation, cancer cells must obtain massive amounts of glucose to maintain energy balance.
Moreover, the preference of cancer cells to express the M2 isoform of pyruvate kinase
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(PKM2) — which can be posttranslationally or allosterically modified to adjust its catalytic
activity — is thought to provide additional benefit — namely, providing biosynthetic
precursors — by shunting glucose flux to pathways such as pentose phosphate pathway and
serine biosynthesis in response to growth factor stimulation and cellular nutrient status
(Anastasiou et al., 2011; Chaneton et al., 2012; Ye et al., 2012). Indeed, genomic profiling
has revealed that many cancers, particularly breast and melanoma, harbor amplifications and
upregulate expression of the rate-limiting enzyme in serine biosynthesis, 3-phosphoglycerate
dehydrogenase PHGDH (Locasale et al., 2011; Possemato et al., 2011). Rapidly
proliferating cells such as cancer cells also rapidly consume serine, obtained either through
synthesis or import from the extracellular milieu. Thus, understanding the myriad metabolic
fates of serine is of key interest to the cancer biology field. Serine plays important roles in
macromolecule synthesis, either through charging transfer RNAs (tRNAs) for protein
synthesis, serving as a precursor to amino acids such as cysteine and glycine, providing head
groups for sphingolipid and phospholipid synthesis, or donating 1C units for nucleotide
synthesis. We are now beginning to appreciate that, in cancer cells, the mitochondrial serine,
glycine, and one-carbon (SGOC) pathway exquisitely catabolizes serine to generate other
—by-productsll such as NAD(P)H for redox defense and functional mitochondrial tRNAs.
Could there be other cellular processes affected by enhanced mitochondrial SGOC pathway
activity in cancer? A few outstanding reviews about the SGOC pathway have discussed the
biochemistry, compartmentalization, biological regulation, research history, and disease
relevance of this pathway (Ducker and Rabinowitz, 2017; Locasale, 2013; Tibbetts and
Appling, 2010; Yang and Vousden, 2016). In this review, we will focus on the recent
progress in elucidating the role of the mitochondrial branch of this pathway, which is
universally upregulated in many cancer types during cancer progression, particularly the
connection between this pathway to epigenetic regulations.

2.1 The major cellular one-carbon species

Eukaryotic cells utilize the vitamin B9 derivative tetrahydrofolate (THF) as a carrier for
cellular one-carbon (1C) units. Attachment of 1C units to either the N5 or N10 position of
THEF relies on the biochemical action of 1C metabolic enzymes coupled with oxidation and
reduction reactions. Furthermore, the polyglutamylation of THF molecules is thought to
facilitate the retention of 1C units in specific compartments—e.g. either the cytosol or
mitochondria—by reducing 1C unit affinity for intercompartmental folate transporters and
increasing their affinity for compartment-specific folate transformation enzymes (Ducker
and Rabinowitz, 2017; Kim et al., 1996). The universal importance of folates in supporting
cell proliferation has been long appreciated since a landmark study by Sydney Farber
demonstrated that inhibitors of folate transformation enzymes could induce regression of
acute lymphoblastic leukemia (ALL) (Farber et al., 1947; Farber and Diamond, 1948). The
related compounds methotrexate and pemetrexed are now widely used in the clinic as
chemotherapeutics targeting folate metabolism, although like in many other targeted
therapies, resistance mechanisms often emerge in tumors (Bertino et al., 1996; Guo et al.,
1999).

While various metabolites can donate methyl groups to THF, serine and glycine are the
major sources of 1C units. Serine catabolism initiated by serine hydroxymethyltransferase
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(SHMT) transfers the -y-carbon amino acid side chain to THF, forming glycine and 5,10-
methylene-THF (me-THF) (Figure 1). The cytosolic (SHMT1) and mitochondrial (SHMT2)
isoforms perform the same reactions. Each isoform carries a different burden of total one-
carbon flux in cancer cells and will be discussed later. Glycine generated by this reaction can
also be catabolized to me-THF in the mitochondria, although the relative contribution of
glycine cleavage to total me-THF pools may depend on the expression of the glycine
decarboxylase complex (GLDC) and the ability of cells to clear or re-assimilate the toxic
ammonia cations generated (Spinelli et al., 2017). Importantly, me-THF generated in both
the cytosol and mitochondria functions as 1C donor for thymidylate pyrimidine nucleotide
synthesis through the action of thymidylate synthetase (TYMS) (Anderson et al., 2011).

me-THF generated from the action of SHMT can be further oxidized to 10-formyl-THF
(formyl-THF) by cytosolic methylene-tetrahydrofolate dehydrogenase 1 (MTHFD1) or
mitochondrial methylene-tetrahydrofolate dehydrogenase 2 (MTHFD2) and methylene-
tetrahydrofolate dehydrogenase 2-like (MTHFD2L). MTHFD1 interconverts me-THF and
formyl-THF using NADPH/NADP*, while MTHFD2 and MTHFD2L have recently been
reported to utilize both NADPH/NADP* and NADH/NAD™ (Shin et al., 2017). The primary
anabolic role for 10-formyl-THF is supporting cytosolic purine nucleotide synthesis,
specifically in the two steps catalyzed by the trifunctional enzyme
phosphoribosylglycinamide formyltransferase, phosphoribosylglycinamide synthetase,
phosphoribosylaminoimidazole synthetase (GART) and the bifunctional enzyme 5-
aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase
(ATIC) (Figure 1).

Cytosolic MTHFD1 and mitochondrial MTHFD1L perform the release of the final
transformation product of folate-mediated 1C metabolism, formate, while concomitantly
generating ATP. This liberated 1C unit can pass freely across the mitochondrial membrane,
with the major direction of exchange being from the mitochondria to the cytosol. In the next
sections, we will discuss several hypotheses that attempt to explain why cancer cells
preferentially perform oxidative transformation of 1C units in the mitochondria and
reductive assimilation of 1C units in the cytosol.

2.2 Directionality of the cytosolic and mitochondrial one-carbon folate

cycle

Isotope tracing studies discriminate usage of the cytosolic vs. mitochondrial branches

Initial studies performed in yeast and knockout mice supported the idea that cytosolic 1C
units could be derived from mitochondrial 1C metabolism (MacFarlane et al., 2008;
Pasternack et al., 1992; Piper et al., 2000). Subsequent studies using deuterium atoms-
labeled serine ([2,3,3-2H]serine) elucidated the relative contribution of cytosolic and
mitochondrial branches to the total cellular 1C pool (Ducker et al., 2016). me-THF
generated directly from cytosolic serine catabolism is labeled with two deuteriums (2H) such
that incorporation of the 1C unit into thymidylate (dTTP) produces dTTP mass heavy by 2
(M+2). In contrast, me-THF derived from mitochondrial serine catabolism retains only one
labeled 2H following oxidation in the mitochondria to formate, transport across the
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membrane, and reduction back to me-THF in the cytosol. Therefore, dTTP synthesized from
me-THF derived from mitochondrial 1C metabolism is M+1. Using dTTP as a readout,
Ducker et al. observed in many proliferating cancer cell lines that most cellular 1C units
originate in the mitochondria. In comparison, MTHFD2 expression was not detected in
neither proliferating fibroblast cells nor proliferating liver cells, though it is induced upon T
cell activation and early embryo development, suggesting that not all normal cells utilize the
mitochondrial pathway for proliferation (Nilsson et al., 2014). Intriguingly, tumor cells
display plasticity such that deletion of mitochondrial 1C pathway enzymes causes a switch
to serine catabolism in the cytosolic 1C pathway. This way, cancer cells retain the ability to
generate glycine and 1C units for nucleotide synthesis. In contrast, SAmt2 deficient mice are
embryonic lethal, the fibroblast and liver cells from the mice display mitochondrial
respiration defects and slower growth rate, suggesting that SHMT?2 is indispensable for
normal development (Tani et al., 2019; Tani et al., 2018).

A separate study by Lewis et al. employing A549 lung cancer cells used an ectopic
expression system of either mutant isocitrate dehydrogenase 1 (IDH1) or 2 (IDH2) to track
NADPH production in either compartment of 1C metabolism (Lewis et al., 2014). As
described above, the conversion of me-THF to formyl-THF by either MTHFDL in the
cytosol or MTHFD2/MTHFD2L in the mitochondria can generate NADPH. Likewise, this
NADPH can be consumed by mutant IDH1 in the cytosol or mutant IDH2 in the
mitochondria to generate the R enantiomer of 2-hydroxyglutarate (R-2HG) from alpha-
ketoglutarate (Dang et al., 2009; Ward et al., 2010). The amount of deuterium-labeled 2HG
can be used as a measure of compartmentalized NADPH flux through the SGOC pathway.
When cultured in media containing [2,3,3-2H]serine, M+1 2HG was observed only in cells
expressing mutant IDH2 (mitochondria) but not mutant IDH1 (cytosol), suggesting that the
mitochondrial 1C metabolism proceeds in the direction whereby NADPH is produced
(oxidative), but in the cytosol the 1C pathway may go in reverse direction (reductive) to
generate formyl-THF for purine biosynthesis, possibly due to the high NADPH levels
generated from pentose phosphate pathway activity..

Serine and glycine cleavage in the mitochondria

Many cancer types display enhanced serine biosynthesis and import of serine from the
extracellular milieu, as evidenced by their high expression of de novo serine synthesis
enzymes phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase
(PSAT1), and phosphoserine phosphatase (PSPH) and serine transporters solute carrier
family 1 member 4 and 5 (SLC1A4 and SLC1A5). As outlined above, much of this serine is
shuttled to the mitochondria for catabolism to glycine and 1C units. A meta-analysis study
revealed that enzymes involved in the mitochondrial 1C pathway are among the most
frequently overexpressed genes in cancer (Nilsson et al., 2014). Recently, a CRISPR-CAS9
screen performed in serine-starved cell lines with loss of cytosolic 1C activity identified
sideroflexin 1 (SFXN1) as a key mitochondrial transporter of serine (Kory et al., 2018).
Although it is unknown whether serine synthesized de novo encounters different fates from
serine transported from the extracellular space, studies suggest that, at least in some cells,
there exists coordination between cytoplasmic serine synthesis and mitochondrial 1C unit
fate. To start, the expression of the rate limiting enzymes of serine biosynthesis, PHGDH,
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and mitochondrial serine catabolism, SHMT2, are positively correlated with each other in
breast cancer and neuroblastoma (e et al., 2014a). In addition, PHGDH activity suppresses
SHMT1 activity to promote serine incorporation into nucleotides through the mitochondrial
1C pathway (Pacold et al., 2016).

The role of glycine in cancer cells appears to be somewhat more convoluted. An initial
profiling of cancer cell lines described a correlation between glycine consumption and
cancer cell proliferation rates (Jain et al., 2012). Later studies revealed that serine, rather
than glycine, was the most rapidly consumed amino acid supporting proliferation, and that
some cells might switch to glycine only when serine is depleted (Labuschagne et al., 2014).
It was even observed that, in some cells, high levels of glycine could impair cell
proliferation, presumably through mechanisms such as product inhibition of the SHMT2
reaction or glycine-to-serine conversion through the reverse action of SHMT1 leading to
—wastingll of cellular 1C pools, thereby impairing nucleotide synthesis (Fan et al., 2014;
Labuschagne et al., 2014; Pacold et al., 2016).

Given the complex roles of glycine—dependent on the relative availability of serine, glycine,
and 1C units that drive the rate and direction of the SHMT1/2 reactions—effective glycine
clearance through export or cleavage (through GLDC) may be essential to support optimal
cell proliferation. The hypoxic tumor microenvironment of brain tumors drives expression of
SHMT2, a HIF-target gene (Kim et al., 2015; Ye et al., 2014a). Kim et al. observed that, in a
subset of these cells, particularly those located in ischemic regions of gliomas, GLDC is
required to prevent toxic accumulation of the glycine-derived metabolites aminoacetone and
methylglyoxal. In non-small cell lung cancer, GLDC is enriched in tumor initiating cells
(TICs) and drives tumorigenesis by linking glucose to serine/glycine flux with increased
synthesis/accumulation of pyrimidine nucleotides (Zhang et al., 2012). Consistent with this
finding, a recent study demonstrated that GLDC expression at least partly contributes to the
maintenance of TICs derived from human lung cancer patients by coupling 1C flux to the
methionine cycle and histone methylation (Wang et al., 2019). In a following section, we
will discuss further evidence connecting SGOC metabolism to epigenetic modifications on
DNA and histones. In sum, the role of glycine in supporting cancer cell proliferation is likely
to be both environment-specific and cell-type specific.

2.3 Beyond cytosolic anabolism: redox balance, mitochondrial function,
and metabolic control of epigenetics

The above discussion leads us to the general belief that the preferred route of serine
utilization is catabolism in the mitochondria followed by export of the 1C units to support
cytosolic anabolic reactions. The reason for this may be compartment-specific NAD(P)H/
NAD(P) ratios that favor 1C unit oxidation in the mitochondria and 1C unit reduction in the
cytosol. Intriguingly, recent studies have highlighted the concept that SGOC metabolism can
actively modulate redox balance in a compartment-specific manner (Fan et al., 2014; Yang et
al., 2020; Ye et al., 2014a).
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Mitochondrial 1C metabolism generates NAD(P)H

NADPH serves as a crucial molecule providing reducing power for biosynthesis as well as
buffering against redox stress in rapidly proliferating or detached cells (Pavlova and
Thompson, 2016; Schafer et al., 2009). Isotope tracer studies and quantitative flux analyses
revealed that 1C metabolism can generate a significant fraction of total cellular NADPH. In
particular, Fan et al. determined that while most cytosolic NADPH is devoted to
biosynthesis, the complete oxidation of serine in the mitochondria was required to generate
NADPH to suppress reactive oxygen species (ROS) and maintain the ratio of reduced to
oxidized glutathione (Fan et al., 2014). These two functions are accomplished by the
conversion of me-THF to formyl-THF by MTHFD2/MTHFD2L and a side reaction
catalyzed by ALDH1L2 converting formyl-THF to CO,. Circulating metastatic melanoma
cells particularly upregulate ALDH1L2, perhaps reflecting a preference towards diverting
pathway flux towards NADPH-mediated ROS suppression rather than cytosolic 1C units for
cell anabolism (Piskounova et al., 2015). A recent study demonstrated that mitochondrial
serine catabolism can also generate a substantial portion of NADH in cultured cells and
mice, particularly in the pancreas, spleen, and tumors (Yang et al., 2020). When cell
respiration was impaired, other pathways generating NADH (such as the TCA cycle) shut
down while mitochondrial serine catabolism persisted, generating toxic amounts of NADH
that impeded cell proliferation. Paradoxically, inhibition of either SHMT2 or MTHFD2
normalized intracellular NADH/NAD ratios and boosted HCT116 colon cancer cell
proliferation in respiration-impaired conditions (treatment with metformin).

Interplay between 1C metabolism and mitochondrial function

For cells under hypoxic stress, upregulation of the mitochondrial 1C pathway provided
further benefit to combat ROS generated from an impaired electron transport chain (ETC)
(Ye et al., 2014a). Subsequent studies reported that ETC dysfunction could impair
mitochondrial catabolism of serine to formate (Bao et al., 2016; Meiser et al., 2016). In
particular, treatment of cells with inhibitors of various ETC complexes induced a
dependency on high extracellular/cytosolic serine levels to drive serine catabolism through
the cytosolic 1C pathway (Bao et al., 2016; Maddocks et al., 2013). Importantly, the growth
of cells with impaired ETC under serine starvation could be rescued by addition of formate
and hypoxanthine, a precursor to purine nucleotides (Bao et al., 2016). Since xanthine
dehydrogenase (XDH) converts hypoxanthine and NAD+ to xanthine and NADH, the rescue
effect of hypoxanthine may be through restoring NADH levels (Sato et al., 1995).

Recent work has estimated that, in some cancer cells, mitochondrial formate is produced in
excess beyond the 1C demand for biosynthesis (Meiser et al., 2018; Meiser et al., 2016).
Although it is still unclear why these cells display this property, one possibility is that
heightened serine catabolism is an alternative route to generate mitochondrial NADH
without upregulating glucose flux to the TCA cycle. In turn, a functional ETC sustains
mitochondrial oxidative power to recycle NADH back to NAD*, thereby ensuring adequate
cofactors for the me-THF to formyl-THF reaction catalyzed by MTHFD2/MTHFD2L. It is
worth noting that a major function of the ETC is to also support aspartate synthesis, and
aspartate and 1C units are both required for nucleotide synthesis (Birsoy et al., 2015;
Sullivan et al., 2015). Thus, electron shuttling through the ETC and mitochondrial 1C
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metabolism may cooperate, through redox regulation, to sense and balance anabolic demand.
Indeed, Chen et al. have recently elucidated an analogous relationship in the cytosol
whereby the pentose phosphate pathway supports the activity of the cytosolic 1C enzyme
dihydrofolate reductase (DHFR) through NADPH (Chen et al., 2019b). We believe that the
ability of mitochondrial 1C metabolism to utilize both NAD* and NADP* may provide
cancer cells the metabolic flexibility to sustain proliferation even under stress conditions:
when the ETC is active, the mitochondrial 1C pathway can utilize sufficient NAD* to
generate 1C for purine biosynthesis; under hypoxia or starvation conditions, although the
NAD*/NADH ratio decreases, elevated mitochondrial ROS leads to an increased NADP*/
NADPH ratio, which can also drive the 1C pathway forward.

Emerging evidence suggests that a reciprocal relationship may indeed exist; namely,
mitochondrial serine catabolism supports ETC function by supporting mitochondrial protein
translation. While profiling various CRISPR-CAS9 deletion mutants in human colon cancer
HCT116 cells, Morscher et al. observed that loss of SHMT2 increased extracellular media
acidification due to impaired mitochondrial respiratory chain activity (Morscher et al.,
2018). They determined this defect was caused by the loss of ETC protein translation
stemming from a deficiency in SHMT2-derived me-THF, which was necessary to generate
5-taurinomethyl modifications at the wobble position of mitochondrial tRNAs. Minton et al.
arrived at a similar result in a CRISPR-CAS9 screen for metabolic enzymes that are
essential for growth of Jurkat leukemic T cells in low glucose (Minton et al., 2018). SHMT2
was the highest scoring non-ETC protein in the screen, and loss of SHMT2 also resulted in
loss of ETC protein translation. Interestingly, Minton et al. determined that the crucial 1C
species was mitochondrial formyl-THF for maintaining formylmethionyl-tRNA pools, rather
than the upstream metabolite me-THF. Together, this pair of studies lays groundbreaking
work for investigating the precise biochemical reactions that link mitochondrial 1C
metabolism with mitochondrial translation and respiration.

Coupling the folate cycle to the methionine cycle and cellular methylation

S-adenosyl methionine (SAM), the universal methyl donor for DNA and histone
methylation, is generated from the ligation of ATP to methionine through the action of
methionine adenosyltransferase (MAT). Early studies using whole-organism infusion
methods of isotopically labeled serine suggested that serine catabolism in the folate cycle
could contribute to the re-methylation of homocysteine back to methionine (Davis et al.,
2004; Gregory et al., 2000). This occurs through methylenetetrahydrofolate reductase
(MTHFR)-mediated reduction of me-THF to 5-methyltetrahydrofolate (m-THF), followed
by 1C transfer from m-THF to homocysteine catalyzed by methionine synthase (MS).
Several groups have reported a positive association between folic acid levels and tumor
methylation, and folate supplementation could reverse hypomethylation (Kim et al., 2001;
Pufulete et al., 2005; Wasson et al., 2006; Xue et al., 2017). Thus, the discovery of
upregulated serine synthetic and serine catabolic flux in many tumors raised the exciting
possibility that tumor cells channel serine-derived 1C units through the folate cycle to
methylate chromatin.
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However, isotope tracing studies in cultured cells failed to identify a substantial contribution
of 1C’s from serine to the methyl-group on SAM (Ducker et al., 2016; Maddocks et al.,
2016; Pike et al., 2010). Only in the absence of medium methionine could serine contribute
1C units for the re-methylation of homocysteine to methionine (Maddocks et al., 2016).
Surprisingly, Maddocks et al. found that in cells grown in full media, serine supported SAM
levels through the synthesis of ATP, a substrate for MAT. Taken together, these results
suggest that methionine, rather than serine, may be the key amino acid substrate for SAM
synthesis and chromatin control in physiological contexts (Dai et al., 2018; Mentch et al.,
2015). A diminished contribution of folate-mediated 1C metabolism to SAM may also
explain why other clinical studies have failed to see impressive effects of dietary folic acid
supplementation on global methylation (Cravo et al., 1998; Figueiredo et al., 2009; Jung et
al., 2011), since dysregulation of methionine metabolism—a common event in cancer cells
—would predominately influence methylation dynamics (Hoffman and Erbe, 1976). To this
end, Gao et al. recently reported therapeutic synergism between dietary methionine
restriction and standards of care such as radiation therapy and chemotherapy in tumor-
bearing mice, although it is still unclear if and how this occurs through modulating
methylation (Gao et al., 2019).

A pair of studies investigating autochthonous mouse models of pancreatic cancer and
prostate cancer have attempted to link loss of the tumor suppressors LKB1 and PKCA/4,
respectively, to increased SGOC flux, DNA methylation, and gene expression changes
(Kottakis et al., 2016; Reina-Campos et al., 2019). Green et al. recently reported a
mechanism whereby MTHFD2 sustains renal cell carcinoma by controlling global NS-
methylated adenosine (mBA) levels on mRNA, enhancing the translation of tumor-promoting
factors such as HIF-2a (Green et al., 2019). Intriguingly, work by Koufaris and Nilsson
suggests that the regulation of RNA metabolism and translation by MTHFD2 might occur
independently of its metabolic functions (Koufaris and Nilsson, 2018). In the absence of
isotope tracing experiments clearly showing labeling onto SAM from the third position
carbon of serine, the likeliest explanation for these observations may be increased ATP
synthesis. Alternatively, indirect mechanisms might explain observed increases in SAM,
RNA, DNA, and histone methylation, such as changes in metabolite abundances that either
inhibit demethylation (e.g. 2HG production) or reduce antagonistic acetylation (e.g.
decreased acetyl-CoA) (Shyh-Chang et al., 2013; Sivanand et al., 2018; Ye et al., 2018). In
this model, upregulated one-carbon metabolism may be just a single feature associated with
broader metabolic dysregulation, following loss of tumor suppressor function, that fuels an
altered epigenetic cancer cell state.

2.4 Genetic and epigenetic regulation of SGOC metabolism

The above studies in genetically engineered mouse models illustrate the broad dysregulation
of SGOC metabolism driven by activation of oncogenes or loss of tumor suppressor activity.
It is now appreciated that epigenetic factors, such as post-translational modification and
subcellular localization, can also regulate the expression and function of enzymes involved
in 1C metabolism.
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Important transcription factors

The metabolic role of the MYC oncogene has been extensively studied, particularly with
regards to regulating glucose, glutamine, nucleotide, and fatty acid metabolism (Stine et al.,
2015). MY C also controls SGOC metabolism, as the key enzymes SHMT1, SHMT?2,
MTHFD1, and MTHFD2 contain E-Box binding motifs for MYC (Haggerty et al., 2003; Ju
etal., 2019; Mao et al., 2003; Nikiforov et al., 2002; Pikman et al., 2016). Functional
evidence furthermore suggests that in cancer, MYC may at least in part exert its cancer cell
fitness-promoting functions through SGOC metabolism. Ye et al. demonstrated cooperation
between MY C and HIF1a to drive SHMT2 expression under hypoxia (Ye et al., 2014a). c-
Myc is frequently overexpressed in breast cancer, and mitochondrial 1C pathway genes were
found to be upregulated in breast cancer cells grown under hypoxia and as mammospheres
(Samanta et al., 2016). Finally, either glucose or glutamine starvation triggers the c-Myc
isoform-mediated upregulation of enzymes involved in serine synthesis (Sun et al., 2015), as
well as those involved in serine catabolism such as SHMT?2, further supporting the notion
that products of mitochondrial 1C metabolism protect against stresses such as nutrient
starvation.

A key transcription factor for the adaptation to cellular stress, activating transcription factor
4 (ATF4), upregulates all the three enzymes in serine biosynthesis, PHGDH, PSAT1 and
PSPH, upon amino acid starvation (Ye et al., 2012). ATF4 can also activate expression of
downstream SGOC metabolism genes such as SHMT2 and MTHFD2 (Ben-Sahra et al.,
2016; DeNicola et al., 2015). ATF4 itself is the transcriptional target of factors such as
NRF2 (Ye et al., 2014b). DeNicola et al. showed that in non-small cell lung cancer, NRF2
promotes ATF4-dependent expression of 1C metabolism genes such as SHMT2 to supply
substrates for glutathione and nucleotide synthesis (DeNicola et al., 2015). Given the central
role of NRF2 in cellular oxidative stress responses and recent observations that the lung
tumor microenvironment may select for pathways that protect cells from high oxygen
tension (Alvarez et al., 2017; Rojo de la Vega et al., 2018), it is perhaps not a coincidence
that the NRF2-KEAP1 axis is frequently dysregulated in lung cancer. Ben-Sahra et al. also
reported mTORC1-mediated stimulation of ATF4 activity resulting in coordinated MTHFD2
transcription and purine synthesis, demonstrating a link between growth factor signaling and
mitochondrial 1C metabolism. Thus, the ability of ATF4 to transcriptionally activate SGOC
metabolism is crucial for integrating inputs during both stress and growth conditions. ATF4
is translationally upregulated by the integrated stress response (ISR) (Harding et al., 2003;
Lu et al., 2004), which can also be induced by mitochondrial stress (Quiros et al., 2017;
Tyynismaa et al., 2010), raising the question of whether ATF4-dependent mitochondrial 1C
pathway reprogramming can play a key role in the cellular adaptation to stress through
crosstalk between the ISR and mitochondrial stress response (Melber and Haynes, 2018).

Regulation by post-transcriptional mechanisms

Sole transcriptional output is not the best metric for understanding the activity of an enzyme
or pathway. Interactions with other enzymes, particularly those leading to post-translational
modifications, may be particularly important for function and localization. Indeed,
functional SHMT1 and SHMT?2 undergo tetramerization (Giardina et al., 2015). A
proteomics screen for interactors of the sirtuin family member SIRTS5 elucidated a
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mechanism whereby SIRT5-mediated desuccinylation of lysine 280 on SHMT?2 activates
tetramerization and enzymatic activity (Yang et al., 2018). In glioblastoma, elevated levels of
IDH3a led to colocalization and interaction with SHMT1, thus regulating a variety of 1C-
related processes such as pyrimidine synthesis and DNA methylation (May et al., 2019). Of
note, a role for SHMTL in scaffolding and localizing de novo thymidylate synthesis enzymes
to the nuclear lamina has been reported (Anderson et al., 2012).

With the rapid technological advances being made in proximity proteomics (Chen and
Perrimon, 2017), in the near future the field will likely gain rich insights into the identity and
assembly of various 1C metabolism protein complexes, particularly for the mitochondrial
isoforms that are most frequently upregulated in cancer. These investigations may also
address some of the proposed “moonlightingll” functions of 1C metabolism enzymes outside
of their native cellular compartments. For example, it was reported that MTHFD2 co-
immunoprecipitates with nuclear proteins (Koufaris and Nilsson, 2018) involved in RNA
processing and protein translation as well as co-localizes with DNA replication sites in the
nucleus (Gustafsson Sheppard et al., 2015), highlighting the potential for nuclear functions
of this mitochondrial 1C pathway protein.

Summary of SGOC metabolism by cancer type

For the convenience of the reader, we present in Table 1 a compendium of clinical and
functional evidence from the literature describing the involvement of SGOC enzymes in
different cancer types.

2.5 Therapeutic targeting of reprogrammed SGOC metabolism

A number of groups have now reported on the efficacy and mechanism of pharmacological
inhibitors against SGOC enzymes. We have compiled the subset of drugs that have been
tested in live cells or animals, and their corresponding enzymatic targets (Table 2):

The initial clinical success of the first generation of drugs targeting 1C metabolism,
particularly antifolates (methotrexate and pemetrexed), is complicated by the observation of
acquired resistance in many solid tumors. Proposed mechanisms of resistance include
reduced transport/increased export by folate carriers, impaired polyglutamylation, or
increased levels of DHFR (Walling, 2006). Moreover, clinical studies noted broad toxicities
in highly proliferative, non-transformed cells such as gut epithelial and immune cells. Thus,
the key question arises: is 1C metabolism the right pathway to drug for cancer treatment?
The answer may lie in future studies investigating the newer generation of drugs selectively
targeting mitochondrial folate enzymes such as SHMT2 and MTHFD2. In preclinical
models, the current generation of inhibitors selectively inhibit the generation of products of
mitochondrial 1C metabolism such as me-THF and glycine, although inhibitory activity
against cytosolic folate (SHMT1) and purine biosynthesis enzymes (GART and ATIC) were
also reported (Dekhne et al., 2019; Ducker et al., 2017). Inhibition of mitochondrial 1C
metabolism might be therapeutically exploited in certain tumors, such as diffuse large B-cell
lymphoma, that exhibit impaired import of exogenous glycine (Ducker et al., 2017). It is
also possible that targeting mitochondrial 1C metabolism may restrict tumor growth through
cancer cell-autonomous effects beyond restriction of building blocks for biosynthesis, such
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as a reduced ability to combat oxidative stress and an altered epigenetic landscape. In turn,
more rigorous investigations /7 vivo will help elucidate the contributions of 1C metabolism
to various stages of cancer progression, including tumor initiation and metastasis.
Regardless, these studies must take into careful consideration cancer cell non-autonomous
effects as well, such as modulating the metabolism and function of other cell types in the
tumor microenvironment such as immune cells, in which activation of SGOC enzymes is
crucial to their differentiation and effector functions (Ma et al., 2017; Ron-Harel et al.,
2018).

3.1 Conclusion

Recent work has highlighted roles for serine, glycine and one-carbon metabolism beyond
serving as precursors to protein synthesis, providing 1C precursors for nucleotide synthesis,
as well as providing head groups for sphingolipid and phospholipid synthesis. In the
mitochondria, this pathway may also toggle the ratio of NAD(P) to NAD(P)H to maintain
redox homeostasis and provide essential precursors for mitochondrial protein translation.
While several studies have flirted with the concept of direct regulation by presenting an
association between reprogrammed SGOC metabolism and histone/DNA methylation in
cancer cells, the key piece of evidence missing is significant labeling data showing transfer
of the third position carbon of serine onto the methyl group of SAM and onto methyl groups
present on histones or DNA. More work needs to be done to clarify these findings, and the
answer may likely be dependent on cell type or environmental context.

Further investigations are also needed in understanding the requirements and sensitivities of
cancer cells to mitochondrial 1C enzyme inhibition /in vivo. The first barrier to this goal is
developing specific inhibitors that affect only mitochondrial 1C enzymes, as the most well-
characterized inhibitors to-date have residual activity against the cytosolic isozymes or
enzymes involved in purine biosynthesis. Second, the majority of genetic and pharmacologic
experiments to date have been performed in xenograft models in immunodeficient mice,
which may present an overestimation of the therapeutic efficacy of targeting this pathway
due to the fact that SGOC pathway is also essential for immune cells’ proliferation. This
warrants the need to study mitochondrial 1C metabolic interventions in alternative systems
such as 3D organoids or humanized mice, to more faithfully recapitulate human tumor
biology. Nonetheless, it is reasonable to hope that a therapeutic window might be achieved
to selectively target cancer cells, perhaps in specific cancer types or a subset of cells in a
tumor that exhibit the highest flux through the mitochondrial 1C pathway.
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Highlights
. Elevated mitochondrial serine, glycine, one-carbon (SGOC) metabolism is a
feature of many cancers
. In addition to providing substrates and precursors for biosynthesis,

mitochondrial SGOC metabolism may help cancer cells maintain redox
homeostasis and mitochondrial function

. There exists considerable controversy in the link between SGOC metabolic
control of epigenetics

. Targeting mitochondrial SGOC is an attractive direction for cancer therapy
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Figure 1. Cytosolic and mitochondrial folate-mediated serine, glycine, and one-carbon cycle.
Serine, and to a lesser extent glycine, provides 1C precursors for biosynthesis in the cytosol

and mitochondria. Flux through either branch also maintains redox homeostasis through

NAD(P)H consumption or generation. Important enzymes are highlighted in bold and

italicized.
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Figure 2. Mitochondrial serine catabolism contributes to shifting NADH and NADPH levels.
Serine catabolism through the mitochondrial folate cycle contributes substantial amounts of

NADPH and NADH, particularly under stress conditions such as respiration deficiency.
NADH production may be intimately tied to energy production through coupling of
MTHFD2(L)-derived NADH to the electron transport chain, which produces ATP. Electron
transport chain complexes I, I1, 111, 1V, V are denoted by their respective Roman numerals,
and the mobile electron carriers ubiquinone and cytochrome C by Q and C, respectively.
Only the inner membrane is shown. NADPH produced by either MTHFD2(L) or ALDH1L2
may be crucial to controlling ROS accumulation. An analogy to cytoplasmic pathways that
produce NADH and NADPH from glucose (either through glycolysis or shunt pathways) is
provided.
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Fig_ure 3. Mechanism of tRNA modification from products of either SHMT2 or MTHFD2(L)
activity.

5,10—n):ethylene—THF (me-THF) produced by SHMT?2 is used as a substrate by the enzyme
complex of MTO1 and GTPBP3 to generate the 5-taurinomethyl modification on uridine,
producing either 5-taurinomethyl uridine or its derivative 5-taurionmethyl 2-thiouridine. 10-
formyl-THF (formyl-THF) produced by MTHFD2(L), downstream of SHMT2 production of
me-THF, is used as a substrate by MTMFT to formylate methionine on formyl-methionine
tRNAs (tRNAMet) the tRNAs used to initiate mitochondrial protein translation. The 1C unit
contribution to each respective modification from either me-THF or formyl-THF is
highlighted in red.
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Figure 4. The folate cycle is coupled to the methionine cycle through distinct mechanisms.
The products of serine, either transported into the cell or synthesized from glucose de novo,

contributes to SAM generation in two ways. Under normal culture conditions with sufficient
methionine, the serine catabolism products glycine and formyl-THF support SAM synthesis
through ATP (pathway 1, in blue). In the absence of methionine, serine becomes the crucial
1C donor for the re-methylation of methionine from homocysteine (pathway 2, in red).
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The reprogramming of serine, glycine and one-carbon pathway across cancer types.

Study Enzyme(s) Expression Cancer Type(s) Regulated by Function/Phenotype/Major
up or down conclusion
(Nilsson et al., SHMT1, Up Acute myeloid A-MYC Dispensable for tumor initiation and
2012) SHMT2 leukemia (murine) progression
(Pikman et al., MTHFD2 Up Acute myeloid MYC Knockdown decreased proliferation,
2016) leukemia (human, induced differentiation, impaired
murine) colony formation, and suppressed
TCA cycle
(Leivonen et al., SHMT2 Up Breast (human) miR-193b Repressed by miR-193b to restrain
2011) ER* growth
(Jain et al., 2012) SHMT1, N/A Breast (human) N/A SHMT?2 but not SHMT1 correlates
SHMT2 with mortality
(Lehtinen et al., MTHFD2 Up Breast (human) N/A Knockdown reduced vimentin
2013) expression, migrat_ion, invasion, and
fraction of CD44" cells
(Yeetal., 2014a) SHMT2 Up Breast, HIFla, N-Myc Induced by hypoxia to maintain
Neuroblastoma redox balance through NADPH
(human) generation
(Yin, 2015) SHMT2 Up Breast (human) N/A Expression correlated with tumor
grade
(Samanta et al., SHMT2 Up Breast (human) HIFla, HIF2a Induced by hypoxia and
2016) mammosphere culture
(Bernhardt et al., SHMT2 Up Breast (human) N/A High expression correlates with poor
2017) patient survival
(Chen et al., 2019a) SHMT2 Up Breast (human) EIF2A, ATF4 Involvement in integrated stress
response following paclitaxel
treatment
(Li etal., 2020) SHMT2, Up Breast (human) MYC (for Upregulated in aggressive, highly
MTHFD?2, MTHFD2 and metastatic subclones of triple-
MTHFDI1L MTHFD1L) negative breast cancer cells; SHMT2
knockdown reduced metastatic
growth
(Miyo et al., 2017) SHMT?2, Up Colorectal (human) N/A High expression of all 3 enzymes
MTHFD2, correlated with poor patient survival
ALDH1L2
(Agarwal et al., MTHFD1L Up Colorectal (human) N/A Supports proliferation, colony
2019) formation, invasion and migration
(Juetal., 2019) MTHFD2 Up Colorectal (human) c-Myc Knockdown disturbed redox balance
and accelerated cell death under
hypoxia and anchorage independent
growth
(Tanner et al., 2017) | SHMTL, Up Ewing sarcoma EWS/FLI High expression correlated with poor
SHMT2 (human) patient survival
(Kim et al., 2015) GLDC, Up Glioma (human) N/A SHMT2 suppresses PKM2 activity
SHMT2 and decreases oxygen consumption;
GLDC clears excess glycine,
providing survival benefit under
hypoxia
(Wang et al., 2017) SHMT2 Up Glioma (human) N/A Expression correlated with tumor
grade
(Woo et al., 2016) SHMT2, Up Hepatocellular N/A SHMT?2 is necessary but not
GLDC carcinoma (human) sufficient for liver tumorigenesis
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Study Enzyme(s) Expression Cancer Type(s) Regulated by Function/Phenotype/Major
up or down conclusion
(Wu et al., 2016b) SHMT2 Up Hepatocellular miR-615-5p Promotes proliferation and migration
carcinoma (human)
(Paone et al., 2014) SHMT1, Up Lung cancer (human) N/A SHMT1 knockdown leads to
SHMT2 misincorporation of uracil in
genomic DNA, cell cycle arrest,
apoptosis
(Wu et al., 2016a) SHMT1 Up Lung adenocarcinoma | miR-198 Knockdown leads to less
(human) proliferation, increased apoptosis,
cell-cycle arrest
(Zhang et al., 2012) GLDC Up Non-small cell lung N/A Necessary and sufficient for lung
cancer (human) tumorigenicity
(DeNicolaet al., SHMT2 Up Non-small cell lung NRF2, ATF4 Links serine biosynthesis to
2015) cancer (human) nucleotide and glutathione synthesis
(Piskounova et al., ALDH1L2 Up Melanoma (human, N/A Necessary for NADPH-mediate ROS
2015) murine) suppression in metastatic cells
(Kottakis et al., GLDC, Up Pancreatic LKB1, mTOR Links serine biosynthesis to DNA
2016) SHMT1, adenocarcinoma methylation
SHMT2, (murine)
(Reina-Campos et MTHFD2 Up Neuroendocrine PKCA/, Links serine biosynthesis to DNA
al., 2019) prostate cancer mTOR, ATF4 methylation and neuroendocrine
(murine) progenitor cell differentiation
(Linetal., 2018) MTHFD2 Up Renal cell carcinoma N/A Knockdown decreased cell
proliferation, invasion, and
migration
(Green et al., 2019) MTHFD2 Up Renal cell carcinoma HIF-2a Forms positive feedforward loop
with HIF-2a to control RNA
methylation and reprogram
metabolism
(Nilsson et al., MTHFD2 Up Pan-cancer (human) N/A Consistently elevated in many
2014) cancers, correlates with poor

survival in breast cancer, knockdown
causes cell death in most cancer cell
lines
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Table 2.

Drugs targeting one-carbon metabolism in cancer.

Page 28

Name/ Target(s) Mechanism of action and effectin | Status Cancer Type Refs.

Commercial cells

name

SHIN1 SHMT1/2 Competitive inhibitor; reduces Preclinical | Various human (Ducker et al., 2017)
proliferation by inhibiting glycine cancer cell lines
and me-THF generation

AGF347 SHMT1/2, NA,; reduces proliferation by Preclinical | NSCLC, colon, (Dekhne et al., 2019)

GART, ATIC inhibiting glycine and me-THF pancreatic

generation

212 SHMT1/2 Competitive inhibitor; induces Preclinical | Lung cancer (Marani et al., 2016)
apoptosis, cell cycle arrest, and
uracil incorporation into DNA

LY 345899 MTHFD2 Competitive inhibitor; induces Preclinical | Colorectal (Gustafsson et al.,
apoptosis through reduced 2017; Ju et al., 2019)
mitochondrial NADP(H) generation

Carolacton MTHFD1/2 Inhibition of both substrate and Preclinical | Colon, endocervical (Fuetal., 2017)
cofactor binding in active site; cancer cell lines
inhibits cell proliferation by an
unknown mechanism

LY231514/MTA/ | TYMS, Competitive inhibitor; inhibits cell Approved | Various solid and (Chattopadhyay et al.,

Pemetrexed DHFR, GART, | proliferation by limiting hematological 2007; Shih et al., 1997)

ATIC thymidylate for DNA synthesis tumors

Amethopterin/M TYMS, DHFR | Competitive inhibitor (folate Approved | Various solid and (Kremer, 2004)

TX/Methotrexate analog); induces cell death by hematological
depleting THF levels tumors

5-FU TYMS Suicide complex agent; prevents Approved | Various solid and (Danenberg, 1977)
DNA synthesis by blocking hematological
conversion of dUMP to dTMP tumors
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