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Cells require one-carbon units for nucleotide synthesis, methylation and reductive metabolism, and these pathways support the
high proliferative rate of cancer cells. As such, anti-folates, drugs that target one-carbon metabolism, have long been used in the
treatment of cancer. Amino acids, such as serine are a major one-carbon source, and cancer cells are particularly susceptible to
deprivation of one-carbon units by serine restriction or inhibition of de novo serine synthesis. Recent work has also begun to

decipher the specific pathways and sub-cellular compartments that are important for one-carbon metabolism in cancer cells. In
this review we summarise the historical understanding of one-carbon metabolism in cancer, describe the recent findings regarding
the generation and usage of one-carbon units and explore possible future therapeutics that could exploit the dependency of

cancer cells on one-carbon metabolism.

INTRODUCTION AND HISTORICAL OVERVIEW

Cancer cells adapt their metabolism in order to support enhanced
proliferation and survival. The initial evidence for this observation
can be attributed to Otto Warburg, who, in the late 1920s reported
increased aerobic glycolysis in cancer cells, the eponymous
‘Warburg effect’. Many hypotheses as to the exact causes/metabolic
advantages conferred by aerobic glycolysis have been presented:
Defects in mitochondria/OXPHOS, enhanced ATP turnover,
increased use of glycolytic intermediates as anabolic precursors,
avoidance of ROS production, and spatial and energetic constraints
have all been suggested to contribute. Although specific targeting
of this pathway by chemotherapeutics remains elusive, the
increased uptake of glucose by tumours has been exploited for
imaging purposes via positron emission topography. Despite this
historic appreciation of altered metabolism in cancer cells, it was
not included in the initial hallmarks of cancer, published in 2000
(Hanahan and Weinberg, 2000). However, interest in this subject
has grown dramatically, culminating in the inclusion of repro-
grammed energy metabolism in the 2011 updated hallmarks of
cancer (Hanahan and Weinberg, 2011).

Although the importance and function of one-carbon metabolism
in cancer has been of intense interest in recent years (Locasale, 2013;
Ducker and Rabinowitz, 2017; Mattaini et al, 2016; Yang and
Vousden, 2016), the involvement of this metabolic pathway in
cancer is long established. One-carbon metabolism encompasses
both the folate and methionine cycles and allows cells to generate
one-carbon units (also referred to as methyl groups) and utilise them

for the biosynthesis of important anabolic precursors and for
methylation reactions. Tetrahydrofolate (THF) is synthesised from
dietary folic acid and functions as a universal one-carbon acceptor.
THF accepts one-carbon units derived from amino acids such as
serine and glycine and the resulting ‘methylated-THF exists in
several interchangeable forms with varying chemical structure. These
include formyl-THF, methyl-THF and methylene-THF, which,
respectively, donate their one-carbon units to purine synthesis, the
methionine recycling pathway (via homocysteine methylation) and
thymidylate synthesis (Figure 1) (Tibbetts and Appling, 2010).

The importance of one-carbon metabolism in cancer was
initially recognised >60 years ago; in 1948, Sydney Farber
observed that dietary folate deficiency in children with acute
leukaemia reduced their leukaemic cell number. Specific targeting
of folate metabolism in these patients with the folic acid antagonist
aminopterin indeed produced a temporary remission (Farber and
Diamond, 1948). These discoveries led to the development of the
class of drugs known as antifolates, the most well known being
methotrexate, which continues to be used as a treatment for many
types of cancer. Further insight into the mechanistic action of
antifolates was provided in 1958, when it was reported that these
drugs bind to and inhibit dihydrofolate reductase (DHFR), the
enzyme responsible for the production of THF from folate.
Antifolates therefore prevent the formation of THF and thus block
one-carbon metabolism (Osborn et al, 1958). However, these drugs
have many deleterious side effects due to the importance of THF in
healthy tissues. The recent revitalisation in cancer metabolism
research is starting to provide further mechanistic insight into the
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Figure 1. An overview of one-carbon metabolism and the established/future therapeutics that target this pathway. One-carbon metabolic

pathways with established chemotherapeutics highlighted in green and possible targets for future interventions highlighted in red. Solid red lines indicate
interventions that are currently in development. Dashed lines indicate possible targets that may be subject to further investigation. Enzymes that regulate
these pathways are circled. Serine can be obtained from the diet, or synthesised de novo from the glycolytic intermediate, 3-PG by the SSP, of which
PHGDH is a key enzyme. Dietary folate is converted by DHFR first to DHF and then to THF, a one-carbon unit acceptor. Serine is catabolised to glycine by
SHMT1/2, which yields a one-carbon unit (C4) that is accepted by THF to form methylene-THF. Methylene-THF can then be converted to formyl-THF via
the intermediate methenyl-THF by the action of MTHFD1/2/1L. Formyl-THF donates its one-carbon unit to purine synthesis. Methylene-THF can either
donate its one-carbon unit to thymidylate synthesis or be converted by MTHFR to methyl-THF, which supplies one-carbon units for methionine recycling.

functions and workings of these pathways specifically in the
context of cancer. In this review, we will describe the metabolic
pathways through which cancer cells obtain one-carbon units and
the ways in which these are utilised to support cancer cell
proliferation.

ONE-CARBON METABOLIC PATHWAYS

There are several pathways through which cells generate one-
carbon units. This includes serine metabolism to glycine, the
glycine cleavage system (GCS) as well as metabolism of choline and
other amino acids. Recent evidence suggests that cancer cells can
alter or become more reliant upon these pathways in order to
sustain one-carbon supply for proliferation. Serine can be
converted to glycine by the methyltrasferases SHMT1 (cytoplas-
mic) and SHMT?2 (mitochondrial). During this reaction, the one-
carbon unit that is cleaved from serine is transferred to THF,
generating methylene-THF (Tibbetts and Appling, 2010). This
reaction can also run in the opposite direction, producing serine
from glycine at the cost of one-carbon units (Labuschagne et al,
2014; Ducker et al, 2016). Serine is a non-essential amino acid and,
as such, can be sourced from the intracellular de novo serine
synthesis pathway (SSP) that makes serine from the glycolytic
intermediate, 3-phosphoglycerate (3-PG). Serine can modulate the
availability of 3-PG for the SSP as it is an activator of the glycolytic
enzyme, PKM2. During serine starvation, the activity of PKM2 is
decreased leading to an increase in 3-PG to supply the SSP
(Chaneton et al, 2012). However, cells can readily take up
extracellular serine, and cancer cells frequently augment their
serine supply by uptake. Generation of serine through lysosomal
processes, which can break down proteins from cell intrinsic
(e.g., autophagy; Galluzzi et al, 2015) or extrinsic sources
(e.g., macropinocytosis; Commisso et al, 2013; Kamphorst et al,
2015), also have the potential to contribute intracellular serine,
though the relative importance for these pathways in cancer-
specific serine metabolism remains unexplored.

Interest in the role of de novo serine synthesis in cancer was
initiated as early as 1955, when it was found that tumours could

generate serine from extracellular glucose (Kit, 1955). Further
research in the 1980s identified upregulated activity of enzymes of
the SSP, as well as SHMT, in cancer cells (Snell, 1985; Snell and
Weber, 1986). The incorporation of a one-carbon unit from
radiolabelled serine was found in nucleotides, a known output for
one-carbon units, suggesting a role for serine in this pathway (Snell
et al, 1987). Indeed, more recent studies have found that cancer
cells require SHMT (particularly SHMT2) for optimal proliferation
and tumorigenicity, indicating the importance of serine catabolism
in cancer (Jain et al, 2012; Ye et al, 2014). Additionally,
upregulation of SSP genes occurs in several types of cancer,
including breast cancer and melanoma (Locasale ef al, 2011; Pollari
et al, 2011; Possemato et al, 2011). Inhibition of the SSP by small-
molecule inhibitors or RNAI targeting core SSP genes reduces
xenograft tumour growth (Possemato et al, 2011; Pacold et al,
2016). Extracellular serine also has an important role in supporting
cancer cell proliferation through the provision of one-carbon
units. Cancer cells that do not exhibit upregulated SSP genes
rely upon extracellular serine for survival (Possemato et al, 2011;
Maddocks et al, 2013; DeNicola et al, 2015). Serine starvation
reduces cancer cell proliferation and xenograft growth by
depriving them of the necessary one-carbon units to support
anabolism (Maddocks et al, 2013; Labuschagne et al, 2014;
Maddocks et al, 2016). There is therefore clear evidence that
cancer cells require serine-derived one-carbon units for optimal
growth, some support this using exogenous serine, while others
increase de novo serine synthesis through genetic upregulation of
SSP genes.

In addition to the production of one-carbon units from the
conversion of serine to glycine, glycine itself is also a potential
source of one-carbon units via the GCS. This process is localised to
mitochondria and functions to catabolise glycine oxidatively
(Kikuchi et al, 2008). With regard to one-carbon metabolism, the
GCS cleaves a methylene group from glycine, which is accepted by
THEF to produce methylene-THF for use in downstream reactions
requiring one-carbon units. This pathway also regenerates NADH
from NAD™' and results in the release of CO, and ammonia
(Kikuchi et al, 2008). As a source of one-carbon units, it has been
suggested that glycine, and thereby the GCS, promote cancer cell
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Figure 2. The contribution of one-carbon metabolism to methylation. Serine-dependent one-carbon metabolism supports the methionine

cycle and methylation reactions via two distinct pathways. Serine catabolism provides one-carbon units (C;) and glycine, which are both required for
de novo ATP synthesised via purine synthesis. ATP synthesised in this way contributes adenosine for the production of SAM from methionine. After
participating in a methylation reaction, SAM becomes S-adenosylhomocysteine (SAH) and then homocysteine. Homocysteine can be re-methylated
and recycled back to methionine, which requires a one-carbon unit that can also be sourced from serine catabolism to glycine.

growth. This is supported by the upregulation of and dependency
upon a core enzyme of the GCS, glycine decarboxylase, in lung
tumour-initiating cells (Zhang et al, 2012) and glioblastoma-
derived cells (Kim et al, 2015). Inhibition of the GCS in cancer cell
lines with high GCS activity reduces xenograft growth (Zhang et al,
2012). However, further studies have shown that the GCS does not
universally support the proliferation of cancer cells or necessarily
contribute one-carbon units to nucleotide synthesis (Labuschagne
et al, 2014). Excess glycine is in fact detrimental to cancer cell
proliferation and tumour growth (Rose et al, 1999a; Rose et al,
1999b). Under conditions of excess glycine and low serine in
colorectal cancer cells, the dominant SHMT reaction is the
conversion of glycine to serine, which further depletes one-carbon
units and inhibits nucleotide synthesis and proliferation
(Labuschagne et al, 2014). In glioblastoma cells with elevated
SHMT?2 activity, increased glycine production can lead to toxicity
via accumulation of aldehydes if the glycine is not degraded by the
GCS (Kim et al, 2015). Taken together, these studies suggest that,
while the GCS can support tumorigenesis, its activity seems to be
more dependent on glycine breakdown/detoxification than gen-
eration of one-carbon units for nucleotide synthesis. The
directionality of serine/glycine conversion is also an important
factor in cancer cell metabolism and evidence suggests that
mitochondrial SHMT?2 is the major serine-to-glycine conversion
enzyme in this context (Lewis et al, 2014).

Choline, a vitamin obtained from the diet, can also be a source
of one-carbon units through its metabolism to betaine. Betaine is a
cofactor that supports the regeneration of methionine from
homocysteine. During this process, betaine itself is converted to
dimethylglycine. Subsequently, a one-carbon unit is cleaved from
dimethylglycine, which is accepted by THF to form methenyl-THF
(Ueland, 2011). One-carbon units may also be derived from
histidine. Histidine is metabolised to the intermediate, formimi-
noglutamate. Formiminoglutamante and THF are then converted
to glutamate and formimino-THF. Upon removal of an ammo-
nium ion, formimino-THF becomes methenyl-THF and enters the
folate cycle. One-carbon units may also be obtained from
tryptophan. Formate is produced from tryptophan metabolism
and forms formyl-THF. Although these less well-known
pathways can theoretically contribute one-carbon units, their
importance for one-carbon metabolism in cancer cells is yet to be
fully described.

UTILISATION OF ONE-CARBON UNITS IN CANCER CELLS

Nucleotide synthesis. One-carbon units are necessary for the
biosynthesis of both purine and pyrimidine nucleotides, both of
which are essential for DNA and RNA synthesis. Given the high
proliferation rate of cancer cells and the requirement of nucleotides
for proliferation, cancer cells have a large demand for one-carbon
units for nucleotide synthesis.

Purine nucleotides are synthesised from ribose-5-phosphate,
which is generated by the pentose phosphate pathway. Through a
series of steps, which require the incorporation of two one-carbon
units and one molecule of glycine, inosine monophosphate (IMP)
is produced. This is the common precursor to all purine
nucleotides. Depletion of serine in cancer cells inhibits prolifera-
tion and reduces the level of purine nucleotides (Maddocks et al,
2013; Labuschagne et al, 2014; Maddocks et al, 2016). Inhibition of
serine metabolism by serine starvation, deletion, or RNAI-
mediated knockdown of SHMT?2, causes a build-up in precursors
upstream of IMP prior to one-carbon unit incorporation
(Labuschagne et al, 2014; Kim et al, 2015; Ducker et al, 2016).
Deprivation of serine therefore inhibits cancer cell proliferation by
depleting cells of one-carbon units for purine biosynthesis.

One-carbon units are also required for the production of the
pyrimidine nucleotide, thymidylate. Specifically, this occurs during
the methylation of dUMP to form dTMP, a reaction catalysed by
thymidylate synthase (TYMS) and using methylene-THF as the
methyl donor. Methylene-THF is converted to DHF during this
reaction and is reduced back to THF by DHFR. Both folate
deficiency and methotrexate treatment inhibit dTMP synthesis to
such a degree that uracil is incorporated into DNA in its place
(Goulian et al, 1980; Blount et al, 1997). Methylene-THF
production and TYMS activity are coupled to DNA synthesis by
the localisation of SHMT1 and TYMS to the nucleus during
replication (Woeller et al, 2007; MacFarlane et al, 2011). SHMT1
functions as a scaffold protein to target a thymidylate-producing
enzyme complex, including TYMS and DHFR, to DNA. This
complex is enriched at replication forks in order to supply
thymidylate for DNA synthesis (Anderson et al, 2012).
5-Fluoruoracil (5-FU) is one of the most commonly used
chemotherapeutics. It affects many pathways, and one of its
functions is as an inhibitor of TYMS. It has been suggested that
pyrimidine metabolism is the most affected pathway during
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5-FU treatment of colorectal cancer cells (Ser et al, 2016). The
success of 5-FU in inhibiting cancer cell proliferation by blocking
TYMS demonstrates that one-carbon units, which TYMS also
requires, are critical.

Methylation pathways. Tumours often display altered patterns of
DNA methylation. DNA methylation regulates gene expression,
and of particular interest in cancer, hypermethylation of tumour-
suppressor gene promoters can reduce their expression (Kulis and
Esteller, 2010). RNA is also subjected to methylation that can
regulate translation (Fu et al, 2014). Proteins themselves can be
posttranslationally modified by methylation, which can alter
function and protein—protein interactions. S-adenosylmethionine
(SAM) is a universal methyl donor and is generated by the addition
of adenosine from ATP to methionine (Figure 2). Upon the
transfer of its methyl group to an acceptor such as DNA, SAM
becomes S-adenosylhomocysteine, which is converted to homo-
cysteine. Homocysteine can be recycled back to methionine by the
contribution of a methyl group from methyl-THF (Figure 2).
Although the primary role of serine in supporting the methionine
cycle was thought to be by providing one-carbons for methionine
recycling, the activity of this pathway in cancer cells has been
found to be low (Shlomi et al, 2014; Mehrmohamadi et al 2014;
Maddocks et al, 2016). Recent work shows that serine and glycine
metabolism can support the methionine cycle by an alternate
mechanism, that of de novo ATP synthesis. Conversion of
methionine into SAM requires ATP-derived adenosine, and serine
helps provide this adenosine by supplying precursors for de novo
purine synthesis, which makes new molecules of ATP. (ie., ATP
created by de novo synthesis, rather than energetic ATP turnover).
Hence, serine restriction results in decreased transfer of methyl
units to DNA and RNA in cancer cells by decreasing de novo ATP
synthesis (Maddocks et al, 2016).

Recent work has highlighted the cross-talk between metabolism
and the epigenome. Metabolites such as actyl-coA, AMP and SAM
are required for histone acetylation, phosphorylation and methyla-
tion of DNA and histones, respectively. The metabolic pathways
and enzymes that supply these key compounds are therefore
critical for the maintenance and adaptation of the epigenome.
Indeed, dietary reduction of methionine decreases SAM levels,
leading to diminished histone methylation with significant
effects upon gene expression (Mentch et al, 2015). The specific
contribution of one-carbon metabolism-dependent DNA methyla-
tion in pancreatic cancer has recently been explored. Loss of the
serine-threonine kinase, LKB1, promotes tumorigenesis in KRas-
mutant pancreatic cancer, and in this context, loss of LKBI
promotes increased expression of SSP enzymes, leading to
increased de novo serine synthesis. Serine sourced through this
pathway contributes one-carbon units that support SAM synthesis,
through either ATP production or methionine recycling. In
concordance with this, global DNA methylation was increased in
KRas-mutant LKB1-deleted cells as well as the levels of several
DNA methyltransferases for which SAM is a critical cofactor. This
serine-dependent DNA methylation upon the loss of LKBI in
KRas-mutant cells contributes to tumour growth, presumably

through alterations in gene expression (Kottakis et al, 2016). As
alterations to DNA methylation are known to be important in
cancer, the wider epigenetic implications of one-carbon metabo-
lism inhibition in cancer cells is an important topic for further
research.

NADH/NADPH production. NADH and NADPH are important
cofactors that provide electrons for redox reactions. These
molecules can be produced by one-carbon metabolism and are
critical for multiple metabolic and biosynthetic pathways.

One-carbon units derived from formate are accepted by THF to
produce formyl-THF. This is an ATP-dependent reaction that is
catalysed, in mitochondria, by MTHFDI1L. Alternatively, serine-
derived one-carbon units form methylene-THF. Formyl-THF and
methylene-THF donate their one-carbon units specifically to
purine or thymidylate synthesis, respectively. During anabolism,
the enzyme MTHEFD allows for conversion of methylene-THF to
formyl-THF for use in purine biosynthesis. NAD(P) * is used as a
cofactor in this reaction and is reduced to NAD(P)H. The
mitochondrial forms of this enzyme, MTHFD2 and MTHFD2L,
can use either NAD" or NADP " as a cofactor, whereas the
cytosolic form, MTHEFDI, specifically uses NAD™. During
catabolism, the MTHFD2 reaction is run at a much higher rate
than the one-carbon unit demands for purine synthesis. This
enables cells to increase NADH production, which is subjected to
mitochondrial oxidative phosphorylation to turnover ATP (Ducker
et al, 2016; Meiser et al, 2016).

Mitochondrial MTHFD2/MTHFD2L can also use NADP * as a
cofactor to convert serine-derived methylene-THF to formyl-THF,
this results in the concomitant production of NADPH (Lewis et al,
2014). Mitochondrial NADPH can also be generated by the
oxidation of formyl-THF to CO, and THF by the ALDHI1L2
enzyme. Mitochondrial NADPH produced by such pathways
provides reducing power for proline synthesis (Ducker et al, 2016).
Although predominantly performed in the mitochondria, methy-
lene-THF can be oxidised by MTHFD1 in the cytoplasm and form
NADPH, which can support fatty acid synthesis (Ducker et al,
2016). Fatty acids are required for the production of lipid signalling
molecules and membranes, and both of these processes are critical
for maintaining cancer cell proliferation (Currie et al, 2013).

FUTURE THERAPEUTIC STRATEGIES

One-carbon units contribute to multiple downstream pathways
that are known to or are likely to benefit cancer cell survival.
Further detailed understanding of these may allow for more precise
targeting of the specific pathways that are most important for
cancer cell survival. Traditional antifolate chemotherapeutics
such as methotrexate and 5-FU already target one-carbon
metabolic pathways (Table 1). However, these drugs have many
deleterious side effects due to the importance of folate pathways
in healthy proliferating cells and resistance of cancer cells to
antifolates is a common problem. Future therapeutics may better

Table 1. Established antifolate antineoplastic agents

Drug name Targets Therapeutic uses

Aminopterin DHFR Initially found to reduce leukaemic cells in children; no longer in use
Methotrexate DHFR Used to treat a wide range of neoplastic disease

Pemetrexed DHFR, TYMS (and SHMT; Daidone et al, 2011) Non-small cell lung carcinoma; pleural mesothelioma

Pralatrexate DHFR Peripheral T-cell lymphoma

Raltitrexed DHFR and TYMS Metastatic colorectal cancer

5-Fluoruoracil TYMS Used to treat a wide range of neoplastic disease

Abbreviations: DHFR = dihydrofolate reductase; SHMT =serine hydroxymethyltransferase; TYMS = thymidylate synthase.
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target one-carbon metabolism in cancer cells by more selectively
inhibiting individual one-carbon pathway enzymes (Figure 1).

Small-molecule inhibitors of the SSP targeting PHGDH have
been recently developed (Mullarky et al, 2016; Pacold et al, 2016).
These have been successful in vitro, reducing cancer cell proliferation
(Mullarky et al, 2016; Pacold et al, 2016) and inhibiting xenograft
growth specifically in PHGDH-dependent cell lines (Pacold et al,
2016). In order for this approach to be successful clinically, tumours
that are PHGDH dependent must be identifiable. Importantly,
PHGDH may have other functions that must be considered if
PHGDH is to be targeted therapeutically (Liu et al, 2013). For
example, PHGDH is overexpressed in glioma and stabilises the
transcription factor, FOXM1, leading to increased expression in
genes that promote tumour invasion, angiogenesis, and regulate the
cell cycle (Liu et al, 2013). Although targeting of the SSP may be a
promising approach for tumours that are dependent upon this
pathway, this is less likely to be successful in cancer cells that depend
upon other sources of serine/one-carbon units.

Cancer cells that do not upregulate SSP activity are instead
dependent upon the uptake of extracellular serine for survival
(Pollari et al, 2011; Possemato et al, 2011; Maddocks et al, 2013).
These may be targeted by lowering the availability of exogenous
serine. Indeed, serine and glycine starvation is successful in reducing
xenograft and autochtonous tumour growth and significantly
improving survival in multiple mouse models of cancer
(Maddocks et al, 2013; Maddocks et al, 2017). As such, a dietary
intervention to reduce sources of one-carbon units such as serine
and glycine may be appropriate to diminish the raw materials from
this pathway, rather than inhibiting it with small molecules.

A more universal approach could be taken by targeting enzymes
required for one-carbon metabolism regardless of serine origin,
such as SHMT1/2 and MTHF enzymes. However, when targeting
specific components of one-carbon metabolism, it is possible that
tumours could re-wire their metabolism to compensate. MTHF
enzymes are responsible for the conversion of methylene-THF to
formyl-THF and methyl-THF for use in nucleotide synthesis and
methionine recycling. There are several forms of MTHE:
cytoplasmic MTHFDI1 and mitochondrial MTHFD1L, MTHFD2
and MTHFD2L. MTHFD2 is only expressed in embryonic,
tumour, and non-differentiated tissue, whereas MTHFD2L is
much more widely expressed (Bolusani et al, 2011; Nilsson et al,
2014). Cells predominantly use the mitochondrial enzymes for
one-carbon metabolism; however, if this is inhibited, cells can
compensate by using cytoplasmic MTHFD1 (Ducker et al, 2016),
which may prove problematic when designing inhibitors.
MTHEFDLI is critical for cell survival, making it a potentially viable
target. This is because THF conjugates cannot be transported
across the mitochondrial membrane. Instead, mitochondrial one-
carbon units are converted to formate, which can be transported
into the cytoplasm and is reconstituted by MTHFD1 to THF forms
for cytoplasmic nucleotide synthesis (Ducker et al, 2016).

Further understanding of one-carbon metabolic pathways will
allow for the development of new inhibitors and provide
better understanding of the contribution of diet to cancer
progression. Both of these goals have the potential to improve
cancer treatment and, importantly, to inform on which combina-
tions of treatments will achieve the greatest benefit in specific
patient populations.
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