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ABSTRACT

Folate-mediated one-carbon metabolism (FOCM) is compartmentalized within human cells to the cytosol, nucleus, and mitochondria. The recent

identifications of mitochondria-specific, folate-dependent thymidylate [deoxythymidine monophosphate (dTMP)] synthesis together with

discoveries indicating the critical role of mitochondrial FOCM in cancer progression have renewed interest in understanding this metabolic

pathway. The goal of this narrative review is to summarize recent advances in the field of one-carbon metabolism, with an emphasis on the

biological importance of mitochondrial FOCM in maintaining mitochondrial DNA integrity and mitochondrial function, as well as the

reprogramming of mitochondrial FOCM in cancer. Elucidation of the roles and regulation of mitochondrial FOCM will contribute to a better

understanding of the mechanisms underlying folate-associated pathologies.
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Introduction to Folate-Mediated One-Carbon
Metabolism—Associations with Pathology and Biosynthetic
Outputs

Folate-mediated one-carbon metabolism (FOCM) is an interconnected
metabolic network that serves to activate and transfer one-carbon units
for many biochemical processes, including purine and deoxythymi-
dine (dT) monophosphate (dTMP) biosynthesis, mitochondrial protein
translation, and methionine regeneration, all of which support diverse
cellular functions such as cell proliferation, protein synthesis, and mi-
tochondrial respiration (Figure 1). As described below, FOCM is com-
partmentalized within the cell. The expression of enzymes in the mito-
chondrial FOCM pathway has been reviewed extensively (1). The objec-
tive of this review is to summarize recent findings linking impairments
in mitochondrial FOCM to alterations in mitochondrial genome stabil-
ity and ultimately mitochondrial function.

Disruptions of folate metabolism are associated with several human
pathologies including neural tube defects (NTDs) and cancer. NTDs are
a class of birth defects that result from failure of neurulation during

early human embryonic development. NTDs are among the most com-
mon human birth defects and even the least severe NTDs can result in
lifelong disability. Numerous genetic and environmental factors are in-
volved in the etiology of NTDs; however, among all these risk factors,
the strongest predictor is low blood folate concentrations (2). Observa-
tional studies in the 1960s led to the recognition that reduced maternal
folate concentrations were associated with an elevated risk for NTDs (3).
Although further studies indicated that folic acid supplementation de-
creased NTD incidence and widely implemented folic acid fortification
programs have been successfully used for this purpose across the globe,
the biochemical mechanisms underlying the folic acid-responsive NTD
pathogenesis remain largely undefined (2, 4).

Similarly, folate has been studied extensively with respect to both
cancer development and treatment. Epidemiological and animal stud-
ies have demonstrated that folate deficiency increases the risk for
several cancers, including colorectal cancer, pancreatic cancer, and
breast cancer (5-10). However, given the role of folate in nucleotide
biosynthesis for rapid cell growth and the use of antifolates to inhibit
cell proliferation, elevated folate status has been hypothesized to pro-
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FIGURE 1 Folate-mediated one-carbon metabolism. Cellular compartmentalization of FOCM. dTMP synthesis occurs in the cytosol,
nucleus, and mitochondria, whereas purine synthesis and methionine synthesis take place within the cytosol. Mitochondrial FOCM
generates formate for cytosolic and nuclear FOCM and biosynthetic precursors for mtDNA synthesis and mitochondrial protein
translation. AICARt.se, aminoimidazolecarboxamide ribonucleotide transformylase; ALDH1L2, aldehyde dehydrogenase 1 family member
L2; DHF, dihydrofolate; DHFR, dihydrofolate reductase; dT, deoxythymidine; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine
monophosphate; fMet, N-formylmethionine; FOCM, folate-mediated one-carbon metabolism; GARtt.se. glycinamide ribonucleotide
tranformylase; GCS, glycine cleavage system; GTPBP3, GTP-binding protein 3, mitochondrial; mtDNA, mitochondrial DNA; MTFMT,
mitochondrial methionyl-tRNA formyltransferase; MTHFD, methylenetetrahydrofolate dehydrogenase; MTHFD1L,
methylenetetrahydrofolate dehydrogenase 1-like; MTHFR, methylene-tetrahydrofolate reductase; MTO1, mitochondrial tRNA translation
optimization 1; MTR, methionine synthase; Pi, phosphate; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SHMT, serine
hydroxymethyltransferase; SUMO, small ubiquitin-like modifier; T, thymidine; THF, tetrahydrofolate; TK, thymidine kinase; TYMS,
thymidylate synthase; U, uracil; tm°U, modified nucleoside 5-taurinomethyluridine.

mote the progression of established tumors (11). Following the initial
successful use of antifolates including aminopterin for the treatment of
leukemia, FOCM emerged as a therapeutic target for cancers, including
mesothelioma, lung cancer, and gastrointestinal cancer (12-14). Under-
standing of the FOCM pathway in the context of cancer pathogenesis
has led to discoveries of chemotherapeutic agents such as methotrexate,
fluorouracil, and trifluridine (12). As described in more detail below, the

recently appreciated importance of mitochondrial folate metabolism in
supporting cancer cell proliferation may also lead to the development
of novel therapeutic targets.

De novo purine synthesis is a 10-reaction process that re-
quires 2 folate-dependent enzymes—5'-phosphoribosyl-glycinamide
(GAR) transformylase and 5'-phosphoribosyl-5-aminoimidazole-4-

carboxamide (AICAR) transformylase—to add 2 one-carbon units
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donated from 10-formyl-tetrahydrofolate (-THF) into the purine back-
bone (Figure 1) (15). Purines provide essential components for the syn-
thesis of DNA and RNA as well as energy to promote cell proliferation
(16). When there is an increased demand for purines, such as in pro-
liferating cells and tumor cells, de novo purine synthesis plays a critical
role in maintaining the cellular pool of purines and has the largest de-
mand for folate one-carbon units (15). Therefore, the de novo purine
synthesis pathway has been a frequent target for drugs used for cancer
chemotherapy and for the treatment of autoimmune disease (17). The
de novo dTMP synthesis involves the folate-dependent enzymes ser-
ine hydroxymethyltransferase (SHMT), thymidylate synthase (TYMS),
and dihydrofolate reductase (DHFR) for the conversion of deoxyuri-
dine monophosphate (dUMP) to dTMP (Figure 1). In this pathway, ser-
ine is used by SHMT to generate 5,10-methylene-THE, which provides
one-carbon group for the methylation of dUMP to dTMP in a reaction
catalyzed by TYMS. Dihydrofolate (DHF) generated by this reaction is
converted to THF by the NAD(P)H-dependent enzyme DHFR, which is
a target for chemotherapeutic agents including methotrexate and trime-
trexate (18). The regenerated THF can then be used for another round
of de novo dTMP biosynthesis. Distinct from other nucleotides, the de
novo synthesis of dTMP takes place in the cytosol, the nucleus, and the
mitochondria (19, 20). Perturbed de novo dTMP synthesis results in
an accumulation of its precursor, dUMP, leading to uracil misincorpo-
ration into DNA (21). In the event that uracil is incorporated into the
DNA, the uracil base can be removed and replaced with a thymine base
by base excision repair, which is initiated by the enzyme uracil-DNA
N-glycosylase (UNG). However, when the dUTP to dT triphosphate
(dTTP) ratio is too high, DNA polymerases continue misincorporating
uracil during both DNA replication and repair. As uracil accumulates to
a critical level in DNA, double-strand breaks (DSBs) can be generated
as a result of the repetitive base excision repair of the uracil residues
by UNG. In addition, uracil accumulation near replication origins can
stall DNA replication fork progression and lead to fork collapse, con-
tributing to DSB formation, DNA instability, and ultimately cell death
(22,23).

The metabolic relation between folate nutrition and uracil in DNA
is not fully understood. Although uracil misincorporation in DNA has
been suggested to be a biomarker of folate and/or vitamin B-12 sta-
tus (21), it is not well established whether uracil misincorporation is
causally related to the development of FOCM-associated pathologies
(2). Further research is needed to characterize the role of uracil mis-
incorporation in FOCM-associated pathologies along causal pathways.

The most reduced form of folate, 5-methyl-THE is used for the
remethylation of homocysteine to methionine. 5-Methyl-THF is gener-
ated by a cytosolic NAD(P)H-dependent reaction catalyzed by methy-
lene tetrahydrofolate reductase (MTHFR) and it serves as a methyl
donor for the cobalamin (vitamin B-12)-dependent conversion of ho-
mocysteine to methionine by methionine synthase (MTR) (17). Me-
thionine is an essential amino acid that is required for protein synthesis
and can also be adenosylated to S-adenosylmethionine (SAM). SAM, a
reactive methyl group carrier, plays a crucial role in numerous methy-
lation reactions such as the methylation of proteins, DNA, and histones
as well as biosynthetic processes including phosphatidylcholine, crea-
tine, and polyamine synthesis, as well as for sulfur metabolism (17, 24—
26). Changes in methionine concentrations alter the ratio of SAM to
S-adenosylhomocysteine (SAH), which then impacts methylation reac-
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tions (27). Methionine metabolism that supplies SAM is therefore crit-
ical for the maintenance and adaptation of the epigenome.

Intracellular Compartmentalization of One-Carbon
Metabolism

Nuclear folate-mediated one-carbon metabolism
The folate metabolic network is compartmentalized within mammalian
cells in the nucleus, the cytosol, and the mitochondria (Figure 1). In
the nucleus, there are 2 pathways for dTMP synthesis: dTMP salvage
pathway and de novo dTMP synthesis pathway. The salvage pathway
involves phosphorylation of thymidine to dTMP by the enzyme, thymi-
dine kinase (TK) 1 (TK1), while the de novo synthesis of dTMP is
catalyzed by the enzymes SHMT1 and SHMT2« (encoded by SHMT1
and SHMT2, respectively), methylenetetrahydrofolate dehydrogenase
(MTHFD) 1, TYMS, and DHFR. Both serine (catalyzed by SHMT1/2«)
and formate (catalyzed by MTHFDI) act as one-carbon sources for
the production of 5,10-methylene-THE, which is required to methy-
late dUMP to dTMP. However, formate, produced through mitochon-
drial FOCM, provides most of the one-carbon units required for nu-
clear de novo dTMP synthesis (2). Nuclear de novo dTMP synthesis
enzymes localize to the cytosol during the G, phase of the cell cycle and
are modified by the small ubiquitin-like modifier (SUMO) protein dur-
ing S and G,/M phase and then translocated from the cytosol into the
nucleus. Following SUMO-dependent translocation to the nucleus, de
novo dTMP biosynthesis enzymes form a multienzyme complex associ-
ated with the nuclear lamin proteins and many DNA replication and re-
pair proteins (28). In animal models and cultured cells, SHMT1 and/or
SHMT2a act as essential scaffold proteins in tethering this multienzyme
nuclear de novo dTMP synthesis complex to the nuclear lamina, which
effectively increases rates of de novo dTMP synthesis (28, 29). Inter-
estingly, expression of a catalytically inactive SHMT1 mutant also in-
creased de novo dTMP biosynthesis in cultured cells (30), emphasizing
this contribution of SHMT1 as a scaffold protein in accelerating de novo
dTMP synthesis is independent of its catalytic activity (31). This find-
ing is consistent with observations demonstrating that MTHFDI1 also
translocates to the nucleus and provides most of one-carbon units, orig-
inating from formate, for nuclear de novo dTMP synthesis (1, 32).
Nuclear localization of enzymes responsible for nuclear de novo
dTMP biosynthesis is essential to prevent uracil accumulation in DNA,
as has been demonstrated in an SHMT1 overexpression mouse model
(33). In this mouse model, overexpression of SHMT1 unexpectedly im-
paired the localization of SHMT1 and TYMS, and increased uracil con-
tent in hepatic nuclear DNA. Similarly, Shmt1*/~and Shmt1~/~ mice ex-
hibit elevated uracil in genomic DNA and develop folic acid-responsive
NTDs (29, 34). Taken together, these data suggest that impaired SHMT1
nuclear localization or impaired nuclear de novo dTMP complex forma-
tion may underlie the folic acid-responsive NTDs in mice (2).

Mitochondrial folate-mediated one-carbon metabolic
pathway

Mitochondrial FOCM exists in parallel to the cytosolic FOCM pathway
(Figure 1) (35). These 2 pathways are connected by transport of one-
carbon sources that can readily traverse the mitochondrial inner mem-
brane, including serine, glycine, and formate. Mitochondrial FOCM
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produces formate, which, in turn, is used in the cytosolic/nuclear path-
way for purine, dTMP, and methionine biosynthesis and also gener-
ates dTMP and N-formylmethionine tRNA for mitochondrial DNA and
protein synthesis, respectively (1, 17). Mitochondrial FOCM can be cat-
egorized into 3 phases: integration of one-carbon units derived from
one-carbon sources (such as serine and glycine) to the mitochondrial
pool of THE, interconversion of the activated one-carbon units trans-
ported by THF between different oxidation states, and donation of one-
carbon units carried by THF by their export to cytoplasm as formate
(1).

At least 4 one-carbon donors (serine, glycine, dimethylglycine, and
sarcosine) have been identified in the mitochondria, with serine being
the major one-carbon donor in most organisms, including humans (1,
36-38). Serine donates the one-carbon unit from its side chain to THF
in a reaction catalyzed by SHMT2, thereby converting serine to glycine
and THF to 5,10-methylene-THE The product of this reaction, glycine,
can also serve as a source of one-carbon units (39). Glycine, the sec-
ond main donor of one-carbon units in mitochondria, can be broken
down by a mitochondrial multienzyme system, glycine cleavage system
(GCS), to generate 5,10-methylene-THF (40, 41). GCS is highly tissue-
specific, being fully expressed in the liver, kidney, and brain while inac-
tive in the heart (42). Whole-body glycine flux studies reveal that mito-
chondrial GCS produces 5,10-methylene-THF at a very high rate, sug-
gesting that GCS may support a high degree of purine and thymidylate
synthesis; however, it appears that almost all GCS-derived one-carbon
units end up in serine synthesis, with the remainder entering nucleotide
synthesis and homocysteine remethylation (43). Furthermore, although
serine and glycine can be interconverted, it has been reported that ex-
ogenous glycine cannot substitute for serine to support nucleotide syn-
thesis (44). In some cell types, dimethylglycine and sarcosine, which
are produced from choline oxidation, also contribute to the generation
of 5,10-methylene-THF through dimethylglycine dehydrogenase and
sarcosine dehydrogenase, respectively (36, 37). In addition to choline
metabolism, sarcosine is also synthesized from glycine in a reaction cat-
alyzed by an abundant enzyme glycine N-methyltransferase (GNMT)
(45).

The SHMT2 gene produces a 56-kDa “full length” SHMT2 pro-
tein containing a mitochondrial leader sequence that localizes to the
cytosol and mitochondria. Cleavage of the mitochondrial leader se-
quence results in a 50-kDa processed SHMT?2 that presents exclusively
in the mitochondria. The 53-kDa SHMT2« isoform results from a sec-
ond transcript with an additional translational start site, which results
in a protein that lacks the mitochondrial leader sequence. Therefore,
this SHMT2« isoform localizes to the cytosol and the nucleus (19).
These SHMT2 isoforms exhibit tissue-specific expression patterns. The
SHMT?2 isoform is the primary form in liver, while SHMT2« and the
unprocessed SHMT2 protein precursor are found at higher concentra-
tions in kidney (19). Mitochondria provides the major source of one-
carbon units for cytosolic FOCM through serine catabolism by SHMT2
(46). Similar to the nuclear FOCM, in the mitochondria, SHMT?2 cat-
alyzes the reversible conversion of serine and THF to glycine and 5,10-
methylene-THF (Figure 1). Using 5,10-methylene-THF as the substrate,
TYMS transfers a one-carbon unit to dUMP to generate dTMP and
DHE DHFR?2 then regenerates THF from DHF to allow for another
round of dTMP biosynthesis (20). 10-Formyl-THF in mitochondrial
FOCM acts as a branch point where the formyl group can be converted

into formate or carbon dioxide (1). The formate branch is catalyzed by
the mitochondrial C1-tetrahydrofolate synthase 1-like (MTHFDI1L) to
generate formate for the cytosolic FOCM (47, 48), whereas the carbon
dioxide branch is catalyzed by the NADP-dependent mitochondrial 10-
formyl-THF dehydrogenase [aldehyde dehydrogenase 1 family member
L2 (ALDH1L2)] to produce carbon dioxide and THF (49). 10-Formyl-
THF also contributes to mitochondrial protein synthesis by serving as
the formyl donor for the formylation of the initiator methionyl-tRNAM¢
catalyzed by methionyl-tRNA formyltransferase (MTEMT) (50).

Mitochondrial FOCM and mitochondrial DNA integrity
Maintenance of an adequate and balanced cellular dTMP pool is es-
sential to preserve DNA integrity for both the nuclear and mitochon-
drial genomes. Both depletion and expansion of dTMP pools impact
genomic (both nuclear and mitochondrial) DNA integrity (51). Disrup-
tion of de novo dTMP synthesis results in uracil misincorporation into
both nuclear DNA and mitochondrial DNA (mtDNA), which subse-
quently contributes to genome instability (21). Depletion of mitochon-
drial dTMP pools due to mitochondrial TK2 mutation, which reduces
mitochondrial dTMP concentrations by blocking dTMP salvage synthe-
sis (conversion of dT to dTMP by mitochondrial TK2), has been sug-
gested to impede mtDNA replication, leading to mtDNA-depletion syn-
dromes (MDS) (52). Elevations in dTMP pools also lead to mtDNA de-
pletion (53), mtDNA deletions, and site-specific point mutations (54), as
observed in mitochondrial neurogastrointestinal encephalomyopathy,
an autosomal recessive disorder caused by cytosolic thymidine phos-
phorylase (TP) deficiency (55).

dTMP synthesis from the salvage pathway is not sufficient to sustain
a continuous supply of dTMP to mtDNA replication and thus the de
novo dTMP synthesis pathway is also required (52). As described above,
the de novo dTMP synthesis pathway requires the folate-dependent en-
zymes SHMT2, TYMS, and DHFR2 to catalyze the conversion of dUMP
to dTMP. mtDNA from HeLa cells grown in folate-deplete media ex-
hibited 84% more uracil than cells grown in folate-replete media (56).
In fact, in HeLa cells, mtDNA is more sensitive to uracil incorporation
as a result of folate deficiency than is nuclear DNA (56, 57). In mtDNA
from glyA Chinese hamster ovary (CHO) cells, which are glycine au-
totrophs due to the lack of mitochondrial SHMT2, 40% more uracil
was observed than in wild-type CHO cells (20). Taken together, these
data suggest than mtDNA is highly sensitive to uracil misincorporation
when FOCM is disturbed.

Several studies in model systems have also demonstrated that folate
deficiency canlead to accumulation of mtDNA deletions (58-63), which
may cause reduced expression of genes within mtDNA that are essen-
tial to mitochondrial function and energy production. In rats, the 4834-
kb mtDNA common deletion was increased by 3.5-fold in lympho-
cytes after 4 wk consuming a folate-deficient diet. Lymphocyte mtDNA
common deletion frequency was inversely associated with blood folate
concentrations and positively correlated with the mtDNA deletions in
the lungs, muscles, heart, liver, kidneys, pancreas, and brain. This sug-
gests that the accumulated mtDNA common deletions observed in lym-
phocyte mtDNA reflect mtDNA damage in other body tissues and or-
gans (61). In another study in rats, the effect of folate deficiency on
both mtDNA common deletions and mitochondria-related gene ex-
pression was investigated (60). Dietary folate deprivation significantly
increased the frequency of the mtDNA common deletion and reduced
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mtDNA content in several tissues, including the brain, the heart, and
the liver. The increased frequency of the common deletion was asso-
ciated with enhanced mitochondrial biogenesis, possibly in an attempt
to compensate for mitochondrial dysfunction resulting from the accu-
mulation of large-scale deletions (60). In addition, the frequency of the
mtDNA common deletion was reduced by folate supplementation in
the liver of old (12 mo) rats (62). In agreement with the above stud-
ies, mice lacking uracil DNA glycosylase (Ung~’~) exhibited an increase
in mtDNA mutagenesis in aged brain, together with an apparently
compensatory increase in mtDNA content in response to low folate
status (64).

In addition to salvage synthesis and de novo synthesis pathways, the
mitochondrial inner membrane protein MPV17 (MPV17) also appears
to play a role in mitochondrial dTMP accumulation (56). MPV17 has
been proposed to be a channel in the mitochondrial inner membrane
that imports deoxynucleotide triphosphate (ANTP) into the mitochon-
dria (65). Depressed MPV17 expression depletes mitochondrial folate
concentrations and increases uracil content in mtDNA in HeLa cells,
which indicates that mitochondrial dTMP synthesis capacity is not suf-
ficient to maintain mitochondrial dTMP levels to prevent uracil mis-
incorporation and that import of cytosolic dTMP may be required to
maintain mitochondrial dTMP pools (56).

Inborn errors of metabolism in genes involved in mtDNA mainte-
nance, including mitochondrial nucleotide pool maintenance, mtDNA
replication, and mitochondrial fusion, are associated with MDS (66). As
described above, defects in dTMP salvage pathway including TK2 result
in an imbalanced mitochondrial nucleotide pool leading to MDS (52).
Interestingly, a transcriptomic study revealed an induction of SHMT2
and TYMS in patients with TK2-related myopathic MDS (67). In the
context of mtDNA homeostasis, SHMT2 and TYMS are 2 key enzymes
involved in the de novo dTMP biosynthesis pathway in mitochondria.
Thus, upregulation of the mitochondrial de novo dTMP synthesis path-
way is likely to reflect a biological mechanism attempting to compensate
for the lack of dTMP as a result of the severely reduced TK2 activity in
these patients. Similarly, mtDNA replication defects caused by domi-
nant mutations in TWINKLE helicase remodel mitochondrial FOCM
through inducing MTHFD2 and MTHFDI1L and upregulating de novo
serine biosynthesis. Replication stalling as a result of TWINKLE defects
promotes dNTP synthesis, leading to an increased and imbalanced cel-
lular ANTP pool, which accelerates mtDNA deletion mutagenesis (68).
Future studies into how mitochondrial FOCM is modified in response
to defects in mtDNA maintenance and the consequences of this remod-
eling will increase our understanding of the pathogenesis of mtDNA
maintenance disorders.

Mitochondrial FOCM and mitochondrial function

Recent studies have shown that mitochondrial FOCM enzymes are par-
ticularly strongly upregulated in proliferating lymphocytes and human
cancers (17, 69-71), which, in part, reflects the role of mitochondrial
FOCM in supporting critical cellular functions such as cell proliferation
and mitochondrial respiration. Some mitochondrial compartment-
specific uses of mitochondrial folate one-carbon units include the lo-
cal biosynthesis of dTTP (20) and of N-formylmethionine (fMet) (72),
tRNA modification (73), oxidative phosphorylation (OXPHOS) com-
plex assembly (74) and redox state regulation (75, 76).
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One study identified the mitochondrial FOCM enzyme SHMT2
as being required for robust mitochondrial oxygen consumption and
cell proliferation in a low-glucose environment (77). More specifically,
SHMT?2 deletion in Jurkat cells caused defects in mitochondrial respira-
tion and impaired translation of mitochondria-encoded proteins, with-
out affecting cytoplasmic protein translation. In addition, SHMT2-null
Jurkat cells exhibited a loss of the fMet-tRNAM, which is generated by
a tRNA formylation reaction catalyzed by the mitochondrial MTFMT,
using 10-formyl-THF as the formyl donor. This modified tRNA is re-
quired to initiate translation specifically in mitochondria, and its loss
is observed in patients with the mitochondrial disease Leigh syndrome
(72, 77). These results suggest that proper translation of mitochondria-
encoded proteins supported by Met-tRNAM formylation is an addi-
tional key function of mitochondrial FOCM. However, maintenance
of mitochondria-encoded proteins appeared to require only limited
amounts of mitochondrial one-carbon units, as minimal expression of
SHMT2 was sufficient to maintain the expression of mitochondrially
translated proteins (77). As such, the use of mitochondrial one-carbon
units for the biosynthesis of fMet is unlikely to underlie the upregulation
of mitochondrial FOCM enzymes observed in cancers (69, 71, 77).

Another study also demonstrates that loss of SHMT2, but not of
other folate-dependent enzymes, leads to defective OXPHOS in hu-
man HCT116 colon cancer cells due to impaired mitochondrial pro-
tein translation (73). This study demonstrated that mitochondrial 5,10-
methylene-THF is essential to maintain mitochondrial respiratory ca-
pacity by providing the methyl group for tRNA taurinomethylation,
a relatively novel tRNA base modification and a unique use of mito-
chondrial 5,10-methylene-THE. Mitochondrial ribosome profiling in
SHMT2-knockout cells revealed that the lack of this tRNA modifica-
tion caused defective mitochondrial translation, with ribosome stalling
at certain lysine and leucine codons, which can lead to defective trans-
lation for a subset of the mitochondria-encoded OXPHOS proteins.
On the other hand, as described above, the decrease in fMet-tRNAMet
synthesis observed in SHMT2 knockout Jurkat cells resulted in im-
paired mitochondrial translation initiation (77), which can cause defec-
tive global OXPHOS protein synthesis in mitochondria. The differen-
tial translational responses to SHMT?2 deletion observed from the dif-
ferent cell types may indicate that SHMT2 modulates mitochondrial
protein translation in a cell type-specific manner (73, 77). Ribosome
stalling at the specific lysine and leucine codons (73) was also observed
in patients with mitochondrial disorders, including myoclonic epilepsy
with ragged red fibers (MERRF) and mitochondrial encephalopathy,
lactic acidosis, and stroke-like episodes (MELAS) (78, 79). Taken to-
gether, these results reveal a biochemical mechanism whereby mito-
chondrial FOCM contributes to translation of mitochondrial proteins,
linking mitochondrial FOCM with certain inborn errors of mitochon-
drial metabolism (77). In addition to SHMT2 deficiency, mutations in
mitochondrial GCS are associated with glycine encephalopathy, an in-
born error that results in glycine accumulation to pathologic concen-
trations in cerebrospinal fluid and plasma, which can cause severe neu-
ronal dysfunction (78).

In contrast to the above observations (73, 77) that loss of SHMT2
leads to defective mitochondrial translation in cells, another study ar-
gued that the ability of an SHMT2-knockout 293A cell line to syn-
thesize mitochondria-encoded proteins was not impaired when com-
pared with the wild-type cells as determined using stable-isotope la-
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beling (74). Instead, this study demonstrated that the regulation of
the OXPHOS system by SHMT2 may take place after the translation
of mtDNA-encoded proteins. SHMT2 deletion significantly reduced
the steady-state levels of the mature Complex I, which could be re-
stored by exogenous supplementation with the one-carbon donor for-
mate (74). These results suggest a novel role of the one-carbon metabolic
intermediates derived from mitochondrial serine catabolism in the as-
sembly of respiratory chain complex, possibly through supporting nu-
clear and/or cytosolic metabolic reactions instead of mitochondrion-
specific processes, although the exact underlying mechanisms remain
unclear (74).

Serine catabolism by the mitochondrial folate pathway was also
identified as the major source of NAD(H) for cells with impaired elec-
tron transport chain activity (76). In the mitochondria, SHMT2 con-
verts serine to glycine while producing 5,10-methylene-THE. MTHFD2
then produces 10-formyl-THF from 5,10-methylene-THF with con-
comitant generation of NAD(H). Using genetic manipulation, both
of these enzymes were shown to be essential for folate-dependent
NAD(H) production. When cellular respiration is impaired in HCT116
cells, NAD(H) production by the tricarboxylic acid (TCA) cycle is
blocked. Therefore, the contribution of serine catabolism via SHMT?2
and MTHFD2 to generate NAD(H) is increased to a level that it ef-
fectively becomes the major source of cellular NAD(H) (76). Several
regulatory mechanisms actively promote this pathway in response to
impaired respiration. For example, hypoxia induces SHMT2 via mye-
locytomatosis oncogene (MYC) and hypoxia-inducible factor (HIF),
which also upregulates de novo serine synthesis and mitochondrial
FOCM enzymes including MTHFD2 and MTHFDIL (80-83). Para-
doxically in respiration-impaired HCT116 cells, loss of mitochondrial
serine catabolism by SHMT?2 inhibition or MTHFD2 deletion improved
metabolic homeostasis and enhanced cell growth (76). The authors hy-
pothesized that, in this case, NAD(H) generation via serine catabolism
in response to impaired respiration decreased cell growth to prevent
proliferation of respiration-impaired cells or to synthesize other prod-
ucts of FOCM at ischemic sites (76). Further studies are needed to solve
this paradox and to understand the role of folate availability and/or
metabolism in NAD(H) generation.

In addition to catalyzing mitochondrial folate metabolic reactions,
the nonenzymatic functions of Mthfd2 have been reported in mouse
embryonic stem cells (mESCs) (84). In the mitochondria, Mthfd2
maintains active OXPHOS system and improves the quality of mouse
pluripotent stem cells (PSCs) through an indirect interaction between
the MTHFD2 protein and mitochondrial electron transport chain com-
plex III. In the nucleus, Mthfd2 regulates exonuclease 1 (EXO1) phos-
phorylation, thereby modulating homologous recombination (HR) re-
pair and maintaining genome integrity in mESCs. Interestingly, the reg-
ulation of mESC pluripotency and HR repair by Mthfd2 was not me-
diated by the catalytic activity of MTHFD2, revealing a novel role of
the mitochondrial FOCM enzyme in supporting cellular functions in-
dependent of its enzymatic functions.

In summary, mitochondrial FOCM may affect OXPHOS through
several mechanisms, including the influence on 1) biosynthesis of
nucleotides and therefore mtDNA replication (20, 85), 2) mRNA
expression of the OXPHOS genes (27, 86), 3) biosynthesis of the
mitochondria-encoded OXPHOS proteins (73, 77), and 4) regulation
of cellular redox state (75, 76).

Mitochondrial FOCM and cancer

Aided by modern genomics and metabolomics tools, the roles of de
novo serine synthesis and mitochondrial FOCM pathway in cancer
have increasingly been appreciated (16, 87, 88). Given the increased re-
quirement for nucleotides to support rapid proliferation of cancer cells,
metabolism of one-carbon sources, serine and glycine, and mitochon-
drial folate metabolic enzymes are upregulated. Increased exogenous
serine and glycine uptake was observed nearly universally across 60 can-
cer cell lines in the NCI-60 panel (89). However, another study using
isotope tracers demonstrated that cancer cells selectively consumed ex-
ogenous serine and that cell proliferation was supported by consump-
tion of serine instead of glycine (90). In addition to serine uptake, en-
zymes in the de novo serine synthesis pathway are highly expressed in
some tumors. Phosphoglycerate dehydrogenase (PHGDH), the enzyme
that catalyzes the first reaction in serine synthesis, exhibits gene copy-
number gain in triple-negative breast cancer and melanoma (91, 92).
Under stress conditions of cancer, all 3 enzymes [PHGDH, phospho-
serine aminotransferase 1 (PSAT1), and phosphoserine phosphatase
(PSPH)] involved in de novo serine biosynthesis from the glycolytic in-
termediate, 3-phosphoglycerate are upregulated (93). Concurrent with
increased metabolism of one-carbon sources, enzymes of mitochon-
drial FOCM, in particular MTHFD2 and SHM T2 become the most con-
sistently upregulated metabolic genes in cancer (69, 86, 94). In addition
to transcriptional reprogramming, expression of SHMT2, MTHFD2,
and ALDHI1L2 is induced and activity of mitochondrial FOCM is in-
creased over cytosolic FOCM in response to endoplasmic reticulum
stress in cancer (93). SHMT2 expression is also induced upon hypoxic
stress to maintain mitochondrial redox balance and prevent accumula-
tion of reactive oxygen species (82, 95). The overexpression of MTHFD2
and SHMT?2 is not only necessary for cancer cell survival and tumor
progression (69, 86) but also predicts poor prognosis in multiple can-
cers, including breast cancer, gastrointestinal cancer, and intrahepatic
cholangiocarcinoma (96-99). Metabolic reprogramming of mitochon-
drial FOCM induced by stress responses seems to adjust the microenvi-
ronment of cancer and render cancer cells resistant to folate-based an-
timetabolites (93). However, it is still unclear whether mitochondrial
FOCM enzymes and serine metabolism are upregulated to support mi-
tochondrial function or to provide formate for cytosolic and nuclear
FOCM reactions in support of tumor growth. The understanding of the
role of FOCM in cancer has led to advances in chemotherapy; however,
our ability to selectively target FOCM for therapy is limited, due in large
part to the lack of understanding of specific alterations of FOCM in can-
cer. Emerging studies that highlight the specific induction of mitochon-
drial FOCM enzymes in cancer may provide insights in targeting this
pathway for cancer therapy.

Conclusions

There is a growing body of evidence demonstrating that mitochondrial
FOCM plays a critical role in maintaining mtDNA integrity and mi-
tochondrial function. Depending on the tissue/cell line, mitochondrial
FOCM supports mitochondrial function by providing one-carbon units
for mitochondrial tRNA taurinomethylation, methionyl-tRNA formy-
lation, or de novo dTMP synthesis (Table 1). However, mitochondrial
serine catabolism catalyzed by SHMT?2 also generates formate, which
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TABLE 1 Tissue/cell line-specific effects of SHMT2 deficiency’

SHMT2 expres-

Tissue/cell line sion/activity

Mitochondrial folate metabolism 7

Biological effect Reference

glyA CHO Null
293A Null
Jurkat Null
HCT116 Null
Mouse embryonic fibroblasts Null

Increased uracil content in mtDNA

Impaired complex | assembly

Loss of fMet-tRNAMet

Impaired tRNA taurinomethylation
Mitochondrial respiration defects and growth

Anderson et al. (20)
Lucas et al. (74)
Minton et al. (78)
Morscher et al. (73)
Tani et al. (100)

retardation

TCHO, Chinese hamster ovary; fMet, N-formylmethionine; mtDNA, mitochondrial DNA; SHMT2, serine hydroxymethyltransferase 2.

readily traverses the cytosolic and nuclear compartments, and serves
as the principal one-carbon source for all cytosolic and nuclear FOCM
reactions (2). Therefore, whether it is the mitochondrial compartment-
specific uses of one-carbon units or products from cytosolic or nuclear
FOCM that affects mitochondrial function remains to be elucidated.
Additionally, most of our knowledge regarding the contributions of mi-
tochondrial FOCM to mtDNA maintenance and mitochondrial respi-
ration is obtained from transformed cell lines. Given the remodeling of
mitochondrial FOCM in cancer as well as the alterations in gene ex-
pression associated with cancer transformation that affect mitochon-
drial FOCM—for example, the significant downregulation of the nor-
mally abundant GNMT in human cancers (101)—further studies are
required to investigate the role of mitochondrial FOCM in nontrans-
formed tissues and in the context of diseases of aging. Understanding
the regulation and complexity of mitochondrial folate metabolism could
mechanistically promote effective prevention and treatment of folate-
associated pathologies.
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