
Methionine synthase is essential for cancer cell proliferation in 
physiological folate environments

Mark R. Sullivan1,2,*, Alicia M. Darnell1,2,*, Montana F. Reilly1, Tenzin Kunchok3, Lena 
Joesch-Cohen4, Daniel Rosenberg4, Ahmed Ali1,4, Matthew G. Rees4, Jennifer A. Roth4, 
Caroline A. Lewis3, Matthew G. Vander Heiden1,2,4,5

1Koch Institute for Integrative Cancer Research, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139, USA

2Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 
02139, USA

3Whitehead Institute for Biomedical Research, Cambridge, MA 02139, USA

4Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02139, USA

5Dana-Farber Cancer Institute, Boston, Massachusetts 02215, USA

Abstract

Folate metabolism can be an effective target for cancer treatment. However, standard cell culture 

conditions utilize folic acid, a non-physiological folate source for most tissues. We find that the 

enzyme that couples the folate and methionine metabolic cycles, methionine synthase (MTR), is 

required for cancer cell proliferation and tumor growth when 5-methyl tetrahydrofolate (THF), 

the major folate found in circulation, is the extracellular folate source. In such physiological 

conditions, MTR incorporates 5-methyl THF into the folate cycle to maintain intracellular 

levels of folates needed for nucleotide production. 5-methyl THF can sustain intracellular folate 

metabolism in the absence of folic acid. Therefore, cells exposed to 5-methyl THF are more 

resistant to methotrexate, an antifolate drug that specifically blocks folic acid incorporation into 

the folate cycle. Together, these data argue that the environmental folate source has a profound 

effect on folate metabolism, determining how both folate cycle enzymes and antifolate drugs 

impact proliferation.

Correspondence: mvh@mit.edu, Phone: (617) 252-1163, Fax: (617) 258-6558, Mailing address: 77 Massachusetts Ave Building 
76-561, Cambridge, MA 02139.
*these authors contributed equally to this work
AUTHOR CONTRIBUTIONS STATEMENT
Conceptualization, M.R.S., M.G.V.H.; Methodology, M.R.S., A.M.D., M.F.R., T.K., C.A.L.; Formal Analysis, M.R.S., A.M.D., 
L.J.-C.; Investigation, M.R.S., A.M.D., M.F.R; Resources, T.K., C.A.L., D.R., M.R., A.A., L.J.-C., J.A.R.; Visualization, M.R.S., 
A.M.D.; Writing – Original Draft, M.R.S., A.M.D; Writing – Second Draft, Review & Editing, M.R.S., A.M.D., M.G.V.H.; Funding 
Acquisition, M.R.S., A.M.D., J.A.R., M.G.V.H.; Supervision, M.G.V.H.

CODE AVAILABILITY
Any code used to analyze or plot data in this manuscript is available from the corresponding author upon request.

COMPETING INTERESTS STATEMENT
M.G.V.H. is on the scientific advisory board of Agios Pharmaceuticals, Aeglea Biotherapeutics, iTeos Therapeutics, Faeth 
Therapeutics, Sage Therapeutics, DRIOA Ventures, and Auron Therapeutics. The other authors declare no competing interests.

HHS Public Access
Author manuscript
Nat Metab. Author manuscript; available in PMC 2022 May 18.

Published in final edited form as:
Nat Metab. 2021 November ; 3(11): 1500–1511. doi:10.1038/s42255-021-00486-5.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Folate metabolism is critical for cell proliferation. One-carbon units carried by folate 

cofactors are necessary for many one-carbon transfer reactions1, including those required 

for nucleotide synthesis2. Folate species carry distinct one-carbon units in different oxidation 

states to support biosynthetic reactions, with each folate species in cells derived from 

a common tetrahydrofolate (THF) scaffold (Fig. 1A). THF cannot be synthesized by 

mammalian cells de novo3; thus, mammalian cells rely on uptake of exogenous precursors 

which can be used to generate THF and enable the one-carbon transfer reactions that support 

proliferation.

The available precursor for THF differs in standard cell culture medium compared to 

circulating plasma in mammals. Standard culture medium contains folic acid, while the 

predominant circulating folate is 5-methyl tetrahydrofolate (5-methyl THF); folic acid and 

other folates from the diet comprise less than 10% of folates in circulation3,4. Further, 

the folate transporter SLC19A1 exhibits substantially higher affinity for 5-methyl THF 

compared to other folates5,6. As environmental nutrients can strongly influence cellular 

metabolism7,8, culturing cells in 5-methyl THF may impact intracellular metabolite levels, 

dependence on metabolic pathways that utilize folate species, and sensitivity to antifolate 

drugs.

Cells use different pathways to convert folic acid and 5-methyl THF to THF, which can 

accept a one-carbon unit for use in subsequent biosynthetic reactions (Fig. 1A)3. Folic acid 

is directly converted to THF by the enzyme dihydrofolate reductase (DHFR), which is also 

the target of methotrexate, an antifolate chemotherapy drug. In contrast, the conversion of 

5-methyl THF to THF is coupled to synthesis of the amino acid methionine by transfer 

of a methyl group to homocysteine in a reaction catalyzed by the vitamin B12 (cobalamin)

dependent enzyme methionine synthase (MTR) (Fig. 1A)9,10. MTR is the only known 

enzyme that can utilize 5-methyl THF as a substrate and regenerate the THF scaffold. 

Therefore, loss of MTR activity secondary to cobalamin deficiency causes accumulation 

of intracellular 5-methyl THF, clinically referred to as the “methyl-folate trap”11,12. This 

irreversible sequestration of folates in the form of 5-methyl THF in cells results in limited 

THF availability to accept new one-carbon units.

Several lines of evidence suggest that MTR’s role in the folate cycle may be critical for 

tumor growth. Loss of MTR activity due to impairment of cobalamin binding or availability 

perturbs the folate cycle and slows cancer cell proliferation13,14. Further, clues from human 

medicine suggest that cobalamin availability is important to sustain tumor growth15–17. 

MTR activity also regenerates the amino acid methionine and the methyl donor cofactor S

adenosyl methionine (SAM)11,18–20 (Fig. 1A). In animals, MTR activity can affect systemic 

methionine and SAM levels11,21–23, and MTR inhibition has been suggested to impair 

cancer cell proliferation by specifically interfering with production of these metabolites18,19. 

However, the degree to which MTR activity is critical for cell-autonomous methionine and 

SAM metabolism is unclear. Further, the general metabolic consequences of perturbing 

MTR activity have not been examined under physiological folate conditions, and whether 

targeted loss of MTR expression would curtail tumor growth in animals is unknown. In 

addition, as MTR is required for assimilation of 5-methyl THF, but not the folic acid 

provided in cell culture, into the intracellular folate pool, its activity in different folate 
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sources may alter susceptibility to antifolate chemotherapies that target environmental folate 

scavenging.

Results

5-methyl THF supports cancer cell proliferation

To begin to assess the impact of physiological folates on cancer cell metabolism and 

proliferation, we first confirmed that 5-methyl THF is the most abundant folate in mice 

fed a standard chow diet (Fig. 1B). Previous work has shown that leukemia cells can be 

cultured for short periods in 5-methyl THF13,18,19. To generalize these findings to cancer 

cells derived from solid tumors, we assessed the effects of culturing A549 and T.T cells 

in medium containing folic acid or 5-methyl THF, which exhibit average MTR expression 

levels relative to cancer cells included in the Cancer Cell Line Encyclopedia24 (Extended 

Data Fig. 1A,B). Folate deprivation did not diminish proliferation of either cell line over 

four days of exponential growth in culture (Fig. 1C, Extended Data Fig. 1C). This suggests 

that cells contain excess folates that are sufficient to sustain proliferation over this period 

and is consistent with previous observations in leukemia cells13. Additionally, the dialyzed 

fetal bovine serum used to supplement culture media contains low levels of both folic acid 

and 5-methyl THF (Extended Data Fig. 1D), providing a potential alternative source of some 

folates.

In order to study cell proliferation and metabolism in a well-defined folate source, we 

pre-incubated cells in media lacking any added folic acid beyond the trace levels found 

in dialyzed serum in an attempt to deplete intracellular folate reserves before replacing 

the extracellular folate source with either folic acid or 5-methyl THF. Three days of such 

folate “prestarvation” was sufficient to deplete intracellular levels of the folate species 5,10

methenyl THF/10-formyl THF and 5-methyl THF (Fig. 1D). This prestarvation period did 

not reduce intracellular levels of methionine or SAM, whose de novo synthesis is linked to 

folate metabolism through MTR activity (Extended Data Fig. 1E,F). Intracellular nucleotide 

levels were also not reduced, although the purine and dTMP synthesis intermediates 

directly upstream of folate-utilizing steps, glycinamide ribonucleotide (GAR), 5-amino-4

imidazolecarboxamide ribonucleotide (AICAR), and dUMP began to accumulate after 1 

day of folate deprivation (Extended Data Fig. 1G,H). Nevertheless, proliferation rate is 

maintained over three days in folate-depleted medium (Extended Data Fig. 1I), arguing that 

short-term folate deprivation allows for controlled replacement of the environmental folate 

source.

To examine the proliferation rates of cells cultured in different folate sources, cells were 

cultured for three days in folate depleted media and then cultured for four more days in 

media with folic acid, 5-methyl THF, or no replacement folate. Cells continued to proliferate 

at the same rate when cultured in media with either folic acid or 5-methyl THF as the 

folate source, but proliferation was impaired when deprived of folates for this extended 

period of time (Fig. 1C, Extended Data Fig. 1C). Importantly, cells maintain the same 

proliferation rate after culture in 5-methyl THF for 3 weeks, and this proliferation rate 

remains unchanged when cells are switched back to standard media containing folic acid 

as the folate source (Fig. 1E). 5-methyl THF and folic acid also sustained proliferation 
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over a similar concentration range (Fig. 1F). Of note, the average concentration of 5-methyl 

THF in human plasma is 37.5 +/− 1.5 nM4 and in mouse plasma is 154.2 +/− 26.1 nM 

(Fig. 1B), neither of which is able to sustain maximal proliferation of A549 cells in culture 

(Fig. 1F). Thus, folate availability may limit rapid proliferation in some physiological 

settings, consistent with reports that folate supplementation accelerates the growth of some 

cancers25–27. Together, these results suggest that 5-methyl THF is sufficient to sustain 

proliferation of human cancer cells in the absence of other folate sources.

To assess whether cancer cells with varied tissues of origin and oncogenic drivers can 

utilize 5-methyl THF, we performed a multiplexed proliferation assay with a library of 

489 barcoded adherent cancer cell lines (PRISM)28 in medium containing either folic acid 

or 5-methyl THF as the folate source. After 4 days of culture, we measured the relevant 

barcode abundance in each media condition to calculate the viability of each cell line in 

each condition. Most cell lines had similar viability in 5-methyl THF and folic acid media, 

and different cell types displayed minimal differences in viability when grown in the two 

folate sources, consistent with our observation that 5-methyl THF is a suitable replacement 

folate source for cell culture (Fig. 1G, Extended Data Fig. 1J). Of note, neither the relative 

viability of a cell line grown in 5-methyl THF compared to folic acid nor its proliferation 

rate in either medium alone correlated with its previously measured MTR mRNA expression 

level24 (Extended Data Fig. 1K,L), suggesting that existing variability in cancer cell MTR 

expression is not limiting for use of 5-methyl THF as a folate source. To determine how 

MTR expression changed given the provided folate source, we measured MTR protein 

level and found that it was slightly lower in A549 and T.T cells cultured in 5-methyl THF 

compared to folic acid (Extended Data Fig. 1M).

MTR is required to grow in physiological folates

Given the lack of correlation between MTR expression level and cell proliferation in 

5-methyl THF, we questioned whether MTR is necessary to support proliferation when 

5-methyl THF is the major folate source. To do this, we disrupted MTR expression in 

A549 and T.T cells using CRISPR-Cas9 genome editing (sgMTR) and then re-expressed 

an sgRNA-resistant version of MTR (+MTR) or an empty-vector control (+EV) to create 

isogenic cell lines that differ in MTR expression (Fig. 2A). In A549 and T.T cells, MTR is 

essential for proliferation when 5-methyl THF is the sole folate source (Fig. 2B) or when 

5-methyl THF comprises 96% of the folate source with 4% folic acid, approximating the 

physiological ratio of reduced folates to folic acid in human plasma4 (Extended Data Fig. 

2A). MTR knockout cells display >10-fold increased steady-state levels of 5-methyl THF 

regardless of folate source (Fig. 2C), consistent with previous results29. As expected, the 

5-methyl THF pool remained stable in MTR knockout cells upon folate starvation (Extended 

Data Fig. 2B), consistent with an inability of these cells to utilize 5-methyl THF through 

MTR. 10-formyl THF and 5,10-methenyl THF, which are synthesized by adding one-carbon 

units to THF, were less abundant in MTR knockout cells than control cells and were further 

depleted in 5-methyl THF media (Fig. 2C, Extended Data Fig. 2B). This is consistent 

with a defect in THF regeneration from 5-methyl THF in MTR knockout cells in 5-methyl 

THF medium and some 5-methyl THF trapping even in folic acid medium. These species 

were rapidly depleted following folate starvation (Extended Data Fig. 2B); as expected, 
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MTR knockout cells were more sensitive to a three-day folate pre-starvation period than 

control cells (Extended Data Fig. 2C). Interestingly, culture in 5-methyl THF also led to 

accumulation of 5-formyl THF (Fig. 2C), a storage form of folate that may alter the activity 

of other folate-dependent enzymes29, suggesting that growth in 5-methyl THF may broadly 

affect intracellular folate metabolism.

Methionine synthase is required to supply tetrahydrofolate

We next sought to characterize why MTR activity is metabolically necessary for 

proliferation in physiological folate medium. MTR enables production of methionine, the 

downstream methyl donor SAM, and THF, which carries one-carbon units derived from 

the amino acid serine for purine and dTMP synthesis. Based on our observations that 

folate starvation affects intermediates in nucleotide synthesis without reducing methionine 

or SAM levels (Extended Data Fig. 1G,H), and previous work linking MTR inactivation to 

impaired pyrimidine synthesis in standard culture conditions29, we began by assessing the 

role of MTR in purine and pyrimidine synthesis. Purine synthesis requires 10-formyl THF, 

which is indistinguishable from 5,10-methenyl THF when measured by LC/MS due to rapid 

interconversion after cell lysis30,31. We find that the combined levels of 10-formyl THF and 

5,10-methenyl THF are depleted in MTR knockout cells, suggesting that purine synthesis 

may be compromised (Fig. 2C). Levels of adenosine and guanosine nucleotides were 

decreased in MTR knockout cells, particularly when cultured in 5-methyl THF relative to 

folic acid (Fig. 3A–B, Extended Data Fig. 3A–B), correlating with the reduced proliferation 

rate of MTR knockout cells in 5-methyl THF (Figure 2B). The decrease in these nucleotides, 

even when MTR knockout cells are cultured in folic acid, may be related to the finding 

that some THF produced from folic acid is irreversibly trapped as 5-methyl THF (Fig. 2C, 

Extended Data Fig. 2B).

If purine synthesis is impaired due to a lack of folate species derived from THF, 

intermediates prior to the steps that utilize folates should accumulate (Extended Data Fig. 

1G,H)32. Consistent with this hypothesis, GAR and AICAR levels are elevated in MTR 

knockout cells and further increase in MTR knockout cells cultured in 5-methyl THF 

relative to folic acid (Fig. 3C, Extended Data Fig. 3C). Further supporting this hypothesis, 

inosine monophosphate (IMP), a purine precursor downstream of GAR and AICAR, is 

depleted in MTR knockout cells, particularly when cultured in 5-methyl THF (Fig. 3C, 

Extended Data Fig. 3C).

Synthesis of the pyrimidine nucleotide deoxythymidine monophosphate (dTMP) requires the 

folate species 5,10-methylene THF (Fig. 1A), which is unstable and not directly measurable 

by LC/MS30. If THF production is disrupted by MTR loss in physiological folate medium, 

cells would be predicted to also have low levels of 5,10-methylene THF and therefore 

exhibit impaired pyrimidine synthesis. Indeed, dTMP levels are depleted in MTR knockout 

cells cultured in 5-methyl THF (Fig. 3D, Extended Data Fig. 3D).

To assess whether purine and/or pyrimidine depletion causes proliferation arrest of MTR 

knockout cells in 5-methyl THF, we performed a series of metabolic rescue experiments. 

Addition of the pyrimidine salvage precursors uridine and thymidine and the purine salvage 

precursor hypoxanthine supports proliferation of MTR knockout and +MTR cells in the 
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absence of any folate source and rescues MTR knockout cell proliferation in 5-methyl THF 

(Fig. 3E, Extended Data Fig. 3E), confirming that the proliferation defect is caused by 

nucleotide depletion. Exogenous hypoxanthine alone rescued proliferation of MTR knockout 

cells in 5-methyl THF over a four-day period (Fig. 3E, Extended Data Fig. 3E). However, 

MTR knockout cells ceased proliferation after 12 days in hypoxanthine alone (Extended 

Data Fig. 3F), likely because dTMP cannot be synthesized without folate precursors and is 

not rescued by hypoxanthine. The short-term rescue of proliferation by hypoxanthine alone 

is consistent with the fact that purine synthesis requires higher flux from the folate cycle 

than dTMP synthesis33. As a result, trace residual folate sources may sustain pyrimidine 

synthesis longer than purine synthesis. Addition of thymidine reduced proliferation in T.T 

cells (Extended Data Fig. 3E), likely due to its ability to cause cell cycle arrest34. Together, 

these data suggest that nucleotide synthesis is impaired by MTR knockout.

In addition to requiring THF, nucleotide synthesis can be limited by availability of the one

carbon precursor units carried by THF. As MTR transfers a one-carbon unit from 5-methyl 

THF to methionine, it has been proposed that methionine and nucleotide synthesis compete 

for one-carbon units in some contexts35. MTR knockout would thus be predicted to increase 

one-carbon precursor availability; therefore, one carbon units are not likely to explain the 

growth defect of MTR knockout cells in physiological folates. Indeed, exogenous addition 

of the one-carbon precursors serine or formate did not rescue growth of MTR knockout 

cells in physiological folate medium (Fig. 3F, Extended Data Fig. 3G), confirming that 

one-carbon units are not limiting for proliferation in these cells. Thus, MTR knockout limits 

nucleotide synthesis by preventing production of THF from 5-methyl THF.

MTR is not required to maintain intracellular methionine

MTR can support both methionine and folate metabolism9,11. Though nucleotide precursors 

were sufficient to fully rescue MTR knockout in physiological folate medium, and providing 

additional methionine did not rescue proliferation of MTR knockout cells (Extended Data 

Fig. 4A), high methionine levels in the medium could mask an additional requirement 

for MTR to synthesize methionine in physiological conditions. Standard culture medium 

contains 100 μM methionine, a concentration similar to that found in murine plasma36. 

However, human plasma methionine levels are closer to 25 μM37. Thus, we tested whether 

restriction of exogenous methionine to physiological levels would specifically inhibit 

proliferation in MTR knockout cells, and whether supplementation of nucleotide precursors 

would fail to fully rescue proliferation in these conditions. Proliferation was not affected 

by a reduction from 100 μM to 25 μM extracellular methionine, independent of the folate 

source (Fig. 4A, Extended Data Fig. 4B). A further reduction in extracellular methionine 

to 10 μM did slightly reduce proliferation, but this effect was independent of the folate 

source provided, and nucleotide precursors still rescued both MTR knockout and +MTR 

cell proliferation to the same, methionine-limited maximum rate (Fig. 4A, Extended Data 

Fig. 4B). Consistent with a limited role for MTR in maintaining methionine availability, 

methionine levels are higher in MTR knockout cells than control cells, especially in 5

methyl THF (Fig. 4B, Extended Data Fig. 4C); this accumulation of methionine may be 

related to reduced growth and protein synthesis, as serine and lysine are also higher in this 

condition. Further, a parallel study that traced the fate of labeled methionine found little to 
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no role for MTR in new methionine synthesis in mouse tumors or tissues38. These results 

suggest that MTR is not required for maintenance of intracellular methionine levels.

Methionine is directly converted to SAM by addition of adenosine triphosphate (ATP)39 

(Fig. 1A), and defects in purine synthesis have previously been shown to decrease 

SAM levels40. Consistent with this, SAM and S-adenosyl homocysteine (SAH) levels are 

decreased in MTR knockout cells (Fig. 4C, Extended Data Fig. 4D). As SAM acts as both 

a methyl donor and a direct signal to mTORC1 kinase, its levels could affect proliferation 

by altering protein or DNA methylation patterns or mTORC1 signaling41–43. However, SAM 

levels are equally diminished in MTR knockout cells in both environmental folate sources, 

arguing that SAM depletion cannot explain why these cells do not proliferate in 5-methyl 

THF. Changes in methylation of cytosolic proteins did not correlate with the reduced SAM 

levels or proliferation caused by MTR knockout in 5-methyl THF (Fig. 4D, Extended Data 

Fig. 4E). Phosphorylation of the direct mTORC1 kinase target S6 kinase, as well as the 

S6 kinase target RPS6, largely correlated with SAM levels (Fig. 4D, Extended Data Fig. 

4E); however, addition of exogenous SAM43 was unable to restore MTR knockout cell 

proliferation in 5-methyl THF (Fig. 4E, Extended Data Fig. 4F). Therefore, MTR expression 

is important to maintain levels of SAM and SAH, but the decreases in SAM and SAH 

levels observed upon MTR knockout are not sufficient to explain reduced cell proliferation 

in physiological folate conditions.

Tumor formation requires MTR for folate metabolism

Given that 5-methyl THF is the predominant folate in circulation in humans4 and mice 

(Fig. 1B), our results suggest that MTR may be essential for tumor formation. However, as 

folic acid is also present at low levels in the circulation of both humans4 and mice (Fig. 

1B), circulating folic acid might be sufficient to sustain tumor growth in the absence of 

MTR. To examine whether MTR is required for tumor growth given the available folates 

in vivo, A549 cells with or without MTR expression were implanted into the flanks of 

immunocompromised NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice fed a diet containing 

folic acid at levels consistent with a typical human diet44,45. MTR expression was required 

for tumor formation in these conditions (Fig. 5A). To test whether MTR is essential for 

tumor growth due to its role in utilizing circulating 5-methyl THF, mice were supplemented 

with excess folic acid to provide a secondary folate source that circumvents the need for 

MTR-mediated conversion of 5-methyl THF to THF. Unlimited provision of folic acid in 

the drinking water of mice resulted in increased plasma folic acid levels in some mice (Fig. 

5B), without altering 5-methyl THF levels in circulation (Fig. 5C). The degree of increase in 

plasma folic acid levels was variable and did not result in a statistically significant increase 

in average concentration (Fig. 5B); however, folic acid supplementation was sufficient to 

support growth of MTR knockout tumors (Fig. 5D), arguing that MTR is essential for tumor 

growth in vivo because it is required to generate THF.

Physiological folates render cells resistant to methotrexate

MTR is not required for proliferation in standard culture conditions because THF can be 

produced from folic acid by the enzyme DHFR (Fig. 1A). We hypothesized that excess 

environmental folic acid might create a non-physiological dependence on DHFR activity, 
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perhaps accounting for the observation that cancer cells are more sensitive to the DHFR 

inhibitor methotrexate in culture than in human patients46. Indeed, both wild-type and 

complemented MTR knockout cells were more sensitive to methotrexate in folic acid than 

5-methyl THF medium (Fig. 5E; Extended Data Fig. 5A,B). Furthermore, A549 MTR 

knockout cells were more sensitive to methotrexate than A549 +MTR cells in folic acid 

medium (Fig. 5E), likely due to the baseline reduction in folate and nucleotide levels we 

observed in MTR knockout cells even in folic acid medium (Fig. 2C, Extended Data Fig. 

2B, Fig. 3A–D). However, differential sensitivity to methotrexate with and without MTR 

was not observed in T.T cells (Extended Data Fig. 5B), suggesting that MTR expression and 

environmental folate source are independent influences on methotrexate sensitivity.

To assess whether cancer cells are generally more resistant to methotrexate in physiological 

folate medium, we performed a PRISM multiplexed barcoded proliferation assay with 489 

cell lines cultured in folic acid or 5-methyl THF and treated with several methotrexate doses 

chosen based on the dose response curves for wild-type A549 and T.T cells (Extended 

Data Fig. 5A). At a population level (Fig. 5F,G; Extended Data Fig. 5D), and across 

individual cancer types (Extended Data Fig. 5C), cells were more resistant to low doses 

of methotrexate when grown in 5-methyl THF, despite similar viabilities in folic acid and 

5-methyl THF without methotrexate (Fig. 1G; replotted in first panel Extended Data Fig. 

5C). At a very high methotrexate dose, cells did not proliferate in either medium (Fig. 5G, 

Extended Data Fig. 5D), and the resulting low barcode counts showed increased variance; 

however, cells grown in folic acid may be less sensitive than those grown in 5-methyl THF 

at that methotrexate dose (Fig 5F,G; Extended Data Fig. 5C,D). Together, these results 

suggest that the folate source broadly affects methotrexate sensitivity in cells derived from 

diverse tumor types.

To determine the metabolic basis for the folate source-specific response to methotrexate, 

we performed LC/MS to measure intracellular folates and polar metabolites across a 

range of methotrexate doses in folic acid and 5-methyl THF media. In folic acid 

medium, intracellular folates were depleted in concert with proliferation arrest in response 

to methotrexate (Fig. 5E,H), consistent with the drug acting as a DHFR inhibitor to 

prevent environmental folate processing into THF and downstream folate species. However, 

intracellular folates were only slightly reduced by methotrexate treatment in 5-methyl THF, 

even at doses of methotrexate that completely arrested proliferation; in this context, DHF 

accumulated as proliferation rate declined (Fig. 5E,H). These data are consistent with 

methotrexate inhibiting folic acid and DHF reduction to THF without impacting utilization 

of 5-methyl THF.

Purine and pyrimidine synthesis, as assessed by purine and thymidylate levels and by 

accumulation of substrates directly upstream of folate-utilizing steps, appeared diminished at 

all methotrexate doses that inhibited proliferation (Extended Data Fig. 5E). Supplementation 

of both purine and pyrimidine precursors also rescued proliferation (Fig. 5I), indicating 

that methotrexate ultimately arrests proliferation due to nucleotide deficiency in either 

folate source. Intracellular amino acids accumulated as proliferation rate declined, 

suggesting that neither methionine levels nor access to serine for one-carbon units were 

specifically compromised by methotrexate treatment (Extended Data Fig. 5F). Methotrexate 
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accumulated in cells in a dose-dependent manner, suggesting that its import was not affected 

by folate source (Extended Data Fig. 5G). Given that at high levels, DHF may act as a 

competitive inhibitor of folate-utilizing enzymes47, DHF accumulation (Figure 5H) rather 

than folate depletion may account for the toxicity of higher methotrexate doses in conditions 

where 5-methyl THF is the predominant folate source.

Discussion

Culturing cancer cells in a physiological folate environment modifies cell metabolism and 

the response to antifolate drugs, and provides insight into the coupling between two distinct 

metabolic pathways that can both be critical for cancer cell metabolism: the methionine 

and folate cycles. Of note, independent work from Wang et al. co-published with this 

study38 reached similar conclusions about the role of MTR in methionine and folate 

metabolism, providing direct evidence that MTR is important for THF regeneration rather 

than methionine production in vivo and highlighting the critical function of MTR to support 

the folate cycle for nucleotide synthesis. This orthogonal study demonstrated a key role 

for MTR in tumor formation and folate metabolism using a set of cell lines derived from 

different cancer tissues of origin than those reported in our study, suggesting that the role of 

MTR is likely generalizable across many cancers.

Methionine is an essential amino acid for mammals, but can be re-synthesized from 

precursors involved in one-carbon and polyamine metabolism48. Although MTR inhibition 

has been reported to acutely reduce methionine and SAM levels in mice21, other pathways 

can compensate for methionine synthesis in the absence of MTR11,21, and we observe that 

MTR is not essential for maintaining intracellular methionine levels in cancer cell lines. 

This finding is consistent with the co-published study of Wang et al.38, which demonstrated 

using stable isotope tracing in vitro and in vivo that the majority of methionine in tumor 

cells is not derived from re-methylation of homocysteine by MTR. However, SAM, which 

is synthesized from methionine and ATP, is nevertheless depleted by loss of MTR. This 

decoupling between methionine and SAM pools is likely explained by MTR loss stalling 

the folate cycle and reducing intracellular ATP levels, underscoring a critical link between 

intracellular methylation donors and purine nucleotide synthesis40. Although changes to 

cytoplasmic methylation state and SAM levels alone could not explain the proliferation 

defect of MTR knockout cells in physiological folates, it remains possible that MTR activity 

influences the epigenomic methylation state indirectly through this ATP-mediated effect on 

SAM levels.

Although MTR appears to play a minor role in net methionine production, we find 

that MTR is critical for regenerating the THF backbone from 5-methyl THF to support 

nucleotide synthesis. Interestingly, dietary methionine limitation that inhibits tumor growth 

can therapeutically synergize with nucleotide synthesis inhibition in some cancers35,49. 

Of note, dietary methionine limitation has been found to inhibit de novo methionine 

synthesis35, likely indicating lower MTR activity. Our results suggest a possible mechanism 

through which methionine restriction could impact tumor growth in synergy with throttled 

nucleotide synthesis, as limited THF regeneration due to reduced MTR activity could further 

impair nucleotide synthesis.
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We found that MTR expression is essential for cancer cells to form tumors in mice, and 

can affect sensitivity to antifolate drugs. As suggested decades ago9, MTR inhibition might 

be useful as a cancer therapy and warrants renewed consideration for drug development. 

Effective targeting of MTR would require that tumor cells have a higher demand for 

MTR activity than other tissues. The success of other therapies that influence folate 

metabolism50–53 suggests that this may be the case, and tumor types with a high demand 

for nucleotide synthesis might be expected to be most sensitive to MTR inhibition. Notably, 

MTR inhibition may not have the same effect as other anti-folates. For instance, the anti

folate pemetrexed is an effective therapy for non-squamous non-small cell lung cancer 

(NSCLC)54, and increased thymidylate synthase expression in squamous NSCLC55,56 

correlates with reduced sensitivity to pemetrexed57. However, squamous NSCLC cells do 

not exhibit MTR overexpression58, possibly due to the complexities of MTR synthesis and 

cofactor regulation59,60; MTR function and stability are supported by multiple enzymes 

that process and transport cobalamin61, as well as a protein that specifically chaperones62 

and regenerates MTR63. Indeed, though we observed higher MTR protein levels in MTR

complemented cells compared to wild-type cells (Fig. 2A), these pairs of cell lines were 

similarly sensitive to methotrexate (Fig. 5E compared to Extended Data Fig. 5A, left 

panel; Extended Data Fig. 5B compared to Extended Data Fig. 5A, right panel) and grew 

at the same rate (Fig. 1C and Extended Data Fig.1C compared to Fig. 2B). Indeed, we 

observed no significant correlation between MTR expression level and proliferation rate in 

physiological folates across 489 cancer cell lines (Extended Data Fig. 1K,L). As varying the 

environmental folate source rewires intracellular folate metabolism, altering dependence on 

MTR and response to antifolate drugs, the use of culture models with physiological folates 

will be critical to improve efforts to target folate metabolism with new and existing drugs.

METHODS

Cell culture

Cells were passaged in RPMI-1640 (Corning Life Sciences, Tewksbury, MA) with 10% 

fetal bovine serum (FBS) that had been heat inactivated for 30 min. at 56°C (VWR 

Seradigm, Lot 120B14). All cells were cultured in a Heracell (Thermofisher) humidified 

incubators at 37°C and 5% CO2. A549 (RRID:CVCL_0023) cells were obtained from 

ATCC (Manassas, VA). A549 cells are derived from a lung adenocarcinoma in a male 

patient. T.T cells (RRID:CVCL_3174) were derived from an oral metastasis of an 

esophageal squamous cell carcinoma in a male patient. All cell lines were regularly tested 

for mycoplasma contamination using the Mycoprobe mycoplasma detection kit (R and 

D Systems, Minneapolis, MN). All cell lines were validated using Short Tandem Repeat 

(STR) testing most recently in December 2016. For experiments, cells were grown in 

RPMI-1640 without phenol red with 10% FBS that has been dialyzed to remove small 

molecules (Gibco, 26400044; batch 1: Lot #1841165, batch 2: Lot #2093857). We noted 

that different lots of dialyzed serum yielded subtle differences in sensitivity to folate 

starvation, so comparisons were only made between experiments carried out using the same 

lot of dialyzed serum. RPMI-1640 lacking folic acid was made using the method outlined 

previously64. Briefly, enough of all of the components of RPMI-1640 media except for folic 

acid were weighed out to make 25 L of media, then the resulting powder was homogenized 
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using an electric blade coffee grinder (Hamilton Beach, Glen Allen, VA, 80365) that had 

been washed with methanol then water. The resulting powder was resuspended in water 

to make RPMI-1640 media lacking folic acid and the pH was adjusted to ~7.4 with 

1M HCl to improve solubilization. Folic acid (Sigma-Aldrich, St. Louis, MO, F8758) or 

(6S)-5-Methyl-5,6,7,8-tetrahydrofolic acid (5-methyl THF) (Schircks Laboratories, Bauma, 

Switzerland, 16.236) was dissolved in water to make 44-fold concentrated 100 uM stock 

solutions, then added back to RPMI-1640 media lacking folic acid to yield a final 

concentration of 2.26 μM, which is the standard concentration of folic acid in RPMI-1640. 

Methotrexate (MedChemExpress, HY-14519) was dissolved in DMSO.

Proliferation rates

Cellular proliferation rate in different media conditions was determined as previously 

described65, and outlined below. Cell lines expressing MTR were pre-starved of all folates 

for 3 days, and MTR knockout cell lines were prestarved of all folates for 1 day; these time 

periods were empirically determined to be the longest folic acid starvation period that still 

allowed for full recovery of maximal proliferation rate when the folate source was restored. 

Cells were plated into RPMI-1640 lacking folic acid at a density of 300,000 cells per 10 cm 

plate. 4 days after plating, cells were trypsinized, counted and plated into six well dishes 

(Corning Life Sciences) in 2.5 mL of RPMI-1640 medium lacking folic acid and allowed to 

adhere to the plate overnight. Initial seeding density was 30,000-50,000 cells/well. The next 

day, a six well plate of cells was trypsinized and counted to provide a number of cells at the 

start of the experiment. Cells were then washed once with 2 mL of phosphate buffered saline 

(PBS), and 2 mL of the indicated medium was added.

For rescue experiments, 1 mM methionine, 1 mM serine, or 1 mM formate from 100 or 

1000X stocks in water were added to the experimental media. SAM (Sigma-Aldrich, A7007) 

was dissolved directly in experimental media to 1 mM, which was then filter sterilized. This 

concentration of SAM was chosen based on evidence that it can rescue mTORC1 signaling 

through the specific sensor SAMTOR in methionine starved cells43. 100 μM each uridine 

and thymidine from 1000X stocks in water, and hypoxanthine from a 200X stock in 0.1 N 

NaOH, were added to the experimental media. Uridine, thymidine, and hypoxanthine were 

chosen for nucleotide precursor rescue experiments because they are readily taken up and 

utilized by cells, and can replace all de novo nucleotide synthesis pathways that require 

folates66,67. Cells were then trypsinized and counted 4 days after adding the indicated 

medium. Proliferation rate was determined using the following formula: doublings per day = 

log2(final cell count / initial cell count) / 4 days. Cells were counted using a Cellometer Auto 

T4 Plus Cell Counter (Nexcelom Bioscience, Lawrence, MA). All proliferation experiments 

were carried out in biological triplicate unless otherwise indicated on figure legends.

For the serial passaging proliferation assay in nucleotide precursor-supplemented medium 

shown in Extended Data Fig. 3F, cells were trypsinized, counted, and re-plated directly into 

fresh treatment media every 4 days for 16 days in total.
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Generation of MTR knockout cells

MTR knockout using CRISPR-Cas9 was accomplished using the pLenti-CRISPR v2 

plasmid (Addgene Plasmid 49535)68. sgRNAs were designed based on previously described 

algorithms69, and MTR knockout was carried out using the following sgRNA sequence: 

TGGCATTGATCTCATCCCGC. Cell lines were diluted in 96 well plates to obtain single 

cell clones, and loss of MTR expression in individual clones was confirmed by western blot. 

sgRNA resistant cDNA of MTR was ordered from VectorBuilder (Shenandoah, TX) with 

silent mutations in the region of the gene targeted by the sgRNA.

Western blot analysis

Cells from a 6 well plate were once washed in PBS and scraped into 300 μL RIPA 

buffer [25 mM Tris-Cl, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100, 

cOmplete protease inhibitor (Roche, Basel, Switzerland), phosSTOP (Sigma-Aldrich)]. 

The resulting lysate was clarified by centrifugation at 21000 x g for 10 min. Protein 

concentration of the lysate was determined by BCA assay (Thermofisher). ~10 ug lysate 

in 1X NuPAGE LDS sample loading buffer (Novex) and 5 mM dithiothreitol was denatured 

at 70°C for 10 min and resolved by SDS-PAGE using NuPAGE 4-12% Bis Tris gels 

(Novex) and 1X MES Buffer (Novex) running at 150-200V until the dye front left the 

gel. After SDS-PAGE resolution, protein extracts were transferred to 0.45 um nitrocellulose 

at 18V for 1 hour using a Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (Bio

Rad). Membranes were blocked in 5% non-fat dry milk or 5% BSA for phospho-epitope 

antibodies, incubated in primary antibodies to MTR (Abcam, Cambridge, UK, ab66039, 

1:1000), β-actin (Cell Signaling Technology, Danvers, MA, 8457 clone D6A8, 1:2500), 

phospho-T389 S6K (Cell Signaling Technology, Danvers, MA, 9234 clone 108D2, 1:1000) 

S6K (Cell Signaling Technology, Danvers, MA, 9202, 1:1000), phospho-S235/6 RPS6 (Cell 

Signaling Technology, Danvers, MA, 4858 clone D57.2.2E, 1:1000), RPS6 (Cell Signaling 

Technology, Danvers, MA, 2217 clone 5G10, 1:1000), or mono/dimethyl lysine residues 

(Abcam, Cambridge UK, ab23366, 1:1000) overnight and detected using HRP-conjugated 

anti-rabbit IgG secondary antibodies (Cell Signaling Technology, Danvers, MA, 7074, 

1:5000) and chemiluminescence with the Western Lightning Plus-ECL Reagent (Perkin 

Elmer).

For quantification, ImageJ was used for densitometry. To calculate a phosphorylation index 

the phospho-epitope signals for S6K and RPS6 were divided by the total protein signal, 

which was obtained after stripping the phospho-epitope antibody for 15 minutes Restore 

Western Blot Stripping Reagent (Thermo Scientific) and 30 minutes with 30% hydrogen 

peroxide at 37°C, and then re-blocking and re-probing the same blot with a total protein 

antibody. Phosphorylation indices from triplicate blots from independent wells of cells lysed 

on the same day but processed for Western blotting on different days were averaged and 

used to calculate a mean and standard deviation.

Metabolite extraction

For analysis of mouse plasma folates, 10 μL of plasma was mixed with 90 μL extraction 

buffer (80:20 methanol:water with 2.5 mM sodium ascorbate, 25 mM ammonium acetate, 
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100 nM aminopterin). Samples were vortexed for 10 minutes at 4 °C, then centrifuged at 

21000 x g at 4°C for 10 minutes. Supernatant was removed and dried under nitrogen.

For extraction of polar metabolites, 5 μL of a standard composed of a 13C-labeled amino 

acid mix (Cambridge Isotopes, Tewksbury, MA, MSK-A2-1.2) diluted to a concentration of 

200 μM per amino acid was added to 600 μL 80% HPLC grade methanol (Sigma-Aldrich, 

646377-4X4L) and added to cells after draining media and washing with 2-3 mL ice cold 

saline. Cells were then scraped, transferred to an Eppendorf tube, vortexed for 10 minutes at 

4 °C, then centrifuged at 21000 x g at 4°C for 10 minutes. 400 μL of sample was removed 

and dried under nitrogen.

Extraction of intracellular folates was performed according to previously described 

methods70. 1 mL 80% HPLC grade methanol with 2.5 mM sodium ascorbate and 25 mM 

ammonium acetate, with a 100 nM aminopterin standard and 500 nM each of a 13C-labeled 

amino acid mix, was added to cells in a 6 cm dish on ice after draining media and washing 

twice with ice cold saline. Cells were then scraped, transferred to an Eppendorf tube, 

vortexed for 60 seconds, and centrifuged at 21000 x g at 4°C for 10 minutes. 600-800 μL of 

sample was removed for analysis of folates and 100 uL was removed for analysis of polar 

metabolites; both were dried under nitrogen. Folate samples were resuspended in 500 uL 

rat serum (Sigma-Aldrich, R9759) for 2 hours at 37°C that had been stripped twice with 

0.5 g activated charcoal (Sigma-Aldrich, C9157) per 10 mL serum, centrifuged at 3200 x 

g at 4°C for 10 minutes to sediment charcoal and filtered each time through a 0.45 uM 

PES filter. 5 uL 1:1 formic acid : water was added to folate samples to adjust pH, and 

samples were cleaned up on SPE columns (Agilent Technologies, 14102062) according to 

the manufacturer’s instructions and dried under nitrogen.

LC/MS analysis of non-folate metabolites

Dried samples were resuspended in 100 μL HPLC grade water. LC-MS analysis was 

performed using a QExactive orbitrap mass spectrometer using an Ion Max source and 

heated electro-spray ionization (HESI) probe coupled to a Dionex Ultimate 3000 UPLC 

system (Thermofisher). External mass calibration was performed every 7 days. Polar 

metabolite samples were separated by chromatography by injecting 10 μL of sample on 

a SeQuant ZIC-pHILIC 2.1 mm x 150 mm (5 μm particle size) column. Flow rate was set 

to 150 mL/min. and temperatures were set to 25°C for the column compartment and 4°C for 

the autosampler tray. Mobile phase A was 20 mM ammonium carbonate, 0.1% ammonium 

hydroxide. Mobile phase B was 100% acetonitrile. The chromatographic gradient was: 0–20 

min.: linear gradient from 80% to 20% mobile phase B; 20–20.5 min.: linear gradient from 

20% to 80% mobile phase B; 20.5 to 28 min.: hold at 80% mobile phase B. The mass 

spectrometer was operated in full scan, polarity-switching mode and the spray voltage was 

set to 3.0 kV, the heated capillary held at 275°C, and the HESI probe was held at 350°C. 

The sheath gas flow rate was 40 units, the auxiliary gas flow was 15 units and the sweep gas 

flow was one unit. The MS data acquisition was performed in a range of 70–1000 m/z, with 

the resolution set set at 70,000, the AGC target at 1x106, and the maximum injection time 

at 20 msec. Relative quantitation of metabolites was performed with XCalibur QuanBrowser 

2.2 (Thermo Fisher Scientific) using a 5-7 ppm mass tolerance and referencing an in-house 
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library of chemical standards. Peak areas were normalized to cell number and 13C-amino 

acid standard peak areas. All LC/MS measurements of non-folate metabolites were carried 

out in biological triplicate, unless otherwise indicated in the figure legend.

LC/MS analysis of folate species

Detection of folate species was performed on the same instrumentation described above, 

as outlined in previous work70. LC-MS measurements were initiated on the same day as 

extraction. In general, instrument settings remained the same unless specified. Samples 

were resuspended in 25-50 μL water and 15 μL was injected onto an Ascentis® Express 

C18 HPLC column (2.7 μm × 15 cm × 2.1 mm; Sigma Aldrich). The column oven and 

autosampler tray were held at 30°C and 4°C, respectively. The following conditions were 

used to achieve chromatographic separation: Buffer A was 0.1% formic acid; buffer B was 

acetonitrile with 0.1% formic acid. The chromatographic gradient was run at a flow rate of 

0.250 mL/min as follows: 0-5min.: gradient was held at 5% B; 5-10 min.: linear gradient of 

5% to 36% B; 10.1-14.0 min.: linear gradient from 36%-95% B; 14.1-18.0 min.: gradient 

was returned to 5% B. The mass spectrometer was operated in full-scan, positive ionization 

mode. MS data acquisition was performed using three narrow-range scans: 438-450 m/z; 

452-462 m/z; and 470-478 m/z, with the resolution set at 70,000, the AGC target at 10e6, 

and the maximum injection time of 150 msec. Relative quantitation of folate species was 

performed with XCalibur QuanBrowser 2.2 (Thermo Fisher Scientific) using a 5 ppm mass 

tolerance. Folate species were identified using chemical standards, and 5,10-methenyl THF 

and 10-formyl THF were pooled during analysis due to the possibility of interconversion of 

the species in each pool after lysis30. LC/MS measurements of folates were carried out in 

biological triplicate, unless otherwise indicated in the figure legend.

Mouse tumor studies

Cells were trypsinized and either 100,000 or 1,000,000 cells were resuspended in 100 μL 

PBS as indicated on figure legends. Cells were injected into the flanks of NOD.Cg-Prkdcscid 

Il2rgtm1Wjl/SzJ (NSG) mice. Mice were euthanized according to institutional guidelines 

prior to tumors reaching 1 cm3 in size, and tumor weight was recorded. 0.1 g/L folic 

acid water was prepared by resuspending folic acid in tap water, then filtering the mixture 

through a 0.22 μm filter to sterilize the water. All animal studies were carried out in 

male mice aged 12 weeks from The Jackson Laboratory (Bar Harbor, ME, USA). Mice 

were housed in an environment with controlled temperature, humidity, and light cycle 

(18-23°C, 40-60% humidity). All experiments were performed according to MIT Committee 

on Animal Care guidelines.

Blood collection from mice

Blood was collected from fed, anesthetized mice by retro-orbital bleeding at 11 AM. Blood 

was placed directly into EDTA coated collection tubes (Sarstedt, Nümbrecht, Germany, 

41.1395.105) and centrifuged 10 minutes at 845 x g; the supernatant of plasma was 

transferred to another tube.
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PRISM multiplexed cell proliferation assay

The PRISM multiplexed barcoded cell line assay was carried out as previously described28 

with the following modifications. A pool of 1.5 million cells consisting of 489 cell lines 

at equal representation was thawed directly into a 15 cm plate. The next day, the medium 

was replaced with RPMI-1640 lacking folic acid to prestarve cells. 3 days later, cells were 

trypsinized with 0.25% trypsin-EDTA, counted and 150,000 cells were plated into 10 cm 

plates (Corning Life Sciences) in 25 mL of RPMI-1640 medium lacking folic acid and 

allowed to adhere to the plate overnight. The next day, triplicate plates of cells were lysed 

in a genomic DNA prep lysis buffer [20 mM Tris HCl pH 8.4, 50 mM KCl, 0.45% NP-40, 

0.45% Tween-20, 10% proteinase K] and one plate of cells was counted to provide a 

number of cells and barcode representation at the start of the experiment. The medium 

was then replaced with RPMI-1640 with folic acid, 5-methyl THF, and methotrexate 

(MedChemExpress, HY-14519) or DMSO vehicle added at the indicated doses. After 4 

days of growth, parallel triplicate plates were lysed in the genomic DNA prep lysis buffer, 

heated at 60°C for 1 hour, and lysate was flash frozen. An accompanying plate of cells 

was counted to provide a number of cells at the end of the experiment, and cells were 

lysed at 100K cells / mL lysis buffer. Lysates were denatured at 95°C and DNA barcodes 

were amplified from lysates directly by PCR using a 2X KAPA polymerase master mix 

and primers containing Illumina flow-cell binding and adapter sequences. Resulting PCR 

products were confirmed for single-band amplification using gel electrophoresis (E-Gel™ 

48 Agarose, 2%, Thermo Fisher Scientific), pooled, purified using the Zymo Select-a-Size 

DNA Clean & Concentration kit, quantitated using 1 μl on a Qubit 3 Fluorometer (Qubit 

dsDNA HS Assay Kit, Invitrogen Q32851), and then sequenced on MiSeq (50 cycles, single 

read) as previously described (final library concentration 10pM with a 25% PhiX spike-in) 
28,71. Fastq files were de-multiplexed using the Illumina software bcl2fastq (v2.20). Note 

that only 1 PRISM assay was performed; the untreated control data is presented in Figure 1 

and again in Figure 5 as a comparator for methotrexate-treated cells.

PRISM analysis

The multiplexed barcoded cell line assay analysis was carried out as previously 

described28,71 with the following modifications. Raw barcode read counts were first 

normalized to a set of 10 invariant control barcodes, which are spiked into samples at known 

amounts before PCR to control for non-uniform amplification during PCR.

To adjust for differences in the total cell numbers between plates after 4 days of growth at 

varying doses of methotrexate, barcode counts for each sample were secondarily corrected 

by computing a sample fraction for each cell line and multiplying it by the population-level 

corrected cell count for that sample. The population-level cell count for each sample was 

corrected for counting errors by counting cells on a parallel plate before sample harvesting, 

lysing 100K cells per sample, and adjusting the raw cell counts based on the measured 

mean-normalized gDNA concentration from the sample, assuming that all lysed samples 

should have a mean-normalized gDNA concentration of 1 if counting was accurate (cell 

count / mean-normalized gDNA concentration).
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Relative cell line viability in 5-methyl THF vs. folic acid was calculated for each condition 

as follows:

log2 BC5m BCFA (1)

where BC5m and BCFA are the mean normalized corrected barcode read counts for a given 

cell line in 5-methyl THF and folic acid, respectively. Proliferation rate of each cell line, 

reported as doublings per day, was calculated for each condition as follows:

log2
BC4 BC0 4 (2)

where BC4 is the mean normalized corrected barcode read count of a given cell line at day 

4, and BC0 is the mean normalized corrected barcode read count of that cell line at day 0 

before beginning the experiment (but after the folate pre-starvation period).

Statistics & Reproducibility

Sample size for animal experiments was determined by power analysis. No data 

were excluded from the analyses. Samples were randomized for LC/MS experiments. 

Investigators were blinded to identity of mice in all animal studies. Investigators were not 

blinded to allocation during all other experiments and outcome assessment.

Data analysis

Raw data was collated into csv files using Excel v16.53 and then subject to simple 

manipulations or statistical tests described in detail in the accompanying methods section/

figure legends and plotted using scripts written in jupyter notebook (ipython v5.8.0; jupyter

notebook v5.7.9) in R (v3.6.1) using the package collection tidyverse (v1.3.0) including 

ggplot (v3.3.2).
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Extended Data

Extended Data Fig. 1. Characterization of cells cultured in 5-methyl THF.
(A-B) Histogram (A) or box plot (B) of log2 MTR mRNA levels for cells in the Cancer 

Cell Line Encyclopedia (CCLE)24 (n = 1019/1457 cell lines with detectable MTR). Median 

(box center line), interquartile range (IQR) (box), 1.5*IQR (whiskers), and outliers (points) 

are plotted; dashed line represents the overall median. (C) Proliferation rate of T.T cells 

in media containing no folate source (−), folic acid (+FA), or 5-methyl THF (+5-MeTHF) 
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before (0 days, n = 3 independent samples) or after (3 days, n = 6 independent samples) 

of culture with no folic acid (“prestarved”). (D) LC/MS measurement of folic acid and 

5-methyl THF concentrations in dialyzed fetal bovine serum. (E-H) LC/MS measurement of 

intracellular methionine, serine, lysine (E), SAM (F), AMP, ADP, ATP, GMP, GDP, GTP, 

GAR, AICAR, IMP (G), dUMP and dTMP (H) in A549 and T.T cells cultured for up to 3 

days in medium lacking folates (n = 3 independent samples). Data are normalized to protein 

concentration and an internal standard. (I) Proliferation rate of A549 or T.T cells cultured 

in medium lacking folates for up to 3 days (n = 4 independent samples). (J-L) Correlation 

between the proliferation rate in 5-methyl THF and folic acid medium (J; dashed line: y=x), 
log2 MTR mRNA level and log2 relative viability in 5-methyl THF versus folic acid medium 

(K), or log2 MTR mRNA level and proliferation rate in 5-methyl THF / folic acid (L) for 

489 barcoded cell lines (Pearson’s product moment correlation coefficient / p-value for J: 

R = 0.255, p = 2e-07; K: R = −0.041 p = 0.4; L: 5-methyl THF R = 0.08, p = 0.11 and 

folic acid R = 0.1, p = 0.05). Purple line is a linear regression fit, shading represents a 

95% confidence interval around the mean. (M) Western blot analysis of MTR expression in 

A549 or T.T cells cultured in medium with the indicated folate source (representative of 1 

experiment). (A-M) Mean +/− SD error bars are displayed.

Extended Data Fig. 2. MTR knockout affects levels of intracellular folate species and 
proliferation in different folate sources.
(A) Proliferation rates of A549 MTR knockout cells without (+EV) or with MTR expression 

(+MTR) cultured in folic acid (+FA) or 96% 5-methyl THF, 4% folic acid (phys ratio)4 

for 4 days after a folate pre-starvation period (n = 3 independent samples). (B) LC/MS 

measurement of intracellular folate, 5-methyl THF, combined 5,10-methenyl THF/10-formyl 

THF, and 5-formyl THF levels in A549 and T.T MTR knockout cells +EV or +MTR 

cultured up to 3 days in medium lacking folates (n = 1 independent sample for each 

time point). Data are normalized to protein concentration and an internal standard. (C) 
Proliferation rate of A549 or T.T MTR knockout cells +EV or +MTR cultured in medium 

lacking folates (prestarved) or with folic acid for 3 days (n = 3 independent samples; A549: 
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p = 0.011; T.T: p = 0.046). p values indicated are derived from a two-tailed, unpaired 

Welch’s t test (* = p < 0.05). (A,C) Mean +/− SD error bars are displayed.

Extended Data Fig. 3. MTR knockout results in folate insufficiency and impaired nucleotide 
synthesis in 5-methyl THF.
(A-D) LC/MS measurement of intracellular AMP, ADP, ATP (A), GMP, GDP, GTP (B), 
GAR, AICAR, IMP (C), and dTMP (D) levels in T.T MTR knockout cells without (+EV) 

or with MTR expression (+MTR) cultured for 4 days in folic acid (+FA) or 5-methyl THF 

(+5-MeTHF) after a prestarvation period (n = 3 independent samples; +EV +FA vs +MTR 
+FA p-values: AMP: 0.014, ADP: 0.002, ATP: 0.014, GMP: 0.26, GDP: 0.008, GTP: 0.017, 

GAR: 0.004, AICAR: 0.005, IMP: 0.014, dTMP: 0.01; +EV +5-methyl THF vs +MTR 
+5-methyl THF p-values: AMP: 0.012, ADP: 0.0097, ATP: 0.007, GMP: 0.0006, GDP: 

0.008, GTP: 0.012, GAR: 0.002, AICAR: 0.003, IMP: 0.022, dTMP: 2.51*10−5; +EV +FA 
vs +EV +5-methyl THF p-values: AMP: 0.007, ADP: 0.006, ATP: 5.26*10−5, GMP: 0.0004, 
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GDP: 0.006, GTP: 2.94*10−5, GAR: 0.002, AICAR: 0.003, IMP: 0.008, dTMP: 0.005). 

Data are normalized to protein concentration and to an internal standard. Mean +/− SEM 

error bars are displayed. (E) Proliferation rates of T.T MTR knockout cells +EV or +MTR 

cultured as in A-D in the indicated folate with or without the addition of 100 μM each 

of the indicated nucleotide precursors hypoxanthine (H), uridine (U), and thymidine (T) (n 

= 3 independent samples; except +MTR +H,U,T n = 6). (F) Proliferation rates of A549 

MTR knockout cells +EV or +MTR passaged in the indicated folate with the addition of 

nucleotide precursors for up to 16 days (n = 3 independent samples). (G) Proliferation rates 

of T.T MTR knockout cells +EV or +MTR cultured in the indicated folate as in A-D, with or 

without 1 mM serine or formate (n = 3 independent samples). (E-G) Mean +/− SD error bars 

are displayed. p-values are derived from a two-tailed, unpaired Welch’s t test (* = p < 0.05, 

** = p < 0.01, *** = p < 0.001).
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Extended Data Fig. 4. Neither SAM nor methionine levels are limiting for proliferation in MTR 
knockout cells in 5-methyl THF.
(A-B) Proliferation rates of A549 and T.T MTR knockout cells without (+EV) or with 

MTR expression (+MTR) cultured in folic acid (+FA), 5-methyl THF (5-MeTHF), or no 

folate (−) for 4 days after a prestarvation period, with or without 900 uM added methionine 

(A) or T.T MTR knockout cells +EV or +MTR cultured in the indicated folate or 100 

uM each nucleotide precursor (hypoxanthine, uridine, and thymidine) at varied extracellular 

methionine concentrations (B). (C-D) LC/MS measurement of intracellular methionine, 
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serine, lysine (C), SAM, and SAH levels (D) in T.T MTR knockout cells +EV or +MTR 

cultured in the indicated folate source as in A (n = 3 independent samples; +EV +FA vs 
+MTR +FA p-values: methionine: 0.002, serine: 0.57, lysine: 9.94*10−6, SAM: 0.007, SAH: 

0.024; +EV +5-methyl THF vs +MTR +5-methyl THF p-values: methionine: 0.01, serine: 

2.71*10−5, lysine: 0.0001, SAM: 0.003, SAH: 0.47; +EV +FA vs +EV +5-methyl THF p
values: methionine: 0.011, serine: 5.57*10−5, lysine: 0.0001, SAM: 0.24, SAH: 0.27). Data 

are normalized to protein concentration and an internal standard. (E) Western blots to assess 

phosphorylation of mTORC1 targets and levels of mono- or dimethyl lysine-containing 

proteins in T.T MTR knockout cells +EV or +MTR cultured in the indicated folate as in A. 

The ratio of phospho-protein to total protein signal from 3 independent replicates is shown. 

(F) Proliferation rates of T.T MTR knockout cells +EV or +MTR cultured in the indicated 

folate for 16 hours, with or without the addition of 1 mM SAM (n = 3 independent samples 

for +EV, n = 6 for +MTR; +EV −folate vs +EV +SAM p = 1.6*10−6, +EV +SAM vs +MTR 

+SAM p = 0.11). (A,B,F) Mean +/− SD error bars are displayed. (C-E) Mean +/− SEM 

error bars are displayed. p-values are derived from a two-tailed, unpaired Welch’s t test (* = 

p < 0.05, ** = p < 0.01, *** = p < 0.001).
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Extended Data Fig. 5. 5-methyl THF medium blunts methotrexate efficacy but not import.
(A-B) Proliferation rates of A549 and T.T cells (A) or T.T MTR knockout cells without 

(+EV) or with MTR expression (+MTR) (B) cultured in folic acid (+FA) or 5-methyl THF 

(+5-MeTHF) for 4 days across a range of methotrexate doses (n = 3 independent samples). 

(C) Log2 fold change in relative viability of 489 cell lines cultured in 5-methyl THF versus 

folic acid as in A-B (log2 fc 5-MeTHF/FA) at the indicated methotrexate doses, grouped 

by tissue of origin (note that the 0 dose is the same data plotted in Fig. 1G). Median (box 

center line), interquartile range (IQR) (box), and 1.5*IQR (whiskers) are plotted. (D) Mean 
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barcode read counts for the total pool of cancer cell lines, before (day 0) or after (day 

4) culture in the indicate folate/methotrexate doses as in A-B. Tukey HSD p-value was 

calculated by correcting a two-way ANOVA test for multiple comparisons between the dose 

response curves in the two folates (n = 489 cell lines; folic acid vs. 5-methyl THF dose 

response p = 0.049). (E-G) LC/MS measurement of intracellular AMP, ADP, ATP, GMP, 

GDP, GTP, GAR, AICAR, IMP, dUMP, dTMP, dTTP (E), methionine, serine, lysine (F), 
and intracellular methotrexate (Mtx) (G) levels in A549 MTR knockout cells +EV or +MTR 

cultured in the indicated folate across a range of doses of methotrexate as in A-B (n = 3 

independent samples). Data are normalized to cell number and an internal standard. (A-G) 
Mean +/− SD error bars are displayed, except in D where mean +/− SEM is displayed.
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Figure 1. Cells can be cultured in medium with 5-methyl THF as the folate source.
(A) Schematic showing reactions involved in folate and methionine metabolism. 

THF: tetrahydrofolate. SAM: S-adenosyl methionine. SAH: S-adenosyl homocysteine. 

dTMP: deoxythymidine monophosphate. dUMP: deoxyuridine monophosphate. 

MTR: methionine synthase. DHFR: dihydrofolate reductase. SHMT: serine 

hydroxymethyl transferase. MTHFR: methylenetetrahydrofolate reductase. MTHFD: 

methylenetetrahydrofolate dehydrogenase. MTHFS: methylenetetrahydrofolate synthetase. 

AHCY: adenosylhomocysteinase. MAT: methionine adenosyltransferase. TYMS: 

thymidylate synthase. AICARFT: aminoimidazole-4-carboxamide ribonucleotide (AICAR) 

formyltransferase (AICAR). GARFT: phosphoribosylglycinamide (GAR) formyltransferase. 

(B) LC/MS measurement of 5-methyl THF (5-MeTHF) and folic acid levels in plasma 
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from NSG mice (n = 10 mice; p = 4*10−7). p-value is derived from a two-tailed, unpaired 

Welch’s t test. (C) Proliferation rate of A549 cells in medium containing no folate (−), 

folic acid (+FA), or 5-methyl THF (+5-MeTHF) before (0 days, n = 3 independent samples) 

or after (3 days, n = 6) of culture with no folate (“prestarved”). (D) LC/MS measurement 

of intracellular folic acid (folate), THF, 5-methyl THF, combined 5,10-methenyl THF/10

formyl THF, and 5-formyl THF levels in A549 or T.T cells cultured for the indicated number 

of days in medium lacking folates (n = 3 independent samples). Data are normalized to 

cell number and an internal standard. (E) Proliferation rate of A549 cells when switched 

to medium with the indicated folate for 4 days, after 3 weeks of continuous passaging in 

folic acid or 5-methyl THF (n = 3 independent samples). (F) Proliferation rate of A549 

cells in medium containing the indicated amounts of either folic acid or 5-methyl THF 

(n = 3 independent samples). (G) Log2 fold change in relative viability for 489 barcoded 

cell lines grouped by tissue of origin when cultured 5-methyl THF versus folic acid (log2 

fc 5-MeTHF/FA). Median (box center line), interquartile range (IQR) (box), and 1.5*IQR 

(whiskers) are plotted; dashed line represents the population median. (A-G) Mean +/− SD 

error bars are displayed.
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Figure 2. Methionine synthase is only essential for proliferation when 5-methyl THF is the folate 
source.
(A) Western blot analysis of MTR expression in parental A549 and T.T cells as well as 

MTR knockout cells expressing an empty vector (+EV) or MTR (+MTR), cultured in 

RPMI (representative of 2 independent experiments). (B) Proliferation rates of A549 and 

T.T MTR knockout cells +EV or +MTR after culture in folic acid (+FA) or 5-methyl THF 

(+5-MeTHF) for 4 days after a folate pre-starvation period (n = 3 independent samples). 

Mean +/− SD error bars are displayed. (C) LC/MS measurement of intracellular folate, 

5-methyl THF, combined 5,10-methenyl THF/10-formyl THF, and 5-formyl THF levels in 

A549 and T.T MTR knockout cells +EV or +MTR after culturing cells in the indicated 

folate as in B. Data are normalized to cell number and an internal standard. Mean +/− SEM 

error bars are displayed.
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Figure 3. MTR is required for nucleotide synthesis in 5-methyl THF medium.
(A-D) LC/MS measurement of intracellular AMP, ADP, ATP (A), GMP, GDP, GTP (B), 
GAR, AICAR, IMP (C), and dTMP (D) levels in A549 MTR knockout cells without (+EV) 

or with MTR expression (+MTR) cultured for 4 days in folic acid (+FA) or 5-methyl THF 

(5-MeTHF) after a folate prestarvation period (n = 3 independent samples; +EV +FA vs 
+MTR +FA p-values: AMP: 0.006, ADP: 0.003, ATP: 0.015, GMP: 0.004, GDP: 0.007, 

GTP: 0.011, GAR: 0.002, AICAR: 0.003, IMP: 0.007, dTMP: 0.79; +EV +5-methyl THF 
vs +MTR +5-methyl THF p-values: AMP: 0.01, ADP: 0.022, ATP: 0.005, GMP: 0.019, 

GDP: 0.015, GTP: 0.009, GAR: 0.003, AICAR: 0.005, IMP: 0.025, dTMP: 0.001; +EV +FA 
vs +EV +5-methyl THF p-values: AMP: 0.0002, ADP: 0.008, ATP: 0.0006, GMP: 0.54, 

GDP: 0.0004, GTP: 0.0007, GAR: 0.01, AICAR: 0.07, IMP: 0.016, dTMP: 0.019). Data are 

normalized to protein concentration and an internal standard. Mean +/− SEM error bars are 

displayed. (E-F) Proliferation rates of A549 MTR knockout cells without +EV or +MTR 

cultured as in A-D in the indicated folate, with or without the addition of 100 μM each 

of the indicated nucleotide precursors hypoxanthine (H), uridine (U), thymidine (T) (n = 

3 independent samples; except +MTR +H,U,T n = 6) or the addition of 1 mM serine or 

formate (n = 3 independent samples). Mean +/− SD error bars are displayed. p-values are 

derived from a two-tailed, unpaired Welch’s t test (* = p < 0.05, ** = p < 0.01, *** = p < 

0.001).
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Figure 4. MTR knockout reduces SAM but not methionine levels.
(A) Proliferation rates of A549 MTR knockout cells without (+EV) or with MTR 

expression (+MTR) cultured in folic acid (+FA) or 5-methyl THF (5-MeTHF) or in 100 

uM each nucleotide precursor (hypoxanthine, uridine, and thymidine) for 4 days after 

a folate prestarvation period, at varied extracellular methionine concentrations (n = 3 

independent samples, except n = 6 for +FA 100 uM methionine +EV/+MTR). (B-C) 
LC/MS measurement of intracellular methionine, serine, lysine (B), SAM, and SAH levels 

(C) in A549 MTR knockout cells +EV or +MTR cultured in the indicated folate as in 

A (n = 3 independent samples; +EV +FA vs +MTR +FA p-values: methionine: 0.01, 

serine: 0.0001, lysine: 0.936, SAM: 0.0009, SAH: 0.012; +EV +5-methyl THF vs +MTR 
+5-methyl THF p-values: methionine: 0.003, serine: 0.007, lysine: 0.0001, SAM: 0.012, 

SAH: 0.152; +EV +FA vs +EV +5-methyl THF p-values: methionine: 0.001, serine: 0.01, 

lysine: 9.1*10−6, SAM: 0.47, SAH: 0.1). Data are normalized to protein concentration and 
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an internal standard. (D) Western blots to assess phosphorylation of mTORC1 targets and 

levels of mono- or dimethyl lysine-containing proteins in A549 MTR knockout cells +EV 

or +MTR cultured in the indicated folate for 16 hours. The ratio of phospho-protein to total 

protein signal from 3 independent replicates is shown. (E) Proliferation rates of A549 MTR 

knockout cells +EV or +MTR cultured in the indicated folate as in A, with or without the 

addition of 1 mM SAM (n = 3 independent samples for +EV, n = 6 for +MTR; +EV −folate 

vs +EV +SAM p = 0.084, +EV +SAM vs +MTR +SAM p = 0.001). (A,E) Mean +/− SD 

error bars are displayed. (B-D) Mean +/− SEM error bars are displayed. p-values are derived 

from a two-tailed, unpaired Welch’s t test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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Figure 5. Physiological folates prevent growth of MTR knockout tumors and cause methotrexate 
resistance.
(A) Tumor weight of subcutaneous xenografts generated by injection of 100,000 A549 MTR 

knockout cells without (+EV) or with (+MTR) MTR expression into the flanks of NSG 

mice. Tumors were harvested after 4 months (n=3 mice per condition; n.d.: not detected). 

(B-C) Plasma concentration of folic acid (B) and 5-methyl THF (C) in NSG mice provided 

with unlimited water (control water) or water containing 0.1 g/L folic acid (+folic acid 

water) for 3 weeks (n=10 mice per condition; folic acid p = 0.1; 5-methyl THF p = 0.053). 

(D) Tumor weight of subcutaneous xenografts formed by injecting 1,000,000 A549 MTR 

knockout cells +EV or +MTR into the flanks of NSG mice provided with control or folic 

acid water as in B-C since the day of injection. Tumors were harvested after 3 months 

(n=5 mice per condition; +MTR control vs. folic acid water p = 0.1, +EV vs +MTR folic 

acid water p = 0.5; n.d.: not detected). (E) Proliferation rates of A549 MTR knockout cells 
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+EV or +MTR cultured in folic acid (+FA) or 5-methyl THF (5-MeTHF) for 4 days across 

a range of methotrexate doses (n = 3 independent samples). (F) Overall population log2 

fold change in relative viability of 489 cell lines cultured in 5-methyl THF versus folic 

acid as in E at the indicated methotrexate doses. Median (box center line), interquartile 

range (IQR) (box), and 1.5*IQR (whiskers) are plotted (n = 489 cell lines). (G) Overall 

pooled 489 cell line population bulk proliferation rate in doublings per day (left panel, n 

= 4 measurements of 1 pooled sample; overall folic acid vs. 5-methyl THF dose-response 

p-value = 0.013, pairwise comparison adjusted p-values: 0 nM p = 1, 7.8 nM p = 0.233, 

31.3 nM p = 0.001, 1000 nM p = 0.28) and averaged proliferation rates across all cell lines 

(right panel, n = 489 cell lines; overall folic acid vs. 5-methyl THF dose-response p-value 

= 3.5*10−5, pairwise comparison adjusted p-values: 0 nM p = 0.85, 7.8 nM p = 5.2*10−5, 

31.3 nM p ~ 0, 1000 nM p ~ 0) cultured in 5-methyl THF or folic acid as in E at the 

indicated methotrexate doses. Tukey HSD and pairwise comparison p-values at each dose 

were calculated by correcting a two-way ANOVA test for multiple comparisons between the 

dose response curves in the two folate sources. (H) LC/MS measurement of intracellular 

folate, 5-methyl THF, combined 5,10-methenyl THF/10-formyl THF, THF, and DHF levels 

in A549 MTR knockout cells +EV or +MTR cultured in the indicated folate as in E across 

a range of methotrexate doses (n = 3 independent samples). Data are normalized to protein 

concentration and an internal standard. (I) Proliferation rates of A549 MTR knockout cells 

+MTR cultured in the indicated folate as in E with or without the addition of 100 μM each 

of the indicated nucleotide precursors hypoxanthine (H), uridine (U), and thymidine (T), as 

well as methotrexate or vehicle (DMSO) (n = 3 independent samples except n=6 for samples 

+FA − vehicle, − 4 uM, and +H,U,T +4 uM and +5-MeTHF − vehicle). For the +H and 

+U,T conditions, only the lower dose (500 nM) of methotrexate was assessed. (A-I) Mean 

+/− SD error bars are displayed. p-values are derived from a two-tailed, unpaired Welch’s t 

test except as otherwise indicated in G (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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