
Articles
https://doi.org/10.1038/s41591-019-0423-5

1Genome Institute of Singapore, Agency for Science, Technology and Research (A*STAR), Singapore, Singapore. 2Bioprocessing Technology Institute, 
Agency for Science, Technology and Research (A*STAR), Singapore, Singapore. 3School of Biological Sciences, Nanyang Technological University, 
Singapore, Singapore. 4Cancer Science Institute of Singapore, National University of Singapore, Singapore, Singapore. 5Division of Medical Oncology, 
National Cancer Centre Singapore, Singapore, Singapore. 6Institute of Molecular and Cell Biology, Agency for Science, Technology and Research (A*STAR), 
Singapore, Singapore. 7Duke–NUS Medical School, Singapore, Singapore. 8Department of Anatomical Pathology, Singapore General Hospital, Singapore, 
Singapore. 9Merck Sharp and Dohme Translational Medicine Research Centre, Singapore, Singapore. 10Department of Biochemistry, Yong Loo  
Lin School of Medicine, National University of Singapore, Singapore, Singapore. 11These authors contributed equally: Zhenxun Wang, Lian Yee Yip.  
*e-mail: bing.lim@merck.com; tamwl@gis.a-star.edu.sg

Cancer-specific metabolism represents an area with therapeu-
tic potential as cancer cells depend on altered metabolic states 
for tumor proliferation and stress adaptation1–10. Mutations in 

genes encoding multiple tricarboxylic acid (TCA) cycle enzymes, 
including IDH1 and IDH2, have also been shown to drive specific 
cancers, while PHGDH, the gene encoding the first enzyme of the 
serine–glycine pathway, is amplified in melanoma and crucial for 
proliferation of melanoma and breast cancer cells11,12. These altera-
tions invariably inhibit downstream DNA and histone demethylases, 
resulting in hypermethylation of DNA and histones, emphasizing 
the significance of metabolic processes in epigenetic modifications 
that promote tumorigenesis13–17.

The majority of studies have focused on parsing the metabolic 
disparity between bulk tumor and normal cells. Solid tumors are 
highly heterogeneous, containing diverse intratumoral subpopu-
lations of neoplastic cells18,19. Among these are TICs (also termed 
cancer stem cells) that are responsible for tumor initiation. TICs 
are often resistant to conventional chemotherapy, thereby favor-
ing relapse into more aggressive cancers, and they also appear to be 
highly invasive and metastatic20,21. These observations underscore 
the unexplored impact of developing therapies that target TICs22,23.

Because TICs functionally differ from non-TICs, they exhibit 
distinct metabolic requirements. Glycine decarboxylase (GLDC), 
an enzyme in the serine–glycine pathway, is overexpressed in lung 
TICs to support their proliferation by redirecting the fluxes in  

downstream metabolic processes, but it remains unclear which rel-
evant metabolites are involved24. To gather insights, we performed 
unbiased liquid chromatography and mass spectrometry (LC–MS)  
analysis and found methionine cycle substrates to be strikingly 
enriched in TICs in comparison to corresponding non-TICs 
derived through using specific cell culture conditions. By using 
isotopic label tracing, TICs were found to exhibit high methionine 
cycle flux and a remarkable dependency on exogenous methionine, 
but not other amino acids. Transient pharmacological inhibition of 
methionine cycle enzymes was sufficient to result in long-term loss 
of tumorigenic potential. This was largely attributed to alterations 
in cellular methylation that resulted from depletion of S-adenosyl 
methionine (SAM), an essential and universal substrate for trans-
methylation reactions25–27. Our results demonstrate the rate-limiting 
role of the methionine cycle in tumorigenesis, thereby providing 
new insights into metabolic vulnerabilities in lung cancer.

Results
Metabolomic comparison of patient-derived lung tumor-initiat-
ing cells and isogenic differentiated cells. To dissect the role of 
metabolic alterations in TICs, we used two previously character-
ized TIC-enriched lines (LC10 and LC32) derived from resected 
primary non-small-cell lung cancer (NSCLC) adenocarcinoma 
samples and grown as non-adherent tumorspheres (TS; TS10 and 
TS32) in serum-free medium (Fig. 1a)24. These tumorsphere lines 
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are highly tumorigenic, as demonstrated by their in vitro colony-
forming potential and their ability to form tumors when subcuta-
neously implanted into immune-compromised NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ (NSG) mice at limiting-dilution cell frequencies  
(Fig. 1b–d and Extended Data Fig. 1a). Resultant xenograft tumors 
bore molecular and histological resemblance to their parental tumors 
and were heterogeneous with respect to expression of CD166 (a TIC 
surface marker), thereby demonstrating the derivation of non-TICs 
from TICs24 (Supplementary Table 1 and Extended Data Fig. 1b).

From each of these parental tumorsphere cell lines, two types 
of corresponding isogenic cell lines were derived by using special 
culture conditions. First, adherent (Adh; Adh10 and Adh32) cells 
were generated by continual passage in serum-containing medium. 
Second, stable GLDC-knockdown lines were generated by using 
shRNA hairpins against GLDC (GLDC KD; GLDC10 and GLDC32) 
and grown under parental tumorsphere medium conditions24. Both 
adherent and GLDC-knockdown cells showed a decrease in CD166 
cell-surface expression and were dramatically less tumorigenic in 
comparison to parental tumorspheres, forming very few colonies in 
soft agar and producing very small tumors in NSG mice (Fig. 1b,c  
and Extended Data Fig. 1a,b). Limiting-dilution assays demon-
strated at least a 40-fold decrease in TIC frequency in adherent and 
GLDC-knockdown lines in comparison to the parental tumorsphere 
cells (Fig. 1d). Strikingly, the in vitro proliferation rates of these 
isogenic cell lines did not correlate with tumor-initiation potential 
(Extended Data Fig. 1c). Adherent cells, in fact, grew faster than 
both tumorsphere and GLDC-knockdown cells, underscoring the 
decoupling of cell proliferation in vitro from tumorigenicity. Thus, 
tumorsphere cells were greatly enriched for TICs, whereas adherent 
and GLDC-knockdown cells were largely composed of non-TICs 
with high proliferative capacity but limited tumorigenic potential.

To determine the abundance of specific metabolites in the three 
cell lines derived from TS32 (tumorsphere, adherent and GLDC 
knockdown), we performed an unbiased LC–MS-based metabolo-
mic analysis (Fig. 1e and Supplementary Table 2). Glycolytic inter-
mediates were enriched in adherent cells relative to tumorspheres 
and GLDC-knockdown cells, which is attributable to the higher 
rates of proliferation in adherent cells (Extended Data Fig. 1c). 
Lactate levels were lower in GLDC-knockdown cells, when com-
pared to adherent and tumorsphere cells, in line with our previous 
study24. Although lactate levels were comparable between adher-

ent cells and tumorspheres, glycolysis stress tests indicated that 
adherent cells had higher basal and maximal extracellular acidifi-
cation rates (ECARs), suggesting that glycolytic flux was higher in 
these cells (Extended Data Fig. 1d). The abundance of metabolites 
in control-knockdown cells and GLDC-knockdown cells stably 
expressing shRNA-resistant GLDC cDNA was concordant with that 
in parental TS32 cells, ruling out the possibility that differences in 
metabolite abundance were due to off-target effects of the shRNAs 
(Supplementary Table 3).

From the global metabolomic analysis, three classes of metabo-
lites stood out: (i) nucleotide intermediates, derived from activity of 
the serine–glycine and one-carbon pathways, whose enrichments 
were observed in tumorsphere cells but were abrogated by GLDC 
knockdown3,24; (ii) branched-chain and aromatic amino acids; and 
(iii) metabolites related to the methionine cycle (Fig. 1e). We chose 
to focus on the methionine cycle because it represents a highly 
defined metabolic module in which key metabolites, such as methi-
onine, SAM and S-adenosyl homocysteine (SAH), were strongly 
enriched in tumorspheres and contribution of the methionine cycle 
to tumor initiation has not previously been established (Fig. 1f–h). 
The methionine cycle is composed of two main steps (Fig. 1f). In 
the first step, methionine adenosyltransferase II alpha (MAT2A) 
consumes methionine and ATP to generate SAM—a universal 
methyl-group donor in cells. SAH is produced as a by-product of 
methylation reactions. The second step regenerates methionine via 
reversible conversion of SAH to homocysteine by SAH hydrolase 
(SAHH). Methionine is subsequently resynthesized from homo-
cysteine by using methyl-tetrahydrofolate (CH3-THF) as a methyl 
donor; this is catalyzed by methionine synthase (MTR).

In adherent and GLDC-knockdown cells, methionine and 
SAH were consistently depleted in comparison to their levels in 
tumorspheres, suggesting that decreases in methionine cycle activ-
ity and cellular transmethylation were associated with the lack of 
tumor-initiating capability (Fig. 1g). Protein levels of GLDC, serine 
hydroxymethyltransferase 2 (SHMT2) and methylenetetrahydrofo-
late reductase (MTHFR) were much higher in tumorspheres than 
in adherent cells, and MTHFR levels were higher in control-knock-
down tumorsphere cells than in GLDC-knockdown cells (Fig. 1i).  
Both results are consistent with the observation that nucleotide 
pools, which are derived from one-carbon metabolites, were much 
larger in tumorspheres than in adherent or GLDC-knockdown cells 

Fig. 1 | Metabolomic characterization of lung tumor-initiating cells and differentiated cells. a, Two cell lines were derived from tumorspheres (TS; left): 
adherent cells (Adh; top right) that were generated by continual passaging of tumorspheres in serum-supplemented tumorsphere medium without 
growth factors and tumorspheres transduced with an shRNA hairpin against GLDC (GLDC KD; bottom right). White bar, 20 µm. b, Ability of tumorspheres, 
adherent cells and GLDC-knockdown cells to form colonies in soft agar. Shown is the mean number of crystal-violet-stained colonies after 2 months; 
5,000 cells were plated per well. Error bars, s.d.; n = 4 biologically independent experiments. c, Mean volume of tumors seeded with 500,000 cells of 
the indicated type. Error bars, s.e.m.; n = 4 tumors. d, Top, frequency of TICs in tumorspheres, GLDC-knockdown cells and adherent cells. Frequency was 
calculated by using the ELDA software program (http://bioinf.wehi.edu.au/software/elda/). LTIC, lung tumor-initiating cell; CI, confidence interval.  
P values were generated with the chi-squared goodness-of-fit test; d.f. = 1. Bottom, mean tumor weights following subcutaneous implantation of cells. Cell 
type and number are stated on the x axis; the number of tumors per injections is indicated above each bar. For injection with 10,000 and 100,000 cells, 
tumors were collected 8 weeks after implantation; tumors from injection of 500,000 cells were collected 6 weeks after implantation. Error bars, s.d.  
e, Metabolomic comparison of adherent, GLDC-knockdown and tumorsphere cells. Three biological replicates are shown as separate columns for each cell 
type. AA, amino acid. log2(ratio), log2 of the ratio between the metabolite abundance of each sample to the average abundance across all samples.  
f, Schematic of the serine–glycine and methionine cycle pathways. Metabolic enzymes are in red. g, Abundance of intracellular primary methionine cycle 
metabolites as determined by LC–MS, normalized to abundance in adherent cells. Data represent the mean ± s.d.; *P < 0.05, **P < 0.01, ***P < 0.001, 
determined by one-sided multiple t test with statistical significance corrected for multiple comparisons by the Holm–Sidak method; n = 3 biologically 
independent experiments. Exact P values are as follows: TS vs. Adh: methionine, 0.000628; SAM, 0.029975; SAH, 0.036574; TS vs. GLDC KD: methionine, 
0.001942; SAH, 0.005839. h, Abundance of intracellular glutathione-associated metabolites as determined by LC–MS, normalized to abundance in 
adherent cells. Data represent the mean ± s.d.; **P < 0.01, ***P < 0.001, determined by one-sided multiple t test with statistical significance corrected for 
multiple comparisons by the Holm–Sidak method; n = 3 biologically independent experiments. Exact P values are as follows: TS vs. Adh: GSH, 0.000071; 
glutamine, 0.00014; glutamate, 0.000035; TS vs. GLDC KD: GSH, 0.003416; glutamine, 0.003093; glutamate, 0.002652. i, Protein levels of metabolic 
enzymes in tumorspheres, adherent cells and GLDC-knockdown cells. β-actin was used as a loading control. Independent blots were repeated at least three 
times with similar results. sh, shRNA. j, Protein levels of modified histones in tumorspheres, adherent cells and GLDC-knockdown cells. Histone H3 was 
used as a loading control. Independent blots were repeated at least three times with similar results. See also Extended Data Fig. 1.
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(Fig. 1e). Knockdown of GLDC led to a similar decrease in steady-
state levels of ATP, a SAM precursor, as knockdown of SHMT2 
(Extended Data Fig. 1e)28. The decrease could be rescued by supple-
menting knockdown cells with formate, a cell-permeable one-car-
bon donor28,29. These findings are in agreement with the observation 
that GLDC knockdown led to decreased abundance of nucleotides 
and indicate that GLDC activity has a prominent role in TICs 

through one-carbon flux (Fig. 1e). These data show that GLDC sup-
pression exerts an effect on ATP production via an impact on the 
one-carbon pool, in agreement with the hypothesis that the glycine 
cleavage complex is active in these cells.

In contrast, formate supplementation could not rescue the lower 
ATP levels in adherent cells, even when SHMT2 or GLDC was 
re-expressed (Extended Data Fig. 1f). Re-expression of GLDC in 
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adherent cells also failed to fully rescue the tumorigenic potential 
of these cells (Extended Data Fig. 1g). In addition, extended culture 
(~2 weeks) of adherent cells under tumorsphere medium condi-
tions did not lead to recovery of CD1166+ cells and/or final tumor 
load, indicating that the decrease in TIC state in adherent cells 
was permanent (Extended Data Fig. 1h,i). These data demonstrate 
the importance of the one-carbon pathway in contributing to the 
tumorigenicity of TICs.

Interestingly, there was no significant difference in SAM levels in 
GLDC-knockdown cells in comparison to tumorsphere cells, despite 
the decreased methionine levels in knockdown cells (Fig. 1g).  
This may best be explained by a decreased rate of cellular trans-
methylation reactions leading to lower levels of SAH. Although 
decreased levels of SAH in adherent and GLDC-knockdown cells 
might be the result of increased SAH consumption from glutathione 
synthesis, there was no evidence of this, with glutathione levels sim-
ilarly decreased in adherent and GLDC-knockdown cells (Fig. 1h). 
To confirm that decreased SAH levels in non-TICs relative to TICs 
were due to reduced rates of transmethylation, we examined the 
abundance of methylated histones. In comparison to tumorsphere 
cells, the majority of histone methylated marks in both adherent and 
GLDC-knockdown cells were greatly downregulated (Fig. 1j). The 
abundance of methylated histones in adherent and tumorsphere 
cells was also insensitive to alterations in cell culture conditions, as 
tumorsphere cells grown transiently in adherent cell medium, and 
vice versa, did not have altered levels (Extended Data Fig. 1j).

To determine whether CD166+ cells isolated from established 
tumorsphere-derived xenografted tumors also had elevated methi-
onine cycle activity, we analyzed cells sorted on the basis of their 
cell-surface expression of CD166 (Extended Data Fig. 1k,l). In 
agreement with our in vitro observations, the methionine and SAM 
metabolites were enriched in CD166+ cells relative to their CD166– 
counterparts (Extended Data Fig. 1k). CD166+ cells also had higher 
abundance of methylated histones. The abundance of the MAT2A 
protein, whose expression is directly correlated with demand for 
methionine and SAM, was also higher (Extended Data Fig. 1l)30–32.

Methionine is an indispensable metabolic substrate for lung 
tumor-initiating cells. To assess the specific importance of methi-
onine cycle metabolites in tumorsphere cells, we performed a  

transient 48-h starvation protocol because the general lethal-
ity associated with long-term (>7-d) methionine depletion could 
confound our conclusions (Fig. 2a)33,34. Following this protocol, we 
immediately assessed its functional impact on cells in downstream 
assays performed under complete nutrient conditions. Methionine 
starvation for 48 h reduced methionine cycle activity, as exempli-
fied by a dramatic decrease (~30-fold) in SAM levels and a slight 
decrease in SAH levels (Fig. 2b). This was accompanied by an 
overall decrease in histone methylation (Fig. 2c). Tumorsphere 
cells were assayed for their colony-forming ability in vitro and 
their in vivo tumorigenic potential when xenografted into NSG 
mice (Fig. 2d and Extended Data Fig. 2a). Unexpectedly, tumor-
sphere cells that were transiently deprived of methionine did not 
regain their colony-forming abilities despite being returned to 
non-starvation conditions during soft agar assays. Their in vivo 
tumor-forming ability was severely diminished, as evidenced by a 
dramatic decrease in tumor load of 94% (Fig. 2d,e and Extended 
Data Fig. 2a,b). Remarkably, shorter-term (24-h) starvation of 
tumorsphere cells was also sufficient to disrupt their tumorigenic 
potential, underscoring their absolute dependency on methionine 
for tumor initiation (Extended Data Fig. 2c). In line with this, we 
also observed a decrease in cell-surface expression of CD166 upon 
methionine starvation (Extended Data Fig. 2d).

Methionine is an essential amino acid. Hence, even short-term 
starvation may result in a general loss of cell viability that may be 
unrelated to tumor-initiation potential. To address this possibility, 
we transiently starved tumorsphere cells of other essential amino 
acids, including threonine, leucine or tryptophan, in a manner simi-
lar to starvation for methionine, before they were xenografted into 
NSG mice (Fig. 2f). Leucine and tryptophan were selected because 
they were enriched in tumorsphere cells (Fig. 1e), while threonine 
was previously documented to be important in influencing SAM 
levels in embryonic stem cells27. Transient starvation for these 
amino acids did not severely affect tumorigenic ability, and these 
cells remained viable and regained proliferation when they were 
returned to complete medium (Extended Data Fig. 2e).

To further confirm that the defects in colony- and tumor-form-
ing ability were attributable to loss of methionine cycle activity, 
and not to a general loss of viability or translation inhibition, we 
tried to rescue methionine-starved cells through three approaches  

Fig. 2 | The metabolic requirements of lung tumor-initiating cells. a, Schematic of metabolite starvation and downstream analyses. Tumorsphere  
cells were starved in medium lacking in one specific metabolite for 48 h. Experiments were carried out thereafter under non-starvation conditions.  
b, Abundance of methionine cycle metabolites 48 h after methionine starvation, as determined by LC–MS, with values normalized to abundance in the 
complete condition. Data represent means ± s.d.; n = 3. c, Western blot analyses of cells starved for the indicated metabolite for 48 h. Total histone H3 
was used as a loading control. Independent blots were repeated at least three times with similar results. d, Effect of short-term metabolite starvation on 
TIC tumorigenicity. Shown is the mean volume of tumors seeded with 500,000 tumorsphere cells grown under the indicated conditions before injection. 
Error bars, s.e.m.; n = 4 tumors. The growth curve for tumorsphere cells grown under the complete condition in Fig. 1c is included for comparison. e, Left, 
mean tumor mass following subcutaneous implantation of cells. The starvation condition and number of cells are stated on the x axis; the number of 
injections is indicated above each bar. For injection of 10,000 and 100,000 cells, tumors were collected 8 weeks after implantation; tumors from injection 
of 500,000 cells were collected 6 weeks after implantation. Error bars, s.d. Right, frequency of TICs present in tumorsphere cells and methionine-starved 
tumorsphere cells. Frequency was calculated by using the ELDA program. The P value was generated with the chi-squared goodness-of-fit test; d.f. = 1.  
f, Mean tumor mass in NSG mice following transplantation of 500,000 cells previously starved for 48 h. Starvation conditions are indicated on the x axis. 
Error bars, s.d.; n = 5 tumors for leucine, tryptophan and threonine starvation, n = 9 tumors for methionine and serine/glycine starvation, and n = 6 tumors 
for glutamine starvation and the complete condition. *P < 0.05, **P < 0.01, ****P < 0.001, determined by using the unpaired two-sided Student’s t test 
with Welch’s correction. Exact P values are as follows: complete vs. no leucine, P < 0.001; complete vs. no tryptophan, 0.9698; complete vs. no threonine, 
0.0082; complete vs. no serine and glycine, P < 0.001; complete vs. no glutamine, 0.0177; complete vs. no methionine, P < 0.001. g, Western blot analyses 
of cells in the presence or absence of specific metabolites. Total histone H3 was used as a loading control. Independent blots were repeated at least three 
times with similar results. Cells were starved for 48 h for methionine but supplemented with homocysteine (HCY; 250 µM), SAM (500 µM) or replated 
into complete medium for the next 48 h (48/48). h, Effect of the presence or absence of specific metabolites on the colony- and tumor-forming abilities of 
tumorsphere cells. Shown is the mean volume of tumors seeded with 500,000 tumorsphere cells grown under the indicated conditions before injection. 
Error bars, s.e.m.; n = 4 tumors. Growth curves for tumorsphere cells grown under the complete condition in Fig. 1c and the methionine starvation condition 
in d are included for comparison. i, Assessment of apoptosis in metabolite-starved cells. Left, flow cytometry plots of tumorsphere cells stained with 
Annexin V-FITC/PI. Cells treated with 10 mM hydrogen peroxide for 48 h served as a positive control. Right, mean percentage of Annexin V+ cells. Error 
bars, s.d.; n = 4. See also Extended Data Fig. 2.
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(Fig. 2g,h and Extended Data Fig. 2f). First, we supplemented 
methionine starvation medium with 250 µM homocysteine to deter-
mine whether tumorsphere cells could use homocysteine to regen-
erate methionine. Second, we supplemented methionine starvation 
medium with 500 µM SAM to directly bypass the requirement of 
methionine for methylation. Third, we recovered methionine-

starved tumorsphere cells for 48 h in complete medium before func-
tional assessment.

To dissect changes to methionine cycle activity under these 
three rescue conditions, we first analyzed cellular histone methyla-
tion (Fig. 2g). When methionine-starved tumorsphere cells were 
supplemented with SAM or allowed to recover for 48 h in complete 
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medium, histone methylation was restored. Homocysteine sup-
plementation, however, failed to rescue the effects of methionine 
starvation, indicating that tumorsphere cells require exogenous 
methionine for histone methylation (Fig. 2g). Colony- and tumor-
forming capabilities under methionine starvation conditions were 
rescued when SAM was supplemented or when cells were allowed 
to recover for 48 h in complete medium (Fig. 2h and Extended Data 
Fig. 2f). Interestingly, the extent of rescue when cells were recovered 
for 48 h was not as dramatic as when the starvation medium was 
supplemented with SAM. This suggests that transient depletion of 
methionine can impact the tumorigenic capability of TICs, presum-
ably by imposing long-term epigenetic alterations.

As a comparison, tumorsphere cells were starved of glutamine 
or both serine and glycine in the same manner. Short-term star-
vation for glutamine, which was highly abundant in tumorsphere 
cells, increased cellular histone methylation as a result of a decrease 
in the α-ketoglutarate/succinate ratio, whereas combined serine and 
glycine starvation had no impact on bulk histone methylation levels 
(Figs. 1h and 2c, and Extended Data Fig. 2g)35. Unexpectedly, these 
conditions only mildly hampered the ability to form colonies in soft 
agar and tumors in NSG mice, indicating that these amino acids 
are transiently dispensable for TIC function (Fig. 2d and Extended 
Data Fig. 2a). To exclude the possibility that transient amino acid 
starvation led to the loss of cell viability, we analyzed cells for apop-
tosis but did not find any large increase in the proportion of early 
apoptotic cells at 48 h (Fig. 2i). There was a slight increase (~2%) in 
the number of apoptotic cells starved for methionine, but the overall 
proportion remained low (Fig. 2i). Returning cells that were starved 
under these conditions to complete medium also led to recovery 
of proliferation, indicating that they remain viable after transient 
starvation (Extended Data Fig. 2h). In contrast to previous reports, 
methionine starvation did not lead to a block at the G2/M boundary 
(Extended Data Fig. 2i)36,37.

We further tested whether the viability of cells was affected 
during the rescue conditions to ensure that we were not subject-
ing non-viable cells to downstream assays. In agreement with the 
tumorsphere cell starvation studies, the viability of cells under 
all three rescue conditions did not seem to be severely impacted 
(Extended Data Fig. 2j,k). Similarly to tumorsphere cells, adher-
ent cells remained viable following transient methionine starvation 
(Extended Data Fig. 2k). These findings reinforce our observation 
that loss of tumor-forming capability in TICs is probably not the 

result of apoptosis or cell cycle arrest of viable cells, but is mediated 
directly through inhibition of methionine cycle activity.

Dependency on methionine cycle flux and SAM leads to addic-
tion of tumor-initiating cells to methionine. The failure of 
exogenous homocysteine to rescue lung tumorsphere cells from 
methionine starvation could indicate that de novo synthesis of 
methionine was insufficient to meet the demands for methionine 
and SAM use. To trace the fate of methionine in TICs, we first per-
formed short-term pulse–chase experiments with [13C]methionine, 
followed by LC–MS detection and quantification (Extended Data 
Fig. 3a). Tumorsphere cells were initially starved of methionine 
for 16 h, followed by addition of [13C]methionine and tracking of 
labeled metabolites (Extended Data Fig. 3b). Shortly after addition of 
labeled methionine, [13C]methionine and derived metabolites were 
rapidly detected and reached steady state within 5 min (Extended 
Data Fig. 3b). Across multiple time points, the abundance of regen-
erated methionine and remethylated SAM remained comparatively 
low (Extended Data Fig. 3b). Because starvation before pulse–chase 
experiments may cause cellular stress and affect the steady state of 
methionine metabolism, we repeated the pulse–chase experiment 
under the complete nutrient condition and obtained results consis-
tent with the previous observations (Extended Data Fig. 3b).

To further support the notion that lung TICs depend on exog-
enous methionine, we sought to investigate the basis for the inabil-
ity of tumorsphere cells to use homocysteine. As a comparison, we 
included NIH 3T3 cells because they were able to use homocysteine 
and grow under methionine starvation conditions, despite lower 
relative abundance of all methionine cycle enzymes (Fig. 3a and 
Extended Data Fig. 3c). When using deuterium-labeled homocys-
teine, we found that the abundance of deuterated homocysteine 
and methionine in tumorsphere and NIH 3T3 cells was compa-
rable at steady state, indicating comparable rates of homocysteine 
import and methionine regeneration (Fig. 3b,c). In contrast to 
NIH 3T3 cells, deuterated SAM was not detected in tumorsphere 
cells, suggesting that labeled-methionine-derived SAM was rap-
idly consumed in tumorsphere cells (Fig. 3c). This was supported 
by observations that deuterated SAH production and levels of 
methylated histones were higher in tumorsphere cells (Fig. 3c and 
Extended Data Fig. 3d). Hence, the data suggest that high SAM con-
sumption rates in tumorsphere cells contribute to their dependency 
on exogenous methionine.

Fig. 3 | Metabolic labeling and tracking of methionine cycle flux. a, Methionine dependence in TICs and NIH 3T3 cells. Mean cell viability normalized and 
expressed as a percentage of starting mean viability at day 0 was assessed with CellTiter-Glo. Error bars, s.d.; n = 6 biologically independent experiments. 
b, Schematic of deuterium-labeled homocysteine as it progresses through the methionine cycle. Deuterium atoms are denoted by pink stripes.  
c, Proportional abundance (% APE) of metabolite species, detected through labeled homocysteine pulse–chase experiments in TS32 and NIH 3T3 cells. 
Data represent the mean ± s.e.m.; n = 3 technical replicate measurements. Technical replicates are shown to demonstrate the technical consistency of 
the method. Curves for two biological replicates are shown. d, Western blot analysis of GLDC-knockdown cells supplemented with SAM. SAM (500 μM) 
was added to GLDC-knockdown cells for 48 h, after which cells were collected. Histone H3 is used as a loading control. Independent blots were repeated 
at least three times with similar results. e, Mean volume of tumors seeded with 500,000 GLDC-knockdown cells grown under the indicated conditions 
before implantation. Error bars, s.e.m.; n = 4 tumors. f, Western blot analysis of GLDC-knockdown cells supplemented with SAM. SAM (500 μM) was 
added to GLDC-knockdown cells for 48 h, after which cells were collected. GAPDH was used as a loading control. Independent blots were repeated at 
least three times with similar results. g, Proportional abundance (% APE) of metabolite species, detected through labeled homocysteine pulse–chase 
experiments in TS32 as well as GLDC-knockdown and MTHFR-knockdown cells. Data represent the mean ± s.e.m.; n = 3 technical replicate measurements. 
Technical replicates are shown to demonstrate the technical consistency of the method. Curves for two biological replicates are shown. h, Top, mean 
volume of tumors seeded with 500,000 of the indicated tumorsphere-derived cell lines. Error bars, s.e.m.; n = 4 tumors. Growth curves for control and 
GDLC-knockdown cells in Fig. 1c were included for comparison. Bottom, western blot analysis of the effect of MTHFR overexpression in GLDC-knockdown 
cell lines. GAPDH is used as a loading control for the MTHFR and GLDC immunoblots; total histone H3 is used as a loading control for the remaining blots. 
Independent blots were repeated at least three times with similar results. i, Schematic of the one-carbon pathway in relation to the methionine cycle. 
Metabolites used in the metabolite rescue experiments are indicated in blue. j, Levels of methylated histones in control-knockdown, GLDC-knockdown, 
and MTHFR-overexpressing + GLDC-knockdown cells with or without formate supplementation (0.5 mM). Histone H3 was used as a loading control. 
Independent blots were repeated at least three times with similar results. k, Levels of methylated histones in control-knockdown, GLDC-knockdown, and 
MTHFR-overexpressing + GLDC-knockdown cells with or without methyl-THF (20 μM) or adenosine (200 μM) supplementation. Histone H3 was used as 
a loading control. Independent blots were repeated at least three times with similar results. See also Extended Data Fig. 3.
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Contribution of the one-carbon pathway to the methionine cycle. 
Because the methionine cycle lies downstream of the serine–gly-
cine and one-carbon pathways, and methyl-THF units generated 
by MTHFR are used to regenerate methionine from homocyste-
ine, we dissected the biochemical interactions between these met-
abolic pathways (Fig. 1f). We first evaluated the contributions of 
the methionine cycle in GLDC-knockdown cells by supplementing 
them with SAM to rescue cellular methylation before xenograft-
ing them into mice (Fig. 3d). This led to reestablishment of histone 
methylation, at least transiently, in GLDC-knockdown cells and 
incomplete rescue of tumorigenic potential (Fig. 3e and Extended 

Data Fig. 3e). We also observed recovery of MTHFR abundance in 
SAM-supplemented cells (Fig. 3f).

One-carbon flux supplies the MTHFR-generated methyl-THF 
units required for methionine remethylation. To understand the 
impact of GLDC and MTHFR downregulation on methionine cycle 
flux in TICs, we performed pulse–chase experiments with deute-
rium-labeled homocysteine in GLDC-knockdown and MTHFR-
knockdown cells (Fig. 3g and Extended Data Fig. 3f). As expected, 
there was a dramatic decrease in the abundance of deuterated 
methionine in comparison to parental tumorsphere cells, despite 
similar rates of homocysteine import, indicating a defect in the 
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Fig. 4 | Functional and clinical relevance of methionine cycle enzymes in NSCLC. a, Western blot analysis of cell lines stably expressing shRNA against 
MTHFR or MAT2A. Total histone H3 is used as a loading control. Independent blots were repeated at least three times with similar results. b, Effect of 
MTHFR and MAT2A knockdown on the tumor-formation abilities of tumorsphere cells. Top, mean number of crystal-violet-stained colonies formed from 
knockdown cells; 5,000 cells were plated per well. Error bars, s.d.; n = 3 biologically independent experiments. Bottom, mean tumor mass in NSG mice 
following transplantation of 500,000 tumorsphere, MTHFR-knockdown or MAT2A-knockdown cells. Tumors were weighed 6 weeks after transplantation 
or when they reached 2 cm in diameter. Error bars, s.d.; n = 6 tumors for all injections. c, MAT2A immunohistochemistry was performed on 47 paired 
tumor and adjacent normal sections from different patients. Staining of the tumor microarray was performed once. Top, representative staining intensity. 
White bars, 20 µm. Bottom, box-and-whisker plots compare the staining intensity of tumor and normal sections. The box extends from the twenty-fifth 
to the seventy-fifth percentile, and whiskers denote minima and maxima. Intensity was defined as the product of the maximum immunostaining intensity 
and the percentage of tumor cells stained. The bold line within the box denotes median intensity; ****P < 0.0001, determined by paired Student’s two-
sided t test. P < 0.0001; n = 47 normal–tumor pairs, t = 5.918, d.f. = 46. d, MAT2A immunohistochemistry of an NSCLC tumor microarray (n = 152 different 
patients). Staining of the tumor microarray was performed once. Top, representative images and staining intensity grades (upper right corner). White bars, 
200 µm. Bottom, a contingency table correlating the staining intensity of MAT2A with NSCLC grade. The chi-squared test P value is shown at the bottom 
right; P < 0.0001, χ2 = 57.04, d.f. = 6. e, Coimmunofluorescent staining of CD166 (pink) and MAT2A (red) on tumors from patients with lung cancer, 
counterstained with DAPI (blue). Representative images of primary NSCLC (left) and metastatic lymph node (right) tumors are shown. White arrows 
indicate representative cells where CD166 and MAT2A staining overlap. White bars, 40 μm. Imaging experiments were performed at least three times 
with similar results. See also Extended Data Fig. 4.

NATURE MEDiCiNE | VOL 25 | MAY 2019 | 825–837 | www.nature.com/naturemedicine832

http://www.nature.com/naturemedicine


ArticlesNATUrE MEDICINE

homocysteine remethylation step. GLDC and MTHFR knockdown 
both led to accumulation of deuterated SAH, thereby confirming 
that SAHH was driving the reverse reaction (backflux) owing to 
homocysteine accumulation38. Likewise, SAHH backflux was also 
observed in adherent cells (Extended Data Fig. 3g), which simi-
larly exhibited defective homocysteine remethylation as a result of 
a decreased one-carbon pool, thereby possibly indicating reduced 
one-carbon flux (Fig. 1g and Extended Data Fig. 1e–g). This under-
scores the importance of methionine remethylation as a mechanism 
for clearing homocysteine from cells (Fig. 1g).

We speculated that reactivation of MTHFR could, to some extent, 
rescue the phenotype of GLDC-knockdown TICs (Fig. 1b–d).  
Overexpression of MTHFR in GLDC-knockdown cells only par-
tially rescued histone methylation levels and tumorigenicity, as one-
carbon flux probably remained crippled (Fig. 3h and Extended Data 
Fig. 3h). To understand the context in which one could elicit complete 
rescue of methylation activity, we performed metabolite supplemen-
tation in GLDC-knockdown or MTHFR-overexpressing + GLDC-
knockdown cells (Fig. 3i–k). Supplementation with formate only 
fully rescued histone methylation in the latter cells, indicating that 
MTHFR and homocysteine remethylation are critical in maintain-
ing methylation activity (Fig. 3j). Indeed, only direct supplementa-
tion with CH3-THF to bypass the block at the MTHFR step led to 
rescue of histone methylation in GLDC-knockdown cells (Fig. 3k).  
Although one-carbon flux is also important in maintaining ATP 
pools, which serve as substrate for SAM synthesis, supplementa-
tion with formate or adenosine did not rescue histone methyla-
tion in GLDC-knockdown cells even though supplementation with 
both rescued ATP levels (Fig. 3j,k and Extended Data Figs. 1d and 
3i)28. We reasoned that MTHFR and MAT2A could be potential 
therapeutic targets owing to SAM dependency. We knocked down 
MAT2A and MTHFR in tumorsphere cells, which led to a dramatic 
reduction in histone methylation, as well as impairments to soft  
agar colony- and tumor-forming capabilities, thus phenocopying the 
effects of methionine starvation and GLDC knockdown (Fig. 4a,b  
and Extended Data Fig. 4a). Together, these data indicate that the 

one-carbon pathway, acting through MTHFR and homocysteine 
remethylation, has a critical role in controlling the flux of methyl-
THF units into the methionine cycle, thereby preventing accumula-
tion of homocysteine.

To establish the clinical relevance of MAT2A and MTHFR expres-
sion in lung adenocarcinoma, we assessed their abundance in a panel 
of tumors derived from patients (Fig. 4c, Extended Data Fig. 4b  
and Supplementary Table 4). Both proteins were overexpressed in 
the majority of human lung tumors, but not in normal lung tis-
sues. By using another tumor panel with tumor grading informa-
tion, we found that MAT2A was strongly expressed in high-grade 
primary tumors or metastases, whereas such correlations were not 
seen with MTHFR expression (Fig. 4d, Extended Data Fig. 4c and 
Supplementary Table 4). Furthermore, CD166 was coexpressed 
with MAT2A in primary tumor cells. CD166+ cells isolated from 
a human tumor also strongly expressed MAT2A, in contrast to the 
much lower expression observed in the corresponding counterparts 
found in normal lung tissues (Fig. 4e and Extended Data Fig. 4d). 
Knockdown of MAT2A had little or no effect on the proliferation of 
adherent or NIH 3T3 cells, underscoring its function in lung tumor-
initiating tumorsphere cells (Extended Data Fig. 4e,f).

Small-molecule perturbation of the methionine cycle impacts 
the tumorigenicity of tumor-initiating cells. To evaluate the 
methionine cycle as a therapeutic target in lung TICs, we tested two 
inhibitors known to perturb methionine cycle activity and cellular 
methylation levels: (i) the MAT2A inhibitor FIDAS-539 and (ii) the 
SAHH inhibitor D9, which is an analog of DZNep (Fig. 5a)40–42. 
Inhibition by D9 led to accumulation of intracellular SAH (~30-fold 
increase relative to control cells). FIDAS-5 strongly reduced intra-
cellular levels of SAM and SAH (~10-fold relative to control cells) 
and more potently inhibited methionine cycle activity than D9 in 
tumorsphere cells (Fig. 5b–d). Transient exposure of tumorsphere 
cells to D9 did not result in dramatic overall changes in histone 
methylation (Fig. 5d); however, unexpectedly, colony- and tumor-
forming abilities were partially blocked (Fig. 5e and Extended Data 

Fig. 5 | Small-molecule inhibition of the methionine cycle disrupts the tumorigenicity of lung tumor-initiating cells. a, Schematic of the methionine cycle 
and targets (in blue) of small-molecule inhibitors (in red) used in the study. b,c, Abundance of methionine cycle metabolites 48 h after treatment with D9 
(b) or FIDAS-5 (c), as determined by LC–MS, normalized to abundance in DMSO-treated cells. Data represent the mean ± s.d.; n = 3 and 6 biologically 
independent experiments for D9 and FIDAS-5 treatment, respectively. d, Western blot analysis of cell lines treated with the specified inhibitors. Total 
histone H3 is used as a loading control. Independent blots were repeated at least three times with similar results. e,f, Effects of the D9 (e) and FIDAS-5 
(f) inhibitors and methionine-cycle-related metabolites on the tumorigenic capabilities of lung cancer TICs. Top, mean number of crystal-violet-stained 
colonies formed from cells treated with inhibitor before the colony-forming assay; 5,000 cells were plated per well. Error bars, s.d.; n = 8 and 3 biologically 
independent experiments for the D9 and FIDAS-5 conditions, respectively. Bottom, mean volume of tumors seeded with 500,000 tumorsphere cells 
cultured under the specified conditions before implantation. Error bars, s.e.m.; n = 4 tumors. g, Intraperitoneal administration of compounds into mice 
subcutaneously implanted with 5 × 105 lung TICs. Mice were administered 40 mg per kg FIDAS-5, 4 mg per kg cisplatin or 100 µl of corn oil vehicle for 3 d 
following implantation. The mean volume of tumors seeded with 500,000 tumorsphere cells under the specified treatment regimens is shown. Error bars, 
s.e.m.; n = 4 tumors. h, Western blot analysis of MAT2A in a panel of cancer cell lines. GAPDH was used as a loading control. Independent blots were 
repeated at least three times with similar results. i, Proliferation of cancer cell lines grown in FIDAS-5-containing medium (10 µM final concentration). 
Cell lines are grouped according to whether FIDAS-5 inhibited (responsive) or did not inhibit (non-responsive) growth. Mean cell viability was normalized 
and is expressed as a percentage of the starting mean viability at day 0 was assessed with CellTiter-Glo. Error bars, s.d.; n = 6 biologically independent 
experiments. j, Top, intraperitoneal administration of FIDAS-5 (40 mg per kg) or corn oil vehicle into mice subcutaneously implanted with 5 × 105 lung PDX 
cells for 3 d. The identity of the PDX line is stated on the x axis. Tumors were collected and weighed 6 weeks after transplantation or when they reached 
2 cm in diameter. Mean weights of tumors are indicated on the y axis. Error bars, s.d.; n = 5 tumors for A139 with corn oil injection; n = 7 tumors for A139 
with FIDAS-5 injection; n = 8 tumors for both A233 conditions. Bottom, mean volume of PDX tumors in the indicated treatment regimes. Error bars, 
s.e.m.; n = 4 tumors. k,l, Analysis of human CD166 sorted cells from FIDAS-5-responsive PDXs. k, Protein levels of MAT2A and methylated histones in 
CD166+ and CD166– sorted cells. GAPDH and total histone H3 were used as loading controls. Independent blots were repeated at least three times with 
similar results. l, Analysis of MAT2A and methylated histones in bulk PDX tumors following the indicated FIDAS-5 treatment regime. GAPDH and total 
histone H3 were used as loading controls. Independent blots were repeated at least three times with similar results. m, CD166 staining of vehicle- and 
FIDAS-5-treated tumors. Left, mean percentage of CD166+ cells from the indicated PDX tumors and treatment conditions. Error bars, s.d.; n = 3 tumors. 
Right, representative flow cytometry plots of the indicated tumors and treatment conditions. Analysis was performed on three different tumors with 
similar results. n, Coimmunofluorescent staining of CD166 (cyan) and MAT2A (red) on PDXs, with DAPI counterstaining (blue). Representative images 
of PDXs treated with corn oil or FIDAS-5 are shown. Imaging experiments were performed at least three times with similar results. White arrows indicate 
representative cells where CD166 and MAT2A staining overlaps. White bars, 50 μm. See also Extended Data Fig. 5.
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Fig. 5a). FIDAS-5 treatment resulted in complete ablation of all his-
tone methylation marks analyzed in tumorsphere cells, with colony- 
and tumor-forming capabilities severely diminished, and a decrease 
in CD166 expression (Fig. 5d,f and Extended Data Fig. 5a,b).  
In contrast, NIH 3T3 and adherent cells, which are far less depen-
dent on methionine, were unaffected, largely because there was no 
measurable turnover of methylated histones, over 8 h as compared 

to tumorsphere cells (Fig. 5d and Extended Data Fig. 5c). The high 
turnover of methylated histones in tumorsphere cells was rescued 
by treatment with the proteasomal inhibitor MG-132 or inhibition 
of a subset of histone demethylases by glutamine starvation, indi-
cating that histone ubiquitination and demethylation are involved 
in destabilization of methylated histones in tumorsphere cells 
(Extended Data Fig. 5d).
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To exclude the possibility of general drug cytotoxicity, tumor-
sphere cells were transiently exposed to D9 or FIDAS-5, but to a 
large extent this did not negatively impact their long-term prolifera-
tion ability or trigger apoptosis (Extended Data Fig. 5e,f). Longer-
term exposure to FIDAS-5 for 6 d before returning cells to medium 
without FIDAS-5, however, completely ablated their growth capac-
ity, as expected (Extended Data Fig. 5g)27. Adherent and non-
neoplastic cell lines were far less affected, thus highlighting the 
therapeutic potential of MAT2A inhibition (Extended Data Fig. 5h). 
We reasoned that addition of exogenous SAM could bypass MAT2A 
inhibition. Supplementation of tumorsphere cells with 500 µM SAM 
in the context of FIDAS-5 treatment to a large extent rescued his-
tone methylation, as well as colony- and tumor-formation capabili-
ties (Fig. 5d,f and Extended Data Fig. 5a).

Next, we sought to test whether FIDAS-5 could impact the 
tumorigenic potential of tumorsphere cells in animals. Tumorsphere 
cells were subcutaneously implanted into NSG mice and FIDAS-5 
(40 mg per kg) or corn oil carrier was immediately administered via 
intraperitoneal injection for three consecutive days. After 6 weeks, 
FIDAS-5-treated mice had produced smaller tumors than carrier-
treated controls (Fig. 5g and Extended Data Fig. 5i). Similarly, 
fewer pulmonary lesions were found in mice that were ortho-
topically implanted with tumorsphere cells and transiently treated 
with FIDAS-5 (Extended Data Fig. 5j). We compared the effects of 
FIDAS-5 treatment with those of cisplatin (4 mg per kg), a frontline 
chemotherapeutic agent in NSCLC tumors, in the same manner 
(Fig. 5g and Extended Data Fig. 5i). Cisplatin, however, was unable 
to halt tumor growth, strongly underscoring the resistance of TICs 
to chemotherapy. No loss in body weight was observed during 
the treatment period for either FIDAS-5- or control-treated mice 
(Extended Data Fig. 5k).

To understand the clinical relevance of MAT2A in cancer, we 
examined a collection of cancer cell lines with varying MAT2A 
expression across cancer types (Fig. 5h). The growth of cancer cells 
expressing high levels of MAT2A was hampered upon FIDAS-5 
treatment, whereas cancer cells that expressed low levels of MAT2A 
were largely insensitive, thus implicating MAT2A and the methio-
nine cycle in other cancers (Fig. 5i). To determine whether FIDAS-5 
treatment could disrupt the growth of lung tumor patient-derived 
xenografts (PDXs), we treated NSG mice bearing two different PDX 
lines with FIDAS-5 (40 mg per kg) for 3 d immediately after implan-
tation (Fig. 5j). We first verified that CD166+ TICs sorted from 
these PDXs had elevated expression of MAT2A and higher abun-
dance of methylated histones as compared to their CD166– non-TIC 
counterparts, suggesting sensitivity to MAT2A inhibition (Fig. 5k).  
Xenograft tumors that formed were at least fivefold smaller in 
FIDAS-5-treated mice than in vehicle-treated mice (Fig. 5j).  
Transient FIDAS-5 treatment led to strong downregulation of 
MAT2A expression and a decrease in the abundance of methyl-
ated histones in resultant residual tumors (Fig. 5l). In line with this, 
CD166+ TICs were depleted and there was a decreased number of 
cells that coexpressed MAT2A and CD166 (Fig. 5m,n). To further 
demonstrate unequivocally that TICs were indeed largely ablated 
with FIDAS-5 treatment and that the residual tumors contained 
few TICs, we performed secondary transplantation and repopula-
tion studies. Dissociated viable cells from FIDAS-5-treated tumors 
that were reimplanted into NSG mice were unable to form tumors 
(Fig. 5j). Taken together, these findings indicate that transient treat-
ment with methionine cycle inhibitors, but not chemotherapy, may 
be sufficient to impact the growth of tumors that are driven by 
TICs and highlight the need to explore the use of metabolic enzyme 
inhibitors as a part of cancer treatment.

Discussion
An emerging hallmark of cancer is alteration of the cellular metabo-
lism that supports cancer cell proliferation and tumor growth43–45. 

Dependence of neoplastic cells on exogenous methionine, which 
has thus far been largely overlooked, appears specific to trans-
formed cells. Methionine dependency describes the scenario in 
which, under methionine starvation conditions, transformed cells 
are defective at using homocysteine as a methionine substitute for 
growth whereas untransformed fibroblasts are able to proliferate 
in homocysteine-supplemented medium36,46–48. In the context of 
tumor heterogeneity, cancer cell subpopulations may have different 
requirements for methionine, that is, heterogeneity in methionine 
metabolism that may impact their behavior18,19. Beyond influencing 
proliferation, increased methionine cycle flux is critical for driving 
tumorigenesis of TICs. Even short-term starvation for methionine, 
but not other amino acids, leads to dramatic disruption of tumor-
initiating ability, which is largely attributable to blockade of cellular 
methylation in TICs. This underscores the less-appreciated influ-
ence of methionine cycle flux on epigenetic programs that are asso-
ciated with tumor initiation or cancer progression. Nevertheless, we 
note that experimental isolation of TICs or the use of surface mark-
ers may not faithfully reflect the behavior of TICs in intact tumors49. 
Indeed, across human lung tumors, variations were observed 
in the expression of enzymes controlling methionine metabo-
lism, and this altered expression was correlated with TIC markers  
(Fig. 4c–e). While use of different cell culture conditions has 
enabled us to delineate cells by tumor-initiating properties in vitro 
and ex vivo, the plasticity of TICs and the contribution of the tumor 
microenvironment to TIC function and methionine metabolism 
need further investigation19,50–52.

Prolonged methionine starvation in immunocompromised mice 
could reduce tumor load but was eventually lethal53. We found here 
that transient methionine depletion could produce long-term dis-
ruption of TIC function, and we highlight methionine cycle inhibi-
tion as a TIC-targeting strategy. More broadly, MAT2A expression 
was significantly higher in other cancers we examined than in their 
corresponding normal tissues (Extended Data Fig. 5l). Furthermore, 
elevated expression of MAT2A (but not MTHFR) in high-grade 
lung tumors and metastases indicates the higher dependency on 
methionine cycle activity and SAM production of these tumor cells 
and could mark them for targeted therapies. Interestingly, MAT2A 
was observed to be nuclear (Figs. 4e and 5n), in line with previous 
reports that it can associate with chromatin54–56. Nuclear localization 
of MAT2A could allow SAM to be immediately synthesized and 
consumed by methyltransferases, thereby contributing to high SAM 
consumption and kinetics of methylated histone turnover (Fig. 3c 
and Extended Data Fig. 5c).

It was recently shown that targeting MAT2A flux in MTAP-null 
cancer lines could be a means to attenuate the oncogenic activity 
of PRMT557. We note, however, that our TIC lines express MTAP 
and have comparable levels of symmetric dimethylarginine, simi-
lar to the reference HCT116 cells wild type for MTAP used in that 
study (Extended Data Fig. 5m). Thus, in our study, the dependency 
on methionine as a therapeutic vulnerability does not appear to be 
dependent on the MTAP–MAT2A–PRMT5 axis.

A remaining question is the mechanism through which global 
inhibition of histone methylation has a distinct effect on the tumori-
genicity of TICs but not the proliferation of non-TICs. The precise 
mechanism by which methylated histones control gene expression 
patterns at the genome scale is unclear, although one study dem-
onstrated that bulk histone but not DNA methylation was crucial 
for driving epithelial–mesenchymal transition in cancer cells58. This 
suggests that, despite the potentially widespread impact of methio-
nine cycle inhibition, only a subset of methylation events might be 
critical for TIC tumorigenic properties. Conversely, histone meth-
ylation is globally downregulated in non-TICs; the nature of key 
genomic loci regulating the differentiated cell state requires further 
elucidation. Quite possibly, the p53–p38 stress signaling pathway 
may have a role in response to methionine cycle inhibition in TICs; 
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this pathway has been shown to be critical in the differentiation of 
embryonic stem cells in response to methionine deprivation25,26. 
Subsequent efforts should focus on uncovering the suite of stress-
induced and downstream transcriptional and proteomic targets. 
Our findings demonstrate that functional subpopulations of carci-
noma cells within a tumor have different metabolic dependencies 
and highlight the need to understand cellular metabolism in the 
context of tumor heterogeneity59,60.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
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Methods
Tissue culture. Two tumorsphere lines independently derived from two patients 
and tumorsphere GLDC-knockdown lines were maintained in DMEM/F12 (US 
Biomedical) supplemented with 4 mg ml–1 BSA (Sigma), non-essential amino 
acids, sodium pyruvate (Life Technologies), 20 ng ml–1 epidermal growth factor 
(EGF), 4 ng ml–1 basic fibroblast growth factor (bFGF) and insulin–transferrin 
selenium (ITS; Sigma). Tumorsphere-derived adherent cells and NIH 3T3 lines 
were maintained in the same medium without EGF, bFGF, ITS and BSA and were 
instead supplemented with 10% FBS. Glutamine, methionine, serine/glycine, 
leucine, tryptophan and threonine starvation media were generated from DMEM/
F12 powder (US Biomedical) lacking the corresponding metabolites. Sodium 
formate and 5-methyl-THF disodium salt were purchased from Santa Cruz 
Biotechnology.

Inhibitors. Cisplatinum (cis-diammineplatinum(II) dichloride) and MG-
132 (10 μM final concentration) were purchased from Sigma, FIDAS-5 (final 
concentration of 10 μM in culture medium) was from Merck Millipore.

Immunohistochemistry analyses. The NSCLC tumor microarray (n = 47) 
comprising paired formalin-fixed, paraffin-embedded normal and tumor samples 
from patients at 4-μm thickness was constructed and immunohistochemistry 
was performed by the SingHealth Advanced Molecular Pathology Laboratory 
at Singapore General Hospital by using a Bond Leica Machine with Bond 
Epitope solution 1. The staged tissue tumor microarray (LUM961and LUC1021) 
comprising formalin-fixed, paraffin-embedded primary and metastatic 
NSCLC tumors was purchased from Pantomics. Anti-MTHFR (ab125707) 
from Abcam and anti-MAT2A (HPA043028) from Sigma were used for both 
immunohistochemistry analyses. Immunohistochemistry for the staged tissue 
microarray sections was performed with VECTASTAIN ABC kits (Vector Labs). 
Samples were subsequently scored by visual assessment as ‘0 or +1’, ‘+2’ or ‘+3’, 
according to staining intensity for MAT2A and MTHFR.

Flow cytometry and FACS. Cells were stained with antibodies conjugated with PE 
against human CD166 (R&D Systems, FAB6561P)24 in DPBS containing 5% FBS 
for 1 h at 4 °C. Cells were then washed and resuspended in DPBS. The fluorescence 
intensity was measured on a flow cytometer (BD LSR II). Cell sorting was 
performed on a FACSAria II (BD). See Supplementary Fig. 1 for a representative 
gating strategy.

Immunofluorescence analyses. Formalin-fixed, paraffin-embedded NSCLC 
samples were obtained and cut into 4-μm sections. Sections were deparaffinized 
and antigen retrieval was carried out in citrate buffer in the presence of 0.5% 
Tween-20. Sections were further permeabilized in 0.2% Triton X-100 and then 
quenched with TruBlack (Gold Biotechnology). Sections were then incubated 
with anti-MAT2A (GTX50027)39 from Genetex and anti-CD166 (HPA010926)61 
from Sigma. Alexa Fluor 594 donkey anti-mouse (A21203) and Alexa Fluor 647 
goat anti-rabbit (A21245) antibodies from Thermo Fisher were used as secondary 
antibodies. Images were visualized and captured with a Zeiss Observer D1 
epifluorescence microscope.

Tumor implantation and collection. 5 × 105 single cells were mixed in a 1:1 
mixture of serum-free DMEM/F12 and Matrigel (BD) and injected subcutaneously 
into the flanks of 4- to 6-week-old male and female NSG mice (Jackson 
Laboratories). About 6 weeks later, or when tumor sizes exceeded 2 cm in diameter, 
mice were killed and tumors were collected for analysis. All mouse experiments 
were approved by the Agency for Science, Technology and Research of Singapore–
Biological Resource Centre IACUC (protocol number 171286). We have complied 
with relevant ethical regulations pertaining to the IACUC protocol. The use of 
PDXs has been approved by the SingHealth Centralised Institutional Review Board 
(CIRB reference number 2007/444/B). We have complied with relevant ethical 
regulations pertaining to the IRB. Written informed consent was obtained from 
all participating patients diagnosed with non-small-cell adenocarcinoma before 
surgical resection or biopsy. All PDX tumors were maintained by passaging into 
new NSG recipient mice without cell culture. PDX tumors were dissociated and 
injected as previously described24. Briefly, tumors were collected in cold PBS with 
antibiotics, chopped with a sterile blade and incubated in 1 mg ml–1 collagenase/
dispase (Sigma-Aldrich) in DMEM/F12 medium (Thermo Fisher Scientific) at 
37 °C with agitation. Suspensions were then washed in PBS and passed through 
70- and 40-µm cell strainers, centrifuged and evaluated for cell viability by tryphan 
blue exclusion before downstream assays. Mice were randomized by sex.

Tumor volume measurements. Tumor volume was calculated by the formula 
0.5 × l × w2, where l and w are tumor length and width, respectively.

Orthotopic tumor implantation. 1.5 × 106 single tumorsphere cells expressing 
GFP (transduced with PLL3.7 vector) were suspended in tumorsphere medium and 
injected intravenously into the tail vein of 4- to 6-week-old male and female NSG 
mice (Jackson Laboratories). Mice were continuously monitored and then killed 
at 5 weeks after injection. Lungs were collected, fixed in 4% paraformaldehyde and 

embedded in paraffin for subsequent analysis. Anti-GFP (ab13970)62 antibody 
from Abcam and Alexa Fluor 488 goat anti-chicken (A-11039) antibody from 
Thermo Fisher were used to visualize and quantify GFP-positive lesions via the 
immunofluorescence protocol outlined above. Mice were randomized by sex.

Cell proliferation assays. Cells were seeded into 96-well plates at a density of 
2,000 cells per well for tumorsphere cells and 500 cells per well for adherent cells. 
Mean cell viability normalized and expressed as a percentage of the starting mean 
viability at day 0 was assessed every 2 d with CellTiter-Glo luminescence reagent 
(Promega).

ATP analyses. Cells were seeded into 96-well plates at a density of 1,000 cells per 
well in ten replicate wells per condition. Cells were then left to equilibrate at 37 °C 
for 3 h. ATP was quantified with CellTiter-Glo reagent (Promega). Five biological 
replicates were used.

Soft agar colony formation. 2.5 ml of a lower layer consisting of 0.7% agar in 
complete DMEM/F12 medium with 10% FBS was placed in three wells of a six-well 
dish and permitted to solidify. 5,000 cells per well were then suspended in a 2-ml 
layer of 0.35% agar in complete DMEM/F12 medium with 10% FBS and layered on 
top of the bottom layer. Colonies were stained with crystal violet and counted after 
approximately 2 months.

Apoptosis assays. 1 × 106 cells were stained with FITC Annexin V and PI from 
an apoptosis detection kit (BD, 556547) and analyzed for apoptosis by flow 
cytometry on an LSR II Cell Analyzer (BD) according to the manufacturer’s 
recommendations.

Cell cycle analysis. Cell cycle analysis was performed by using the BD Pharmingen 
BrdU FITC Flow kit (559619) according to the manufacturer’s recommendations.

ECAR measurement. ECAR measurement was performed by using an XF96 
Extracellular Flux analyzer (Seahorse Bioscience) as described63. Briefly, adherent 
cells were plated into XF96 (V3) polystyrene cell culture plates at a cell density of 
40,000 cells per well 1 d before the assay. Tumorsphere cells were then plated into 
XF96 (V3) polystyrene cell culture plates coated with Corning Cell-Tak Cell and 
Tissue Adhesive at a cell density of 50,000 cells per well on the day of the assay. 
Both cell lines were incubated for 24 h in a humidified 37 °C incubator with 5% 
CO2 before the assay. While sensor cartridges were calibrated, cell plates were 
incubated in a 37 °C non-CO2 incubator for 60 min before the start of an assay with 
appropriate assay medium at 175 μl per well. 25 μl of compound was added to each 
injection port. All experiments were performed at 37 °C. ECAR data points refer to 
individual rates measured from each well during the measurement cycles and are 
reported as absolute rates (mpH min–1). ECAR values were then normalized to cell 
number with DAPI staining read at 340 nm.

Metabolomic analyses. The following reagents and materials were purchased from 
the indicated sources: Optima-grade methanol, Fisher Scientific; deionized water 
(18.2 mΩ), Sartorius; tricine salt and sodium chloride, Sigma-Aldrich; acetonitrile, 
chloroform and formic acid, Merck; isotope-labeled [13C5,15N]methionine, Sigma; 
[2D4]homocysteine, Cambridge Isotope Laboratories.

Sample preparation of cell lysate for metabolomic analyses. For suspension 
cell culture, 10 million cells per sample were obtained and quenched with 4 
volumes of ice-cold 150 mM sodium chloride solution. Cell pellets were collected 
by centrifugation of the quenched samples at 3,000g for 5 min at 4 °C and the 
supernatant was aspirated and discarded. For adherent cell culture, the medium 
was gently aspirated and cells on the surface of the well plates were gently washed 
three times with ice-cold 150 mM sodium chloride solution. Ice-cold sodium 
chloride solution was added to the plate and a cell scraper was used to release 
adherent cells from the plate surface. Cell pellets were collected as described above 
and kept on ice. For pulse–chase analysis, cells that were starved of methionine 
for 16 h in methionine-free medium were given a single treatment of [13C5,15N]
methionine or [2D4]homocysteine. Cells were either lysed immediately as described 
above or a chase was performed in incubation medium for various times.

Cell pellets were extracted by using a two-phase liquid–liquid extraction 
protocol based on the modified method of Bligh and Dyer64. Briefly, methanol, 
chloroform and 3.8 mM tricine solution (approximately 1:1:0.5 vol/vol) was used to 
separate polar metabolites (aqueous fraction) from lipid species (organic fraction). 
Polar metabolites in the aqueous fraction comprising methanol and water were 
collected in 2-ml Eppendorf tubes. Extracts were stored at −80 oC before UPLC–
MS analysis. Samples were dried under vacuum pressure at 4 oC with a CentriVap 
centrifugal vacuum concentrator (Labconco) and reconstituted in 5% methanol–
water solution before LC–MS analysis.

UPLC–MS analysis. Untargeted LC–MS analysis of polar metabolites was 
performed by using a UPLC system (ACQUITY, Waters Corp) interfaced with a 
mass spectrometer (LTQ-Orbitrap, Thermo Scientific). Electrospray ionization 
(ESI) in the mass spectrometer was conducted in both positive and negative mode 
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in full scan with a mass range of 50 to 1,000 m/z at a resolution of 15,000. Sheath 
and auxiliary gas flow were set at 40 and 15 (arbitrary units), respectively, with a 
capillary temperature of 400 °C. The ESI source and capillary voltages were 4.5 kV 
and 40 V, respectively, for positive ESI mode and 2.8 kV and −15 V for negative ESI 
mode. Mass calibration was performed with standard LTQ-Orbitrap calibration 
solution (Thermo Scientific) before sample injection. A pooled quality-control 
mixture comprising equal aliquots of all samples was run at regular intervals 
throughout each analytical batch. Samples were randomized for each analytical 
batch and triplicate injections were performed for each sample.

Targeted LC–MS/MS analysis was performed on a UPLC system (ACQUITY, 
Waters Corp) interfaced to a triple-quadrupole mass spectrometer (Xevo TQ-S, 
Waters Corp). Multiple-reaction monitoring (MRM) experiments were performed 
in both ESI positive and ESI negative mode with an elution gradient as described 
in Supplementary Table 5. Compound-dependent MS parameters for the analytes 
are shown in Supplementary Table 6. The source temperature and desolvation 
temperature were set at 150 oC and 500 °C, respectively. The cone gas flow was 
150 liters h–1 and the desolvation gas flows were 700 liters h–1 (ESI positive mode) 
and 300 liters h–1 (ESI negative mode). The capillary voltage was 2.90 kV for positive 
ESI mode and 1.0 kV for negative ESI mode.

MRM transitions and MS parameters were optimized by using either 
analytical-grade standards or intracellularly synthesized metabolites (labelled as ‘*’ 
in Supplementary Tables 6 and 7).

All chromatographic separations were performed on an ACQUITY UPLC HSS 
T3 1.7 µm, 50 × 2.1 mm i.d. column (Waters Corp). The column and autosampler 
temperatures were maintained at 30 oC and 4 oC, respectively. The elution condition 
is indicated in Supplementary Table 5. The injection volume was 4 µl.

Data preprocessing and metabolite identification. For untargeted LC–MS, 
raw UPLC–MS data were preprocessed and analyzed with the XCMS peak-
finding algorithm (version 1.30.3)65. The pooled quality-control mixture was 
used for signal correction between and within each batch analysis. Samples were 
normalized on the basis of their cell counts. The identities of marker metabolites 
were verified by comparison of their retention time and mass spectra with those of 
commercially available standards.

For targeted LC–MS analysis, chromatographic peak integration was 
performed with Targetlynx software (version 4.1 SCN810, Waters Corp). In 
addition, for [13C]methionine pulse–chase experiments, the APE for each species 
was calculated and natural abundance was corrected for by using an isotopomer 
matrix accounting for the presence of natural abundance carbons distributed 
throughout each possible precursor–fragment ion combination (Supplementary 
Table 7)66.

RNA interference and lentiviral transduction. shRNAs were cloned into the 
pLKO.1 lentiviral plasmid (Addgene). Two shRNAs each were used against GLDC, 
MAT2A and MTHFR. Tumorsphere lines were infected with plKO.1 lentivirus and 
selected in 2 µg ml–1 puromycin for 7 d.

Sense sequences are as follows: control luciferase shRNA, 5 ′- CC GG CG CT GA-
GT AC TT CG AA AT GT CC TC GA GG AC AT TT CG AAGTACTCAGCGTTTTTG-3′; 
SHMT2 sh1, 5′-CCGGCCGGAGAGTTGTGGACTTTATCTCGAGATAAAGTC 
CACAACTCTCCGGTTTTTG-3′; SHMT2 sh2, 5′-CCGGGTCTGACGTCAA 
GCGGATATCCTCGAGGATATCCGCTTGACGTCAGACTTTTTG-3′; GLDC 
sh1, 5′-CCGGCCTGCCAACATCCGTTTGAAACTCGAGTTTCAAACGGAT 
GTTGGCAGGTTTTTG-3′; GLDC sh2, 5′-CCGGCCACGGAAACTGCGATAT 
TAACTCGAGTTAATATCGCAGTTTCCGTGGTTTTTG-3′; MAT2A sh1, 
5′CCGGAGCAGTTGTGCCTGCGAAATACTCGAGTATTTCGCAGGCA 
CAACTGCTTTTTTG-3′, MAT2A sh2, 5′-CCGGCCAGATAAGATTTGTGACC 
AACTCGAGTTGGTCACAAATCTTATCTGGTTTTTG-3′; MTHFR sh1, 
5′-CCGGATATTAGACAGGACCATTATGCTCGAGCATAATGGTCCTGTC 
TAATATTTTTTG-3′, MTHFR sh2, 5′-CCGGAGAGTATCCAAGACGACATT 
CCTCGAGGAATGTCGTCTTGGATACTCTTTTTT-3′; mat2a sh1, 5 ′- CC GG TT 
 TG GA GG AC GT AC GT AA TA AC TC GA GT TA TT AC GT-
ACGTCCTCCAAATTTTTG-3′ mat2a sh2, 5′- CCGGACCGGAATGAGGAAGAT
ATTGCTCGAGCAATATCTTCCTCATTCCGGTTTTTTG-3′.

Immunoblotting. 1.5 × 106 cells were lysed in Laemmli-SDS buffer and sonicated. 
Total protein concentration was measured by Bradford assay. Total cell lysates were 
separated by SDS–PAGE and transferred to nitrocellulose, followed by blocking in 
5% (vol/vol) milk in Tris-buffered saline with Tween-20, probing with the indicated 
antibodies and visualization by chemiluminescence (Roche). All primary antibody 
dilutions were at 1:1,000. Secondary antibody dilutions were at 1:5,000. The 
primary antibodies used were anti-β-actin67 antibody (sc-47778), anti-GAPDH68 
antibody (sc-32233) and anti-goat-IgG HRP-linked secondary antibody (sc-2304) 
from Santa Cruz Biotechnology; anti-GLDC24 antibody (ab97625), anti-histone 
H369 antibody (ab1791), anti-histone H3 (dimethyl K36)70 antibody (ab9049), 
anti-MAT2A antibody (ab189208), anti-MTR71 antibody (ab9209), anti-histone 
H3 (trimethyl K79)72 antibody (ab2621), anti-MTHFR antibody (ab125707), anti-
MTAP73 antibody (ab55517) and anti-histone H474 antibody (ab7311) from Abcam; 
anti-histone H3 (trimethyl K4)75 antibody (39159), anti-histone H3 (trimethyl 
K27)76 antibody (39155), anti-histone H3 (trimethyl K36)77 antibody (61101) and 
anti-histone H3 (trimethyl K9)78 antibody (39765) from Active Motif;  

anti-β-catenin79 antibody (BD610154) from BD Biosciences; anti-SHMT29 
antibody (HPA020549) and anti-AHCY (SAHH) antibody (WH0000191M8) from 
Sigma; and anti-Symmetric Di-Methyl Arginine Motif80 antibody (13222), anti-
rabbit-IgG HRP-linked secondary antibody (7074P2) and anti-mouse-IgG HRP-
linked secondary antibody (7076S) from Cell Signaling Technology.

Molecular cloning. The open-reading frame for human MTHFR was first cloned 
into the lentiviral expression plasmid PLVX-Tight. The modified doxycycline-
inducible promoter sequence was replaced with a constitutive CMV promoter 
sequence to allow for constitutive expression of MTHFR. The open-reading frame 
for shRNA-resistant human GLDC was also cloned into the same modified PLVX-
CMV construct.

Protein turnover experiments. 5 × 105 cells were treated with 20 μg ml–1 
cycloheximide (Sigma) and collected for immunoblotting at indicated time points.

Analysis of α-ketoglutarate/succinate ratios. Analysis of intracellular 
α-ketoglutarate and succinate levels was performed by using BioVision kits (K677, 
K649) according to the manufacturer’s recommendations.

Statistical analysis. GraphPad Prism (GraphPad Software) v7.0 was used for 
statistical analyses. No statistical methods were used to predetermine sample size. 
Statistical analysis in Fig. 1g,h and Extended Data Fig. 1k was carried out by using 
multiple t tests and statistical significance was corrected for multiple comparisons 
by using the Holm–Sidak method. Statistical analysis in Fig. 4c and Extended 
Data Fig. 4b was carried out by using paired Student’s two-sided t tests. Statistical 
analysis in Fig. 4d and Extended Data Fig. 4c was performed by using chi-squared 
tests. Statistical analysis in Extended Data Figs. 2b and 5j was carried out by using 
unpaired Student’s two-sided t tests. Statistical analysis in Fig. 2f and Extended 
Data Figs. 2f and 5l was carried out by using unpaired Student’s two-sided t tests 
with Welch’s correction. P < 0.05 was considered to be statistically significant. 
Significance levels and exact P values are indicated in relevant figure legends. Data 
were assumed to be normally distributed for all analyses conducted. Variances were 
not statistically different in any of the data. Data for independent experiments are 
presented as means ± s.d. unless otherwise stated.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The metabolomics datasets generated or analyzed during this study are included in 
this published article in Supplementary Tables 2 and 3. Additional datasets are also 
available from the corresponding author upon reasonable request. Source data are 
available online for Figs. 1–5 and Extended Data Figs. 1 and 3–5.
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Extended Data Fig. 1 | Metabolomic characterization of lung tumor-initiating cells and differentiated cells. a, Mean tumor mass of implanted cells. Error 
bars, s.d.; n = 6 tumors. b, Left, mean percentage of CD166+ cells. Error bars, s.d.; n = 4 biologically independent experiments. Right, representative flow 
cytometry plots, independently repeated four times. Unstained cells are in blue. c, Proliferation curves generated from mean cell viability. Error bars, s.d.; n = 6 
biologically independent experiments. d, Mean ECAR. Error bars, s.d.; n = 6 biologically independent experiments. e,f, Top, immunoblots of the indicated 
cells, independently repeated three times. Bottom, mean ATP levels. Formate was supplemented at 0.5 mM. Error bars, s.d.; n = 6 (e) and n = 5 (f) biologically 
independent experiments. g, Top, mean tumor mass of implanted cells. Error bars, s.d.; n = 5 tumors. Bottom, mean tumor volume. Error bars, s.e.m.; n = 4 tumors. 
Mean tumor mass and volume for Control-knockdown (a and Fig. 1c) are included. h, Left, mean percentage of CD166+ cells. Error bars, s.d.; n = 4 biologically 
independent experiments. Right, representative flow cytometry plots, independently repeated four times. Unstained cells are in blue. i, Mean tumor mass and 
volume of implanted cells. Error bars, s.d. (left) and s.e.m. (right); n = 4 tumors. Mean tumor mass and volume for TS and Adh cells (a and Fig. 1c) are included. 
j, Immunoblots of cells grown in the indicated conditions. Independent blots were repeated at least three times with similar results. Histone H3 is used as a 
loading control. k, Mean abundance of metabolites in cells sorted by CD166 expression from three different tumors. Error bars, s.d. *P < 0.05, one-sided multiple 
t test corrected for multiple comparisons by the Holm–Sidak method. Exact P values (vs. CD166– cells) are as follows: methionine, 0.0102522; SAM, 0.01934. l, 
Immunoblots of sorted cells. Independent blots were repeated at least three times with similar results. GAPDH and total histone H3 were used as loading controls.
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Extended Data Fig. 2 | The metabolic requirements of lung tumor-initiating cells. a, Left, mean number of colonies. Error bars, s.d.; n = 4 biologically 
independent experiments. Right, mean tumor mass. Error bars, s.d.; n = 9 (no methionine, no serine/glycine), n = 6 (no glutamine) tumors. Mean TS tumor 
masses (Extended Data Fig. 1a) were included. b, Imaging experiments were independently repeated three times. Top, lesion from TS-implanted lung (l) and 
normal bronchiole (r). Black bars, 50 μm. Middle, GFP-positive lesion (l) and normal bronchiole (r). Scale bars, 40 μm. Bottom, mean number of GFP-positive 
lesions. Error bars, s.d.; n = 5 lungs. ****P < 0.0001 by unpaired two-sided Student’s t test. c, Mean tumor mass. Error bars, s.d.; n = 5 tumors. d, Top, mean 
percentage of CD166+ cells. n = 4 biologically independent experiments. Error bars, s.d. Bottom, representative flow cytometry plots independently repeated 
four times. Unstained cells are in blue. e, Proliferation curves generated from mean cell viability. Error bars, s.d.; n = 6 biologically independent experiments. f, 
Left, mean number of colonies. Error bars, s.d.; n = 5 (no methionine + homocysteine), n = 3 (no methionine + SAM), n = 6 (48/48) biologically independent 
replicates. Right, mean tumor mass. Error bars, s.d.; n = 9 (no methionine + SAM, 48/48), n = 5 (no methionine + homocysteine) tumors. Tumor masses 
for no methionine (a) and TS cells (Extended Data Fig. 1a) are included. ****P < 0.0001, two-sided Student’s t test with Welch’s correction. P values (vs. no 
methionine): no methionine + homocysteine, 0.0505; no methionine + SAM, <0.0001; 48/48, <0.0001. g, Mean α-ketoglutarate/succinate ratios. Error 
bars, s.d.; n = 4 biologically independent experiments. h, Proliferation curves generated from mean cell viability. Error bars, s.d.; n = 6 biologically independent 
experiments. i, Top, representative flow cytometry plots independently repeated four times. Left, Complete condition. Right, Thymidine treated positive control. 
Bottom, mean percentage of cells in G2/M. Error bars, s.d.; n = 4 biologically independent experiments. j, Mean percentage of Annexin V+ cells. Error bars, s.d.; 
n = 4 biologically independent experiments. k, Proliferation curves generated from mean cell viability. Error bars, s.d.; n = 6 biologically independent experiments.
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Extended Data Fig. 3 | Metabolic labeling and tracking of methionine cycle flux. a, Changes to [13C]methionine through the methionine cycle. Red circles, 
13C; blue triangle, ATP; +, positive charge; black circle, 12C; black letters, enzymes. b, Top, cells were starved of methionine (16 h; l) or not starved (r) before 
[13C]methionine pulse–chase. Bottom, metabolite species detected are indicated on the right, and proportional abundance (% APE) is indicated on the 
left. Data represent the mean ± s.e.m.; n = 3 technical replicates. Technical replicates are shown to demonstrate technical consistency. n = 2 (bottom left) 
and n = 3 (bottom right) biologically independent experiments. c,d, Immunoblots of the indicated cells. β-actin (c) and total histone H3 (d) were used as 
loading controls. Independent blots were repeated at least three times with similar results. e, Mean tumor mass of implanted cells. Tumor masses from 
control- and GLDC-knockdown cells (Extended Data Fig. 1a) are included. Error bars, s.d.; n = 6 tumors. f, Immunoblots of the indicated lines. β-actin 
was used as a loading control. Independent blots were repeated at least three times with similar results. g, Percent APE of metabolite species derived 
from deuterated homocysteine. Data represent the mean ± s.e.m.; n = 3 technical replicates. Technical replicates are shown to demonstrate technical 
consistency. n = 3 biologically independent experiments. h, Mean tumor mass. Tumor masses from control- and GLDC-knockdown cells (Extended Data 
Fig. 1a) are included. Error bars, s.d.; n = 7 tumors. i, Mean ATP levels in the indicated cells supplemented with formate (0.5 mM), methyl-THF (20 μM) or 
adenosine (200 μM). Error bars, s.d.; n = 6 biologically independent experiments; **P < 0.005, Student’s two-sided t test with Welch’s correction. Exact P 
values (vs. GLDC shRNA) are as follows: GLDC shRNA + methyl-THF, 0.7947; GLDC shRNA + adenosine, 0.0011; GLDC shRNA + formate, 0.0010.
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Extended Data Fig. 4 | Functional and clinical relevance of methionine cycle enzymes in NSCLC. a, Immunoblots of the indicated enzymes. β-actin was 
used as a loading control. Independent blots were repeated at least three times with similar results. b, MTHFR immunohistochemistry (performed once) 
of a tumor microarray (n = 47) containing paired tumor and normal sections. Top, representative staining intensity. White bar, 20 µm. Bottom, box-and-
whisker plots comparing the intensity of tumor and normal sections. Intensity was defined as the product of the maximum immunostaining intensity and 
the percentage of tumor cells stained per section. Box, twenty-fifth to seventy-fifth percentile; the median value coincides with the seventy-fifth percentile; 
whiskers indicate the minima and maxima. **P = 0.0005, paired Student’s two-sided t test. t = 3.776, d.f. = 46. c, MTHFR immunohistochemistry 
(performed once) of an NSCLC tumor microarray (n = 153). Top, representative staining intensity. White bar, 200 µm. Bottom, contingency table 
correlating staining intensity with NSCLC grade. Chi-squared test P value (P = 0.2297) is indicated at the bottom right. χ2 = 8.116, d.f. = 6. d,e, Immunoblots 
of MAT2A in the indicated cells or tumors. GAPDH was used as a loading control. Independent blots were repeated at least three times with similar 
results. f, Proliferation curves generated from mean cell viability of the indicated lines. Error bars, s.d.; n = 10 biologically independent experiments.
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Extended Data Fig. 5 | Small-molecule inhibition of the methionine cycle disrupts the tumorigenicity of lung tumor-initiating cells. a, Mean tumor mass 
of implanted cells. Error bars, s.d.; n = 6 (D9, DMSO), n = 9 (FIDAS, FIDAS + SAM) tumors. b, Left, mean percentage of CD166+ cells. Error bars, s.d.;  
n = 4 biologically independent experiments. Right, representative flow cytometry plots independently repeated four times. Unstained cells are in blue.  
c,d, Immunoblots of the indicated cells. β-catenin was used as a loading control. Independent blots were repeated at least three times with similar results. 
e, Proliferation curves generated from mean cell viability. Error bars, s.d.; n = 10 biologically independent experiments. f, Mean percentage of Annexin V+ 
cells. Error bars, s.d.; n = 4 (DMSO, D9), n = 3 (FIDAS) biologically independent experiments. g,h, Proliferation curves generated from mean cell viability. 
Error bars, s.d.; n = 10 biologically independent experiments. i, Mean tumor mass of implanted cells. Error bars, s.d.; n = 7 (control), n = 6 (FIDAS) and n = 9 
(cisplatin) tumors. j, Mean number of GFP+ lesions. Error bars, s.d.; n = 5 lungs. ****P < 0.0001, two-sided unpaired Student’s t test. k, Individual weight plots 
of nine mice undergoing the indicated treatment. l, Mean MAT2A mRNA levels in normal versus tumor tissue, including glioblastoma (TCGA), colorectal 
cancer (TCGA), nasopharyngeal carcinoma81, leukemia82,83, lymphoma84, ovarian carcinoma85, melanoma86, prostate adenocarcinoma87 and breast cancer88. 
****P < 0.0001, ***P < 0.001, **P ≤ 0.01, *P ≤ 0.05, Student’s unpaired two-sided t test with Welch’s correction. P values and numbers of normal and tumor 
samples are as follows: brain: P < 0.0001; n = 10 and n = 547; nasopharynx, P = 0.0005; n = 10 and n = 31; skin: P = 0.0015; n = 7 and n = 63; lymphatic 
system, P < 0.0001; n = 20 and n = 40; bone marrow (childhood acute lymphatic leukemia): P = 0.0492; n = 8 and n = 566; bone marrow (chronic lymphatic 
leukemia): P = 0.0003; n = 11 and n = 100; ovary: P < 0.0001; n = 10 and n = 185; breast, P = 0.0215; n = 5 and n = 59; prostate: P = 0.0010; n = 20 and n = 69; 
colon: P < 0.0001; n = 22 and n = 215. m, Immunoblots of the indicated cells. Independent blots were repeated at least three times with similar results.
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