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ABSTRACT 25 
 Understanding cellular metabolism holds immense potential for developing new 26 
classes of therapeutics that target metabolic pathways in cancer. Landmark studies have 27 
elucidated metabolic alterations of bulk neoplastic cells that differ from normal tissues. 28 
However, carcinoma cells within tumors are heterogeneous, and tumor-initiating cells (TICs) 29 
are important therapeutic targets that have remained metabolically uncharacterized. To 30 
understand the metabolic alterations of lung TICs, we performed metabolomics and 31 
metabolite tracing analyses, which revealed that they exhibit highly elevated methionine 32 
cycle activity and transmethylation rates that are driven by a key metabolic enzyme, MAT2A. 33 
High methionine cycle flux causes methionine consumption to far outstrip its regeneration, 34 
leading to a heavy dependence on exogenous methionine for tumor-initiation, thus creating 35 
a metabolic liability. We showed that pharmacological inhibition of the methionine cycle, 36 
even transiently, is sufficient to severely cripple their tumor-initiation capability. Our data 37 
directly demonstrated that methionine cycle flux specifically influences the epigenetic state 38 
of cancer cells and drives their tumor-initiation capabilities. More broadly, methionine cycle 39 
enzymes are also enriched within other human tumor types, and MAT2A expression 40 
impinges upon the sensitivity of certain cancer cells to therapeutic inhibition. 41 
 42 
  43 
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INTRODUCTION 44 
 Cancer-specific metabolism represents an area with therapeutic potential. A feature 45 
of cancer cells that has regained attention is their altered metabolic state, such as the avid 46 
uptake and utilization of glucose and certain amino acids including serine, glycine and 47 
glutamine1-7. This mode of metabolism appears critical for tumor proliferation and stress 48 
adaptation8-10. For instance, the serine-glycine pathway is crucial for tumor proliferation and 49 
maintenance. PHGDH, the first enzyme of this pathway, is amplified in patient melanoma 50 
samples and plays a central role in melanoma and breast cancer cell proliferation11,12. 51 

Mutations in multiple tricarboxylic acid cycle enzymes have also been shown to drive 52 
specific cancers. 2-hydroxyglutarate, produced from mutant isocitrate dehydrogenase 53 
(IDH1/2) blocks the differentiation of proneural glioblastoma and acute myeloid leukemia 54 
cells13-18. Somatic loss-of-function mutation in succinate dehydrogenase predisposes carriers 55 
to developing paraganglioma and pheochromocytoma, while fumarate hydratase mutation 56 
is strongly linked to renal cell cancer19-21. These alterations invariably lead to the inhibition 57 
of downstream DNA and histone demethylases, resulting in hypermethylation of DNA and 58 
histones, emphasizing the significance of metabolic processes on epigenetic modifications 59 
that promote tumorigenesis18,20,22-24. 60 

Of note, however, the majority of studies have focused on parsing the metabolic 61 
disparity between bulk tumor and normal cells. Solid tumors are highly heterogeneous, 62 
containing diverse intratumoral subpopulations of neoplastic cells, each endowed with 63 
distinct functional properties that contribute toward malignant cancer progression25,26. 64 
Amongst the different intratumoral subpopulations are tumor-initiating cells (TICs; 65 
otherwise also known as cancer stem cells) that are responsible for tumor initiation. 66 
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Emerging evidence has shown that TICs are often resistant to conventional chemotherapy, 67 
thereby favoring relapse into more aggressive cancers. TICs, in some cancers, also appear to 68 
be highly invasive and can give rise to distant metastases27,28. These observations 69 
underscore the unexplored impact of developing therapies that target TICs. 70 

Because TICs are functionally distinct from non-TICs, they exhibit metabolic 71 
requirements for supporting tumor-initiation and self-renewal. We have previously 72 
demonstrated that GLDC, an enzyme in the serine-glycine pathway, is overexpressed in lung 73 
TICs to support their proliferation29. Increased GLDC expression and activity redirects the 74 
fluxes in downstream metabolic processes to promote the tumorigenic potential of TICs, but 75 
it remains unclear which relevant metabolites are involved. To gather insights into this 76 
process, we performed unbiased liquid chromatography–mass spectrometry (LC/MS) 77 
analysis and found methionine cycle substrates to be strikingly enriched in TICs relative to 78 
the corresponding non-TICs. Using isotopic label tracing, TICs were found to exhibit very 79 
high flux into the methionine cycle and a remarkable dependency on exogenous methionine, 80 
but not other amino acids, for their tumorigenicity. Short-term methionine starvation or 81 
transient pharmacological inhibition of methionine cycle enzymes was sufficient to result in 82 
a long-term loss of tumorigenic potential. This was largely attributed to alterations in 83 
cellular methylation that resulted from the depletion of S-adenosyl methionine (SAM), an 84 
essential and universal substrate for transmethylation reactions, such as in stem cells30. 85 
Collectively, our results reveal the rate-limiting role of methionine cycle in tumorigenesis, 86 
thereby providing new insights into the metabolic vulnerabilities of lung cancer.  87 
RESULTS 88 
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Metabolomic comparison of patient-derived lung tumor-initiating and isogenic 89 
differentiated cells 90 

Previous studies have previously revealed the role of the metabolic enzyme GLDC in 91 
regulating cellular proliferation in commonly used cancer cell lines29. However, the manner 92 
by which serine-glycine metabolites contribute to tumor initiation remains unknown. 93 
Furthermore, TIC populations in cancer cell lines are poorly defined, providing limited utility 94 
for understanding TICs in patients. To overcome this limitation, we used two previously 95 
characterized TIC-enriched lines (LC10 and LC32) derived from resected primary NSCLC 96 
adenocarcinoma samples, and grown as non-adherent tumorspheres (TS; TS10 and TS32) in 97 
serum-free media (Fig. 1a)29. These tumorsphere lines are highly tumorigenic as 98 
demonstrated by their in vitro colony-forming potential, and their ability to reproducibly 99 
form sizeable tumors when subcutaneously implanted into immune-compromised NOD.Cg-100 
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice at limiting dilution cell frequencies (Fig. 1b-d).  101 

From each of these parental TS cells, two types of corresponding isogenic cell lines 102 
were derived. Firstly, adherent (Adh; Adh10 and Adh32) cells were generated by continual 103 
passage in serum-containing media, thus causing them to lose CD166 expression – a cell 104 
surface marker previously shown to be enriched in tumor-initiating populations 105 
(Supplementary Fig. 1a)29. Secondly, stable GLDC-knockdown lines were generated using 106 
shRNA hairpin against GLDC (GLDC-KD; GLDC10 and GLDC32) and grown in parental TS 107 
media conditions29; both the Adh and GLDC-KD cells were dramatically less tumorigenic 108 
than parental TS, forming very few colonies in soft agar and very small tumors in NSG mice 109 
(Fig. 1b,c). Limiting dilution assays also demonstrated at least a 40-fold decrease in TIC 110 
frequency in the Adh and GLDC-KD lines compared to the parental TS cells, with a complete 111 
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abrogation of tumor-initiation ability when 10,000 cells were xenografted (Fig. 1d).  112 
Importantly, in vitro proliferation rates of these isogenic cells lines do not correlate with 113 
tumor-initiation potential (Supplementary Fig. 1b). Adh cells, in fact, grew faster than both 114 
the TS and GLDC-KD cells, underscoring the decoupling of cell proliferation in vitro with 115 
tumorigenicity. Thus, TS cells are greatly enriched for TICs, whereas Adh and GLDC-KD cells 116 
are largely composed of differentiated cancer cells with high proliferative capacity but 117 
limited tumorigenic potential. 118 

To determine whether specific metabolites are differentially produced or utilized by 119 
TICs compared to differentiated cells, we performed an unbiased LC/MS-based 120 
metabolomic analysis with the three isogenic lines (TS, Adh and GLDC-KD) derived from 121 
TS32 (Fig. 1e and Supplementary Table 1). We found distinct alterations in metabolite 122 
abundances across the three cell derivatives, with the most pronounced differences 123 
between TS and Adh cells (Fig. 1e). Glycolytic intermediates were enriched in Adh, relative 124 
to TS and GLDC-KD cells, attributable to their higher rates of proliferation, thereby 125 
demonstrating the Warburg effect in Adh cells (Supplementary Fig. 1b). Lactate levels were 126 
lower in GLDC-KD cells, when compared to Adh and TS cells, consistent with our previous 127 
study29.  128 

From the global metabolomic analysis, three classes of metabolites stood out: 1) 129 
nucleotide intermediates, which are derived from serine-glycine and one-carbon pathway 130 
activity in TS cells and abrogated by GLDC knockdown3,29; 2) branched chain and aromatic 131 
amino acids; and 3) metabolites related to the methionine cycle (Fig. 1e). We chose to focus 132 
on the methionine cycle and its associated downstream glutathione synthesis pathway for 133 
two reasons. Firstly, it represents a highly defined metabolic module in which the key 134 
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metabolites such as methionine, SAM, SAH, glutathione and glutamine were strongly 135 
enriched (Fig. 1f-h). Secondly, the contribution of the methionine cycle to tumor initiation 136 
has not been previously established.  137 

The methionine cycle is composed of two main steps (Fig. 1f). In the first step, 138 
methionine adenosyltransferase II alpha (MAT2A) consumes methionine and ATP to 139 
generate S-adenosyl methionine (SAM), which is the universal methyl group donor in cells. 140 
S-adenosyl homocysteine (SAH) is produced as a by-product of methylation reactions. The 141 
second step regenerates methionine via the reversible conversion of SAH to homocysteine 142 
by the SAH-hydrolase, SAHH. Methionine is subsequently resynthesized from homocysteine 143 
by using methyl-tetrahydrofolate (CH3-THF) as a methyl donor; this is catalyzed by 144 
methionine synthase (MTR). Homocysteine can also exit the cycle by conversion into 145 
cysteine and finally to glutathione through a series of trans-sulfuration reactions. Of note, 146 
the serine-glycine pathway feeds into the methionine cycle through production of 1-carbon 147 
methylene-tetrahydrofolate (CH2-THF) metabolites that are catalyzed by GLDC and SHMT2; 148 
they are then reduced by MTHFR to CH3-THF for methionine regeneration. 149 

In Adh and GLDC-KD cells, methionine and SAH were consistently depleted. This 150 
provided the first indication that decreases in methionine cycle activity and cellular trans-151 
methylation were associated with the lack of tumor-initiating capabilities in differentiated 152 
cells (Fig. 1g). To reinforce the central importance of the methionine cycle in TICs, the 153 
expression of metabolic enzymes acting downstream of GLDC was examined in both sets of 154 
patient-derived cells. Protein levels of GLDC, SHMT2 and MTHFR were much higher in TS 155 
cells compared to Adh cells, while MTHFR levels were higher in Control knockdown TS cells 156 
when compared to GLDC-KD cells (Fig. 1i). Both results are consistent with the previous 157 
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observations that there is a higher flux from the one-carbon pathway into the methionine 158 
cycle in TICs. Interestingly, there was no significant change in SAM levels in GLDC-KD cells 159 
compared to TS cells, despite their decreased methionine levels (Fig. 1g). This may best be 160 
explained by decreased rate of cellular transmethylation reactions leading to decreased 161 
consumption of SAM and the supporting evidence of lower levels of SAH production. While 162 
a decreased level of SAH may be the result of an increased SAH consumption from 163 
glutathione synthesis in Adh and GLDC-KD cells, there was no such evidence because 164 
glutathione levels were similarly decreased in Adh and GLDC-KD cells (Fig. 1h). To confirm 165 
that decreased SAH levels between TICs and differentiated cells were due to reduced rates 166 
of transmethylation, we examined the abundance of methylated histones, which are the 167 
most abundant end-products of cellular methylation reactions. Compared to TS cells, the 168 
majority of methylated histone modification marks were greatly downregulated in both Adh 169 
and GLDC-KD cells (Fig. 1j). The abundances of methylated histones in Adh and TS cells were 170 
also insensitive to alterations in cell culture conditions as TS cells grown transiently in Adh 171 
media and vice versa did not alter their levels (Supplementary Fig. 1c). Thus, elevations in 172 
methionine levels and methionine cycle activities resulting in increased transmethylation 173 
reactions in TS cells suggest that increased methionine cycle flux may be a metabolic 174 
dependency of TICs but not their differentiated counterparts. 175 
Methionine is an indispensable metabolic substrate for lung tumor-initiating cells 176 

To assess the specific importance of methionine and other methylation-associated 177 
metabolites in TS cells, we examined their role in conferring these cells with tumor-initiating 178 
capabilities. We first assessed the requirement for methionine by TS cells using a transient 179 
48h starvation protocol because the general lethality associated with long-term (i.e., more 180 
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than 7 days) methionine depletion could confound our conclusions (Fig. 2a)31,32. In addition, 181 
given the role of transmethylation reactions in regulating gene expression at the epigenetic 182 
level, we sought to determine if short-term, transient changes in methionine cycle activity 183 
and cellular methylation were sufficient to induce longer term changes in TS cell 184 
tumorigenic capabilities. Following 48h starvation, we immediately assessed its functional 185 
impact on cells in downstream assays performed under complete nutrient conditions. 186 
 As expected, 48h methionine starvation reduced methionine cycle activity. This was 187 
demonstrated by a dramatic decrease (~30 fold) in SAM levels and a slight decrease in SAH 188 
levels (Fig. 2b). This was accompanied by an overall decrease in histone methylation (Fig. 2c) 189 
in methionine-starved cells relative to those maintained under complete nutrient condition. 190 
To test the functional impact of short-term methionine starvation, TS cells were assayed for 191 
their colony-forming ability in vitro and their in vivo tumorigenic potential when xenografted 192 
into NSG mice (Fig. 2d and Supplementary Fig. 2a). Surprisingly, TS cells that were 193 
transiently deprived of methionine did not regain their colony-forming abilities despite 194 
being returned to non-starvation conditions during soft agar assays. More strikingly, their in 195 
vivo tumor-forming ability was severely diminished as evidenced by a dramatic decrease in 196 
tumor load of 94% (Fig. 2d). Their tumor-initiating ability was likewise severely impacted 197 
when they were xenografted into NSG mice at limiting dilution cell frequencies (Fig. 2e). 198 
Remarkably, a shorter-term (24h) starvation of TS cells was sufficient to disrupt their 199 
tumorigenic potential, further underscoring their absolute dependency on methionine as a 200 
key substrate for tumor-initiation (Supplementary Fig. 2b).   201 
 Methionine is an essential amino acid. Hence, even short-term starvation may result 202 
in a general loss of cell viability that may be unrelated to tumor-initiation potential. To 203 
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address this possibility, we transiently starved TS cells of other essential amino acids that 204 
include threonine, leucine or tryptophan, in a manner similar to methionine, prior to 205 
xenografting into NSG mice (Fig. 2f). Leucine and tryptophan were selected because they 206 
were enriched in TS cells (Fig. 1e), whereas threonine was previously documented to be 207 
important in influencing SAM levels in embryonic stem cells30. Transient starvation of these 208 
essential amino acids did not severely cripple their tumorigenic ability, as the resultant 209 
tumor masses were only modestly reduced (on average, 16.4% reduction) when compared 210 
to cells cultured in complete nutrient medium, underscoring the strict dependency of TICs 211 
on methionine, but not other essential amino acids. Furthermore, these essential amino 212 
acid-starved cells remained viable as they regained proliferation when returned to complete 213 
media (Supplementary Fig. 2c). 214 

To further confirm that the defects in colony- and tumor-forming abilities were 215 
attributed to a loss of methionine cycle activity, and not a general loss of viability or 216 
translation inhibition, we tried to rescue methionine-starved cells through three approaches 217 
(Fig. 2g,h). First, we supplemented methionine starvation media with 250 µM homocysteine 218 
to determine if TS cells could utilize homocysteine to regenerate methionine. Second, we 219 
supplemented 500 µM SAM into methionine starvation media to directly bypass the 220 
requirement for methionine for methylation. Third, we recovered methionine starved TS 221 
cells for 48h in complete medium before functional assessment. 222 

To dissect changes to the methionine cycle activity under these three rescue 223 
conditions, we first analyzed cellular histone methylation (Fig. 2g). When methionine-224 
starved TS cells were supplemented with SAM or allowed to recover for 48h in complete 225 
medium, histone methylation was restored. Homocysteine supplementation, however, 226 
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failed to rescue the effects of methionine starvation, indicating that TS cells require 227 
exogenous methionine to produce SAM for histone methylation (Fig. 2g). Similar to changes 228 
in methylation, colony- and tumor-forming capabilities under methionine starvation 229 
conditions were rescued when SAM was supplemented or when cells were allowed to 230 
recover for 48h in complete medium (Fig. 2h and Supplementary Fig. 2d). Interestingly, the 231 
extent of rescue when cells were recovered for 48h was not as dramatic as SAM 232 
supplementation. This suggests that transient depletion of methionine can impact the 233 
tumorigenic capability of TICs, presumably, by imposing long-term epigenetic alterations. 234 
These alterations can be averted by concurrent supplementation with SAM (Fig. 2h). 235 
 As a comparison, TS cells were starved of glutamine or both serine and glycine in the 236 
same manner to compare the relative importance of methionine in TICs to other known 237 
cancer-associated amino acids. Of particular interest, glutamine level was also found to be 238 
most abundant in TS cells, relative to Adh and GLDC KD cells (Fig. 1h). Short-term glutamine 239 
starvation increased cellular histone methylation as a result of a decrease in α-240 
ketoglutarate/succinate ratio (Supplementary Fig. 2e)33, while combined serine and glycine 241 
starvation had no impact on bulk histone methylation levels (Fig. 2c). Surprisingly, glutamine 242 
or combined serine and glycine starved TS cells were only mildly hampered in their ability to 243 
form colonies in soft agar (Supplementary Fig. 2a) and tumors in NSG mice, indicating they 244 
are, at least, transiently dispensable for TIC function (Fig. 2d). To exclude the possibility that 245 
transient amino acid starvation led to the loss of cell viability, we analyzed for apoptosis and 246 
did not find any large increase in the proportion of early apoptotic cells (Annexin-5 positive, 247 
Propidium Iodide negative) at 48h (Fig. 2i). There was a slight increase (~2%) in the number 248 
of apoptotic cells starved of methionine but the overall proportion remained lower than 249 
glutamine or serine and glycine starvation (Fig. 2i). Returning cells that were starved under 250 
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these conditions to complete media also led to a recovery of proliferation (Supplementary 251 
Fig. 2f), indicating that they remain viable after transient starvation. Contrary to previous 252 
reports, methionine starvation did not lead to a block at the G2/M boundary 253 
(Supplementary Fig. 2g)34,35.  254 
 We further tested whether the viability of cells were affected during the rescue 255 
conditions to ensure we were not subjecting non-viable cells to downstream assays. 256 
Consistent with the TS cell starvation studies, the viability of cells in all three rescue 257 
conditions did not seem to be severely impacted. We observed a slight increase in apoptosis 258 
under the 48h recovery condition, but proliferation rates were partially restored 259 
(Supplementary Fig. 2h,i). These findings reinforced our observation that loss of tumor-260 
forming capability in TICs was likely not the result of apoptosis or cell cycle arrest of viable 261 
cells, but mediated directly through the inhibition of methionine cycle activity.  262 

Our data, thus far, implicated methionine cycle and SAM production as key 263 
determinants in maintaining TIC function, and further highlighting the involvement of an 264 
epigenetic program that may be crucial for conferring tumorigenicity to TICs. 265 
 Dependency on methionine cycle flux and SAM leads to the addiction of tumor-266 
initiating cells to methionine 267 
 The failure of exogenous homocysteine to rescue methionine starvation in lung TS 268 
cells could indicate that de novo synthesis of methionine was insufficient to meet demands 269 
for methionine and SAM utilization. To trace the rate of methionine production and 270 
consumption, we first performed short-term pulse-chase experiments using carbon-13 (13C) 271 
labeled methionine, followed by LC/MS detection and quantification (Fig. 3a). TS cells were 272 
initially starved of methionine for 16h, followed by the addition of 13C-methionine (Fig. 3b; 273 
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top). Labeled metabolites produced were tracked by LC/MS at various time points 274 
thereafter. Shortly after 13C-methionine was added, 13C-labelled methionine and 275 
metabolites of the derivative methionine cycle were rapidly detected in TS cells and reached 276 
steady state within five minutes (Fig. 3b). Interestingly, across multiple time-points, 277 
abundances of regenerated methionine and remethylated SAM (both of which have one less 278 
single 13C atom) remained comparatively low (Fig. 3b; green plot). Since it may be possible 279 
that starvation prior to pulse-chase may cause cellular stress and affect the steady state of 280 
methionine metabolism, we repeated the pulse-chase in complete nutrient condition 281 
(Supplementary Fig. 3a). Consistent with previous observations, labeled methionine levels 282 
reached steady state rapidly, and exogeneous methionine was exclusively utilized for SAM 283 
production. Taken together, de novo methionine regeneration rate utilizing recycled 284 
homocysteine was not sufficient to keep up with the rate of methionine consumption 285 
needed by TS cells to produce SAM for homeostasis, thereby resulting in a dependency to 286 
exogenously supplied methionine.  287 
 To further support the notion that lung TICs depend on exogenous methionine, we 288 
sought to investigate the basis by which TS cells could not utilize homocysteine as a 289 
methionine substitute. As a comparison, we included NIH 3T3 cells because they were able 290 
to utilize homocysteine and grow in methionine starvation conditions despite lower relative 291 
abundances of all methionine cycle enzymes (Fig. 3c and Supplementary Fig. 3b). Using 292 
deuterium-labeled homocysteine in pulse-chase experiments (Fig. 3d), we observed 293 
abundances of deuterated homocysteine and methionine in TS and NIH 3T3 cells to be 294 
comparable at steady state, pointing to comparable rates of homocysteine import and 295 
methionine regeneration into both cell types (Fig. 3e, top panel). However in striking 296 
contrast to NIH 3T3 cells, deuterated SAM was not detected in TS cells (Fig. 3e, bottom-left), 297 
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suggesting that SAM was rapidly consumed in TS cells. This is supported by the observation 298 
that deuterated SAH, the product of cellular methylation reactions, was produced at higher 299 
levels in TS cells compared to NIH 3T3 cells (Fig. 3e; bottom-right). This, despite low 300 
amounts of deuterated SAM that were detected from homocysteine in TS cells, clearly 301 
points to a prodigiously high rate of methylation reactions in TS cells that can account for 302 
the rapid consumption of both deuterated methionine and SAM. Consistent with these 303 
observations, we found a higher abundance of methylated histones in TS cells compared to 304 
NIH 3T3 cells under non-starvation conditions (Supplementary Fig. 3c). Hence, a 305 
combination of high methionine and SAM consumption rates in TS cells has led to 306 
exogenous methionine dependency. 307 
 308 
Contribution of the one-carbon pathway to the methionine cycle 309 

TICs depend on the methionine cycle, which lies downstream of the one-carbon 310 
pathway. We previously demonstrated that GLDC, a key rate-limiting step controlling serine-311 
glycine metabolism, was crucial for TIC function, but its contribution towards the 312 
methionine cycle has not been addressed29. Here, we found that TICs, which were depleted 313 
of GLDC (GLDC KD), had decreased methionine regeneration and methylated histone levels 314 
(Fig. 1g,j). This led us to dissect the biochemical interactions between the methionine cycle 315 
and the one-carbon metabolism pathway, since methyl-THF units generated by MTHFR are 316 
used to regenerate methionine from homocysteine (Fig. 1f). We first evaluated the 317 
contributions of the methionine cycle in GLDC KD cells by supplementation with SAM for 48 318 
hours to rescue cellular methylation prior to xenografting into NSG mice (Fig. 4a). This led to 319 
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the reestablishment of histone methylation, at least transiently, in GLDC KD cells and an 320 
incomplete rescue of their tumorigenic potential (Fig. 4a,b). 321 

Interestingly, we also observed a recovery of MTHFR abundance in SAM 322 
supplemented cells (Fig. 4c). Since MTHFR lie downstream of serine-glycine metabolism, 323 
and GLDC KD led to MTHFR downregulation, we reasoned that its reactivation could, to 324 
some extent, rescue the phenotype of GLDC KD TICs (Fig. 1b-d). Overexpression of MTHFR 325 
in GLDC KD cells, indeed, led to a partial rescue of histone methylation levels and their 326 
tumorigenicity (~55%) (Fig. 4d,e). Conversely, depleting MTHFR by shRNA led to large 327 
decreases in histone methylation, soft agar colony- and tumor-forming capabilities (Fig. 4f,g; 328 
Supplementary Fig. 4a). Taken together, these data indicate that the one-carbon pathway, 329 
acting through MTHFR, plays a contributory role in controlling the flux of methyl-THF units 330 
into the methionine cycle. Since reactivation of the methionine cycle could only partially 331 
rescue the GLDC KD phenotype, it suggests that one-carbon flux contributes towards 332 
tumorigenesis through the production of other cellular metabolites such as NADPH, as well 333 
(see Discussion).     334 

Because SAM is consumed at an exceedingly high rate in TS cells and is generated 335 
from exogenous methionine in a rate-limiting reaction by the enzyme MAT2A, we reasoned 336 
MAT2A could be a potential therapeutic target. To assess the contribution of MAT2A in 337 
conferring tumorigenic capabilities to TICs, we knocked down MAT2A in TS cells 338 
(Supplementary Fig. 4a). As expected, loss of MAT2A led to a dramatic reduction in histone 339 
methylation (Fig. 4f). MAT2A knockdown TS cells also exhibited impaired soft agar colony- 340 
and tumor-forming capabilities when xenografted into NSG mice, phenocopying methionine 341 
starvation and GLDC knockdown phenotypes shown earlier (Fig. 4g). In contrast, knockdown 342 
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of MAT2A had little or no effect on the proliferation of differentiated Adh or NIH 3T3 cells, 343 
underscoring its functional specificity in tumor-initiating TS cells and as a therapeutically 344 
useful drug target in lung cancer (Supplementary Fig. 4b,c).   345 

To establish the clinical relevance of MAT2A and MTHFR expression in lung 346 
adenocarcinoma, we assessed MAT2A and MTHFR protein abundance in a panel of patient 347 
lung adenocarcinoma tumors to determine its association with cancer progression (Fig. 4h,i). 348 
Not surprisingly, both proteins were overexpressed in the majority of human lung tumors, 349 
but not in normal lung tissues. We further determined whether TICs differed from normal 350 
lung stem cells in MAT2A expression using the CD166 surface marker expression that was 351 
previously found enriched in both stem cell types36. Interestingly, CD166+ cells isolated from 352 
a human tumor expressed MAT2A that was absent from the corresponding counterparts 353 
found in normal lung tissues (Supplementary Fig. 4d).  354 
Small molecule perturbation of the methionine cycle impacts the tumorigenicity of TICs 355 

To evaluate the methionine cycle as a therapeutic target in lung TICs, we employed 356 
small molecule inhibitors that target enzymes within this pathway, mimicking the effects of 357 
short-term methionine starvation (Fig. 5a). We tested two inhibitors known to perturb 358 
methionine cycle activity and cellular methylation levels: 1) MAT2A inhibitor, FIDAS537; and 359 
2) SAHH inhibitor, D9, which is an analog of DZNep38-40. In a manner similar to amino acid 360 
starvation studies, TS cells were exposed transiently to the compounds for 48h in culture 361 
and were immediately used for downstream tumorigenesis assays. 362 
 Following the treatment of cells with each of these inhibitors, we validated their 363 
mode of action through LC/MS analyses (Fig. 5b). Inhibition by D9 led to an accumulation of 364 
intracellular SAH levels (~30 fold), resulting in the competitive inhibition of all SAM-365 
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dependent methylation reactions. FIDAS5, however, strongly reduced intracellular levels of 366 
SAM and SAH (~ 10 fold) in TS cells, and more potently inhibited methionine cycle activity 367 
(Fig. 5c). Exposure of TS cells transiently to D9 did not result in dramatic overall changes to 368 
histone methylation levels (Fig. 5d), but surprisingly, colony- and tumor-forming abilities 369 
were partially hampered (Fig. 5e). FIDAS5 treatment, interestingly, resulted in complete 370 
ablation of all histone methylation marks analyzed in TS cells (Fig. 5d). Associated colony- 371 
and tumor-forming capabilities were severely diminished (Fig. 5f). In contrast, NIH 3T3 and 372 
Adh cells, which were far less dependent on methionine, did not demonstrate reduction in 373 
histone methylation marks upon FIDAS5 treatment (Fig. 5d, middle and right). This was 374 
because there was no measurable turnover of histones and in particular, methylated 375 
histones, over 8h in NIH 3T3 and Adh cells, as compared to a much higher turnover rate in 376 
TS cells (Fig. 5g).  377 

To exclude the possibility of general cytotoxicity by these inhibitors in TS cells, the 378 
transient exposure to D9 or FIDAS5, to a large extent, did not negatively impact their long-379 
term proliferation ability or trigger apoptosis (Supplementary Fig. 5a-c). Longer term 380 
exposure of TS cells to FIDAS5 for six days prior to returning them to medium without 381 
FIDAS5, however, completely ablated their growth capacity, as expected (Supplementary 382 
Fig. 5d)37. Adh and non-neoplastic cell lines, however, were far less affected, thus 383 
highlighting the therapeutic potential of FIDAS5 or related molecules (Supplementary Fig. 384 
5e). Since FIDAS5 treatment reduced SAM necessary for methylation activity and TIC 385 
function, we reasoned that the addition of exogenous SAM could bypass MAT2A inhibition. 386 
Supplementation of TS cells with 500 µM SAM in the presence FIDAS5 treatment rescued, to 387 
a large extent, histone methylation, as well as colony- and tumor- formation capabilities (Fig. 388 
5d,f).  389 
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 Since FIDAS5 appeared to more specifically disrupt the methionine cycle and inhibit 390 
cellular methylation activities compared to D9, we sought to test whether its systemic 391 
delivery could impact the tumorigenic potential of TS cells. These highly tumorigenic cells 392 
were first subcutaneously implanted into NSG mice and FIDAS5 (40 mg/kg) or corn oil 393 
carrier was immediately administered via intraperitoneal injection for three consecutive 394 
days. After 6 weeks, mice transiently treated with FIDAS5 produced tumors that were much 395 
smaller than carrier-treated controls. To exclude the possibility of general cytotoxicity 396 
associated with the inhibitor on TS cells, we treated TS cell-implanted NSG mice with 397 
cisplatin (4 mg/kg), a frontline chemotherapeutic agent that broadly target bulk cancer cells 398 
in NSCLC tumors, in the same manner (Fig. 5h). Cisplatin, however, was unable to halt 399 
tumor growth, strongly underscoring the resistance of TICs to chemotherapy. To determine 400 
whether FIDAS5 treatment could disrupt the growth of patient-derived lung tumor 401 
xenografts, we treated NSG mice bearing two different PDX lines with FIDAS5 (40 mg/kg) for 402 
three days immediately after implantation (Fig. 5i). The xenograft tumors which formed 403 
after six weeks were at least 6-fold smaller in the FIDAS5-treated relative to sham-treated 404 
mice (Fig. 5i). The response of the lung PDX to FIDAS5 could, in part, be attributed to its 405 
strong expression of MAT2A (Supplementary Fig. 4d). Taken together, transient treatment 406 
with methionine cycle inhibitors, but not chemotherapy, may be sufficient to impact the 407 
growth of tumors that is driven by TICs and highlights the need to explore the use of 408 
metabolic enzyme inhibitors as a part of cancer treatment.  409 
Discussion 410 

An emerging hallmark of cancer is the alteration of cellular metabolism that supports 411 
cancer cell proliferation and tumor growth41-43. Proliferating cancer cells depend heavily on 412 
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glycolytic intermediates to generate carbon backbones and reducing equivalents, which are 413 
further used to produce building blocks for biosynthesis and stress adaptation6,44. Despite 414 
their prodigious rate of glucose consumption, certain exogenous amino acids are also 415 
required to supplement their growth. For instance, glutamine is hydrolyzed to replenish 416 
depleted TCA cycle intermediates in cancer cells for energy production and 417 
biosynthesis7,45,46. Exogenous serine and glycine also appear crucial for cancer cell 418 
proliferation, although they can be synthesized de novo from glycolytic intermediates4,47. 419 
They are consumed for nucleotide synthesis either by direct incorporation into purines or 420 
driving the folate cycle3,48. Notwithstanding, these metabolic requirements, which are 421 
adopted by tumor cells, and often, driven by genetic alterations, are also necessary for 422 
normal proliferating cells to varying extents4,49. This raises the challenge of targeting 423 
metabolic vulnerabilities exclusive to cancer cells, while leaving bystander normal cells 424 
relatively unperturbed50. 425 

In contrast, the dependence of neoplastic cells on exogenous methionine, which has 426 
thus far been largely overlooked, appears specific to transformed cells. The notion of 427 
methionine auxotrophy describes that under methionine starvation conditions, transformed 428 
cells were defective at utilizing homocysteine as a methionine substitute for growth 429 
whereas untransformed fibroblasts were able to proliferate in homocysteine supplemented 430 
medium34,51-53. Since tumor cell heterogeneity has only been more recently elucidated, a 431 
pertinent question is whether cancer cell subpopulations may have different requirements 432 
for methionine and how that may impact their behavior25,26. Here, we demonstrate for the 433 
first time that more than just influencing proliferation, methionine consumption via a 434 
greatly increased flux into the methionine cycle is critical for driving tumorigenesis of TICs in 435 
lung cancer. While both TICs and their differentiated counterparts depend on exogenous 436 
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methionine for long-term survival, short-term starvation of methionine, but not other 437 
amino acids, leads to dramatic disruption of tumor-initiating ability, largely attributable to a 438 
blockade in cellular methylation in TICs. In contrast to their previously characterized roles as 439 
oncometabolites in cancer cell proliferation, short-term starvation of glutamine or serine 440 
and glycine did not impact methionine cycle flux or tumor formation ability. This 441 
underscores the less-appreciated influence of methionine cycle flux on epigenetic programs 442 
that are associated with tumor initiation.  443 

Prolonged methionine starvation in immunocompromised mice could reduce tumor 444 
load but it was eventually lethal67. Here, we demonstrated transient methionine depletion 445 
could produce long-term disruption of TIC function and highlight methionine cycle inhibition 446 
as a TIC-targeting strategy. As proof of principle, transient methionine starvation or small 447 
molecule inhibition with FIDAS5 could dramatically alter the tumorigenicity of TIC, while 448 
having little impact on differentiated cancer. This highlights the therapeutic potential of 449 
targeting TIC vulnerability through disruption of the methionine cycle. More broadly, we 450 
also observed MAT2A expression to be significantly higher in other cancers than their 451 
corresponding normal tissues (Supplementary Fig. 5f). Among cancer cell lines representing 452 
a variety of cancers, they can be classified as having either high or low MAT2A expression 453 
(Supplementary Fig. 5g). To test the functional consequence of MAT2A expression, we 454 
found those expressing high MAT2A to be dramatically hampered in their growth upon 455 
FIDAS5 treatment, whereas those that express low MAT2A were largely insensitive, thus 456 
implicating MAT2A and the methionine cycle in other cancers (Supplementary Fig. 5h).  457 
Nonetheless, we note the current lack of clinically viable agents which can directly inhibit 458 
the methionine cycle, and the value of developing them.  459 
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The metabolic basis of methionine dependency was previously unclear. Earlier 460 
studies attempting to address this were confounded by the relatively longer time frame 461 
(~48 hours) required for radioactive label-transfer experiments, in contrast to the 462 
exceedingly rapid rates of methionine consumption and regeneration in cells54,55. Using a 463 
LC/MS-based isotopomer method that is highly sensitive for metabolite tracking and 464 
detection, we now showed methionine dependency to be a direct consequence of high 465 
methionine and SAM consumption rates and not due to a defect in homocysteine 466 
remethylation. Because of the surprisingly high rates of methionine consumption unique to 467 
lung TICs, de novo synthesis from homocysteine cannot meet demands for sustaining SAM 468 
synthesis, thus creating an addiction to exogenous methionine. This addiction seems to be a 469 
result of unusually fast turnover of methylated histones that was only observed in TICs (Fig. 470 
5g). Potentially, this implies that there is a viable therapeutic window for transient targeting 471 
of TICs in combination with standard-of-care chemotherapy. In agreement, MAT2A 472 
knockdown seems only to affect the viability of TICs and not other differentiated or non-473 
neoplastic lines despite comparable expression of MAT2A .   474 

One-carbon flux supplies MTHFR-generated methyl-THF units required for 475 
methionine remethylation, and thereby contributes, in part, towards the regulation the 476 
methionine cycle. Indeed, GLDC knockdown led to a downregulation of MTHFR expression, 477 
and MTHFR knockdown similarly resulted in a loss of tumorigenicity. It has been 478 
demonstrated that perturbation of methionine remethylation, in this case, GLDC-479 
knockdown, would cause the accumulation of SAH, eventually inhibiting SAM-driven 480 
methylation reactions as excess SAH binds competitively to methyltransferases56. This 481 
underscores the role of methionine remethylation as the primary mechanism for clearing 482 
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homocysteine from cells, and explains the chronic accumulation and underutilization of 483 
SAM in GLDC KD cells (Fig. 1g).  484 

Sustained MTHFR expression in GLDC KD cells could partially restore the 485 
tumorigenicity of GLDC KD cells, once again underlining the importance of MTHFR-driven 486 
flux in TICs and histone methylation. Indeed, MTHFR was previously demonstrated to play a 487 
key role in regulating the methionine cycle. In particular, somatic MTHFR hypomorphic 488 
mutations were also previously shown to decrease methionine cycle flux and 489 
transmethylation57-61. However, the inability of MTHFR re-expression to fully restore the 490 
tumorigenicity of GLDC KD cells suggests that other branches of the one-carbon pathway 491 
might contribute to this phenotype. Of relevance, decreased one-carbon flux leading to a 492 
reduced capability to produce NAPDH units for maintaining redox balance might also 493 
contribute to the loss of tumorigenicity in GLDC KD cells, since oxidative stress can act as a 494 
barrier to tumor re-initiation62-66.    495 

A remaining question is the manner by which global inhibition of cellular methylation 496 
– in this case, of histones – has a distinct effect on the tumorigenicity of TICs but not the 497 
proliferation of differentiated cells. The precise mechanism by which methylated histones 498 
control gene expression patterns at the genome scale level is unclear. Of note, another 499 
study has demonstrated that bulk histone, but not DNA, methylation appears to be crucial 500 
for driving epithelial-mesenchymal transition and invasive behavior of cancer cells68. This 501 
suggests that despite the potentially widespread impact of methionine cycle inhibition, only 502 
a subset of methylation events might be critical for TIC tumorigenic properties. Subsequent 503 
efforts should focus on elucidating the suite of downstream transcriptional and proteomic 504 
targets of the methionine cycle. Taken together, our data demonstrate functional 505 
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subpopulations of carcinoma cells within a tumor have different metabolic dependencies 506 
that impinge on their epigenetic states, and highlight the need to understand cellular 507 
metabolism in the context of tumor heterogeneity69,70.  508 
  509 



 24

METHODS  510 
 511 
Tissue culture. Two tumor sphere (TS) lines independently derived from two patients, and 512 
TS GLDC KD lines were maintained in DMEM/F12 (US Biomedical) supplemented with 513 
4mg/ml Bovine Serum Albumin (Sigma), Non-essential animo acids, sodium pyruvate (Life 514 
Technologies), 20ng/ml Epidermal Growth Factor, 4 ng/ml bovine Fibroblast Growth Factor 515 
and Insulin –Transferrin Selenium  (Sigma). TS-derived adherent (Adh) and NIH 3T3 lines 516 
were maintained in the same media as above without EGF, bFGF, ITS and BSA, but instead 517 
supplemented with 10% fetal bovine serum. Glutamine, methionine, serine-glycine, leucine, 518 
tryptophan and threonine starvation media were generated from DMEM/F12 powder (US 519 
Biomedical) lacking the corresponding metabolites.  520 
Inhibitors. Cis-platinum (cis-Diammineplatinum(II) dichloride) was purchased from Sigma, 521 
FIDAS-5 from Merck Millipore and D9 was provided by Qiang Yu. 522 
Immunohistochemistry analysis. IHC staining for the lung cancer tissue tumor microarray 523 
was performed by Singhealth Advanced Molecular Pathology Laboratory at Singapore 524 
General Hospital. 525 
Tumor implantation and collection. 5x105  single cells were mixed in a 1:1 mixture of serum 526 
free DMEM/F12 and Matrigel (BD) and injected subcutaneously into the flanks of 4-6 week 527 
old NOD.Cg-Prkdcscid  Il2rgtm1wjl SzJ (Jackson Laboratories). About 6 weeks later, or when 528 
tumor sizes exceed 2 cm in length, mice were sacrificed and tumors harvested for analysis. 529 
All animal experiments were approved by the Agency for Science Technology and Research 530 
Singapore – Biological Resource Centre IACUC. 531 
Cell proliferation assays. Cells were seeded into 96-well plates at a density of 2,000 cells/ 532 
well for TS cells and 500 cells/ well for Adh cells. The relative number of viable cells was 533 
determined by the quantification of ATP using the CellTiter-Glo Luminescent Cell Viability 534 
Assay (Promega) system.  535 
Soft agar colony formation. 2.5 ml lower layer of 0.7% agar in complete DMEM/F12 with 536 
10% fetal bovine serum was placed in 3 wells of a 6 well dish, and permitted to solidify. 537 
2x104 Cells (for 3 wells) were then suspended in a 2 ml layer of 0.35% agar in complete 538 
DMEM/F12 with 10% fetal bovine serum and layered on top of the bottom layer. Colonies 539 
were stained with crystal violet and counted after approximately 2 months. 540 
Apoptosis assay. 106 cells were stained with FITC Annexin V and PI, and analysed for 541 
apoptosis by flow cytometry using an LSRII Cell Analyzer (BD) as per reccomendations.  542 
Cell cycle analysis. Cell cycle analysis was performed using the BD Pharmingen BrdU FITC 543 
Flow kit as per recommendations. 544 
Metabolomic analyses. The following reagents and materials were purchased from the 545 
indicated sources. Optima grade methanol: Fisher Scientific (Loughborough, UK); de-ionized 546 
water (18.2mΩ): Sartorius (Göttingen, Germany); Tricine salt, sodium chloride: Sigma-547 
Aldrich (St Louis, MO); Acetonitrile, chloroform, formic acid: Merck (Whitehouse Station, 548 
NJ); Isotopic standards (Homocysteine; Glutamine; S-adenosylmethionine; Methionine; S-549 
adenosylhomocysteine; Spermine; Glutathionine; Cystathionine; α-ketobutyrate; ): Sigma-550 
Aldrich (St Louis, MO); Glutathione disulphide: Acros Organics (Pittsburgh, PA); Labelled 551 
isotopic standards (Cytidine 15N3; Glutamic acid 13C5 

15N; Hypoxanthine 13C5 15N4; 552 
Phenylalanine 13C9 15N; Tryptophan 13C11 15N2; Tyrosine 13C9 15N;  Homocysteine 2D4): 553 
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Cambridge Isotope Laboratories, Inc. (Tewksbury, MA); (Anthranilic Acid 13C6; Hippuric Acid 554 
D6;  Methionine 13C5

15N1): Sigma-Aldrich (St Louis, MO). The D- 13C- and 15N labelled isotopic 555 
standards constitute the polar metabolites reference standard mixture. Isotopic labeled 556 
Methionine 13C5 

15N was purchased from Sigma; Homocysteine 2D4 was purchased from 557 
Cambridge Isotope Laboratories. 558 
Sample preparation of cell lysate for metabolomic analyses. For suspension cell culture, 10 559 
million cells per sample were obtained and quenched with 4 volumes of ice-cold 150 mM 560 
sodium chloride solution. The cell pellets were collected by centrifugation of the quenched 561 
samples at 3000g for 5 min at 4oC and the supernatant was aspirated and discarded. For 562 
adherent cell culture, the media was gently aspirated and the cells on the surfaces of the 563 
well plates were gently washed with ice-cold 150 mM sodium chloride solution thrice. Ice-564 
cold sodium chloride was added to the plate and a cell scraper was used to release adherent 565 
cells from the plate surface. The cell pellets were collected as described earlier and kept on 566 
ice. For pulse-chase analysis, cells that were starved with methionine for 16 h in 567 
methionine-free media were given a single treatment of labelled methionine (13C5, 15N) or 568 
labelled homocysteine (2D4). The cells were either lysed immediately as described previously 569 
or chased in the incubating media at various time points.  570 
The cell pellets were extracted using a two-phase liquid-liquid extraction protocol based on 571 
the method of Bligh and Dyer71. Briefly, methanol, chloroform and 3.8 mM tricine solution 572 
(approx. 1:1:0.5 v/v) was used to separate polar metabolites (aqueous fraction) from lipid 573 
species (organic fraction). Polar metabolites in the aqueous fraction comprising of methanol 574 
and water were collected in 2 mL Eppendorf tubes. Extracts were stored at -80oC prior to 575 
UPLC-MS analysis. The samples were dried under vacuum pressure at 4oC using a CentriVap 576 
centrifugal vacuum concentrator (Labconco, MO, USA) and reconstituted in 5% methanol-577 
water solution (v/v) prior to LC/MS analysis.  578 
UPLC-MS analysis. Untargeted LC/MS analysis of the polar metabolites was performed using 579 
an ultra-high performance liquid chromatography (UPLC) system (ACQUITY, Waters Corp, 580 
Milford, MA) interfaced with a mass spectrometer (LTQ-Orbitrap; Thermo Scientific, 581 
Bremen, Germany). Electrospray ionization (ESI) in the MS was conducted in both positive 582 
and negative modes in full scan with a mass range of 50 to 1000 m/z at a resolution of 583 
15,000. Sheath and auxiliary gas flow was set at 40 and 15 (arbitrary units) respectively, with 584 
a capillary temperature of 400°C. The ESI source and capillary voltages were 4.5kV and 40V 585 
respectively for positive ESI mode, and 2.8kV and -15V respectively for negative ESI mode. 586 
Mass calibration was performed using standard LTQ-Orbitrap calibration solution (Thermo 587 
Scientific) prior to sample injection. A pooled quality control (QC) mixture comprised of 588 
equal aliquots of all samples was run at regular intervals throughout each analytical batch. 589 
The samples were randomized for each analytical batch and triplicate injections were 590 
performed for each sample. 591 
Targeted LC/MS/MS analysis was performed using a UPLC system (ACQUITY, Waters Corp)) 592 
interfaced to a triple quadrupole mass spectrometer (Xevo TQ-S, Waters Corp). Multiple 593 
reaction monitoring (MRM) experiments were performed in both ESI positive and negative 594 
mode using elution gradient as described in Table 1. The compound-dependent MS 595 
parameters for the analytes are shown in Table 2. The source temperature and desolvation 596 
temperature were set at 150oC and 500°C respectively. The cone gas flow was 150 L/h and 597 
desolvation gas flows were 700 L/h (ESI+) and 300 L/h (ESI-). The capillary voltage was 2.90 598 
kV for the positive ESI mode and 1.0 kV for the negative ESI mode. 599 
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Table 1: Elution condition for LC/MS analysis.  600 
 Time  

(min) 
Solvent 
A (%) 

Solvent 
B1 (%) 

Solvent 
B2 (%) 

Flow rate 
(mL/min) 

Sample analysis Initial 99.9 0.1 0.400 
0.50 99.9 0.1 
8.50 50.0 50.0 
8.51 2.0 98.0
11.50 2.0 98.0 

Column wash 12.50 2.0 98.0 0.500 
15.50 2.0 98.0 

Column equilibration 16.50 99.9 0.1 0.400 
18.00 99.9 0.1   

Solvent A: 0.1% formic acid in water, Solvent B1: 0.1% formic acid in methanol and Solvent 601 
B2: 0.1% formic acid in acetonitrile. 602 
 603 
Table 2: Optimized compound-dependent MS parameters using Xevo TQ-S mass 604 
spectrometer. 605 
Analyte Parent 

ion mass 
(m/z) 

Daughter 
ion mass 
(m/z) 

Dwell time 
(s) 

Cone 
voltage 
(V) 

Collision 
Energy 
(V) 

ESI 
Mode  

Methionine 150 105 0.025 40 15 Pos 

Methionine (13C5
15N1) 156 109 0.025 40 15 Pos 

*Regenerated 
methionine from 
Homocysteine (13C4

15N1) 

155 108 0.025 40 15 Pos 

S-adenosylmethionine 399 250 0.025 62 20 Pos 

*SAM (13C5
15N1) 405 136 0.025 62 42 Pos 

*Regenerated SAM from 
Homocysteine (13C4

15N1) 
404 136 0.025 62 42 Pos 

S-adenosylhomocysteine 
 

385 134 0.025 66 33 Pos 

*SAH (13C5
15N1) 390 139 0.025 66 33 Pos

Homocysteine 136 56 0.025 15 16 Pos 

Deuterium Labelled 
Homocysteine (2D4) 

140 94 0.025 15 16 Pos 

*Methionine (2D4) 154 108 0.025 40 15 Pos 

*SAM (2D4) 404 136 0.025 62 50 Pos 

*SAH (2D4) 389 136 0.025 66 33 Pos 

Hippuric acid  185 110 0.025 30 16 Pos 
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(Internal Standard) 
  606 

The MRM transitions and the MS parameters were optimized using either analytical 607 
grade standards or intracellularly synthesized metabolites (*).  608 

All chromatographic separations were performed using an ACQUITY UPLC HSS T3 1.7 609 
µm 50 x 2.1 mm i.d. column (Waters Corp). The column and autosampler temperatures 610 
were maintained at 30oC and 4oC respectively. The elution condition is indicated in Table 1. 611 
The injection volume was 4 µL.  612 
Data pre-processing and metabolite identification. For untargeted LC/MS, the raw UPLC-613 
MS data obtained from UPLC/QToFMS was pre-processed and analyzed using an in-house 614 
software which incorporated the XCMS peak finding algorithm72. The pooled QC mixture 615 
was used for signal correction between and within each batch analysis. Samples were 616 
normalized based on their cell counts. The identities of marker metabolites were verified by 617 
comparison of their retention time and mass spectra with commercially available standards.  618 

For targeted LC/MS analysis, the chromatographic peak integration was performed 619 
using Targetlynx software (Waters Corp). In addition, for the 13C-labeled methionine pulse-620 
chase experiments, the atomic percent excess80 (APE) for each species was calculated and 621 
natural abundance corrected from an isotopomer matrix accounting for the presence of 622 
natural abundance carbons distributed throughout each possible parent/daughter ion 623 
combination (Table 3)73. 624 
Table 3: Metabolite species in 13C-labeled methionine pulse-chase experiment and the 625 
corresponding MRM transition pairs (Q1/Q3). 626 
Metabolites Q1/Q3 
Methionine Endogenous methionine 150/105 

Methionine (13C5
15N1) 156/109 

*Regenerated methionine from 
Homocysteine (13C4

15N1) 
155/108 

S-adenosylmethionine Endogenous S-adenosylmethionine 399/250 
*SAM (13C5

15N1) 405/136 
*Regenerated SAM from 
Homocysteine (13C4

15N1) 
404/136 

S-adenosylhomocysteine 
 

Endogenous S-adenosylhomocysteine 
 

385/134 

 *SAH (13C5
15N1) 390/139 

 627 
RNA interference and lentiviral transduction. Short hairpin RNAs (shRNA) were cloned into 628 
the lentiviral plasmid pLKO.1 (Addgene). 2 shRNAs each was used against GLDC, MAT2A and 629 
MTHFR. Tumor sphere lines were infected with plKO.1 lentivirus and selected in 2 µg/ml 630 
puromycin for 7 days.  631 
 632 
Sense sequences are as follows:  633 
GLDCsh1:  634 
5’-CCGGCCTGCCAACATCCGTTTGAAACTCGAGTTTCAAACGGATGTTGGCAGGTTTTTG-3’;  635 
GLDCsh2:  636 
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5’-CCGGCCACGGAAACTGCGATATTAACTCGAGTTAATATCGCAGTTTCCGTGGTTTTTG-3’;  637 
MAT2Ash1:  638 
5’CCGGAGCAGTTGTGCCTGCGAAATACTCGAGTATTTCGCAGGCACAACTGCTTTTTTG-3’,  639 
MAT2Ash2:  640 
5’-CCGGCCAGATAAGATTTGTGACCAACTCGAGTTGGTCACAAATCTTATCTGGTTTTTG-3’;  641 
MTHFRsh1:  642 
5’-CCGGATATTAGACAGGACCATTATGCTCGAGCATAATGGTCCTGTCTAATATTTTTTG-3’,  643 
MTHFRsh2:  644 
5’-CCGGAGAGTATCCAAGACGACATTCCTCGAGGAATGTCGTCTTGGATACTCTTTTTT-3’  645 
mat2ash1:  646 
5’-CCGGTTTGGAGGACGTACGTAATAACTCGAGTTATTACGTACGTCCTCCAAATTTTTG-3' 647 
mat2ash2: 648 
5'-CCGGACCGGAATGAGGAAGATATTGCTCGAGCAATATCTTCCTCATTCCGGTTTTTTG-3' 649 
Immunoblotting. 1.5 x 106   cells were lysed in Llaemli-SDS buffer and then sonicated. Total 650 
protein concentration was measured by Bradford assay. Total cell lysates were separated by 651 
SDS-PAGE and transferred onto nitrocellulose, followed by blocking in 5% (v/v) milk in Tris-652 
buffered saline in Tween 20, probing with the indicated antibodies and visualized by 653 
chemiluminescence (Roche). Primary antibodies used were anti-β-Actin, anti-GAPDH (Santa 654 
Cruz), anti-GLDC, anti-H3, anti H3(trimethyl K4), anti H3(trimethyl K27), anti-655 
H3(dimethylK36), anti-H3(trimethylK36), anti-H3(trimethylK79), anti MTHFR, anti MAT2A, 656 
anti MTR and anti-β-catenin , (all Abcam), anti-H3(trimethylK9) (Millipore). 657 
Molecular cloning. The open reading frame for human MTHFR was first cloned into the 658 
lentiviral expression plasmid PLVX-Tight. The modified doxycyline-inducible promoter 659 
sequence was then replaced with a constitutive CMV promoter sequence to allow for 660 
constitutive expression of MTHFR.  661 
Protein turnover experiments. 5 x 105 cells were treated with 20 μg/ml of cycloheximide 662 
(Sigma) and harvested for immunoblotting at indicated time points thereafter. 663 
Analysis of α-ketoglutarate/succinate ratios. Analysis of intracellular α-ketoglutarate and 664 
succinate levels were performed using the BioVision kits as per manufacturer 665 
recommendations. 666 
 667 

 668 669 
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FIGURE LEGENDS 923 
Figure 1. Metabolomic characterization of lung tumor-initiating cells and differentiated 924 
cells.   925 
(a) Two cell lines were derived from tumorspheres (TS, left): Adherent (Adh, top right) cells 926 
that were generated by continual passaging of TS in serum-supplemented TS media without 927 
growth factors, and TS transduced with a shRNA hairpin against GLDC (GLDC KD, bottom 928 
right). (b) Abilities of TS, Adh and GLDC KD to form colonies in soft agar.  Number of crystal-929 
violet stained colonies after 2 months; 5000 cells per well were plated. Error bars denote s.d. 930 
(c) Tumor mass following transplantation of 500,000 TS, Adh or GLDC KD cells into NSG mice 931 
6 weeks post-transplantation, or when tumor length reaches 2 cm in diameter. Error bars 932 
denote s.d. (d) Top: Frequency of tumor initiating cells (TICs) present in TS, GLDC KD and 933 
Adh cells. CI: confidence interval. Bottom: Tumor masses following subcutaneous 934 
implantation of cells. Cell type and number are stated at the x-axis. For the injection of 10k 935 
and 100k cells, tumors were harvested 8 weeks after implantation; tumors from the 936 
injection of 500k cells were harvested 6 weeks after implantation. Error bars denote s.d. (e) 937 
Metabolomic comparison of Adh, GLDC KD and TS cells. Three biological replicates are 938 
shown as columns for each condition. (f) Schematic of the serine/glycine and methionine 939 
cycle pathways. Metabolic enzymes are in red. (g) Abundance of intracellular primary 940 
methionine cycle metabolites as determined by liquid chromatography-mass spectrometry 941 
(LC/MS), normalized to Adh cells. Error bars denote s.d., *denotes p<0.05, ** denotes 0.05 942 
<p<0.001, *** denotes ,p<0.001,n=3. (h) Abundance of intracellular glutathione-associated 943 
metabolites as determined by LC/MS, normalized to Adh cells. Error bars denotes s.d., 944 
*denotes p<0.05, ** denotes 0.05 <p<0.001, ***denotes p<0.001, n = 3 (i) Protein 945 
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expression of metabolic enzymes in TS, Adh and GLDC KD cells. β-actin was used as loading 946 
control. (j) Protein expression of modified histones in TS, Adh and GLDC KD cells. Histone H3 947 
was used as loading control. See also Supplementary Figure 1. 948 
Figure 2. The metabolic requirements of lung TICs.  949 
(a) Schematic of metabolite starvation and downstream analyses. TS cells are starved in 950 
medium lacking in one specific metabolite for 48h. Experiments were carried out thereafter 951 
in non-starvation conditions. (b) Abundance of methionine cycle metabolites 48h after 952 
methionine starvation, as determined by LC/MS, normalized to complete condition. (c) 953 
Western blot analyses of cells starved with the indicated metabolite for 48h. Total Histone 954 
H3 is used as loading control. (d) Effect of short-term metabolite starvation on TIC 955 
tumorigenicity. Tumor masses in NSG mice following the transplantation of 500,000 cells 956 
previously starved for 48h. Tumors were weighed six weeks post-transplantation, or when 957 
they reached 2 cm in diameter. Error bars denote s.d. (e) Left: Frequency of tumor initiating 958 
cells (TICs) present in TS and methionine starved TS cells. CI: Confidence interval. Right: 959 
Tumor masses following subcutaneous implantation of cells. Starvation condition and 960 
number of cells are stated at the x-axis. For the injection of 10k and 100k cells, tumors were 961 
harvested 8 weeks after implantation; tumors from the injection of 500k cells were 962 
harvested 6 weeks after implantation. Error bars denote s.d. (f) Tumor masss in NSG mice 963 
following the transplantation of 500,000 cells previously starved for 48h. Starvation 964 
conditions are indicated at the x-axis. Error bars denote s.d. (g) Western blot analyses of 965 
cells in the presence or absence of specific metabolites. Total Histone H3 is used as loading 966 
control. Cells were starved for 48h of methionine but supplemented with homocysteine 967 
(HCY) (250 µM), S-adenosyl methionine (SAM; 500 µM) or replated into complete media for 968 
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the next 48h (48/48). (h) Effect of the presence or absence of specific metabolites on the 969 
colony- and tumor-forming abilities of TS cells. Tumor masses in NSG mice following the 970 
transplantation of 500,000 from cells cultured in different conditions. Tumors were weighed 971 
six weeks post-transplantation or when they reach 2 cm in diameter. Error bars denote s.d. 972 
(i) Assessment of apoptosis in metabolite-starved cells. Top: Flow cytometry plots of TS cells 973 
stained with Annexin V-FITC/PI. Positive control are cells treated with 10 mM hydrogen 974 
peroxide for 48h. Bottom: Percentage of Annexin-V positive cells is indicated in histograms 975 
below. Error bars denote s.d., n=3. See also Supplementary Figure 2. 976 
Fig. 3. Metabolic labeling and tracking of methionine cycle flux.  977 
(a) Schematic of 13C-labeled methionine as it progresses through the methionine cycle. 978 
Structural changes to 13C-labeled methionine as it cycles through the pathway. Carbon 979 
atoms are represented as circles. 13C:  red circles; adenosine triphosphate (ATP): blue 980 
triangle. “+ : positive charge. Black circle: unlabeled methyl group. Enzymes regulating each 981 
step are shown in block letters. (b) Top: Experimental protocol. Cells were starved overnight 982 
(16h) in methionine-depleted medium. Uniformly 13C-labeled methionine were 983 
subsequently added and cells were analyzed thereafter. Bottom: Labeled methionine pulse-984 
chase experiments. Metabolite species detected are indicated on the right, and proportional 985 
abundance (%APE), is indicated on the left. Error bars denote s.e.m., n=3 technical replicate 986 
measurements. (c) Methionine dependence in TICs and NIH 3T3 cells. Cell numbers 987 
normalized to starting condition were assessed with the CellTiter-Glo. Error bars denote s.d., 988 
n=6. (d) Schematic of the deuterium-labeled homocysteine molecules as it progresses 989 
through the methionine cycle. Labeled hydrogen atoms: pink stripes. (e) Proportional 990 
abundance (%APE) of metabolite species, detected through labeled homocysteine pulse-991 
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chase experiments in TS32 and NIH 3T3 cells. Error bars denote s.e.m., n=3 technical 992 
replicate measurements. Curves for two biological replicates are shown. See also 993 
Supplementary Figure 3. 994 
Fig. 4. The contribution of the one-carbon pathway flux to the methionine cycle.  995 
(a) Western blot analysis of GLDC KD cells supplemented with SAM. SAM (500 μM) was 996 
supplemented to GLDC KD cells for 48h and then harvested. Histone H3 is used as loading 997 
control. (b) Tumor mass in NSG mice following transplantation of TS, GLDC KD and SAM 998 
supplemented GLDC-KD cells. Tumors were weighed 6 weeks post-transplantation or when 999 
they reached 2 cm in diameter. Error bars denote s.d. (c) Western blot analysis of GLDC KD 1000 
cells supplemented with SAM. SAM (500 μM) was supplemented to GLDC KD cells for 48h 1001 
and then harvested. GAPDH was used as loading control. (d) Western blot analysis of the 1002 
effect of MTHFR overexpression in GLDC KD cell lines. GAPDH is used as loading control for 1003 
MTHFR and GLDC immunoblots. Total H3 is used as loading control for the rest. (e) Tumor 1004 
mass in NSG mice following transplantation of 500,000 TS, GLDC KD and GLDC KD cells 1005 
overexpressing MTHFR. Tumors were weighed 6 weeks post-transplantation or when they 1006 
reached 2 cm in diameter. Error bars denote s.d. (f) Western blot analysis of MTHFR and 1007 
MAT2A shRNA knockdown stable cell lines. Total H3 is used as loading control. (g) Effect of 1008 
MTHFR and MAT2A knockdown on tumor formation abilities of TS cells. Top: Number of 1009 
crystal-violet stained colonies formed from knockdown cells; 5000 cells per well were plated. 1010 
Error bars denote s.d. Bottom: Tumor mass in NSG mice following transplantation of 1011 
500,000 TS, MTHFR KD or MAT2A KD cells. Tumors were weighed 6 weeks post-1012 
transplantation, or when they reached 2 cm in diameter. Error bars denote s.d. (h),(i) 1013 
MAT2A or MTHFR Immunohistochemistry staining was performed on 47 paired tumor and 1014 
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adjacent normal sections.  Representative staining intensity is shown (top). Tumor samples 1015 
are classified by intensity (bottom left). Box and whisker plot (bottom right) compares the 1016 
average staining intensity of tumor and normal sections. Intensity is defined as the product 1017 
of maximum immunostaining intensity and percentage of tumor cells stained. Bold line 1018 
within box denotes median, **** denotes p<0.00001 and ** denotes p < 0.0002 by paired 1019 
Student’s t-test.  See also Supplementary Figure 4. 1020 
Fig. 5. Small molecule inhibition of the methionine cycle disrupt the tumorigenicity of lung 1021 
TICs.  1022 
(a) Schematic of the methionine cycle and targets (in blue) of small molecules inhibitors (in 1023 
red) used in the study. (b),(c) Abundance of methionine cycle metabolites 48h after 1024 
inhibitor treatment, as determined by LC/MS, normalized to DMSO treated cells. (d) 1025 
Western blot analysis of cell lines treated with specified inhibitors. Total Histone H3 is used 1026 
as loading control. (e),(f) Effect of methionine cycle-related inhibitors and metabolites on 1027 
the tumorigenic capabilities of lung cancer TICs. Top: Number of crystal-violet stained 1028 
colonies formed from cells treated with inhibitor prior to colony-forming assay; 5000 cells 1029 
per well were plated. Error bars denote s.d. Bottom: Tumor mass in NSG mice following 1030 
transplantation of 500,000 cells treated with inhibitor. Tumors were weighed 6 weeks post-1031 
transplantation, or when they reached 2 cm in diameter. Error bars denote s.d. (g) Western 1032 
blot analysis of TS and NIH 3T3 cells after cycloheximide treatment. Cells were treated with 1033 
20 μg/ml cycloheximide and then harvested at indicated time points. β-catenin was used as 1034 
loading control. (h) Intraperitoneal administration of compounds into mice subcutaneously 1035 
implanted with 5 x 105 lung TICs. They were administered with 40 mg/kg FIDAS5, 4 mg/kg of 1036 
cisplatin or 100 µl corn oil vehicle for three days. Tumors were weighed 6 weeks post-1037 
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transplantation, or when they reached 2 cm in diameter. Error bars denote s.d. (i) 1038 
Intraperitoneal administration of FIDAS5 (40 mg/kg) into mice subcutaneously implanted 1039 
with 5 x 105 lung patient-derived xenograft (PDX) cells for three days. Identity of PDX line is 1040 
stated on the x-axis. Tumors were weighed 6 weeks post-transplantation, or when they 1041 
reached 2 cm in diameter. Error bars denote s.d. See also Supplementary Figure 5. 1042 
 1043 
SUPPLEMENTARY FIGURE LEGENDS 1044 
Supplementary Figure 1  1045 
(a) CD166 staining of TS and Adh cells. Representative flow cytometry plots of indicated cells 1046 
are shown. CD166 negative control (unstained TS cells) are presented in blue (b) TS and Adh 1047 
cell proliferation under normal culture conditions. Cell numbers normalized to starting 1048 
number were assessed every two days using the CellTiter-Glo (Promega) luminescence 1049 
reagent. Error bars denote s.d.; n=6.  (c) Western blot analysis of Adh and Ts cells grown for 1050 
72h in indicated media conditions. Histone H3 is used as loading control. 1051 
Supplementary Figure 2  1052 
(a) Effect of short-term metabolite starvation on TIC tumorigenicity. Number of crystal-1053 
violet stained colonies formed from cells starved prior to the experiments; 5000 cells per 1054 
well were plated. Error bars denote s.d.; n=5 (b) Tumor mass in NSG mice following 1055 
transplantation of TS cells starved of methionine for 24 or 48h. Tumors were weighed 6 1056 
weeks post-transplantation, or when they reached 2 cm in diameter. Error bars denote s.d. 1057 
(c) Proliferation of TS cells transiently starved of indicated amino acids for 48h and then 1058 
replated into complete media for another 48h.  Cell numbers normalized to starting number 1059 
were assessed every two days using the CellTiter-Glo (Promega) luminescence reagent. 1060 
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Error bars denote s.d.; n=6.  (d) Effect of short-term metabolite starvation on TIC 1061 
tumorigenicity. Number of crystal-violet stained colonies formed from cells starved prior to 1062 
the experiments; 5000 cells per well were plated. Error bars denote s.d.; n=5. (e) Analysis of 1063 
α-ketoglutarate/succinate ratio in TS cells starved of glutamine. Error bars denote s.d.; n=3. 1064 
(f) Proliferation of TS cells transiently starved of indicated amino acids for 48h and then 1065 
replated into complete media for another 48h.  Cell numbers normalized to starting number 1066 
were assessed every two days using the CellTiter-Glo (Promega) luminescence reagent. 1067 
Error bars denote s.d.; n=6. (g) Cell cycle analysis of TS cells cultured under amino-acid 1068 
starvation conditions. TS cells were stained with BrdU and 7AAD. Representative flow 1069 
cytometry plots of Complete and thymidine treated positive control cells are shown on the 1070 
top. The proportion of cells in G2/M is shown in bar graphs at the bottom panel. Error bars 1071 
denote s.d.; n=3. (h) Assessment of apoptosis in cells cultured under methionine-rescue 1072 
conditions. The percentage of Anexin-V positive cells cultured under methionine rescue 1073 
conditions. Error bars denote s.d.; n=3. (i) Proliferation of TS cells grown continuously under 1074 
methionine rescue conditions. Cell numbers normalized to starting number were assessed 1075 
every two days using the CellTiter-Glo luminescence reagent. Error bars denote s.d.; n=6 1076 
Supplementary Figure 3  1077 
(a) Top: Experimental protocol. Cells were grown in media containing unlabeled methionine. 1078 
Cells were then replated into media containing uniformly 13C-labeled methionine at t=0  and 1079 
were analyzed thereafter. Bottom: Labeled methionine pulse-chase experiments. 1080 
Metabolite species detected are indicated on the right, and proportional abundance (%APE), 1081 
is indicated on the left. Error bars denote s.e.m., n=3 technical replicate measurements. (b) 1082 
Comparison of methionine cycle enzyme abundances between TS and NIH 3T3 cells. 1083 
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Representative immunoblots of indicated enzymes were performed on TS and NIH 3T3 cell 1084 
lines. β-actin was used as loading control. (c) Protein expression of methylated histones in 1085 
TS and NIH 3T3 cells. Histone H3 was used as loading control.  1086 
Supplementary Figure 4  1087 
(a) Knockdown of MTHFR and MAT2A in TS cells. Representative immunoblots of metabolic 1088 
enzymes as indicated on the left were performed on Control shRNA and two MAT2A or 1089 
MTHFR shRNA-expressing lines. β-actin was used as loading control. (b) Knockdown of 1090 
MAT2A in NIH 3T3 and Adh cells. Representative immunoblots of metabolic enzymes as 1091 
indicated on the left were performed on Control shRNA and two MAT2A shRNA-expressing 1092 
lines. GAPDH was used as loading control. (c) Proliferation of TS, NIH 3T3 and Adh32 lines 1093 
stably expressing MAT2A shRNA or Control shRNA. Cell numbers normalized to starting 1094 
number were assessed every two days using the CellTiter-Glo luminescence reagent. Error 1095 
bars denote s.d.; n=10. (d) Comparison of MAT2A abundance between primary tissues. 1096 
Representative immunoblots of MAT2A was performed on A139, a patient derived lung 1097 
cancer xenograft (PDX), CD166+ cells from a normal human lung biopsy sample, or CD166+ 1098 
cells from a human lung cancer biopsy sample. GAPDH was used as loading control. 1099 
Supplementary Fig. 5  1100 
(a) Proliferation of TS cells transiently treated with methionine cycle inhibitors for 48h and 1101 
then replated into complete media for another 48h. Cell numbers normalized to starting 1102 
number were assessed every two days using the CellTiter-Glo. Error bars denote s.d.; n=10. 1103 
(b),(c) Assessing apoptosis in inhibitor treated TS cells. (b) Inhibitor treated cells were 1104 
stained with PI and Annexin V. Top: Representative plots of Annexin V and PI intensity. 1105 
Bottom: Percentage of Annexin V positive cells is indicated in histograms. (c) Percentage of 1106 
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Annexin-V positive cells is indicated in histograms. (d) TS cells were first treated for 6 days 1107 
with FIDAS5 and then replated into complete medium for 48h. Their proliferation was 1108 
subsequently assessed every two days using the CellTiter-Glo luminescence reagent. Cell 1109 
numbers normalized to starting number are shown. Error bars denote s.d.; n=10. (e) 1110 
Proliferation of TS, Adh and untransformed cells grown in FIDAS5-containing media. Cell 1111 
numbers normalized to starting numbers were assessed every two days using CellTiter-Glo. 1112 
Error bars denote s.d., n=10. (f) Comparison of MAT2A mRNA levels between normal and 1113 
tumor tissue in other cancers. Data for glioblastoma (The Cancer Genome Atlas), colorectal 1114 
cancer (The Cancer Genome Atlas), nasopharyngeal carcinoma74, leukaemia75,76, 1115 
lymphoma77, ovarian carcinoma78, prostate adenocarcinoma79 and breast cancer80 was 1116 
mined from the Oncomine (ThermoFisher) database. **** denotes p < 0.0001, *** denotes 1117 
p ≤ 0.0001, ** denotes p ≤00.001, and * denotes p ≤.0.05 using Student’s unpaired t test. (g) 1118 
Western blot analysis of MAT2A in a panel of cancer cell lines. GAPDH was used as loading 1119 
control. (h) Proliferation of cancer cell lines grown in FIDAS5 containing medium. Cell lines 1120 
are grouped according to whether FIDAS5 inhibited (responsive) or did not inhibit (non-1121 
responsive) growth.  Cell numbers normalized to starting conditions were assessed with 1122 
CellTiter-Glo. Error bars denote s.d.; n=6.  1123 
 1128 
  1129 
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 1130 
Supplementary Table 1 1131 
Summary of metabolites detected in TS, Adh and GLDC KD cells (Fig. 1e) 1132 

 1133 
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