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Abstract

Cancer cells have high demands for non-essential amino acids (NEAA), which are precursors for 

anabolic and anti-oxidant pathways supporting cell survival and proliferation. It is well established 

that cancer cells consume the NEAA cysteine, and that cysteine deprivation can induce cell 

death, however, the specific factors governing acute sensitivity to cysteine starvation are poorly 

characterised. Here we show that that neither expression of enzymes for cysteine synthesis nor 

availability of the primary precursor methionine correlated with acute sensitivity to cysteine 

starvation. We observed a strong correlation between efflux of the methionine-derived metabolite 

methylthioadenosine (MTA), and cysteine starvation sensitivity. MTA efflux results from genetic 

deletion of methylthioadenosine phosphorylase (MTAP), which is frequently deleted in cancers. 

We show that MTAP loss up-regulates polyamine metabolism which, concurrent with cysteine 

withdrawal, promotes elevated ROS and prevents cell survival. Our results reveal an unexplored 

metabolic weakness at the intersection of polyamine and cysteine metabolism.
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Introduction

Cancer cells acquire metabolic adaptations that support their enhanced rates of growth 

and proliferation1,2. While these adaptations help tune metabolism to support higher 

anabolic output and bolster anti-oxidant defences, they can also decrease metabolic 

flexibility and increase dependence on nutrient uptake versus de novo synthesis3,4. There 

is considerable evidence that cysteine (which commonly exists as the homo-dimer cystine), 

while technically a NEAA, is required as an essential exogenous nutrient to support cancer 

cell proliferation. This was noted during the seminal work of Harry Eagle and colleagues 

in the 1950s5–7. Recent work shows that cysteine withdrawal in certain contexts does not 

simply impede cancer cell proliferation, but can trigger a distinct iron-dependent form of 

cell death involving lipid peroxidation termed ferroptosis8,9. Oncogene expression has been 

shown to promote sensitivity to cysteine limitation10,11, and enzymatic depletion of cysteine 

has been used to limit tumour growth in murine cancer models12. Inhibition of cystine 

uptake (xCT transporter), which is up-regulated in tumours13, can also induce ferroptosis14. 

Overall these studies suggest that limiting cysteine availability is a potentially promising 

anti-cancer strategy.

A vital cellular function of cysteine is its requirement, along with glycine and glutamate, 

for synthesis of the major cellular anti-oxidant glutathione (GSH). In cancer cells the 

up-regulated metabolic processes that support uncontrolled proliferation generate elevated 

levels of reactive oxygen species (ROS). Adequate levels of GSH synthesis and turnover 

are therefore vital in supporting cancer cell survival and proliferation3,15. Activation of 

the NRF2 pathway is common in cancer and drives anti-oxidant responses16, including 

increased cystine uptake17 and metabolic adaptation to elevated cellular cysteine18. Recent 

studies show that an important corollary of elevated cystine uptake is an increased 

dependency on glutaminolysis, which has potential to be targeted therapeutically17, 19–21. 

Besides its role in GSH synthesis, cysteine is also essential for the synthesis of proteins 

and protein co-factors such as iron-sulphur clusters, which are important for ROS-sensing22. 

Better mechanistic understanding of cysteine essentiality will allow improved application of 

therapeutic strategies that limit cysteine availability.

Previous reports suggest that cancer cells have impaired expression of enzymes for de 
novo cysteine synthesis via the transsulfuration (also referred to as reverse transsulfuration) 

pathway (TsP)23,24. Recent work shows that certain cancer cells up-regulate TsP enzymes 

to improve survival during cysteine limitation25. Here we show, in a panel of cancer cell 

lines (including breast, colorectal and pancreatic cancer) that TsP enzyme expression did 

not predict which cells where most sensitive to cysteine starvation. The ultimate upstream 

precursor of the TsP is the essential amino acid methionine. Methionine, via conversion to 

S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH), supplies homocysteine 

to the TsP26. While exogenous homocysteine was able to rescue cells from cysteine 

starvation, methionine did not.

We show that much of the methionine taken up by cancer cells enters the polyamine 

synthesis pathway, which, through synthesis of spermidine and spermine, consumes SAM 
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and produces 5-methylthioadenosine (MTA). We observed a strong correlation between 

cellular efflux of MTA (a metabolic consequence of MTAP deletion) and cysteine starvation 

sensitivity. We found that cells with MTAP deletion (a frequent occurrence in cancer27–29) 

had increased polyamine pathway activity. We initially hypothesised that polyamine 

synthesis caused cysteine starvation sensitivity by diverting methionine away from de novo 
cysteine synthesis. However, detailed metabolic analysis revealed that elevated polyamine 

metabolism is a metabolic liability during cysteine starvation, independent of the TsP.

Results

Cancer cells are generally sensitive to cysteine starvation and some are highly sensitive

To assess cysteine starvation in a range of cancer cells we utilised a panel of cell 

lines routinely used in our lab consisting of colorectal (HCT116 & SW480), breast 

(MDA-MB-231 & MDA-MB-468) and pancreatic cancers (AsPC-1, BxPC-3, CFPAC-1, 

MIAPaCa-2, PANC-1, Panc10.5 & SW1990). In all experiments, where cysteine was 

removed, its homo-dimer cystine was also absent. As expected, after three days of cysteine 

starvation all 11 cell lines showed severely impaired proliferation (Figure 1a). Interestingly, 

several cell lines maintained approximately the same cell number during starvation (e.g. 

HCT116, SW480, MDA-MB-468, AsPC-1), indicating that they had survived. Whereas 

other lines − particularly MDA-MB-231, MIAPaCa-2 and PANC-1 − had a relative cell 

number (versus the starting cell number) below one, indicating that cell death had occurred.

We compared the response of cells to cysteine starvation versus other major nutrients. 

Certain cells - MDA-MB-231, MIAPaCa-2 and PANC-1 - were more sensitive to cysteine 

withdrawal (Fig. 1b & Extended Data Fig. 1a) than key non-essential amino acids 

(serine & glycine or glutamine), an essential amino acid (lysine), or even complete 

glucose removal. In contrast, HCT116, SW480 and MDA-MB-468 had similar sensitivity 

to cysteine withdrawal as other nutrients. We confirmed the basic metabolic effects of 

cysteine starvation using LCMS. As expected, we found that levels of intracellular cysteine 

and cystine were substantially depleted on removal of exogenous cysteine. Predictably, 

these changes were paralleled by decreases in glutathione (GSH) and its cysteine-derived 

precursor γ-glutamylcysteine (Fig. 1c).

Adding exogenous GSH fully restored intracellular GSH levels, and partially restored 

cysteine and γ-glutamylcysteine (Extended Data Fig. 1b), which prevented cell death and 

restored proliferation (Fig. 1d). Ferrostatin is a potent inhibitor of the iron-dependent cell 

death caused by cysteine starvation30. In sensitive cells, ferrostatin prevented cell death in 

response to cysteine starvation, and had little impact on the more resistant cells (Extended 

Data Fig. 1c). In contrast to GSH, ferrostatin did not restore proliferation, reflecting 

that, unlike GSH, ferrostatin acts downstream of metabolite changes and cannot directly 

supplement cysteine dependent metabolic pathways.

Transsulfuration enzyme expression fails to correlate with cysteine starvation sensitivity

Next, we investigated the relationship between response to cysteine starvation and 

expression of TsP enzymes for de novo cysteine synthesis (Fig. 1e). Scatter plots 
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show that there was no correlation between starvation response and expression of S-

adenosylhomocysteine hydrolase (AHCY), cystathione β-synthase (CBS), or cystathionine 

γ-lyase (CSE) (Fig. 1f & Extended Data Fig. 1d,e). Given the lack of correlation, we 

hypothesised that precursor availability might be a limiting factor in achieving de novo 
cysteine synthesis. Addition of homocysteine or cystathionine at 0.2mM produced a 

substantial rescue to survival/proliferation in less sensitive (SW480) and highly sensitive 

(MDA-MB-231) cells (Fig. 1g). Increasing homocysteine (0.8mM) further restored 

proliferation, however, supplementation with 0.8mM methionine (4-8 fold higher than 

culture medium) provided no rescue (Fig. 1h).

Intracellular homocysteine and cystathionine levels were significantly increased by their 

addition (at 0.2mM) to the culture medium, leading to moderate increases in cysteine levels, 

and more marked increases in γ-glutamylcysteine and GSH (Extended Data Fig. 2a). We 

noted that these increases were not on a scale required to restore metabolite levels to those 

seen under fed conditions (Fig. 1c), but anticipate that high pathway turnover in the starved 

state prevents metabolite accumulation. Notably, addition of 0.8mM homocysteine, which 

restored proliferation in addition to cell survival, provided a significant increase in cysteine 

levels (unlike 0.2mM homocysteine) (Extended Data Fig. 2b). This suggests that increasing 

GSH is required to promote survival (by combating ROS) and increasing steady state 

cysteine levels may be important for allowing cells to proliferate (e.g. by supporting protein 

synthesis). Supplementing cells with homocysteine had little impact on transsulfuration 

pathway enzyme expression beyond that caused by starvation alone (Extended Data Fig. 1d). 

The ability of exogenous homocysteine and cystathionine to rescue proliferation suggests 

that while transsulfuration enzyme levels may vary substantially between cell lines, the 

expression and activity of these enzymes is adequate to make cysteine if the proximal 

precursors are present in adequate quantities.

Methylthioadenosine efflux correlates with sensitivity to cysteine starvation

The essential amino acid methionine is the ultimate upstream precursor for cysteine 

synthesis (Fig. 1e), and should theoretically supply adequate levels of homocysteine for use 

in transsulfuration. Using 13C5
15N1-methionine we traced the fate of methionine in highly 

sensitive MDA-MB-231 cells, and less sensitive HCT116 and SW480 cells. In the HCT116 

and SW480 cells, methionine entered the transsulfuration pathway, with labelling detected 

in homocysteine, cystathionine and homoserine (NB: cysteine carbons and nitrogen are not 

labelled from methionine as they are derived from serine − see schematic Fig. 2a). However, 

in MDA-MB-231 cells very little labelling from methionine was seen in transsulfuration 

pathway metabolites.

An alternative fate for methionine is polyamine synthesis31. Polyamines have important 

and diverse cellular functions and cancer cells frequently display elevated polyamine 

pathway activity32. Interestingly, we found that the highly cysteine starvation sensitive 

MDA-MB-231 cells had comparatively high levels of methionine derived labelling in 

the polyamine spermidine (Fig. 2a). Furthermore, the polyamine pathway by-product 5-

methylthioadenosine (MTA, derived from S-adenosylmethionine) also showed increased 
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levels and labelling in MDA-MB-231 cells. We also noted that unlike HCT116 and SW480, 

MDA-MB-231 cells had a substantial exogenous pool of methionine derived MTA (Fig. 2a).

Next, we examined levels of extracellular MTA across our cell line panel by LCMS and 

plotted MTA levels versus ability to survive cysteine starvation. Unlike transsulfuration 

enzyme expression (Fig. 1f), there was a clear correlation between extracellular MTA levels 

and sensitivity to starvation (Fig. 2b). MTA is the direct substrate of MTAP, a key enzyme 

in the methionine salvage pathway. MTAP protein expression also showed correlation with 

cysteine starvation response (Fig. 2c & Extended Data Fig. 3a), though to a lesser degree 

than MTA efflux. As MTA efflux is a functional measure of both MTAP expression and 

polyamine pathway activity, it potentially explains why this parameter is more predictive of 

response than MTAP enzyme expression alone.

Polyamine pathway activity correlates with sensitivity to cysteine starvation

Given that numerous cellular processes have the capacity to influence sensitivity to 

cysteine starvation, we explored a wide range of additional cellular factors in our cell 

line panel, including: metabolite levels of cysteine, methionine, SAM, decarboxy-SAM 

(dc-SAM), MTA, cystathionine, homocysteine, γ-glutamylcysteine, GSH, GSSG, NADP+ 

and NADPH; ratios for GSH/GSSG and NADP+/NADPH; enzyme expression for GPX4, 

CBS, CSE, AHCY, AMD1, ODC1, and combined CBS+CSE, AMD1+ODC1; lipid ROS 

levels (Malonyldialdehyde-MDA staining); levels of phospholipids with polyunsaturated 

fatty acyls (PUFA-PLs; targets of ROS/Fe2+ dependent lipid peroxidation) by LCMS; steady 

state ROS levels (CellROX staining); cellular iron uptake (Inductively Coupled Plasma - 

Optical Emission Spectrometry); and GPX4 inhibitor IC50s (Extended Data Fig. 3b & c).

Of the >60 factors tested, the six with highest correlation (extracellular MTA [Ctr], cellular 

MTA [Ctr / -Cys], combined ODC1+AMD1 expression [Ctr], decarboxy-SAM [Ctr] and 

AMD1 expression [Ctr] (R2 values = 0.65356 to 0.39630) are all indicators of polyamine 

pathway activity (Extended Data Fig. 3c). Combined expression of CBS and CSE during 

cysteine starvation (CBS+CSE expression [-Cys]), was present within the top 15 of the 

list, supporting a role for TsP activity, but with a markedly lower correlation (R2 = 

0.20996), than for polyamine pathway activity. Also in the top 15 of the list are GPX4 

inhibitor IC50s. This predictable correlation is indicative that cysteine starvation and GPX4 

inhibition kills cells by the same ultimate mechanism − ferroptosis. While its possible that 

cysteine starvation sensitive cells could be primed for sensitivity by having low GPX4 

expression this did not appear to be the case, as GPX4 expression showed little correlation 

to starvation sensitivity; [R2 GPX4 Ctr = 0.03213, R2 GPX4 -Cys = 0.05780]. Overall 

these data highlight a clear correlation between polyamine pathway activity and cellular 

sensitivity to cysteine starvation. Given that the polyamine pathway and the TsP compete 

for the same metabolic precursors we formed the primary hypothesis that high polyamine 

pathway activity could sensitise cells to cysteine starvation by depriving the TsP of upstream 

precursors.
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De novo cysteine synthesis does not correlate with high cysteine starvation sensitivity

To further scrutinise de novo cysteine synthesis, we supplemented cells with 13C3
15N1-

serine, which, unlike 13C5
15N1-methionine, gives rise to labelled cysteine when utilised by 

the TsP (see schematic Fig. 2a). As we have described previously, it can be difficult to 

detect measurable intracellular steady state levels of a highly cell permeable nutrient when 

it is removed from the medium33, 34. Under starvation, newly synthesised high-demand 

nutrients, such as serine and cysteine, are rapidly converted into downstream metabolites 

making it difficult for detectable steady state levels to accumulate (Extended Data Fig. 

S3d). However, it is possible to detect labelling in the downstream metabolites into which 

the labelled metabolite is converted; in the case of cysteine it can be detected in GSH. 

There are two possible routes of incorporation of serine-derived carbon and nitrogen 

into GSH: via glycine synthesis and via cysteine synthesis. Mass+3 (m+3, 13C2
15N1) 

GSH indicates serine>glycine>GSH labelling, whereas m+4 (13C3
15N1) GSH indicates 

serine>cysteine>GSH labelling. An m+7 GSH peak indicates serine derived glycine (m+3) 

and serine derived cysteine (m+4) are simultaneously incorporated into GSH.

We were surprised to find that de novo cysteine synthesis did not correlate with response 

to cysteine starvation (Extended Data Fig. 3e). HCT116 (more resistant) and MDA-MB-231 

(more sensitive) had comparable low levels of de novo cysteine synthesis during cysteine 

starvation, and MDA-MB-468 (more resistant) and MIAPaCa-2 (more sensitive) had 

comparable high levels of de novo cysteine synthesis during cysteine starvation. While the 

protein expression and LCMS data suggested that de novo cysteine synthesis was not the 

dominant determinant of sensitivity to cysteine starvation, we sought to confirm the basic 

underlying importance of de novo cysteine synthesis by treating cells with a CSE inhibitor 

(beta-cyano-L-Alanine35). As expected, CSE inhibitor treatment increased the sensitivity to 

cysteine starvation of the resistant cell lines SW480 and MDA-MB-468 (Extended Data 

Fig. 4a), validating the basic role of TsP in making cysteine, in line with previous work25. 

HCT116 cells had only a modest response to CSE inhibition - possibly reflecting low levels 

of TsP activity shown in. Overall, these results suggest that while TsP activity has a clear 

functional role in helping cells adapt to cysteine starvation, it is not necessarily the dominant 

factor in determining which cell lines have acute sensitivity.

Due to the lack of correlation between de novo synthesis and cysteine starvation sensitivity, 

we rejected our initial hypothesis, proposing the alternative hypothesis that polyamine 

metabolism per se could be the driver of sensitivity, independent of the TsP. To directly 

assess the impact of polyamine metabolism, we supplemented cells with polyamine pathway 

metabolites. While MTA tended to decrease the proliferation of fed cells (agreeing with 

previous work36), MTA did not sensitise cells to cysteine starvation (Extended Data Fig. 

4b & c). Furthermore, MTA showed a trend in at least one of the sensitive cell lines 

(MDA-MB-231) to give short-term protection from cysteine starvation, indicating that MTA 

itself does not sensitise cells to cysteine starvation.

In contrast to MTA and putrescine, spermidine and spermine supplementation had a 

dramatic impact on cysteine starvation sensitivity. Resistant cell lines HCT116, SW480 

and MDA-MB-468 became highly sensitised in their presence (Fig. 3a). Staining for ROS 

levels in live cells showed that spermidine and spermine rapidly increased ROS levels in 
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cysteine starved cells with very rapid, widespread cell death observed (Fig. 3a & Extended 

Data Fig. 4d). Using LCMS we directly assessed polyamine levels in cells under control 

conditions. In the more sensitive cells (MDA-MB-231, PANC-1 and MIAPaCa-2), there was 

a consistent trend for lower putrescine concurrent with higher spermidine and spermine, 

suggesting higher rates of de novo spermidine/spermine synthesis (Fig. 3b). While a 

relatively short (3h) labelling period with 13C5
15N1-methionine generally showed limited 

labelling in spermidine & spermine, there was clear labelling upstream in dc-SAM, but only 

in the MTAP deficient, cysteine starvation sensitive cell lines. dc-SAM is produced from 

SAM by AMD1-catalysed decarboxylation, and is required for the synthesis of spermidine 

and spermine, during which dc-SAM is converted to MTA. These results suggest that 

MTAP-deleted cell lines have higher production of dc-SAM (as previously reported28), 

leading to increased synthesis of polyamines such as spermidine and spermine, which may 

contribute to cysteine starvation sensitivity.

To assess the activity of the polyamine pathway versus TsP during cysteine starvation, we 

performed LCMS analysis. Longer (16h) incubation with 13C5
15N1-methionine resulted in a 

high proportion of polyamines and TsP intermediates being labelled (Fig. 3c). Polyamine 

labelling was generally maintained or increased, suggesting that polyamine synthesis 

remains active during starvation. To assess whether diminished polyamine pathway activity 

could rescue cells from starvation, we employed two methods. As the decarboxylase 

responsible for SAM to dc-SAM conversion, AMD1 has an important role in regulating 

polyamine synthesis32. Treating cells with an AMD1 inhibitor (sardomozide) prevented cell 

death in response to cysteine starvation (Fig. 3d). 4-methylthio-2-oxobutanoic acid (MTOB), 

an intermediate in the methionine salvage pathway (derived from MTA and dependent on 

MTAP expression), has been shown to inhibit ODC1 activity (ODC1 catalyses putrescine 

synthesis, also contributing to regulation of polyamine pathway activity)37,38. Similar to 

AMD1 inhibition, MTOB supplementation rescued cells from cysteine starvation (Extended 

Data Fig. 4e & f). We noted that rescue with either method was temporary, especially the 

AMD1 inhibitor, presumably because levels of polyamines themselves become limiting for 

normal cell function and survival.

Performing LCMS on cysteine starvation sensitive cells grown with 13C5
15N1-methionine 

or 34S1-methionine confirmed that AMD1 inhibition and MTOB supplementation caused a 

marked inhibition of polyamine synthesis, displayed as decreased dc-SAM and polyamine 

labelling (Fig. 3e & Extended Data Fig. 5a-c). Importantly, these experiments also reveal 

that preventing entry of methionine into the polyamine pathway did not appreciably increase 

the levels of TsP intermediates. This result gives further support to the hypothesis that 

polyamine pathway activity influences cysteine starvation sensitivity independently of the 

TsP.

Inhibiting polyamine metabolism protects highly sensitive cells from cysteine starvation

There are multiple reactions of polyamine metabolism that generate the reactive oxygen 

species hydrogen peroxide (H2O2), potentially explaining the ability of spermidine and 

spermine to increase ROS levels and sensitise cells to starvation (see schematic Fig. 4a). 

These reactions are mediated by spermine oxidase (SMOX) and polyamine oxidase (PAOX). 
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Inhibition of SMOX (Fig. 4b) and PAOX (Extended Data Fig. 6a) prevented cell death 

in starvation sensitive cell lines (MDA-MB-231, MIAPaCa-2 and PANC-1). In starvation 

resistant cell lines (HCT116, SW480 and MDA-MB-468), SMOX and PAOX inhibitors 

gave little or no additional advantage during cysteine starvation. Analysis of ROS levels 

confirmed that inhibiting SMOX during cysteine starvation allowed cells to maintain lower 

ROS levels (Fig. 4c & Extended Data Fig. 6b).

Given that SMOX and PAOX reactions require oxygen (O2), we tested if oxygen levels 

could modulate the response to cysteine starvation. Growth in hypoxic conditions (1% O2) 

prevented cell death after 24h cysteine starvation, however this rescue was temporary with 

cell death occurring by 32 hours (Extended Data Fig. 6c). Next, we tested whether SMOX 

and PAOX inhibition could rescue starvation resistant cells from the sensitising effects 

of spermidine and spermine treatment (as seen in Fig. 3a). In HCT116, SW480 and MDA-

MB-468 cells we found that SMOX and PAOX inhibition restored the ability of these cells 

to survive and grow under polyamine treatment concurrent with cysteine starvation (Fig. 4d). 

In similarity to SMOX inhibition, AMD1 inhibition diminished ROS levels, supporting the 

hypothesis that polyamine metabolism increases ROS during cysteine starvation (Fig. 4e & 

Extended Data Fig. 6d).

Methionine withdrawal protects highly sensitive cells from cysteine starvation

Given that methionine is a precursor for both polyamine and cysteine synthesis, we tested 

whether modulating methionine levels could influence the response to cysteine starvation, 

with the assumption that methionine withdrawal would further sensitise cells. In cell 

lines more resistant to cysteine starvation, combined methionine and cysteine starvation 

tended to mildly (SW480 & MIAPaCa-2) or strongly (HCT116) inhibit cell growth (Fig. 

4f). Remarkably, and in stark contrast, we found that combined methionine and cysteine 

starvation was much better tolerated than cysteine starvation alone in more sensitive cell 

lines: MDA-MB-231, MIAPaCa-2 and PANC-1 cells all displayed a lack of cell death and 

even a degree of proliferation under methionine and cysteine free conditions (Fig. 4f). These 

results suggest that polyamine metabolism dominates over de novo cysteine synthesis in 

determining whether a cell line is acutely sensitive to cysteine starvation.

As cell culture media contain supra-physiological methionine levels (100-200μM), we 

tested how lower, more physiological methionine levels, would influence cysteine starvation 

sensitivity. In adult humans the concentration of methionine in the blood ranges from 

10-45μM, with a mean value of approximately 29μM39. MDA-MB-231, MIAPaCa-2 and 

PANC-1 cells all remained highly sensitive to cysteine starvation in the range 10-1000μM 

(Extended Data Fig. 6e). Cells remained sensitive to cysteine starvation down to 5μM 

methionine (Extended Data Fig. 6f). While it is clearly not possible to promote sustainable 

cell survival and proliferation in the complete absence of cysteine and methionine, the 

rescue provided by methionine removal was surprisingly durable, lasting over 40 hours 

(Extended Data Fig. 6g). Remarkably, we found that under cysteine starved conditions, 

in MTAP deleted cells, ROS levels increased in a dose-dependent manner in response to 

methionine concentration (Fig. 4g & Extended Data Fig. 6h).
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To further examine the impact of methionine levels on cysteine metabolism, we performed 

LCMS analysis in cysteine starvation sensitive cell lines. As expected, methionine starvation 

dramatically decreased entry of precursors into the TsP and polyamine synthesis pathway 

(Fig. 5a & Extended Data Fig. 7a). Intriguingly, these changes were accompanied by 

increased cysteine and cystine levels, as well as decreased GSSG levels and decreased 

GSSG/GSH ratio. To assess whether such changes were specific to cysteine − or a generic 

impact of methionine withdrawal on amino acids − we analysed changes across all other 

amino acids. Methionine restriction did increase the total cellular levels of amino acids 

− likely a reflection of inhibited protein synthesis. Notably this effect was most dramatic 

in cysteine, glycine and serine (all precursors of GSH) and asparagine (used in protein 

synthesis and as an uptake exchange factor of serine40) (Extended Data Fig. 7b). The 

paradoxical increase in cysteine levels, and accompanying decrease in GSSG, in response to 

methionine starvation further supports the hypothesis that decreased polyamine pathway 

activity alleviates the oxidative burden on MTAP deleted cells. Given differences in 

methionine levels between different cell culture media (e.g. DMEM ~200um, RPMI1640 

~100uM) we tested whether maintaining cells in different media impacted sensitivity to 

cysteine starvation. As predicted by the methionine titration experiments, there was no 

difference in sensitivity based on the maintenance medium (Extended Data Fig. 7c).

Acute MTAP deletion and restoration alters polyamine metabolism and starvation 
sensitivity

HCT116 cells express relatively high levels of MTAP (Extended Data Fig. 3a), and while 

sensitive to cysteine starvation, were more resistant to cell death than other cell lines 

(Fig. 1a). To assess the impact of MTAP deletion we used CRISPR/Cas9 to delete MTAP 
from HCT116 cells. MTAP-deletion increased the sensitivity of these cells to cysteine 

starvation, which was rescued by treatment with ferrostatin (Fig. 5b). LCMS confirmed that 

MTAP deletion prevented methionine salvage (signified by m+1 methionine), and caused 

intracellular accumulation and efflux of MTA (Extended Data Fig. 8a). Similar to cell lines 

with endogenous MTAP deletion, treatment with an AMD1 inhibitor restored cell survival in 

response to cysteine starvation (Fig. 5c).

To test if our in vitro observations could be translated in vivo we performed a xenograft 

experiment with non-targeting control and MTAP-deleted HCT116 cells. The response of 

NTC and MTAP-deleted cells to cysteine limitation in vivo differed significantly (Fig. 

5d). While the MTAP-expressing NTC cells generally showed increased tumour growth in 

response to cysteine starvation (a phenomenon that has been previously described41), the 

MTAP-deleted cells displayed decreased tumour volume compared to NTC cells (Fig. 5d 

& Extended Data Fig. 8b). LCMS analysis of MTA levels confirmed that MTAP-deleted 

tumour tissue was significantly higher in MTA versus NTC tumours, however, this did not 

translate to higher serum MTA (Extended Data Fig. 8c). The results suggest that analysis of 

MTA levels in tumour biopsy tissue, but not in serum, may be a viable biomarker to detect 

MTAP deletion.

Stable re-expression of MTAP in MTAP-deleted HCT116 cells restored the ability of these 

cells to survive during cysteine starvation and treatment with the cysteine-uptake inhibitor 
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erastin (Extended Data Fig. 9a & b). In MDA-MB-231 cells (endogenous MTAP deletion), 

overexpression of MTAP did not rescue sensitivity (not shown), suggesting that in cells 

suffering long-term MTAP deletion an adaptive process occurs that confers an inability to 

acutely re-adapt to MTAP expression. LCMS analysis confirmed that MTAP re-expression 

in MTAP-deleted HCT116 cells prevented MTA efflux and restored the ability of these 

cells to salvage methionine from MTA (Extended Data Fig. 9c). In line with the early 

observations of Eagle and colleagues, who reported that single cells have higher nutrient 

demands42, we consistently observed that cell confluence had an impact on response to 

starvation. While sparsely seeded cells were more sensitive than confluent cells, the effect 

of MTAP deletion/restoration was consistent across a range of cell densities (Extended Data 

Fig. 9d).

Western blot showed that MTAP loss promoted a three-fold increase in AMD1 expression, 

whereas MTAP restoration decreased AMD1 to basal levels (Fig. 6a). LCMS showed 

that AMD1 up-regulation led to a dramatic increase in methionine-dependent dc-SAM 

labelling, indicative of increased polyamine pathway activity (Fig. 6b). MTAP-deleted 

HCT116 cells showed increased elevation of cellular ROS levels in response to cysteine 

starvation (Fig. 6c). Underlying these changes, and in line with increased dc-SAM labelling, 

MTAP-deleted cells had substantially higher methionine-dependent labelling in spermidine, 

with no consistent difference in labelling of TsP intermediates (Fig. 6d).

To further assess the relationship between polyamine synthesis and sensitivity to cysteine 

starvation in MTAP-deleted/restored HCT116 cells, we used SMOX and PAOX inhibitors, 

and MTOB supplementation. Inhibition of polyamine metabolism with all three agents 

had little impact on MTAP expressing cells, but rescued cell survival in MTAP-deleted 

cells during cysteine starvation (Fig. 6e). We saw a dramatic contrast in the effect of 

methionine withdrawal on MTAP-deleted versus restored HCT116 cells. While the presence 

of methionine was advantageous to MTAP expressing cells during cysteine starvation, even 

low levels of methionine inhibited the ability of MTAP deleted cells to survive (Fig. 6f). 

Glioblastomas (GBM) have a relatively high frequency of MTAP deletion, so we tested a 

panel of GBM cell lines for sensitivity to cysteine starvation. MTAP-deleted lines showed 

highest expression of AMD1 and were amongst the most sensitive to starvation (Extended 

Data Fig. 9e & f). Finally, we tested the ability of cells to recover from and proliferate 

post-cysteine starvation. As expected, highly cysteine starvation sensitive MDA-MB-231 

cells did not survive/recover, whereas more resistant MDA-MB-468 cells were able to 

survive and grow (Extended Data Fig. 9g).

Discussion

Despite being − theoretically − a non-essential amino acid, a wealth of data demonstrate that 

cysteine is an essential exogenous nutrient for cancer cells. The reasons for this paradox are 

not well understood. Previous reports point to inadequate expression of TsP enzymes23,24 

and a limitation in the conversion of SAM to SAH25,43. Our data support the hypothesis 

that there is limited entry of methionine to the TsP, but add another dimension − polyamine 

metabolism − to our understanding of why cancer cells can display acute sensitivity to 

cysteine starvation (Fig. 6g). Exogenous cysteine was vital to support maximal proliferation 
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across a range of breast, colorectal and pancreas cancer cell lines. We found that a sub-set 

of cancer cells were particularly susceptible to cysteine starvation, which was even more 

damaging than complete glucose withdrawal. In the panel of cells tested here, we found 

that TsP enzyme expression did not correlate with the ability to survive during cysteine 

starvation.

Given the ability of homocysteine and cystathionine to rescue cells from cysteine starvation, 

it was intriguing to find that excess methionine, the ultimate precursor for these metabolites, 

was unable to provide rescue. Based on this result we formed the initial hypothesis 

that methionine was diverted to an alternative metabolic pathway. Polyamine synthesis 

requires the methionine-derived precursor dc-SAM to produce spermine and spermidine44. 

Polyamines are essential for growth in eukaryotic cells, where they are present at 

millimolar concentrations, and have varied roles45. Up-regulated polyamine synthesis is a 

well-established feature of cancer cells32,44,46,47, with the formation of putrescine catalysed 

by the classic myc-target ODC148. We found that methionine readily entered the polyamine 

pathway, labelling polyamines and MTA. Whereas MTA can be recycled via the methionine 

salvage pathway, certain cells displayed a substantial MTA efflux, illustrating a lack of 

methionine salvage.

Genetic deletion of the MTA metabolising enzyme MTAP, which is chromosomally co-

located with the tumour suppressor p16, is a common event in cancer, described as 

a ‘bystander/passenger’ gene deletion49. Loss of MTAP prevents methionine recycling, 

meaning that a constant supply of new methionine is required to enter polyamine synthesis 

in MTAP deleted cells. Levels of exogenous MTA (a combined measure of polyamine 

synthesis and MTAP status) correlated strongly with sensitivity to cysteine starvation. 

This observation led to our initial hypothesis that increased entry of methionine into the 

polyamine pathway prevented MTAP-deleted cells channelling enough methionine to the 

TsP to support de novo cysteine synthesis. To our surprise, labelling experiments with 
13C3

15N1-serine showed that starvation sensitive MTAP-deleted cells did not necessarily 

have lower cysteine synthesis than the more resistant MTAP positive cells. Furthermore, 

inhibition of the polyamine pathway, which rescued MTAP-deleted cells from cysteine 

starvation, did not increase entry of methionine-derived precursors into the TsP. Based 

on these results we rejected our initial hypothesis and tested the alternate hypothesis that 

polyamine metabolism itself was the cause of sensitivity in MTAP-deleted cells.

LCMS revealed that MTAP-deleted cells had much higher methionine-derived labelling 

in the polyamine synthesis precursor dc-SAM along with higher polyamine steady state 

levels and higher methionine-derived polyamine labelling. Supplementing with spermidine 

or spermine increased cellular ROS levels and dramatically sensitised cells to cysteine 

starvation. Inhibition of polyamine synthesis or inter-conversion decreased cellular ROS 

levels and rescued MTAP-deleted cells from cysteine starvation. Given the cyclical nature of 

polyamine metabolism (Fig. 4a), the potential for SMOX/PAOX dependent ROS production 

in the context of elevated dc-SAM levels is theoretically very high.

Given the logic that the availability of methionine-derived precursors is the critical factor in 

allowing cells to survive cysteine starvation, it was remarkable to discover that methionine 
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withdrawal rescued MTAP-deleted cells from cysteine starvation. While our data firmly 

supports the notion that cancer cells have a paucity of methionine-derived precursors 

available for cysteine synthesis, and that TsP activity is important to allow cells to survive 

cysteine withdrawal, our data shows that polyamine metabolism can override these factors 

and acutely sensitise cancer cells to cysteine starvation induced cell death. Therapeutic 

depletion of cysteine was recently presented as a potential anti-cancer strategy12. Given the 

relatively high frequency of MTAP deletion in cancer this offers a potential opportunity 

to stratify patients for cysteine limitation therapy. Interestingly our in vivo data suggests 

that dietary cysteine limitation can promote or diminish tumour formation depending on the 

tumour genotype. We speculate this effect may occur because cysteine uptake (as cystine) 

causes substantial efflux of glutamate17,19, an important metabolic precursor, a process 

which can confer decreased metabolic flexibility21.

In addition to the factors described above there are multiple other inputs that will combine 

to dictate the overall sensitivity of cells to cysteine deprivation. Differing rates of basal 

ROS production will mean different cancer cells have differing demands for GSH synthesis 

and therefore cysteine. The status of oncogenes such as KRas and PI3K is also known 

to influence methionine and cysteine metabolism10,11,50. Recent work has shown that 

methylation reactions promote TsP activity by facilitating the conversion of SAM to SAH 

and homocysteine25,43. The ability of cells to effectively up-regulate TsP enzyme expression 

and activity in response to cysteine starvation has been shown to improve cell survival25,51. 

Supporting these observations we found that TsP enzyme expression was up-regulated in 

response to cysteine starvation, and that direct inhibition of TsP activity could sensitise cells 

to cysteine starvation. However, the influence of polyamine metabolism was dominant over 

TsP enzyme expression in determining acute cysteine starvation sensitivity in the cell lines 

tested here. Notably, MDA-MB-231 cells − displaying both low expression of TsP enzymes 

and MTAP-deletion − showed the highest degree of sensitivity to cysteine starvation.

Whereas the in-depth mechanistic analysis we have performed here focuses on a limited 

panel of cell lines, further work will be required to establish exactly how generalizable and 

clinically applicable these results may be. A recent study of cancer cell lines (derived from 

different cancers than in the present study) highlights the importance of nutrient levels in 

shaping methionine metabolism in MTAP-deleted cells, but notes a lack of consistency in 

the metabolomic impact of MTAP-deletion52.

The concept of targeting MTAP loss for cancer therapy was established a number of years 

ago49, and genetic synthetic lethalities with MTAP loss have been reported27–29. Our work 

presents a previously unappreciated metabolic susceptibility for MTAP deficient tumours 

that may have therapeutic potential.

Methods

Cell culture

HCT116, SW480, MDA-MB-468, MDA-MB-231, AsPC-1, BxPC-3, CFPAC-1, 

MIAPaCa-2, PANC-1, Panc10.05, SW1990, U-251, LN-18, LN-229, T98G, U-343, A-172 

cells were obtained from ATCC. Cell lines were authenticated using Short Tandem Repeat 
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(STR) profiling (Promega GenePrint 10) and tested for mycoplasma using Mycoalert 

(Lonza). Cell culture media and supplements were obtained from Gibco/Thermo Fisher 

Scientific, product numbers are shown for each item: Colorectal and breast cancer cell lines 

were grown in DMEM (21969), PDAC cell lines were grown in RPMI 1640 (31870). Both 

were supplemented with penicillin-streptomycin, amphotericin, L-glutamine 2mM and 10% 

FBS (10270). Cells were kept at 37°C in 5% CO2 in a humidified cell culture incubator. 

A formulated medium lacking L-cysteine, cystine, L-methionine and L-serine was used as 

a base for creating experimental media. Base medium formulation: L-Histidine 0.2mM, 

L-Isoleucine 0.4mM, L-Leucine 0.4mM, L-Lysine 0.4mM, L-Phenylalanine 0.2mM, 

L-Threonine 0.4mM, L-Tryptophan 0.08mM, L-Valine 0.4mM, L-Arginine 0.2mM, L-

Glutamine 2mM, L-Tyrosine 0.2mM, L-Alanine 0.4mM, L-Proline 0.3mM, L-Glutamic acid 

0.15mM, L-Aspartic acid 0.1mM, L-Asparagine 0.2mM, Glycine 0.4mM. Base medium was 

supplemented 10% dialysed FBS (Gibco/Thermo Fisher Scientific), penicillin-streptomycin 

and amphotericin. To ensure an adequate supply of vitamin B6 (a crucial co-factor for 

de novo cysteine synthesis) base medium was supplemented with additional vitamin B6 

20uM (Sigma, P6280). Control experimental medium = base medium supplemented with 

L-cysteine 0.4mM, L-methionine 0.2mM and L-serine 0.4mM. Cysteine starvation (-Cys) 

experimental medium = base medium supplemented with L-methionine 0.2mM and L-serine 

0.4mM.

Generation of MTAP-KO cells by CRISPR/Cas9 and MTAP re-expression

HCT116 cells were transfected using Lipofectamine 3000 (Thermo Fisher 

Scientific) with pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene plasmid # 62988; 

http://n2t.net/addgene:62988;RRID:Addgene_62988 was a gift from Feng Zhang 

(Broad Institute, Cambridge MA) which expresses both Cas9 and gRNA [NTC: 

AAAATAGCAGTAAACTCAAC, MTAP KO seq 1: GTTTTGCCCCAAAACGAGAG, 

MTAP KO seq 2: GCCTGGTAGTTGACCTTTGA]. Successfully transfected cells were 

selected with puromycin (Sigma) and grown as clonal colonies. Clones were selected 

based initially on MTA efflux measured by LCMS; clones with greatest MTA efflux were 

selected, MTAP knockout was then confirmed by western blot. MTAP-KO HCT116 cells 

were transfected with pCMV-Hygro-MTAP and pCMV-Hygro-Negative control vector (Sino 

Biological) using Lipofectamine 3000 and selected using hygromycin B (Sigma) and grown 

as clonal colonies. Clones were selected based initially on MTA efflux measured by LCMS; 

clones with low MTA efflux were selected, then MTAP re-expression was confirmed by 

western blot.

Cell counting experiments

Cells were seeded at 6 x 104 cells per well into 24-well plates (triplicate wells per condition) 

in the relevant complete medium and allowed to adhere for a full 24-hour period. A 

‘time-0’ plate was included to record the starting cell number to be able to calculate 

relative cell numbers. Cells were washed once with PBS before receiving experimental 

medium containing or lacking the specified amino acids / metabolites / drugs. At the stated 

time-points the medium was removed, then cells were fixed in 4% formalin-PBS solution. 

Cells were then washed and stored in PBS before staining with DAPI-TritonX100-PBS 

solution for 1 hour, followed by storage in PBS at 4°C until further analysis. DAPI-stained 
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cell nuclei were detected using an Operetta automated microscope platform with Harmony 

software and analysed using Columbus software (all PerkinElmer).

Homocysteine, cystathionine, glutathione, putrescine, spermine, spermidine, GPX4 inhibitor 

ML210, SMOX inhibitor MDL 72527, PAOX inhibitor diminazene aceturate, Ferrostatin-1 

and Erastin were all obtained from Sigma. AMD1 inhibitor sardomozide/SAM486A 

was obtained from MedKoo Biosciences Inc. GPX4 inhibitor RSL3 was obtained from 

APExBIO. CSE inhibitor beta-cyano-L-Alanine was obtained from Santa Cruz. For 

experiments using sardomozide, cells were seeded as stated above. Prior to cysteine 

starvation, cells were fed complete medium supplemented with the stated concentration 

of sardomozide. After 16 hours, medium was removed and cells washed in PBS. Either 

complete or cysteine-free medium (without any sardomozide) was then added and cells 

incubated for the stated times before fixing for cell counts.

For experiments using SMOX and PAOX inhibitors, as well as MTOB, cells were pre-treated 

with stated concentrations for 16 hours in complete medium. After, cells were washed 

in PBS, before treatment was continued in complete or cysteine-free medium for stated 

times. After treatment was finished, cells were fixed and stained as above. For experiments 

using MTA, polyamines, GPX4 and CSE inhibitors, treatment started at the same time 

as cysteine starvation. For experiments involving hypoxic conditions, cells were seeded 

in normoxic conditions and allowed to adhere for 24 hours, before control and cysteine 

starvation medium was added and cells immediately transferred either to a humidified cell 

culture incubator set to 37°C in 20% O2 (Normoxia), or a hypoxia chamber set to 37°C in 

1% O2 (Hypoxia) for the stated times. Cells were fixed immediately and stained as stated 

above.

Throughout the cysteine starvation experiments we noted the previously observed effect of 

low cell density on susceptibility to nutrient withdrawal42 - Extended Data Fig. 9d. I.e. 

low seeding density generally increased the sensitivity of all cells to cysteine starvation 

and high cell density decreased cell sensitivity. For example, cells relatively resistant to 

cysteine starvation, such as HCT116, become more sensitive if at low confluence, and more 

starvation sensitive cells such as MIAPaCa-2 become more resistant to cell death if at high 

confluence. To limit this confounding factor in cell counting experiments cells were seeded 

to be 20-30% confluent at the time of starvation, i.e. low enough to be in a proliferative state 

(i.e. not suffering substantial contact inhibition), but high enough not to be overtly sensitized 

to nutrient limitation. For experiments such as LCMS analysis (described in more detail 

below) we intentionally seeded cells at higher densities to prolong cell survival and allow 

labelling (e.g. with 13C3
15N1-serine into GSH, Extended Data Fig. 3d) to be assessed in cells 

deprived of cysteine for up to 48h.

Western blotting

Protein was extracted from whole cells by lysis in RIPA buffer (Pierce/Thermo Scientific) 

supplemented with protease and phosphate inhibitor cocktail (Pierce/Thermo Scientific). 

Lysates were cleared using centrifugation, resolved on Bolt 4-12% bis-tris pre-cast gels 

(Invitrogen, Life Technologies) and transferred to nitrocellulose membranes. Primary 

antibodies: MTAP (Proteintech, 11475-1-AP), AMD1 (Proteintech, 11052-1-AP), ODC1 
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(Proteintech, 17003-1-AP), GPX4 (Abcam, Ab125066), AHCY (Abcam, ab134966, 

EPR9261), CBS (Abcam, ab140600, EPR8579), CSE (Abcam, ab189916, EPR15468) 

and actin (EMD Millipore, MAB1501, clone C4) as loading control on the same blots. 

Secondary antibodies: IRDye800CW anti-mouse (925-32212), IRDye680RD anti-mouse 

(925-68072), IRDye800CW anti-rabbit (925-32213), IRDye680RD anti-rabbit (925-68073). 

Protein bands were detected and quantified using a Li-Cor Odyssey Fc infrared scanner and 

Image Studio (v5.2) software (Li-Cor Biosciences).

CellROX assay on live cells

Cells were seeded as stated above. Live cells were stained with Hoechst 33342 nuclear stain 

(Thermo Scientific, 62249) for 20min. Medium was removed and cells stained in 100μl 

medium containing CellTracker Green CMFDA (Invitrogen/Thermo Scientific, C7025) and 

Hoechst stain for 40min. After, cells were washed with PBS and 300μl of the relevant 

experimental medium was added for 1 hour, before CellROX Deep Red (Invitrogen/Thermo 

Scientific, C10422) was spiked into the medium and incubated for 40min. Medium was 

removed, cells washed with PBS and new relevant experimental medium including CellROX 

added and imaged using an Operetta automated microscope platform set to 37°C in 5% 

CO2 with Harmony software every hour for 16 − 24 hours. Images were analysed using 

Columbus software.

MDA staining on fixed cells

Cells were seeded, treated and fixed as stated above. Blocking was performed in 5% 

donkey serum (Sigma, D9663), 0.3% Triton X100 (Sigma, X100) in PBS for 1 hour at 

4°C. Staining was performed using blocking buffer including MDA antibody 1:600 (Abcam, 

ab6463) overnight at 4°C on a shaker. Cells were washed with PBS and secondary antibody 

Alexa Fluor 568, goat-anti rabbit (Invitrogen, A11011) and Calcein AM 0.2nM (Invitrogen, 

C1430) in blocking solution was added for 1 − 2 hours at RT in the dark. Cells were 

washed in PBS again, before imaging using an Operetta automated microscope platform 

with Harmony and analysed using Columbus software.

Steady state metabolite measurements

Metabolomics experiments (other than spermine, see below) were performed as described 

previously53. Cells were seeded into 6-well plates (5 x105 − 1.5 x 106 cells per ml, 

depending on time-course, triplicate wells per condition) in complete medium and allowed 

to adhere overnight. Cells were washed with PBS and the relevant experimental media were 

added for the stated times. Duplicate wells were used for cell counting: cell counts were 

used to normalise the volume of lysis solvent prior to metabolite extractions (2 x 10^6 cells 

per ml). Cells were washed quickly in PBS, then ice-cold lysis solvent (Methanol 50%, 

acetonitrile 30%, water 20%) was added and cells scraped on ice. Lysates were transferred 

to 1.5ml tubes on ice, vortexed, then centrifuged at 15,000rpm at 4°C for 10 minutes. 

Supernatants were collected and stored at -80°C for LCMS analysis. For spermine analysis a 

Sequant ZIC-HILIC column guard (20mm x 2.1mm) (Merck) was used to separate spermine 

with the mobile phase mixed by A=0.1% (v/v) formic acid in water and B=0.1% (v/v) 

formic acid in acetonitrile. The flow rate was set to 200 μL/min and the injection volume 

was 20 μL. The separation was done using an isocratic program of 80% of A and 20% of 

Zhang et al. Page 15

Nat Metab. Author manuscript; available in PMC 2023 January 31.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



B, with a total run time of 3 min. The Exactive mass spectrometer was operated in full scan 

mode over a mass range of 50–800 m/z at a resolution of 50,000 in positive mode.

Carbon-13 labelling of metabolites

For experiments using labelled methionine the same basic protocol was used as for steady 

state metabolite measurements (see above). Experimental media were formulated lacking 

methionine or serine (see above) and supplemented with the stated concentrations of 
13C5

15N1-methionine, 13C3
15N1-serine (CKGas/Cambridge Isotope Laboratories Inc.) or 

34S1-methionine (2BScientific). Metabolites were extracted as described above.

LCMS analysis and data processing

Prepared samples were analysed on a LCMS platform consisting of an Accela 600 LC 

system and an Exactive mass spectrometer (Thermo Scientific). A Sequant ZIC-HILIC 

column (4.6mm x 150mm, 3.5μm) (Merck) was used to separate the metabolites with the 

mobile phase mixed by A=0.1% (v/v) formic acid in water and B=0.1% (v/v) formic acid 

in acetonitrile. A gradient program starting at 20% of A and linearly increasing to 80% at 

30 min was used followed by washing (92% of A for 5 mins) and re-equilibration (20% 

of A for 10min) steps. The total run time of the method was 45 min. The LC stream was 

desolvated and ionised in the HESI probe. The Exactive mass spectrometer was operated in 

full scan mode over a mass range of 70–1,200 m/z at a resolution of 50,000 with polarity 

switching. The LCMS raw data was converted into mzML files by using ProteoWizard and 

imported to MZMine 2.10 for peak extraction and sample alignment. An in-house database 

including all possible 13C and 15N isotopic m/z values of the relevant metabolites was used 

for the assignment of LCMS signals. Finally the peak areas were used for comparative 

quantification.

LCMS analysis of polyunsaturated phospholipids

Cells were seeded as 3 × 105 cells per well into 6-well plates (triplicate wells per condition) 

and cultured in complete medium for 48 hours. For lipid extraction the cell samples were 

prepared as described above except that ice-cold isopropanol (IPA) was used as the lysis 

solvent. LCMS methods were based on those described previously54. For phospholipid 

measurement by LCMS 20μl of lysate solution was injected into a LCMS platform 

consisting of an Accela 600 LC system and an Exactive mass spectrometer (Thermo 

Scientific). An ACE silica gel column (3 mm × 150 mm × 3μm) (HiChrom) was used 

to separate the lipids in normal phase mode with the mobile phase mixed by A=20mM 

ammonium acetate/IPA (80:20, v/v) and B=ACN/IPA (80:20, v/v). A gradient program with 

flow rate of 0.3ml/min was used; starting at 8% of A for 1 min, from 1 to 5 min linearly 

increasing A to 9% and to 20% from 5 to 10 min, to 25% from 10 to 16 min and to 35% 

from 16 to 23 min and finally back to 8% of A from 26–40 min for re-equilibration. The 

Exactive mass spectrometer was operated in full scan mode over a mass range of 100–1,200 

m/z at a resolution of 50,000 with polarity switching. The LCMS raw were was converted 

into mzML files by using ProteoWizard and imported to MZMine 2.10 for peak extraction 

and sample alignment. Phospholipids were identified by an in silico algorithm (Lipid search) 

in MZMine 2.10 with lipid classification and detailed fatty acyl information including the 
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number of carbons and double bonds and finally the peak areas were used for comparative 

analysis.

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Iron Assay

Cell lines were seeded in 6-well plates (each line in five wells) with the appropriate media 

as described above. After 24 hours two wells of cells were counted and the average number 

was used in million/ml as T=0h. The cells in the remaining three wells were cultured with 

1.5ml of complete media. After 72 hours 1ml of used medium was taken and diluted with 

4ml of deionized water for iron measurement by ICP-OES. The cells were counted and the 

average number in million/ml was used as T=72h. The diluted media were analyzed using 

Perkin Elmer Optima 7300 DV ICP-OES. The iron levels in ppm from triplicate samples of 

each cell line were averaged and then normalized to the difference in cell number between 

T=0h and T=72h for comparative analysis.

Xenograft experiment

In vivo experiments were carried out in line with previously described protocols4; animal 

work was performed to comply with the Animals (Scientific Procedures) Act 1986 and 

EU Directive 2010 (PPL70/8645) and was approved by the University of Glasgow local 

ethical review process. CD1-Nude (Crl:CD1-Foxn1nu) 6-8 week old female mice were 

obtained from Charles River (UK) and housed in a barrier facility proactive in environmental 

enrichment. Prior to experimental dietary modifications, mice were fed normal chow diet 

(Rat and Mouse Breeder & Grower, 801730, Special Diet Services, UK) and water ad 
libitum. HCT116-NTC and HCT116-MTAP-KO cells (4 x 10^6/flank) were implanted 

by unilateral sub-cutaneous injection. Injection sites were monitored daily until visible, 

measurable tumours had formed (approximately 5mm length). Mice with tumours were 

given experimental diet based on Baker Purified amino acid diet55 containing all essential 

amino acids, but lacking all non-essential amino acids (TestDiet, Richmond IN): Sucrose 

15%, Corn starch 49.76%, Corn oil 7.89%, Amino acid premix 16%, Vitamin mix 

0.2%, Mineral mix 10%, Sodium bicarbonate 1%, DL-alpha tocopheryl acetate 0.004%, 

Ethoxyquin (preservative) 0.019%, colour dye 0.03%. Amino acid premix (% by weight 

of total formulation): L-histidine-HCl 1.33%, L-isoleucine 1.78%, L-leucine 2.67%, L-

lysine-HCl 3.11% L-Methionine 1.33%, L-Phenylalanine 1.78%, L-Threonine 1.78%, L-

Tryptophan 0.44%, L-valine 1.78%. Drinking water contained or lacked L-cysteine & 

cystine, with all other non-essential amino acids added. Control drinking water (pH 7) 

contained Glycine, L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, L-proline, 

L-serine, L-glutamine, L-arginine, L-cysteine hydrochloride monohydrate (all 16mM), L-

tyrosine disodium salt hydrate (3mM) and D-glucose (25mM) all Merck/Sigma. Cysteine-

free drinking water (pH 7) contained L-alanine, L-asparagine, L-aspartic acid, L-glutamic 

acid, L-proline, L-glutamine, L-arginine (all 18.3mM), Glycine and L-serine (16mM), L-

tyrosine disodium salt hydrate (3mM) and D-glucose (25mM) all Merck/Sigma. Both diet 

and drinking water were allowed ad libitum. Tumours were measured three times per week 

with callipers, volumes were calculated using the formula: volume = (length x width2) / 2. 

On reaching the maximum permitted tumour size (length or width = 15mm) or if tumours 

became ulcerated, mice were humanely killed.
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Data presentation and statistics

For each set of data the n-numbers and error bars are shown in the figure legends. Where 

mean values of individual measurements are shown, bars are standard deviation (SD), 

where mean of means are shown (Fig. 5d and Extended Data Fig. 8b only) bars are 

standard error of mean (SEM). In vitro data are generally displayed as averages of n=3 

biological replicates, noted in each figure legend. Tumour sizes were measured three times 

per week, tumour volumes were converted to changes in volume (as percentage) compared 

to the starting volume when diet was changed. Data are presented as weekly mean tumour 

volumes with bars showing SEM (Extended Data Fig. 8b). To compare the relative effects of 

cysteine-free diet on NTC and MTAP-KO cells, we calculated the difference in weekly mean 

tumour volume (as percentage) between individual tumours on the cysteine-free diet and the 

mean tumour volume on control diet (Fig. 5d). Throughout the paper statistical comparison 

between multiple groups was done by ordinary one-way ANOVA with Sidak’s multiple 

comparison test using GraphPad Prism v8.2.1 (279). For Extended Data Fig. 8c, where 

only two groups are compared, an unpaired TTEST with two-tails was performed using 

Microsoft excel for Mac (v14.7.7). Pearson correlation coefficients (R2) and associated 

p-values (two-sided Student’s t-distribution) were calculated with Microsoft excel for Mac 

(v14.7.7). P-values are shown to 3 decimal places, statistical significance was taken as 

P<0.05. A Reporting Summary to accompany this manuscript has been completed in line 

with Nature Research policy.
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Extended Data

Extended Data Fig. 1. Cellular response to cysteine starvation
(a) Cell lines were grown in complete medium, or matched medium lacking the stated 

nutrients for 24h. MDA-MB-231 data is replicated from Fig.1b for comparison with other 

cell lines. (b) MDA-MB-231 cells were either grown in complete medium containing all 

amino acids (Ctr), or matched medium lacking cysteine, with (-Cys +GSH) or without 

(-Cys) glutathione 5mM for the stated times. Metabolites were extracted and analysed by 
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LCMS. (c) Cell lines were grown with (Ctr) or without cysteine (-Cys) and Ferrostatin (+F) 

1μM for 24h and 72h. (d) Colorectal (HCT116 & SW480) and breast (MDA-MB-231 & 

MDA-MB-468) cancer cells were either grown in complete medium containing all amino 

acids (Control), or matched medium lacking cysteine, with (-Cys +HC) or without (-Cys) 

homocysteine 0.8mM for 24h. Cell lysates were probed for transsulfuration pathway enzyme 

expression by western blot. (e) Cells were either grown in complete medium containing 

all amino acids (+), or matched medium lacking cysteine (-) for 24h. Cell lysates were 

probed for transsulfuration pathway enzyme expression by western blot. Western blots are 

representative of two independent experiments. Bands were quantified on a LiCor scanner, 

actin corrected band intensity (arbitrary units) are shown. Statistical comparisons in b were 

done by an ordinary one-way ANOVA with Sidak’s multiple comparison test. Other than 

western blots, all data are averages of n=3 biological replicates, error bars are SD.

Extended Data Fig. 2. Rescue with cysteine precursors homocysteine and cystathionine
(a) MDA-MB-231 cells were grown in medium lacking cysteine (-Cys), supplemented either 

with vehicle (Veh), homocysteine 0.2mM (HC) or cystathionine 0.2mM (CTH) for the stated 

times. Metabolites were extracted and analysed by LCMS. (b) MDA-MB-231 cells were 

grown in medium lacking cysteine, supplemented with vehicle (Veh), homocysteine (HC) 

0.2mM or 0.8mM for 8h. Metabolites were extracted and analysed by LCMS. Statistical 

comparisons in f and g were done by an ordinary one-way ANOVA with Sidak’s multiple 

comparison test. All data are averages of n=3 biological replicates, error bars are SD.
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Extended Data Fig. 3. Correlation between polyamine pathway activity and cysteine starvation 
sensitivity
(a) Cells were grown with (+) or without (-) cysteine for 24h. Cell lysates were probed 

for MTAP expression by western blot and quantified with a LiCor scanner. (b) Cells were 

grown with (+) or without (-) cysteine for 24h. Cell lysates were probed for AMD1 and 

ODC1 enzyme expression by western blot and quantified with a LiCor scanner. Western 

blots are representative of two independent experiments. (c) Pearson correlation coefficients 

(R2) for a range of biological parameters versus sensitivity of 11 cell lines to cysteine 

starvation are shown. P-value = two-sided Student’s t-distribution Metabolite levels are all 
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intracellular, except for ‘Extracellular MTA’. Multiple parameters were assessed under fed 

(Ctr) and cysteine starved (-Cys) conditions. All metabolite levels are normalized to cell 

number. Protein expression was quantified by western blot using a LiCor scanner, and are 

all normalized to actin. Iron uptake was assessed by ICP-OES. Steady state ROS levels were 

detected by live cell imaging of CellROX stain, steady state lipid peroxidation levels were 

evaluated by immunocytochemistry staining for MDA (malonyldialdehyde), both quantified 

using an automated microscope. (d) Cells were grown in complete medium (with 13C3
15N-?-

serine 0.4mM substituted for serine) for 48h. Metabolites were extracted and analysed by 

LCMS. (e) Using peak area data shown in panel (d); GSH levels are shown as % of total 

GSH pool. In the top panel all isotopologues are shown, in the lower panel only cysteine 

derived isotopologues (m+4 and m+7) are shown. Supplementary data file contains analysis 

underlying correlation coefficients in (c). Other than western blots, all data are averages of 

n=3 biological replicates, error bars are SD.
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Extended Data Fig. 4. Impact of polyamines on ROS levels
(a) Cells were grown in complete (Ctr) or medium lacking cysteine (-Cys), with or 

without (Veh) CSE inhibitor beta-cyano-L-Alanine (0.5mM and 1mM) for 48h. (b) Cells 

were either grown in complete medium containing all amino acids (Control), or matched 

medium lacking cysteine (-Cysteine), with increasing amounts of MTA for 20h and 72h. (c) 

Cells were grown in complete medium with vehicle or MTA 500μM for 24h. Metabolites 

were extracted and analysed by LCMS. (d) Top panel: Cells were grown in complete 

medium containing either putrescine (+Putrescine), spermidine (+Spermidine) or spermine 
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(+Spermine), all 20μM or without (+Vehicle). Bottom panel: Cells were grown in medium 

without cysteine containing either putrescine (+Putrescine), spermidine (+Spermidine) or 

spermine (+Spermine), all 20μM or without (+Vehicle). Reactive oxygen species (ROS) 

were detected in real time by an Operetta automated microscope in live cells treated 

with CellROX deep red. (e) Cells were grown in complete medium with or without 

0.1mM MTOB for 16h, then either grown in complete medium (Ctr), or matched medium 

lacking cysteine (-Cys) with or without 0.1mM MTOB for 32h. (f) Cells were grown in 

complete medium with or without 0.1mM MTOB for 5h (with 13C5
15N1-methionine 0.2mM 

substituted for methionine). All data are averages of n=3 biological replicates, error bars are 

SD.
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Extended Data Fig. 5. Labelling transsulfuration intermediates with 34S-methionine
(a) MDA-MB-231 cells were grown in complete medium (with 34S1-methionine 0.2mM 

substituted for methionine) for 24h and then treated with AMD1 inhibitor sardomozide 

20μM for 2h, 4h and 8h. (b) MDA-MB-231 cells and (c) MIAPaCa-2 (right) were grown 

in complete medium with or without AMD1 inhibitor sardomozide 20μM for 16h (with 
34S1-methionine 0.2mM substituted for methionine). All data are averages of n=3 biological 

replicates, error bars are SD.
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Extended Data Fig. 6. Impact of polyamine pathway modulation on ROS levels
(a) Cells were grown in complete medium with or without PAOX inhibitor 10 μM, 40 μM or 

80μM for 16h, then grown in complete medium (Ctr), or matched medium lacking cysteine 

with or without PAOX inhibitor 10μM, 40μM or 80μM for 24h. (b) Cell lines were grown 

in complete medium with (+SMOXi) or without (+Vehicle) SMOX inhibitor MDL72527 

50μM, then grown in complete medium (Ctr) or matched medium lacking cysteine (-Cys) 

with or without 50μM SMOX inhibitor. Reactive oxygen species (ROS) were detected in 

real time by an Operetta automated microscope in live cells treated with CellROX deep red. 
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ROS staining intensity is shown for 16h timepoint. (c) MDA-MB-231 cells were grown in 

either complete medium (black bars) or medium lacking cysteine (orange bars) under either 

normoxia (Nor) or hypoxia (Hyp); 1% oxygen, for stated times. (d) Cell lines were grown 

in complete medium (Ctr) or matched medium lacking cysteine (-Cys) with or without 

20μM AMD1 inhibitor. Reactive oxygen species (ROS) were detected in real time by an 

Operetta automated microscope in live cells treated with CellROX deep red. ROS staining 

intensity is shown for 16h timepoint. (e) Cell lines highly sensitive to cysteine starvation 

(MDA-MB-231, PANC-1, MIAPaCa-2) were grown in medium without cysteine containing 

increasing concentrations of Methionine (0 to 1mM) for 20h. (f & g) Cell lines sensitive to 

cysteine starvation (MDA-MB-231, PANC-1, MIAPaCa-2) were grown in medium without 

cysteine containing increasing concentrations of Methionine (0 to 10μM) for 17h (f) and 

41h (g). (h) Cell lines were grown in complete medium (Ctr) or matched medium lacking 

cysteine (-Cys) with or without methionine (Met) at the stated concentrations. Reactive 

oxygen species (ROS) were detected in real time by an Operetta automated microscope in 

live cells treated with CellROX deep red. ROS staining intensity is shown for 18h timepoint. 

Statistical comparisons in b, c, d & h were done by an ordinary one-way ANOVA with 

Sidak’s multiple comparison test. All data are averages of n=3 biological replicates, error 

bars are SD.
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Extended Data Fig. 7. Impact of methionine restriction on polyamine and transsulfuration 
pathways
(a) PANC-1 cells were grown in medium lacking methionine supplemented with varying 

levels of 13C5
15N1-methionine for 5h. Metabolites were extracted and analysed by LCMS. 

(b) Levels of amino acids were assessed using LCMS data from the experiments shown in 

Fig. 5a and Extended Data Fig. 7a. Relative quantity (peak area, relative to 50uM condition) 

is shown for each amino acid. (c) MIAPaCa-2 cells were cultured in either DMEM or RPMI 

for two weeks. Experiments were performed by growing cells either in complete medium 
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(Ctr) or matched medium lacking cysteine (-Cys) for 32h and 48h. All data are averages of 

n=3 biological replicates with error bars as SD.

Extended Data Fig. 8. Consequences of acute MTAP deletion in HCT116 cells
(a) MTAP positive (Parental/Par, NTC) and negative (M1, M2) HCT116 cells were grown 

in complete medium (with 13C5
15N1-methionine 0.2mM substituted for methionine) for 30h. 

Metabolites were extracted and analysed by LCMS. Data are averages of n=3 biological 

replicates with error bars as SD. (b) CD-1 Nude mice were injected with MTAP positive 

(NTC) and MTAP deleted (M2) HCT116 cells. Once measurable xenograft tumours had 

formed, mice were transferred to a diet & drinking water regime either containing all 

amino acids (Complete), or lacking cysteine and cystine, but containing all other amino 

acids (-Cys), data are averages, bars are SEM (NTC Control diet n=8, NTC –Cys diet n=7, 

MTAP-KO2 Control diet n=9, MTAP-KO2 –Cys n=10). (c) Metabolites were extracted from 

xenograft tumours and serum and subjected to LCMS analysis for MTA levels, data are 

averages, bars are SD, unpaired Ttest, 2-tails, NTC n=16, MTAP KO n=19.
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Extended Data Fig. 9. Consequences of acute MTAP restoration in HCT116 cells
(a) HCT116 cells in which MTAP had been deleted by CRISPR/Cas9 (M2), were either 

stably transfected with an empty vector (clones M2.EV1 & M2.EV2) or a plasmid for 

MTAP expression (clones M2.MX1 & M2.MX2). MTAP expression was validated by 

western blot. Western blot is representative of two independent experiments. Cells were 

grown in complete medium containing all amino acids (Ctr), or matched medium lacking 

cysteine (-Cys). After 20h, cells were fixed, stained and counted. (b) The stated HCT116 

clones were grown in complete medium with or without the xCT inhibitor and ferroptosis 
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inducer erastin 10μM for 18h. (c) MTAP expressing (NTC & M2.MX2) and MTAP 

deleted (M2 & M2.EV1) HCT116 cells were grown in complete medium (with 13C5
15N1-

methionine 0.2mM substituted for methionine) for 30h. Metabolites were extracted and 

analysed by LCMS. (d) MTAP expressing (NTC & M2.MX2) and MTAP deleted (M2) 

HCT116 cells were seeded at a range of cell densities in complete medium in 24-well 

plates. After 24h, cells were washed with PBS and medium was changed for medium 

lacking cysteine or complete medium containing all amino acids. After 20h, cells were fixed, 

stained and counted. (e) Glioblastoma (GBM) cell lines were grown in complete medium 

for 24h. Cell lysates were probed for MTAP, AMD1 and Actin expression by western blot 

and quantified with a LiCor scanner. Western blot is representative of two independent 

experiments. (f) GBM cell lines were grown in either complete medium (Ctr) or medium 

lacking cysteine (-Cys) for 48h. (g) The breast cancer cell lines MDA-MB-231 (highly 

sensitive) and MDA-MB-468 (resistant) were grown in either control (Ctr) or medium 

lacking cysteine (-Cys) for 48 or 72h. Cells for this timepoint were fixed and counted, while 

other cells treated the same way were re-fed with complete medium for an additional 48h 

(Ctr +48h, -Cys 48h), before cells were counted. All data except western blots are averages 

of n=3 biological replicates, error bars are SD.
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Figure 1. Cancer cell lines are generally sensitive to cysteine starvation, and some are highly 
sensitive.
(a) Colorectal (HCT116, SW480), breast (MDA-MB-231, MDA-MB-468) and pancreatic 

cancer (AsPC-1, BxPC-3, CFPAC-1, MIAPaCa-2, PANC-1, Panc10.05 and SW1990) cells 

were grown in complete medium, or medium lacking cysteine (and cystine, as for all 

following experiments) for 3 days. A ‘time-0’ plate was included to record the starting cell 

number to be able to calculate relative cell numbers. (b) MDA-MB-231 cells were grown 

in complete medium, or matched medium lacking the stated nutrients for 24h. (c) MDA-

MB-231 cells were either grown in complete medium, or matched medium lacking cysteine 
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for 24h. Metabolites were extracted and analysed by LCMS. (d) Cell lines were grown 

in complete medium, or matched medium lacking cysteine, with or without glutathione 

(GSH) 5mM for 3 days. (e) Schematic diagram depicting de novo cysteine synthesis, which 

occurs via the transsulfuration pathway. B6 = vitamin B6. (f) The panel of cell lines shown 

in Figure 1a was grown with (Control) or without cysteine (-Cysteine) for 24h. Enzymes 

involved in cysteine synthesis were detected by western blot and quantified with a LiCor 

infra-red scanner. Actin-corrected band intensities (AU, arbitrary units) are plotted on the 

y-axis. Relative cell number after 3 days cysteine starvation (as shown in Fig.1a) are plotted 

on the x-axis. Trendlines and Pearson correlation coefficients are shown on the scatter 

plots. P-value = two-sided Student’s t-distribution. (g) SW480 and MDA-MB-231 cells were 

grown in complete medium (containing methionine 0.2mM) or medium lacking cysteine and 

cystine supplemented with cystathionine (CTH) or homocysteine (HC) at the concentrations 

shown and allowed to grow for 3 days. (h) SW480 and MDA-MB-231 cells were grown in 

complete medium (containing methionine 0.2mM) or media lacking cysteine supplemented 

with homocysteine (HC) 0.8mM or methionine (Met) 0.8mM. All data are averages of n=3 

biological replicates, error bars are SD. γ-GC = γ-glutamylcysteine. See Figure S1e for 

western blots of enzyme expression used in (f).
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Figure 2. Methylthioadenosine efflux correlates with sensitivity to cysteine starvation.
(a) HCT116, SW480 and MDA-MB-231 (M231) cells were grown in complete medium 

(with 13C5
15N1-methionine 0.2mM substituted for methionine) for 48h. Metabolites were 

extracted and analysed by LCMS. Peaks for S-adenosylhomocysteine (SAH) were not 

detected by LCMS in this analysis. (b) The panel of 11 cancer cell lines shown in Fig.1a 

were grown in complete medium. Spent media samples were collected after 24h and 

analysed by LCMS. MTA peak area (normalized for cell number) is plotted versus the 

relative cell numbers after cysteine starvation shown in Fig. 1a. (c) MTAP protein expression 
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was detected by western blot, quantified with a LiCor scanner and normalized to actin 

expression (see Extended Data Fig. 3a) and plotted versus cell number as described for Fig. 

1f. Trendlines and Pearson correlation coefficients are shown on the scatter plots. P-value 

= two-sided Student’s t-distribution. LCMS data are averages of n=3 biological replicates, 

error bars are SD.
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Figure 3. Impact of polyamine metabolism on cysteine starvation sensitivity.
(a) Cell lines were grown in complete medium (Control) or matched medium lacking 

cysteine (-Cysteine) supplemented with putrescine (Putr), spermidine (Spd) or spermine 

(Spe), all 20uM, for 28h. (b) Cell lines were grown in complete medium (with 13C5
15N1-

methionine 0.2mM substituted for methionine) for 3h. Metabolites were extracted and 

analysed by LCMS. (c) Cell lines were grown in complete medium (with 13C5
15N1-

methionine 0.2mM substituted for methionine) or matched medium lacking cysteine for 

16h. Metabolites were extracted and analysed by LCMS. (d) MDA-MB-231 cells were 

Zhang et al. Page 39

Nat Metab. Author manuscript; available in PMC 2023 January 31.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



treated with AMD1 inhibitor sardomozide 20μM for 16h, followed by 20h cysteine 

starvation (without sardomozide), then cells were fixed, stained and counted. Representative 

images were taken using a light microscope. Scale bars = 100μm (e) Cell lines were 

grown in complete medium (with 13C5
15N1-methionine 0.2mM substituted for methionine) 

supplemented with 4-methylthio-2-oxobutanoic acid (MTOB) 0.1mM, or sardomozide 

20μM for 5h. Metabolites were extracted and analysed by LCMS. All data are averages 

of n=3 biological replicates, error bars are SD.
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Figure 4. Inhibition of polyamine metabolism protects highly sensitive cells cells from cysteine 
starvation.
(a) Schematic diagram depicting polyamine metabolism. Ac = Acetyl group. PAOX = 

Polyamine oxidase, SMOX = Spermine oxidase. (b) Cell lines were grown in complete 

medium with either 50μM spermine oxidase (SMOX) inhibitor MDL72527 (SMOXi) or 

without (Veh) for 16h, followed by 30h of complete medium (Ctr) or matched medium 

lacking cysteine (-Cys) with or without 50μM SMOX inhibitor. (c) Cell lines were grown in 

complete medium with (+SMOXi) or without (+Vehicle) SMOX inhibitor MDL72527 50μM 

for 16h, then grown in complete medium (Ctr) or matched medium lacking cysteine (-Cys) 
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with or without 50μM SMOX inhibitor. Reactive oxygen species (ROS) were detected in 

real time by an Operetta automated microscope in live cells stained with CellROX deep red. 

(d) Control cells (Ctr) were grown in complete medium for the entire experiment. Other cells 

were grown in the absence of cysteine (-Cys), with or without polyamines Spermidine (Spd) 

or Spermine (Spe) 20um for 28h. Cysteine-starved/polyamine treated cells either received 

vehicle (+Veh), polyamine oxidase inhibitor (+PAOXi, Diminazene aceturate) or spermine 

oxidase inhibitor (+SMOXi, MDL27527), both 50μM. SMOXi and PAOXi treatments were 

added to the cells 16h prior to starvation/polyamine addition, and during the starvation/

polyamine treatment period. (e) Cell lines were grown in complete medium (Ctr) or matched 

medium lacking cysteine (-Cys) with or without 20μM AMD1 inhibitor. Reactive oxygen 

species (ROS) were detected in real time by an Operetta automated microscope in live cells 

stained with CellROX deep red. (f) Cell lines were grown in complete medium (Ctr) or 

matched medium lacking cysteine (-Cys) or lacking cysteine and methionine (-Cys –Met) 

for 32h. (g) Cell lines were grown in complete medium (Ctr) or matched medium lacking 

cysteine (-Cys) with or without methionine (Met) at the stated concentrations. Reactive 

oxygen species (ROS) were detected in real time by an Operetta automated microscope in 

live cells stained with CellROX deep red. All data are averages of n=3 biological replicates, 

error bars are SD.

Zhang et al. Page 42

Nat Metab. Author manuscript; available in PMC 2023 January 31.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. Impact of methionine levels and acute MTAP deletion on cysteine starvation sensitivity.
(a) MIAPaCa-2 cells were grown in medium lacking methionine supplemented with varying 

levels of 13C5
15N1-methionine for 5h. Metabolites were extracted and analysed by LCMS. 

(b) MTAP was deleted from HCT116 cells using CRISPR/Cas9 and knockout was validated 

by western blot. MTAP positive (Parental, NTC) and negative (M1 & M2) HCT116 cell 

clones were grown in complete medium containing all amino acids (Ctr), or matched 

medium lacking cysteine (-Cys), with or without the ferroptosis inhibitor ferrostatin (1μM) 

for 20h. (c) MTAP deleted HCT116 cell clones (M1, M2) were treated with AMD1 inhibitor 
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sardomozide 20μM for 16h, followed by 20h cysteine starvation (without sardomozide), 

cells were then fixed and counted. (d) CD-1 Nude mice were injected with MTAP positive 

(NTC) and MTAP deleted (M2) HCT116 cells. Once measurable xenograft tumours had 

formed mice were transferred to a diet & drinking water regime either containing all amino 

acids (Control), or lacking cysteine / cystine, but containing all other amino acids (-Cys). 

For (d) Data are averages, bars are SEM (NTC Control diet n=8, NTC –Cys diet n=7, M2 

Control diet n=9, M2 –Cys n=10), statistical comparisons are ordinary one-way ANOVA 

with Sidak’s multiple comparison test. Except for (d) all data are averages of n=3 biological 

replicates and error bars are SD.
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Figure 6. MTAP status is linked to AMD1 expression, polyamine pathway activity and sensitivity 
to cysteine starvation.
(a) MTAP was deleted from HCT116 cells using CRISPR/Cas9 (M2), control cells received 

non-targeting vector (NTC). MTAP knockout cell line M2 was stably transfected with 

either an empty vector (M2.EV1; MTAP negative) or a plasmid for MTAP expression 

(M2.MX2; MTAP positive). AMD1 levels were detected by western blot. Western blot is 

representative of two independent experiments. (b) The four HCT116 isogenic cell lines 

as described above were grown in complete medium with 13C5
15N1-methionine 0.2mM 

substituted for methionine for 3h and 6h. (c) MTAP knockout and re-expressing cell lines 
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were grown in complete medium (Ctr) or matched medium lacking cysteine (-Cys) for 

20h. Reactive oxygen species (ROS) were detected in real time by an Operetta automated 

microscope in live cells stained with CellROX deep red. (d) The four HCT116 isogenic 

cells as described above were grown in complete medium (Control) or medium lacking 

cysteine (-Cysteine) with 13C5
15N1-methionine 0.2mM substituted for methionine for 24h. 

(e) MTAP knockout and re-expressing HCT116 cells were grown in complete medium 

with or without 100μM SMOX inhibitor, 80μM PAOX inhibitor or 0.2mM MTOB for 16h, 

then grown in either complete medium (Ctr), or matched medium lacking cysteine with 

or without 100μM SMOX inhibitor, 80μM PAOX inhibitor or 0.2mM MTOB for 32h. (f) 

MTAP knockout and re-expressing cells were grown in medium lacking cysteine (-Cys) with 

increasing amounts of methionine (Met; 0-1mM) for 24h, before being fixed and counted. 

(g) Schematic diagram depicting major pathways influencing the susceptibility of cancer 

cells to cysteine starvation. All data are averages of n=3 biological replicates, error bars 

are SD. Statistical comparisons in (c) and (d) are ordinary one-way ANOVA with Sidak’s 

multiple comparison test.
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