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SUMMARY

Crosstalk between cellular metabolism and the epi-
genome regulates epigenetic and metabolic homeo-
stasis and normal cell behavior. Changes in cancer
cell metabolism can directly impact epigenetic regu-
lation and promote transformation. Here we analyzed
the contribution ofmethionine and serinemetabolism
tomethylationofDNAandRNA.Serine cancontribute
to this pathway by providing one-carbon units to
regenerate methionine from homocysteine. While
we observed this contribution under methionine-
depleted conditions, unexpectedly, we found that
serine supported the methionine cycle in the pres-
ence and absence of methionine through de novo
ATP synthesis. Serine starvation increased themethi-
onine/S-adenosyl methionine ratio, decreasing the
transfer of methyl groups to DNA and RNA. While
serine starvation dramatically decreased ATP levels,
thiswas accompanied by lower AMPanddid not acti-
vate AMPK. This work highlights the difference be-
tween ATP turnover and new ATP synthesis and
defines a vital function of nucleotide synthesis
beyond making nucleic acids.

INTRODUCTION

The methionine cycle provides methyl units for a variety of reac-

tions such as the methylation of proteins, DNA, RNA and lipids,

allowing for the modulation of their biological functions (Bauerle

et al., 2015; Gut and Verdin, 2013). S-adenosyl methionine (SAM)

is the primary methyl donor molecule utilized in cellular methyl-

ation reactions and is synthesized directly from the essential

amino acidmethionine (Cantoni, 1952) (Figure S1A). The function

of methylation reactions is context and substrate dependent; for

example, DNA and histone methylation are epigenetic modifica-

tions that have important influences on chromatin structure and

regulation of gene expression (Cedar and Bergman, 2009; Gut

and Verdin, 2013). Previously, DNA methylation was perceived

as a relatively stable epigenetic modification with the propensity
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to encode heritable epigenetic information (Dolinoy, 2007; Doli-

noy et al., 2007; Suzuki and Bird, 2008). However, recent

work has highlighted the importance of dynamic control of

DNA methylation, for example, in embryogenesis (Guo et al.,

2014a,2014b; Shen et al., 2014; Smith et al., 2014), cardiomyo-

cyte development (Gilsbach et al., 2014), and actively tran-

scribed and regulatory regions of DNA (Kangaspeska et al.,

2008; Métivier et al., 2008; Schübeler, 2015). It is therefore

increasingly appreciated that existing DNA, as well as newly syn-

thesized DNA, can be dynamically methylated and demethylated

(Bhutani et al., 2011; Byun et al., 2012; Feldmann et al., 2013;

Kohli and Zhang, 2013; Yu et al., 2012). Accordingly, it is impor-

tant to define the cellular processes that control dynamicmethyl-

ation of nucleic acids.

As the fields of epigenetics and cellular metabolism—particu-

larly cancer cell metabolism—have developed in recent years,

so has the appreciation of the fundamental crosstalk between

these processes (Gut and Verdin, 2013; Hino et al., 2013; Nordg-

renandSkildum, 2015). Previous studies haveshown that histone

modifications are responsive to metabolite levels; for example,

glucose-derived acetyl-CoA influences histone acetylation via

ATP-citrate lyase (Wellen et al., 2009). In gliomas, IDH1 mutation

is responsible for the generation of 2HG, which inhibits the DNA

hydroxylase TET and leads to altered methylation of histones

and DNA, so driving the phenotype of these tumors (Christensen

et al., 2011; Figueroa et al., 2010; Turcan et al., 2012). Mouse ES

cells depend on threonine to maintain SAM synthesis, with thre-

onine starvation leading todecreased histonemethylation and in-

hibitedproliferation (Shyh-Changet al., 2013). These findingsand

others illustrate the integration that exists between nutrient avail-

ability, metabolism and epigenetic control mechanisms.

The importance of folate-mediated one-carbon metabolism

for cancer cell proliferation has long been appreciated (Locasale,

2013). Serine plays a key role in feeding one-carbon units to the

tetrahydrofolate (THF) cycle and supports both nucleotide syn-

thesis and NADPH production (Fan et al., 2014; Snell et al.,

1987). Cancer cells have high demand for serine, which they

meet by a combination of exogenous serine uptake and

de novo synthesis from glucose (Locasale and Cantley, 2011;

Maddocks et al., 2013; Possemato et al., 2011; Snell, 1985).

Interestingly, the serine synthesis pathway enzymes can be

epigenetically activated by histone H3 methyltransferase G9A

to support cancer cell survival and proliferation (Ding et al.,
s
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2013). In addition to nucleotide production, one-carbon meta-

bolism can also contribute to the methionine cycle by providing

one-carbons, in the form of methyl groups, to recycle homocys-

teine to methionine (Herbig et al., 2002; Lu andMato, 2012). Par-

titioning of one-carbon units between nucleotide synthesis and

homocysteine remethylation can be controlled by cytoplasmic

serine hydroxymethyltransferase (SHMT1) (Herbig et al., 2002;

MacFarlane et al., 2008), with a decreased flux to thymidine syn-

thesis associated with increased uracil incorporation into DNA

and enhanced cancer risk in some models (Macfarlane et al.,

2011). By contrast, modulation of MTHFD1 has been shown to

lower SAM levels but decrease uracil incorporation into DNA,

suggesting a switch toward nucleotide synthesis (MacFarlane

et al., 2009). Nevertheless, this change in folate metabolism

also increased tumorigenesis in some tumor models (Macfarlane

et al., 2011). Dietary and genetic perturbation of folate mediated

one-carbon metabolism have been shown to disrupt both the

synthesis andmethylation of DNA (Stover, 2004), andwhile these

two pathways are intimately linked, how they are coordinated re-

mains to be fully elucidated.

ATP is the major energy carrier used in cellular metabolism

(Hardie et al., 2012). The inter-conversion of AMP, ADP, and

ATP is a fundamental reaction in cellular biology allowing for

the transfer of energy from energy yielding reactions (e.g., glycol-

ysis) to energy consuming reactions (e.g., fatty acid synthe-

sis)(Hardie et al., 2012). However, there is a clear—but poten-

tially underappreciated—biochemical distinction between ATP

turnover via energetic reactions (i.e., regeneration of ATP by

re-phosphorylation of AMP and ADP) and ATP synthesis (i.e.,

ATP generated by de novo purine synthesis, a process that re-

quires glycine and one-carbon units, which are both commonly

derived from serine in cancer cells). Our previous studies high-

lighted the importance of serine in supporting purine synthesis,

showing that glycine did not provide the one-carbon units neces-

sary for the de novo synthesis of AMP, ADP, and ATP in the

cancer cells we studied (Labuschagne et al., 2014). While purine

synthesis provides vital nucleotides for nucleic acid synthesis,

ATP generated by this biosynthetic pathway has the potential

to be used in other metabolic reactions.

In this study,we analyze the transfer of 13C labeled carbon from

methionine and serine directly onto DNA or RNA in cancer cells.

Under methionine-fed conditions, serine did not contribute one-

carbon units to recycle methionine, although serine did support

DNA and RNA methylation under these conditions. Surprisingly,

weshow that this contributionof serine is through thedenovosyn-

thesisofATP,which is required toconvertmethionine toSAM.Our

data show that non-energetic metabolic stress can cause a dra-

matic decrease in total ATP levels in rapidly proliferating cells,

which can lead to changes in methyl group transfer without

inducing activation of AMP-activated protein kinase (AMPK).

RESULTS

Methionine Is the Dominant Methyl Provider in
Colorectal Cancer Cells, but Its Ability to ProvideMethyl
Groups Is Modulated by Serine Availability
We have previously seen that serine availability has amajor influ-

ence on the growth and metabolism of colorectal cancer cells
Mo
(Labuschagne et al., 2014; Maddocks et al., 2013), with a clear

impact on one-carbon metabolism and purine synthesis. To

analyze the contribution of serine-dependent one-carbon meta-

bolism to the methionine cycle and methylation reactions

(Figure S1A) in these cells, we developed an assay to track

one-carbons from extracellular nutrients, through themethionine

cycle, into methylated substrates (Figure 1A). We chose to focus

on the nucleic acids DNA and RNA as the methyl acceptor sub-

strates, as the most common forms of methylated DNA and RNA

(methyl-cytidine and methyl-adenosine, respectively) are well

characterized (Fu et al., 2014; Jia et al., 2013; Schübeler, 2015)

and amenable to analysis. A number of assays have been devel-

oped to analyze relative quantities of modified and unmodified

DNA bases bymass spectrometry, including global DNAmethyl-

ation (Kok et al., 2007), incorporation of deuterium labeled serine

into DNA (Field et al., 2015; Herbig et al., 2002), and incorpora-

tion of deuterium-13C-labeled methionine into DNA (Bachman

et al., 2014). Based on an acid hydrolysis technique (Kok

et al., 2007), we developed our assay to use 13C15N-serine or
13C15N-methionine in cell culture medium for 3 hr. Using this

method, we were able to track 13C-labeled serine and methio-

nine intomethyl groups onDNAandRNA. Thismethod permitted

relative quantification of the one-carbon contribution from extra-

cellular serine and methionine onto DNA and RNA over a fixed

time period (Figure 1A).

Using this methodwe found—as expected—that one-carbons

from labeledmethionine were readily used tomethylate DNA and

RNA. However, no significant contribution of one-carbons from

serine was detected under the same conditions (Figures 1B

and 1C). As re-methylated methionine is derived from its down-

stream metabolite homocysteine (Figure S1A), removal of exog-

enous methionine also deprives cells of the homocysteine they

require for re-methylation (Shlomi et al., 2014; Tang et al.,

2000). Therefore we supplemented methionine-starved cells

with exogenous homocysteine and vitamin B12 (co-factor for

re-methylation reaction) to ensure these nutrients were not

limiting. Surprisingly, although serine did not contribute one-car-

bons under these conditions, serine starvation clearly decreased

the contribution of one-carbon units frommethionine to DNA and

RNA after 9 hr (Figures 1B and 1C). Treatment with a low dose of

the DNA methyltransferase inhibitor azacytidine, which directly

blocks DNA methyl transfer, caused a similar decrease in the

transfer of methyl groups to DNA as serine starvation (Figure 1D).

After 30 hr of serine starvation, cells restored their ability tomain-

tain the transfer of methionine-derived methyl groups to DNA

(Figure 1E). Cancer cells adapt to serine starvation both by con-

trolling serine utilization and by upregulating de novo serine syn-

thesis, which allows recovery of serine levels (Maddocks et al.,

2013), potentially explaining the recovery of methyl transfer by

this later time point.

Analysis of total DNA and RNAmethylation showed that serine

depletion did not significantly impact total levels of methylated

DNA or RNA, whereas methionine starvation caused decreased

methylation (Figure S1B). This finding suggests a degree of coor-

dination between serine availability and methyl group transfer,

which is lacking for methionine. As expected, azacytidine

caused a decrease in total DNA methylation, but did not alter to-

tal RNAmethylation (Figure S1B). As serine starvation decreases
lecular Cell 61, 210–221, January 21, 2016 ª2016 The Authors 211



Figure 1. Methyl Transfer fromMethionine toDNAandRNA Is Impeded during Serine Starvation, yet SerineDoesNot ContributeOne-Carbon

Units for Methylation under Methionine-Fed Conditions

(A) A method was developed to directly track the incorporation of labeled one-carbons from extracellular nutrients into DNA and RNA. After starvation/drug

treatment, cells were fed labeled nutrients for 3 hr. Following standard DNA and RNA isolation, nucleic acids were hydrolyzed and analyzed by LCMS, revealing

the extent of methyl cytosine and methyl adenine labeling.

(B and C) RKO cells were grown in the presence or absence of unlabeled methionine 0.1 mM (Met) and serine 0.8 mM (Ser) for 6 hr, after which the media were

replaced with matched media containing either labeled methionine or labeled serine for 3 hr and analyzed as outlined in (A). The methionine-starved cells were

supplemented with 0.8 mM homocysteine and 1 mM vitamin B12. The ratio of labeled to unlabeled methyl cytosine (mC+1/mC) in DNA and labeled to unlabeled

methyl adenine (mA+1/mA) in RNA are shown. Data are averages of triplicate wells, and error bars are SD. Broken lines indicate the background labeling due to

natural 13C abundance, shown as control (Ctr.) blue bars.

(D) HCT116 and RKO cells were grown with or without serine 0.8 mM (+/�Ser) for 6 hr, after which themedia were replaced with matchedmedia containing either

unlabeled (Ctr.) or labeled methionine for 3 hr and analyzed as outlined in (A). Azacytidine 0.5 mM (AzaC) a DNA methyltransferase inhibitor was used as positive

control. Data are averages of triplicate wells; error bars are SD.

(E) HCT116 cells were treated as described in (D), either with an initial serine starvation (with unlabeled methionine) of 6 hr or 30 hr, followed by a 3 hr period with

labeled methionine. Data are averages of triplicate wells; error bars are SD.

See also Figure S1.
the proliferation rate of cancer cells, we tested whether serum

starvation, which also decreases proliferation rate (Figure S1C),

had a similar effect. Serum starvation did not impede transfer of

methyl groups to DNA to the same extent as serine starvation

(Figure S1D), suggesting that the changes in methyl transfer

that we detected are not simply a reflection of decreased

proliferation.
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De novo ATP Synthesis Influences Methionine/SAM
Ratio and Transfer of Methyl Groups to DNA
To understand why serine availability influenced the transfer of

methyl groups to DNA and RNA, despite not directly contributing

one-carbons for methylation, we analyzed metabolite levels in

the methionine cycle by liquid chromatography mass spectrom-

etry (LCMS). Addition of 13C15N-labeled methionine showed that
s



Figure 2. Contribution of Methionine to the

SAM Cycle Is Impeded by Serine Starvation

(A and B) HCT116 and RKO cells were grown in the

presence of unlabeled methionine 0.1 mM with or

without serine 0.8 mM (+/�S) for 6 hr, after which

the media were replaced with matched media

containing labeled methionine, then harvested

after a further 5 hr. Intracellular metabolites were

analyzed by LCMS. Data are averages of triplicate

wells; error bars are SD.
serine-starved cells had increased levels of methionine but lower

levels of downstreammetabolites SAM and SAH (Figures 2A and

2B), suggesting a decrease in the conversion of methionine into

themethyl donor molecule SAM. Given that conversion of methi-

onine into SAM is ATP dependent, we hypothesized that methyl-

ation could be influenced by cellular ATP levels.

To test this, we assessed the impact of serine depletion on

ATP levels and compared this to glucose starvation as a positive

control. Glucose is a major cellular energy source, and as ex-

pected, glucose depletion caused increased levels of AMP and

lower levels of ATP (Figure 3A). This corresponded with activa-

tion (by phosphorylation) of the cellular energy sensor AMPK

(Figure 3B). By comparison, we noted that serine starvation

alone decreased both ATP and AMP levels (Figure 3A). This is

a reflection of the requirement of serine-derived one-carbon

units for de novo purine synthesis, and as reported previously

(Labuschagne et al., 2014), this effect was further exacerbated

by both removing serine and increasing glycine, which further in-

hibits nucleotide synthesis. In previous work, we found that py-

ruvate partially rescued cells from serine starvation and showed

that acute depletion of exogenous pyruvate and serine resulted

in activation of AMPK (Maddocks et al., 2013). In the present

study, cells were routinely grown without pyruvate, hence were

adapted to its absence. In this context, the subsequent removal

of serine led to a coordinated decrease in both AMP and ATP
Molecular Cell 61, 210–221
levels (Figure 3A), without activation of

AMPK (Figure 3B). While de novo ATP

synthesis may be slower in comparison

to the rate of ATP turnover (as in energy

generating reactions), these results sug-

gest that without significant de novo

ATP synthesis, cancer cells do not have

an adequate pool of adenine nucleotides

for biosynthetic reactions (such as SAM

synthesis) that require ATP to contribute

adenosine.

In order to test whether de novo syn-

thesis of ATP could make a direct contri-

bution to the methionine cycle, we

analyzed SAM cycle metabolites by

LCMS after feeding cells 13C15N-serine.

In support of the DNA and RNA methyl-

ation data (Figures 1B and 1C), labeled

serine did not contribute one-carbons to

methionine re-methylation (i.e., the m+1

pool of methionine was at background
levels, as seen in the control cells). However, after just 3 hr,

both SAM and SAH were labeled by serine-derived carbon and

nitrogen (Figures 4 and S2A). Labeling was not seen in homocys-

teine, reflecting the fact that the ATP-derived adenosine nucleo-

tide is lost on conversion of SAH to homocysteine (Figure S2A).

As a result, label is detected in adenosine produced at this step

(Figure S2A). ATP also contributes adenosine to the synthesis

other metabolites (e.g., NAD(H)). In comparison to SAM, the

contribution of labeled serine to NAD(H) was smaller over 3 hr

(Figure S2A), with serine starvation having a relatively modest

impact on total NAD(H) levels over 6–24 hr. Excess glycine had

a greater impact on NAD(H), in line with its more dramatic effects

on ATP levels. These data suggest that SAM levels may be

more sensitive to variations in de novo ATP synthesis than other

metabolites.

To test whether de novo nucleotide synthesis is required

for incorporation of methyl units into DNA, we cultured cells

under conditions which inhibited de novo nucleotide synthesis

(i.e., no serine/no serine + high glycine). Analysis of total ATP,

methionine, and SAM pools (without using labeled metabolites)

showed that these conditions caused a dramatic decrease in

cellular ATP levels concurrent with increased methionine, and

lower SAM levels (Figures 5A and S3A). These metabolic

changes translated to an increased methionine/SAM ratio (Fig-

ures 5B and S3B) and a decrease in the contribution of methyl
, January 21, 2016 ª2016 The Authors 213



Figure 3. Metabolic Stress may Inhibit ATP

Turnover, Increasing AMP and Decreasing

ATP, or Inhibit ATP Synthesis (i.e., De Novo

Nucleotide Synthesis) Decreasing Both

ATP and AMP

(A) HCT116 and RKO cells were grown in varying

concentrations of glucose (0.25–8 mM), or in

complete medium (Comp), or without serine (No

Ser), or without serine and with high glycine (1 mM

Gly) for 6 hr. Intracellular pools of AMP and ATP

were determined by LCMS. Data are averages of

triplicate wells; error bars are SD.

(B)Western blots were performed to determine the

expression of AMPK and phosphorylated AMPK;

bands were quantified using a Li-Cor scanner.

Ratio was calculated by dividing pAMPK band

intensity by AMPK band intensity.
units from the methionine cycle to DNA (Figure 5C). Exogenous

formate directly provides one-carbons to the THF cycle and re-

stores de novo nucleotide synthesis in the presence of excess

glycine (Labuschagne et al., 2014). Consistent with the require-

ment for de novo ATP to support methionine to SAM conversion,

the addition of formate restored transfer of methyl groups from

methionine to DNA (Figure 5C).

Wider analysis of nucleotide synthesis intermediates showed

that serine starvation generally impeded the synthesis of pu-

rines (due to lack of one-carbon units, as previously reported;

Labuschagne et al., 2014). By contrast, pyrimidine levels up-

stream of dTMP either showed little change or increased in

response to serine starvation (Figure S4). As the pyrimidine nu-

cleotides upstream of dTMP do not require one-carbon units

for de novo synthesis, they can be made in the absence of

serine. Furthermore, the lack of purines will inhibit nucleic

acid synthesis, allowing unused pyrimidines to accumulate.

The synthesis of dTMP from dUMP requires serine-derived

one-carbon, and accordingly, the levels of dTMP were also

lower in serine-starved cells.

One-carbon Metabolism Contributes to Methylation
under Methionine-Starved, Homocysteine-Fed
Conditions
As we were unable to detect the use of serine-derived one-car-

bons for methionine re-methylation after 9 hr (Figures 1B and

1C), we considered that a longer period of methionine starva-

tion could be necessary to promote detectable re-methylation.

After 24 hr of methionine starvation (with supplementary vitamin

B12 and homocysteine) with labeled serine for the final 3 hr, we

were able to detect the transfer of serine-derived one-carbons

to DNA and RNA (Figure 6A). Supplementing cells with homo-
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cysteine and vitamin B12 provided vary-

ing degrees of proliferative rescue (Fig-

ure 6B), most likely reflecting the

efficiency with which these cells can

recycle methionine from homocysteine.

The small additional gain in rescue

achieved by supplementary vitamin B12

suggests that background vitamin B12
levels are already present in the dialyzed serum in the protein

bound form.

Serine Contributes to the SAM Cycle by Two Distinct
Pathways that Can Operate Simultaneously
Our data suggest that serine can contribute to the methionine

cycle both by providing one-carbon units for re-methylation of

methionine and by supporting de novo ATP synthesis to allow

the conversion of methionine to SAM. To assess the full extent

of the contribution of serine to nucleotide synthesis and themethi-

onine cycle,weculturedcellswith labeled serine for 24hr, either in

the presence of methionine or without methionine plus homocys-

teine and vitamin B12. All three cell lines readily took up the exog-

enous serine, which was converted into glycine. One-carbons

from serine and serine-derived glycine molecules entered de

novo nucleotide synthesis so that almost the entire cellular pools

of AMP, ADP, ATP GMP, GDP, and GTP were labeled after 24 hr

(Figures 7A and S5). At this time point most NAD(H) was also

labeled, although the proportion of the pool labeled was less

than that seen for ATP and SAM (Figures 7A and S5).

The major ATP isotopomer contained four labeled carbons

and one labeled nitrogen (m+5), indicating incorporation of

serine-derived glycine (two carbons, one nitrogen) and two

serine-derived one-carbon units (Figures 7A and 7B). While total

methionine levels were lower in the methionine-starved cells, an

increase in the proportion of m+1 labeled methionine was

observed. Hence the ratio of labeled to unlabeled methionine

was dramatically increased in the methionine-starved cells.

Labeling of SAM generally mirrored ATP labeling; however,

an additional m+6 isotopomer was also observed in SAM,

whichwas increased duringmethionine starvation. Thism+6 iso-

topomer is a result of SAM labeling via re-methylated methionine



Figure 4. Under Methionine-Fed Condi-

tions, Serine Contributes to the SAM Cycle

via De novo ATP Synthesis, but Not Homo-

cysteine Re-Methylation

HCT116 cells were either fed unlabeled or
13C3

15N1-labeled serine 0.4 mM for 3 hr (in the

presence of methionine 0.1 mM). Metabolites

were extracted and analyzed by LCMS. The major

isotopomers resulting from serine labeling are

shown. Data are averages of triplicate wells, error

bars are SD. See also Figure S2.
(one carbon from serine) plus serine-labeled ATP (four carbons

and one nitrogen) (Figures 7A and 7B). This labeling pattern indi-

cates that serine can contribute simultaneously to two indepen-

dent pathways that support the SAM cycle.
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For technical clarity, we have provided

examples of chromatogram peaks for

adenine, methyl-adenine, cytosine, and

methyl-cytosine with theoretical and

measured masses (Figure S6), as well

as a breakdown of our data analysis and

presentation for 13C methyl transfer (Fig-

ures S7A–S7C) and total RNA/DNA

methylation analysis (Figures S7D–S7F).

DISCUSSION

One of the most important cellular uses

for serine is to provide one-carbon units

to support the THF-cycle (Tibbetts and

Appling, 2010). While the cleavage of

glycine could also provide one-carbons,

we showed previously that glycine

cannot substitute for serine, and

increasing glycine in cells starved of

serine further depletes the one-carbon

pool as cells convert the glycine to serine

(Labuschagne et al., 2014). Serine-

dependent one-carbon metabolism is

necessary for purine synthesis, but it

can also contribute to several other

metabolic pathways. The biochemical

capacity for transfer of one-carbons

from the THF cycle to homocysteine re-

methylation is well known (Field et al.,

2015; Herbig et al., 2002; Shlomi et al.,

2014; Tang et al., 2000). However, the

activity of this pathway in cancer cells

is poorly characterized. In the present

study, we show that during methionine

starvation, serine can provide one-car-

bon units to recycle homocysteine to

methionine and so support the methio-

nine cycle. Intriguingly, however, we

also found that serine contributes to the

SAM cycle and subsequent DNA and
RNA methylation, even in methionine-fed cells, although this

was not a reflection of methionine recycling. Instead, we found

that serine-dependent de novo ATP synthesis is needed to sup-

port the conversion of methionine to SAM and that limitation of
, January 21, 2016 ª2016 The Authors 215



Figure 5. Metabolic Stresses that Suppress

De novo Nucleotide Synthesis Increase the

Methionine/SAM Ratio

(A) HCT116 cells were grownwith or without serine

0.8 mM (+/�Ser) or without serine, plus high

glycine (1 mM Gly) for 24 hr and analyzed by

LCMS. Data are averages of triplicate wells; error

bars are SD.

(B) The methionine/SAM ratio was calculated by

dividing the peak areas of these metabolites. Data

are averages of triplicate wells, error bars are SD.

(C) HCT116 cells were grown with or without

serine 0.8 mM (+/�Ser) or without serine, plus high

glycine (2 mM Gly) with or without formate

(0.5mM) for 6 hr. DNAwas extracted and analyzed

by LCMS. Data are averages of triplicate wells;

error bars are SD. Broken line indicates the

background labeling due to natural 13C carbon

abundance.

See also Figures S3 and S4.
this ATP pool can impact the rate of SAM generation and new

methylation of DNA and RNA.

The method we have used to track transfer of methyl units

from 13C-labeled methionine and serine has potential utility to

evaluate methylation dynamics of DNA and RNA in other con-

texts. There is a growing realization that methylation of DNA

and RNA is more dynamic than previously appreciated. The abil-

ity to analyze these changes with a temporal dimension (e.g., by

adapting the method to include multiple time points) may allow

this technique to be used to achieve this goal. In addition, the

analysis methodwe employed for total cytosine/adenine methyl-

ation offers a robust method for global methylation analysis. The

advantages of this LCMS method compared to other measures

of global methylation (e.g., immuno-detection of 5 mC) are that it

is direct and properly normalized for total cytosine/adenine con-

tent. However, the present method is not sensitive enough to

detect small changes (e.g., less than �2%) in methylation or to

provide information on where in the genome these changes

may occur.

Serine has been shown to play an important role in supporting

the proliferation of cancer cells. Although not an essential amino

acid, serine starvation promotes the induction of a program of

metabolic adaptation including the de novo serine synthesis

pathway, allowing cells to generate serine from glycolytic inter-

mediates. In some cancers, amplification of the SSP enzymes

renders the cells less dependent on exogenous serine. However,

most cancer cells respond to serine starvation with an abrupt

depletion of intracellular serine. Successful adaptation to serine
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starvation depends on the ability to parti-

tion the depleted serine pool into path-

ways important for cell survival (such as

the generation of glutathione to control

ROS) while limiting flow of serine-derived

one-carbon units into nucleotide synthe-

sis. While this strategy is consistent with

meeting the needs of cells that have un-

dergone a transient cell-cycle arrest (in
response to serine depletion) and so have lower need for nucleic

acid synthesis, our data indicate that a broader view of the

contribution of purines—especially ATP—to cell growth and sur-

vival needs to be considered.

Numerous studies demonstrate that cells monitor and sense

energetic stress through AMPK, which detects elevated AMP/

ADP levels, signifying an increase in the AMP-to-ATP ratio (Har-

die et al., 2012; Xiao et al., 2013). AMPK activation causes a

host of changes that promote ATP regeneration and inhibit

ATP consumption, so allowing the cell to balance ATP demand

with ATP supply (Hardie et al., 2012; Hochachka and McClel-

land, 1997). The intracellular ATP level is frequently considered

to be a function of changes in ATP turnover (i.e., the regenera-

tion of ATP by phosphorylation of AMP/ADP) (Hardie et al.,

2012; Hochachka and McClelland, 1997; Xiao et al., 2013),

and clearly, the changing ratios of these metabolites in relation

to ATP are signals for the activation of energetic stress re-

sponses like AMPK (Xiao et al., 2013). Less explored, however,

is the contribution of de novo ATP synthesis (i.e., ATP generated

by de novo purine synthesis, a biosynthetic pathway that re-

quires glucose and amino acids). Cancer cells show enhanced

rates of de novo purine synthesis, which has been interpreted

as contributing to increased demand for nucleic acid (primarily

RNA and DNA) synthesis. However, ATP generated by this

pathway has the potential to be used in other metabolic reac-

tions, including functions in energy transfer, as a phosphate

donor, or as an adenosine donor—as in SAM and NAD(H) syn-

thesis. It is possible that these alternative functions for the de



Figure 6. UnderMethionine Starvation, Homocysteine Is Re-Methyl-

ated Using One-Carbon Units from Serine

(A) RKO cells were grown with unlabeled methionine 0.1 mM and serine

0.8 mM (MS) or unlabeled serine plus homocysteine (SHc) for 21 hr, followed

bymatchedmedium containing 13C3
15N1-labeled serine for 3 hr. DNA andRNA

were isolated an analyzed by LCMS. Broken lines indicate the background

labeling due to natural 13C abundance, shown as control (Ctr.) blue bars. Data

are averages of triplicate wells; error bars are SD.

(B) RKO, HCT116, and SW480 cells were grown in medium with serine 0.8 mM

(S), with or without methionine 0.1 mM (M), homocysteine 0.8 mM (Hc), and

vitamin B12 1uM (B12), and counted after 2 and 4 days. Data are averages of

triplicate wells; error bars are SD.
novo synthesized purines (both ATP and GTP) could help

explain why cancer cells devote so many resources to this

pathway. Indeed, guanine nucleotides (GMP, GDP, and GTP)

are critical for supporting the Ras pathway and a range of other

signaling and metabolic processes important in cancer (Grewal

et al., 2011; Ostrem et al., 2013).

Given that we observed almost complete labeling of the ATP

pool within 24 hr, our data also suggest that just as other pools

of cellular components (such as DNA and proteins) need to be

replicated to support cell division, so do pools of ‘‘free nucleo-

tides’’ such as ATP and GTP. Since AMPK is seemingly insen-

sitive to concurrent decreases in AMP and ATP, it is tempting

to speculate that other mechanisms exist to detect absolute

cellular ATP (and GTP) content. Given the dependence of the

methionine cycle on ATP and its ability to influence gene

expression and protein activity by methylation, it is conceivable

that the methionine cycle has a role in sensing absolute ATP

levels.
Mo
In the present work, we observe the contribution of newly syn-

thesized ATP to the SAM cycle and a requirement for serine in

supporting transfer of methyl groups to DNA and RNA through

ATP synthesis. A wealth of literature supports the role of

serine-derived one-carbon in methionine re-methylation through

the synthesis of 5-methyl THF, and polymorphisms in one-car-

bon metabolism enzymes can influence chromatin methylation

and ultimately disease risk (Stover, 2011). However, we did not

observe the expected serine-dependent re-methylation in can-

cer cell lines when methionine was present. We show that non-

energetic metabolic stress can have a dramatic and rapid effect

on total ATP levels, causing an even greater decrease than

glucose starvation. However, this drop in ATP is not clearly de-

tected by the classic energetic stress sensor AMPK, likely

because lower de novo ATP synthesis is accompanied by lower

levels of AMP. We see that despite dramatic decreases in ATP

levels, cells survive and maintain proliferative potential. These

are important observations given the widely held belief—based

on studies involving energetic stress—that cells maintain con-

stant ATP levels at all costs and that ATP concentration is ‘‘uni-

versally homeostatic’’ (Hochachka and McClelland, 1997). The

term ‘‘ATP synthesis’’ is very commonly used (Pubmed returns

over 600 papers with this term in the title) to describe the gener-

ation of ATP by adding phosphate(s) to AMP or ADP. However,

this form of ATP generation can more accurately be referred to

as ATP turnover or regeneration, as the adenosine nucleotide

is conserved during such reactions. As the present study dem-

onstrates, true (i.e., de novo) ATP synthesis—achieved by the

assembly of glucose and amino acids through multi-step de

novo purine synthesis—is also a major contributor to the func-

tional ATP pool in cancer cells.

EXPERIMENTAL PROCEDURES

Cell Culture

HCT116, RKO, and SW480 cells were obtained from ATCC and subsequently

authenticated using the Promega GenePrint 10 system according to the man-

ufacturer’s instructions. Unless otherwise stated, cell culture media were

purchased from GIBCO, product numbers are shown in parenthesis. Stock

HCT116 and RKO cells were grown in McCoys 5A Medium (26600)

supplemented with 10% FBS and penicillin-streptomycin. SW480 cells were

grown in DMEM (21969) supplemented with 2 mM L-glutamine 10% FBS. All

stock cell culture and experiments were conducted in 37�C, 5% CO2

incubators.

Nutrient Deprivation

For experiments where nutrient levels were manipulated, cells received formu-

lated medium containing MEM vitamins (11120), dialysed FBS (Hyclone,

Thermo Scientific), penicillin-streptomycin, 17 mMD-glucose (Sigma), sodium

bicarbonate (Sigma) lacking methionine, and serine and glycine (but contain-

ing all other amino acids), with varying concentrations of these nutrients added

back as specified in each experiment. For re-methylation experiments (where

cells were deprived of methionine) 0.8 mM homocysteine (Sigma) and 1 mM

vitamin B12 (methylcobalamin, Sigma) were added. Azacytidine (Sigma) was

used at 0.5 mM. Labeled amino acids 13C3
15N1-Serine and 13C5

15N1-methio-

nine (Cambridge Isotope Laboratories Inc. USA, via CK Gas Ltd, UK) were

used at concentrations specified in each experiment.

Methylation Analysis

Cells were seeded in McCoys/DMEM in 6-well plates and left for 16–24 hr;

initial seeding density was 2 to 8 3 105 cells per well and was calculated so

that cells were approximately 80% confluent at the time of harvest. Cells
lecular Cell 61, 210–221, January 21, 2016 ª2016 The Authors 217



Figure 7. Serine Contributes to the SAM Cycle by Two Distinct Pathways, which Can Act Simultaneously

(A) HCT116, RKO, and SW480 cells were grown with unlabeled methionine 0.1 mM plus 13C3
15N1-labeled serine 0.8 mM (MS) or without methionine, with

homocysteine 0.8 mM, vitamin B12 1 mM, plus 13C3
15N1-labeled serine (SHc) for 24 hr; glycine was not included in any of the media. Metabolites were extracted

and analyzed by LCMS. The major isotopomers resulting from serine labeling are shown. Data are averages of triplicate wells; error bars are SD.

(B) Schematic diagram depicting the contribution of serine/glycine metabolism to the SAM cycle under methionine-fed and methionine-starved conditions. The

contribution of labeled carbons and nitrogens from exogenous serine are shown in red text. See also Figure S5.
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were washed once with PBS and received formulated assay medium as

described above under ‘‘Nutrient Deprivation.’’ For each experiment, cells

were initially grown with unlabeled nutrients for various time periods (stated

in each experiment) followed by a fixed period of 3 hr with labeled 13C3
15N1-

Serine or 13C5
15N1-Methionine. The relative contribution of these labeled

metabolites to DNA/RNA methylation over the 3 hr period was then assessed

as follows: cells were removed from wells with trypsin, and each well was split

into two cell pellets that were frozen on dry ice/�80�C. One pellet was

used for DNA extraction using QIAamp DNA mini kit (QIAGEN, 51304) with

RNase treatment, RNA was extracted from the second pellet using RNeasy

mini kit (QIAGEN, 74104) with DNase treatment according to manufacturer’s

instructions.

The protocol for DNA/RNA acid hydrolysis was developed from methods

presented by Kok & colleagues (Kok et al., 2007). 1ug DNA or 3ug RNA was

placed in a 1.5ml tube and dried at 40�C under nitrogen gas. 100ul of formic

acid (Sigma) was added to the dry pellets and incubated at 130�C for 3.5 hr.

After cooling, the acid was dried off at 40�C under nitrogen gas, dry pellets

were re-suspended in 25ul LCMS-gradewater for 20min at room temperature.

100ul of ice-cold LCMS-grade methanol (62.5%) acetonitrile (37.5%) solution

was added to each sample. Samples were vortexed and spun at 4�C for

15 min, supernatant were transferred to LCMS vials.

Bases from hydrolyzed DNA and RNA were analyzed on a Dionex Ultimate

3000 LC system coupled to a Q Exactive mass spectrometer (Thermo Scien-

tific). Chromatographic separation was achieved using a Sequant ZIC-pHILIC

column (2.13 150mm, 5 mm) (Merck) with elution buffers (A) and (B) consisting

of 20 mM (NH4)2CO3, 0.1% NH4OH in H2O) and acetonitrile, respectively. The

LC systemwas programmed tomaintain a flow rate of 200 ml/min with the star-

ing condition at 80% (A), which linearly decreased to 20% (A) over 10 min

followed by washing and re-equilibration steps (20%–80% [A]) over 7 min.

Ionization of the analytes occurred in a heated electrospray ionization (HESI)

probe fitted to the mass spectrometer that operated in negative ion mode

over a mass range between 75 and 200 m/z at a resolution of 70,000. Thermo

LCquan software was used to identify and analyze the nucleotides. To quantify

the contribution of labeled serine/methionine to DNA/RNA methylation

the peak area for m+1,methyl-cytosine/m+1,methyl-adenine was divided by

m+0,methyl-cytosine/m+0,methyl-adenine. For quantification of total DNA/

RNA methylation, only unlabeled metabolites were used, and the peak area

for methyl-cytosine/methyl-adenine was divided by peak area for cytosine/

adenine, respectively. Examples of chromatogram peaks and a graphical

representation of the data analysis and presentation are included in Figures

S6 and S7.

Metabolite Analysis

Assays were performed as described previously (Labuschagne et al., 2014).

Briefly, cells were plated in 6-well plates and cultured in McCoys 5A medium

or DMEM for 24 hr before replacing the medium with fresh medium containing

labeled amino acids and incubated for the indicated times. Cells were washed

with PBS followed bymetabolite extraction with ice-cold extraction buffer con-

sisting of methanol, acetonitrile, and H2O (50:30:20). Extracts were analyzed

by LCMS using a Dionex Ultimate 3000 LC system coupled to a Q Exactive

mass spectrometer (Thermo Scientific). A Sequant ZIC-pHILIC column

(2.1 3 150 mm, 5 mm) (Merck) was used to separate the metabolites using

the same elution buffers ([A] and [B]) as described above. A gradient program

starting at 80% (A) and linearly decreasing to 20% (A) over 17 min was used

followed by washing and re-equilibration steps. The total run time of the

method was 23.5 min. The Q Exactive was operated in full scan mode over

a mass range of 75–1,000 m/z at a resolution of 35,000 with polarity switching.

Ionization occurred in the HESI probe. Metabolites were identified and

analyzed using Thermo LCquan software.

Western Blot

Whole-cell protein lysates were prepared in RIPA-buffer supplemented with

complete protease inhibitors (Roche), sodium orthovanadate, and sodium

fluoride (both Sigma). Lysates were separated using precast NuPAGE gels

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

Proteins were detected and quantified using a LI-COR Odyssey Infrared scan-

ner and software (LI-COR Biosciences). Primary antibodies used were as fol-
Mo
lows: Anti-AMPK-a (2532) and Anti-phospho-AMPK-a (2535) both from Cell

Signaling Technology. Secondary antibodies for the relevant species were

IRDye680LT and IRDye800CW conjugated (LI-COR Biosciences).

Growth Curves

HCT116, RKO (2 to 3 3 104 cells per well in McCoys medium) and SW480

(5 3 104 cell per well in DMEM) were seeded in 24-well plates and allowed

to adhere overnight. Adherent cells were washed with PBS and were fed

formulated assay medium supplemented with the stated nutrients (see

‘‘Nutrient Deprivation’’ above). A separate ‘‘time-zero’’ counting plate was

used to record starting cell number. Media were changed every 24 hr, and

plates were counted after 2 and 4 days. Relative cell number was calculated

by comparison to cell number at ‘‘time-zero.’’ For counting cells were trypsi-

nized, re-suspended in PBS-EDTA, and counted with a CASY Model TT Cell

Counter (Innovatis, Roche Applied Science).

SUPPLEMENTAL INFORMATION
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