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Nucleotide synthesis is essential to proliferating cells, but
the preferred precursors for de novo biosynthesis are not
defined in human cancer tissues. We have employed multi-
plexed stable isotope-resolved metabolomics to track the
metabolism of ['3C¢]glucose, D,-glycine, [*3C,]glycine, and
D;-serine into purine nucleotides in freshly resected cancer-
ous and matched noncancerous lung tissues from nonsmall
cell lung cancer (NSCLC) patients, and we compared the
metabolism with established NSCLC PC9 and A549 cell lines
in vitro. Surprisingly, [**C4lglucose was the best carbon
source for purine synthesis in human NSCLC tissues, in con-
trast to the noncancerous lung tissues from the same patient,
which showed lower mitotic indices and MYC expression. We
also observed that D;-Ser was preferentially incorporated
into purine rings over D,-glycine in both tissues and cell
lines. MYC suppression attenuated ['3C,]glucose, D,-serine,
and ['3C,]glycine incorporation into purines and reduced
proliferation in PC9 but not in A549 cells. Using detailed
kinetic modeling, we showed that the preferred use of glucose
as a carbon source for purine ring synthesis in NSCLC tissues
involves cytoplasmic activation/compartmentation of the
glucose-to-serine pathway and enhanced reversed one-car-
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bon fluxes that attenuate exogenous serine incorporation
into purines. Our findings also indicate that the substrate for
de novo nucleotide synthesis differs profoundly between can-
cer cell lines and fresh human lung cancer tissues; the latter
preferred glucose to exogenous serine or glycine but not the
former. This distinction in substrate utilization in purine
synthesis in human cancer tissues should be considered when
targeting one-carbon metabolism for cancer therapy.

De novo nucleotide biosynthesis is required to meet the
demand for maintaining energy, nucleotide levels, and new
nucleic acids in dividing cells (1, 2). Synthesis of pyrimidine
nucleotides in cancer cells utilizes glucose and glutamine for
the carbon of the uracil and cytosine rings, which then con-
dense with the ribose subunit primarily derived from glucose
via the pentose-phosphate pathway (1, 3). The purine nucleo-
tides are synthesized by building the purine ring directly onto
phosphoribosyl pyrophosphate (PRPP)® using glycine (direct
route), CO,, and glycine-derived N'°-formyl tetrahydrofolate
(CHO-THEF, indirect route) as the carbon sources for C4,5, Cé6,
and C2,8, respectively (cf. Fig. 1). Cellular glycine may derive
from glucose via de novo synthesis from serine (1, 4), via protein
degradation, and/or via uptake from external sources, i.e. com-
mon cell culture media (1, 2) or the circulating blood (5). Serine
derived from glucose or external sources is converted (through
one-carbon metabolism) into Gly and 5,10-methylene THF
(CH,-THEF) via the serine hydroxymethyltransferase (SHMT)
activity (Fig. 1). CH,-THF is oxidized to CHO-THF via the
methylene tetrahydrofolate cyclohydrolase activity, prior to
incorporation into purine rings.

¢ The abbreviations used are: PRPP, phosphoribosyl pyrophosphate; CA,
cancer; ECF, ethyl chloroformate; FBS, fetal bovine serum; mSIRM, mul-
tiplexed stable isotope-resolved metabolomics; NC, noncancer; NSCLC,
nonsmall-cell lung cancer; THF, tetrahydrofolate; UHR-FTMS, ultrahigh
resolution Fourier transform mass spectrometry; RPPA reverse-phase
protein array; SHMT, serine hydroxymethyltransferase; F, forward; R,
reverse; CHO-THF, N'°-formyl tetrahydrofolate; CH,-THF, 5,10-methyl-
ene tetrahydrofolate; GLDC, glycine decarboxylase; PSAT, phosphoser-
ine aminotransferase; PHGDH, phosphoglycerate dehydrogenase; siNT,
nontargeting siRNA; DMEM, Dulbecco’s modified Eagle’s medium; IHC,
immunohistochemistry; PCNA, proliferating cell nuclear antigen; DAPI,
4’ ,6-diamidino-2-phenylindole.
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Purine biosynthesis in human lung cancer cells and tissues

There has been considerable interest in the nucleotide syn-
thesis pathway, which can be exploited for cancer therapy
(6—11). In particular, the relative importance of exogenous glu-
cose, glycogen, and serine in fueling purine biosynthesis and
proliferation has been investigated in a variety of cell lines, with
different conclusions. Some studies indicate that exogenous
glycine does not enter purine biosynthesis nor support prolif-
eration, whereas serine does (4). However, other reports indi-
cate that exogenous glycine is incorporated into purines in
some cell lines (12, 13). The importance of exogenous serine,
formate, and the glycine decarboxylase (GLDC) system in
purine biosynthesis has also been implicated in different cancer
cell lines (14, 15). Thus, the fuels for purine synthesis appear to
be cell line— dependent. With the NCI 60 cell panel, serine and
glycine uptake rates varied widely; in some cases, glycine uptake
was essential for proliferation, and in others a net efflux of gly-
cine occurred (16). Moreover, in some breast and lung cancer
cell lines, glucose is an important carbon source for serine and
glycine biosynthesis (17-19). Notably, none of these studies
included human cancer and paired benign tissues.

Here we report using freshly resected paired human non-
cancer and lung cancer tissues, which have distinct architec-
tures and microenvironments compared with pure 2D cell cul-
tures. As the conclusions depended on cell types and culture
conditions, we investigated nucleotide synthesis in human
NSCLC tissues ex vivo for comparison with in vitro cell models.
We have shown previously that these tissues are metabolically
active while maintaining all of the cell types and architecture of
the original tissue (20, 21). To trace the fate of individual atoms
from source molecules into nucleotides and relevant meta-
bolites for rigorous metabolic pathway reconstruction, we
employed stable isotope-resolved metabolomics (SIRM) with
NMR and MS detection. Both single (*>C) and dual (i.e. multi-
plexed >C and *H or D) tracer SIRM analyses (20, 22—25) were
employed to track the fate of individual tracer atoms from
['*C4]Glc (glucose), [**C,]Gly, D,-Gly, and D,-Ser into the
metabolites of one-carbon and purine nucleotide biosynthetic
pathways in human lung tissues ex vivo and lung cancer cells in
vitro. These include two NSCLC adenocarcinoma cell lines
(PC9 and A549) and seven matched pairs of ex vivo cultured
cancerous (CA) and noncancerous (NC) lung tissue slices
freshly resected from NSCLC patients. In addition, as MYC is
known to activate many genes in the one-carbon and nucleo-
tide biosynthesis pathways to promote proliferation (15, 26,
27), we suppressed MYC expression in the two lung cancer cells
to track their response in purine nucleotide biosynthesis and
growth.

We found that [**C,]glucose was much more efficient than
['3C,]Gly or D,-Ser in fueling purine synthesis ex vivo in human
CA compared with their matched NC lung tissues, which had a
much lower mitotic index and MYC expression. In contrast, the
two cancer cell studies revealed D;-Ser to be the best substrate,
although D,-Gly was poorly incorporated into purines. In addi-
tion, incorporation of [*C]glucose, [*C,]Gly, and D,-Ser into
purines was attenuated by growth inhibition via MYC suppres-
sion in PC9 but not in A549 cells. Altogether, these results indi-
cate that cancer cells and tissues differ in their utilization of
nutrient sources for purine biosynthesis via the one-carbon
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pathway. Lung cancer tissues used de novo—synthesized Ser and
Gly far more than exogenous supplies for purine synthesis,
which can be attributed to activation of de novo Ser synthesis,
dynamic compartmentation of de novo Ser synthesis products
in the cytoplasm, efficient access of these products to the purine
synthesis machinery, and reversal of exogenously derived ser-
ine to one carbon fluxes.

Results

Efficiency in incorporation of exogenous nutrients into purine
rings and its regulation by MYC differ in human lung cancer
cells in vitro

To compare the efficiency of glucose and Gly utilization for
purine ring synthesis, we performed dual-tracer experiments
by incubating control and siRNA MYC-suppressed PC9 and
A549 cells in media containing [**Cg]glucose + D,-Gly. We
then tracked the fate(s) of de novo—synthesized [**C]glucose-
derived Gly and exogenous Gly (D-Gly) into purine nucleotides
using ultrahigh resolution Fourier transform MS (UHR-FTMS)
analysis, which distinguishes '>C from D in the same molecule
(23). Fig. 1 shows the incorporation of the heavy atoms (red
circles) into the purine ring subunits of nucleotides in both
A549 and PC9 cells. Glucose-derived *C (~3—8%) was incor-
porated to a much greater extent than Gly-derived D (~0-
0.8%) into the purine rings of ATP and GTP regardless of the
cell type or MYC status (Fig. 1, 2 and b). In contrast, the de
novo-synthesized Gly ([**C,]Gly) pool was at most 1% of the
total (unlabeled Gly (['*C]Gly) + ['*C]Gly) pool compared with
D-glycine (D; + D,), which accounted for 10-20% of the total
pool (Fig. 1, c and d). Also, the % enrichment in D,-Gly and its
SHMT-scrambled product D,-Gly was much higher than that
in the D-purine products of ATP and GTP for both cell types
(Fig. 1, a versus c; and b versus d). These results suggest that
exogenous glycine is much less efficient in fueling purine syn-
thesis than de novo—synthesized glycine. Moreover, MYC sup-
pression attenuated MYC protein levels in both cell lines (Fig.
S1), but only PC9 cells showed a substantial reduction in purine
synthesis from glucose (Fig. 1, a and b) as well as growth and
lactate production (Table S1).

As Fig. 1 shows, ["’C,]glucose-derived glycine contributes
13C atoms to the purine ring both directly (1) and indirectly (2).
In contrast, D,-Gly contributes D atoms to the purine ring only
via the indirect route (2), which requires mitochondrial GLDC
activity (Fig. 1). To measure glycine incorporation into purines
via both routes, we carried out separate experiments with
['*C,]Gly as sole tracer, ['*C¢]glucose as sole tracer, and dual
[*3Clglucose * D,-Ser tracer on PC9 and A549 cells with or
without MYC suppression. We found that exogenous D;-Ser
(DSer + ["*C]Glc, green bars, Fig. S2, a and b) was a better
substrate for adenine and guanine synthesis than either exoge-
nous ["*Cglglucose (no D + ['*C]Glc, red bars, Fig. S2, a and b)
or ['*C,]Gly (no D + [**C]Gly, blue bars, Fig. S2, a and b) in PC9
cells. This preference for exogenous D-Ser was even more
marked in A549 cells (Fig. S2, d and e). Exogenous ['*C,]Gly
was comparable with ['*C,]glucose as substrates for purine
synthesis in PC9 cells, but in A549 cells exogenous ['*C,]Gly
was preferred over ['*Cg]glucose (Fig. S2, a—d). MYC suppres-
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Purine nucleotide synthesis In vitro
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Figure 1.["3C,]Glucose is more efficiently incorporated into purine rings than D,-Gly regardless of the MYC status. PC9 (aand c) and A549 (b and d) cells
under control (CTL) or MYC suppression (siMYC) conditions were cultured in media containing [*C¢lglucose and *H, (D,)-Gly and then analyzed by UHR-FTMS
for '*C and D fractional enrichment in nucleotides and amino acids. The fractional '>C enrichment in the purine rings (Ring) of ATP and GTP was calculated by
summing the "*Cfraction of the '3C,_, and "3C,_g or '3C,_q isotopologues, whereas the '*C and D fractional enrichment for Gly was obtained by summing the
fraction of all labeled species. Schematics of the contributions of metabolic pathways to purine biosynthesis are shown in the middle panel. Black circle, '*C; red
circle, *C; and gray circle, "N, D ?H in green; encircled 1 and encircled 2 refer, respectively, to direct and indirect routes of glycine incorporation into purines. a
and b, fractional enrichment of '3C and D in purine rings (ATP and GTP). c and d, fractional enrichment of Gly isotopologues. Values are means + S.E., n = 3.
['3C4]Glucose was more efficiently incorporated into ATP and GTP than D,-Gly under both control and siMYC conditions. In addition, glucose-'3C enrichment
in ATP and GTP was strongly attenuated by MYC suppression in PC9 cells (**,t = 7.603, p = 0.006 for ATP, and t = 6.718, p = 0.0026 for GTP) but much less so
in A549 cells (*, t = 3.162, p = 0.034 for ATP, and t = 1.109, p = 0.33 for GTP). MYC suppression had insignificant effects on ['C,]Gly and D-Gly isotopologue

distribution (c and d; p > 0.05).

sion significantly attenuated the incorporation of all three trac-
ers into purines in PC9 cells but not at all or only to a small
extent in A549 cells (Fig. S2, a—d), as in Fig. 1. Altogether, these
results indicate the following in lung cancer cell lines in vitro:
1) exogenous Ser is the most efficient substrate for purine
synthesis; 2) Gly is as efficient or is more efficient than glu-
cose as a substrate for purine synthesis via direct incorpora-
tion but not via the indirect or GLDC-mediated route; and 3)
regulation of purine synthesis and growth by MYC varies
among cell lines. Although our results are consistent with
the literature for some cell types in vitro, whether they reflect
the substrate preferences in human CA lung tissues ex vivo
has not been investigated.

De novo-synthesized serine and glycine preferentially enter
purine rings in human lung tissues ex vivo

To determine the substrate preference for purine ring syn-
thesis in human lung tumors, we used our ex vivo human tissue
slice system that recapitulates metabolic reprogramming in

13466 J. Biol. Chem. (2019) 294(36) 1346413477

vivo (20). We procured thin slices of matched CA and NC lung
tissue freshly resected from six NSCLC patients (see “Experi-
mental procedures”) and cultured them in media containing
['*C4]Glc only, ["*C4]Glc + Ds-Ser (DSer), or ['*C4]Glc +
D,-Gly (DGly) for 24 h. These conditions paralleled those used
for the 2D cell culture studies described above. We found that
Ser and Gly de novo—synthesized from glucose were the domi-
nant precursors to the purine ring of both ATP and GTP in CA
lung tissue slices, as illustrated in Fig. 2, a and b, for patient
UKO022. In contrast, there was minimal incorporation of exog-
enous DGly or DSer into the purine rings in the CA lung tissue
slices. In the matched NC tissues, no DGly incorporation was
observed but exogenous DSer was a significant substrate for
purine synthesis in addition to ['*C,]Glc (Fig. 2, a and b). Sim-
ilar results were consistently observed in five other pairs of CA
and NC lung tissue slices from NSCLC patients (Fig. 3, a—e)
that had distinct clinical attributes (Table S2). These subjects
were diagnosed with adenocarcinoma or squamous cell carci-
noma and differed in tumor stage, age, gender, and comorbidi-
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Figure 2. Glucose is a preferred substrate over exogenous serine and glycine for fueling purine synthesis in human cancerous lung tissues
ex vivo. Freshly resected and thinly cut lung tissue slices (in 2-3 replicates) from NSCLC patient UK022 were treated with ['*C4lglucose ('*C Glc),
['3C4]Glc + D;-Ser (DSer), or ['*C4lGlc + D,-Gly (DGly) for 24 h. The tissue slices were then harvested, processed, and analyzed for '3*C and D enrichment
in ATP (a), GTP (b), and GSH disulfides (GSSG) (c) by direct infusion UHR-FTMS, and for nuclear localization of PCNA (d) and MYC (e) by immunohisto-
chemical staining, as described under “Experimental procedures.” Also shown in the middle panel is the **C (red circle) and D (green circle) atom tracking
from the ['3C{]Glc, D,-Gly (DGly), or D5-Ser (DSer) precursors to the adenine ring in ATP via glycolysis, Ser synthesis, and one-carbon metabolism. '*C
enrichments from ['*C]Glcin aand b (n = 2-3) were 10-30-fold higher than D enrichment from DSer in CA tissues (**,t = 15.55, p < 0.0001 for ATP; t =
5.466, p = 0.0054), and 2-3.5-fold in matched NC tissues (¥, t = 4.466, p = 0.0012 for ATP; t = 5.665, p = 0.0002 for GTP). For GSSG, the '>*C/D enrichment
ratio in CA tissues was 2-3-fold, respectively, for DGly and DSer (**,t = 15.556, p < 0.0001, and t = 11.314, p < 0.0001), whereas in the NC tissues, this
ratio for DGly and DSer was less than 1 (¥, t = 4.025, p = 0.0024; t = 3.969, p = 0.0026, respectively). PCNA expression was highest in CA tissues (*, Nprox
versus CAt = 2.803, p = 0.049; **, Ndist versus CAt = 3.463, p = 0.026) (d). Similarly, MYC expression was highestin CA tissues (*, Nprox versus CAt = 5.68,
p = 0.0047; **, Ndist versus CA t = 7.943, p = 0.0014) (e). Data are means = S.E., n = 6. Ndist, non-cancerous lung tissue distal (>5 cm) from the tumor
margin; Nprox, non-cancerous lung tissue proximal (<1 cm) from the tumor margin.

ties. These results indicated that glucose, rather than Ser, was  and guanine ring synthesis in CA tissue slices, but the opposite
by far the preferred precursor for purine synthesis in CA lung trend was evident for adenine ring synthesis in NC tissue slices
tissues, in contrast to the case for lung cancer cells above and  (Fig. 3f). Similar to six other patient tissue slices (Fig. 3, a—e),
other mammalian cells (12). However, similar to the case in  ['*C,]glucose was preferred over D;-Ser as precursor for purine
vitro, GLDC-mediated Gly incorporation into purines (route 2) ~ synthesis in CA tissue slices (Fig. 3f). Moreover, in all seven
did not occur in lung tissues. Altogether, these findings suggest  cases, exogenous D;-Ser, D,-Gly, or ['**C,]Gly was a more effi-
that substrate preference for de novo nucleotide synthesis is cient substrate for GSH synthesis in NC tissue slices but not or
context-dependent and differs substantially between cancer less so in CA tissue slices (Figs. 2 and 3).
cell lines and fresh human cancer tissues. We further noted that for all seven patient tissues, the mitotic
To determine the efficiency of direct glycine incorporation index (¢f. PCNA expression, Fig. 24 and Fig. S3, 4 and c)
into the C4,5-positions of the purine rings (cf. route 1, Fig. 1), decreased from CA tissues to NC tissues proximal (=1 ¢cm) and
we performed ['>C,]Gly tracer experiments on three replicate  distal (=2-3 cm) to the CA tissues, which paralleled changes in
pairs of matched CA and NC lung tissue slices procured froma  the nuclear MYC expression (Fig. 2e and Fig. S3, b and d). This
seventh (UK055) patient. We found that [*C]glucose-derived  resultis consistent with MYC as a general driver of proliferation
Gly was preferred over exogenous ['*C,]Gly in fueling adenine  and metabolism in CA tissues.
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Figure 3. Consistent trend of preference for glucose-derived Ser/Gly over exogenous Gly or Ser for purine ring synthesis in human lung CA tissues ex
vivo. Human tissue sample preparation, treatment, processing, extraction, and analysis were as described in Fig. 2, except that the lung tissue slices of UK055
patient () were treated with ['*C]Glc ("*CGlc and no D), ['*C¢]Glc + Ds-Ser (DSer), or ['*C,]Gly (">CGly and no D) for 24 h. Similar patterns of '*C and D
incorporation into ATP, GTP, and GSSG as those in Fig. 2 were observed for five other human CA and NC lung tissue pairs (UK018, UK024, UK025, UK028, and
UKO043, a—e: the "C/D ratio in ATP was 5.6 in CA and 1.26 in NC (paired t test, n = 5, t = 5.55, p = 0.0052); in GTP it was 27.6 in CA and 4.8 in NC (paired t test,
n=5,t=2421,p = 0.0073); and in GSSG it was 1.66 in CA and 0.3 in NC for DSer (paired t test,n = 5, t = 3.562, p = 0.0235) and 2.056 in CA and 0.256 in NC
for DGly (paired ttest,n = 5,t = 8.209, p = 0.0012). £, for ATP, *, p = 0.019, t = 2.928; for GTP, **, p = 0.006, t = 5.66; and for ['*C]Glc versus ['*C]Gly comparison

(two-tailed t test).

Serine-glycine metabolism is distinctly compartmentalized in
cancerous lung tissues for GSH versus purine synthesis

We then asked whether the high demand for de novo-
synthesized Ser and Gly as purine precursors in CA lung tissues
could be related to compartmentation of Ser and Gly metabo-
lism. We used UHR-FTMS to determine the total abundance
and fractional enrichment of the **C and D isotopologues of Ser
and Gly extracted from the UKO022 tissue slices. First, endoge-
nous glucose-derived Ser (e.g. [**Cs]Ser) or Gly (e.g. [**C,]Gly)
was barely detected in any of the tissues (Fig. 4, a—d), despite
their substantial incorporation into purines and GSSG (Figs. 2,
a—c, and 3). In addition, the only isotopologue detected was the
fully labeled [**C;]Ser and [**C,]Gly. These results suggest that
the majority of de novo—synthesized Ser and Gly was consumed
for purine/GSH synthesis and did not undergo exchange reac-
tions in lung tissues (cf Fig. 5). Second, CA lung tissues con-
verted almost all exogenous D,-Gly to the “scrambled” D,-Gly
product, whereas the ratio of D,/D;-Gly was nearly equal in
matched NC lung tissues (Fig. 4, b and d). Likewise, CA lung
tissues scrambled exogenous D,-Ser to a much greater extent
than the NC counterparts (Fig. 4, 4 and c). Such differential D
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label scrambling patterns of Gly and Ser implicated a more
extensive exchange in the mitochondrial Ser—Gly one-carbon
pathway (cf. Fig. 5) in CA than in NC lung tissues, as GLDC-
driven Gly to one-carbon interconversions that scramble Ds
in D,-Gly or D;-Ser occur only in mitochondria. Such an
exchange process may reduce the pool of cytoplasmic Gly
and Ser available for incorporation into purines in CA lung
tissues (cf. Fig. 5). Third, significantly higher enrichment of
D in GSSG (Fig. 2¢) than in the precursor D-Gly was evident
in DGly-treated CA but not in NC lung tissue (Fig. 4d).
Together with the dominance of unlabeled (**C) Gly in the
total Gly pool in CA lung tissues (Fig. 4d), these data suggest
that Gly in CA tissues was derived primarily from internal
(unlabeled) sources, whereas labeled exogenous Gly was
more efficiently utilized for GSH synthesis in CA than NC
lung tissues. In contrast to D-Gly, D-Ser represented a major
Ser pool in DSer-treated lung tissues (Fig. 4, a and ¢), which
could reflect efficient uptake of Ser (28) and/or less efficient
utilization. The '3*C- and D-labeling patterns for Ser and Gly
were qualitatively similar in other pairs of lung tissue slices
(Fig. S4 and data not shown).
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Figure 4. Analysis of >C and D isotopologues of Ser and Gly reveals reduced Ser/Gly uptake but enhanced Ser-Gly one-carbon exchanges in human
CA versus matched NC lung tissues ex vivo. UK022 patient sample treatment, processing, extraction, and ECF derivatization were as described under
“Experimental procedures.” The respective level (a and b) and fractional enrichment (c and d) in '3C and b isotopologues of Ser or Gly in tissues and uptake or
release of these Ser or Gly species in the medium (e and f) were obtained from UHR-FTMS analysis, as described under “Experimental procedures.” D,, D,-Ser
ina, c,and eand D,-Gly in b, d, and frepresented D-scrambled Ser and Gly, respectively. no D, ['*C4]Glc only; DSer, D;-Ser + ['*C4]Glc; DGy, D,-Gly + ['*C,]Glc.
Using the two-tailed unpaired t test, the absolute levels of D;-, D,-, and D-serine differed between CA versus NC tissues (n = 3 each) (a) 2-fold for D, (p = 0.01,
t = 4.472),3-fold for D, (p = 0.002, t = 70.7),and 0.27 for D5 (p = 0.0032, t = 6.31). The fractional enrichment differed for CA versus NC tissues with (c) 7-fold for
D, (p = 0.0042, t = 5.884), 3.5-fold for D, (p = 0.001, t = 8.575), and 0.27-fold for D5 (p = 0.0001, t = 19.677). For D,- and D,-glycine, the fractional enrichments
differed between CA versus NC tissues (d) 0.3-fold for D, (p = 0.0001, t = 24.748) and 0.07-fold for D, (p = 0.0029, t = 6.492). The absolute levels in b were too
low for reliable statistical testing. Because of large standard errors, the difference (4.4-fold) in the uptake of D5-serine from the medium did not reach statistical
significance between CA versus NC tissues (e), but the differential uptakes (4.2-5.2-fold) of unlabeled (*2C) Ser between the two tissue types were statistically
significant (¥, p = 0.018, t = 4.695). The uptake of D,-Gly decreased 23-fold in CA versus NC tissues (f) (¥, p = 0.02, t = 6.856).

We further noted that CA tissue slices consumed less Ser also been observed in a panel of cancer cells (16). However,
from the medium than NC tissue slices (Fig. 4¢), which is con-  D,-Gly was still consumed from the medium by lung tissues,
sistent with less D-Ser incorporation into purines and gluta- and more so by NC than by CA lung tissues (red boxes, Fig. 4f).
thiones (Fig. 2, a—c). Furthermore, both tissue types showed a  This is consistent with the higher D enrichment of GSSG in the
net efflux of unlabeled Gly into the medium (Fig. 4f), which has  DGly-treated NC than CA lung tissues (Fig. 2C).
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Figure 5. Activation of Ser/Gly synthesis from glucose, their efficient
incorporation into purines, and reverse flux of the Ser-Gly one-carbon
pathway underlie preference for glucose as substrate for purine synthe-
sis in lung cancer tissues ex vivo. The three schemes depict our key findings
on the metabolism of exogenous glucose (a), Ser (b), and Gly (c) into purines
in CAlung tissues. These were modified from the mammalian cell literature (4,
32, 40-43). g, 1) net ['*C,]glucose (Glc) uptake, enhanced conversion to
['*CISer/['3C,]Gly in the cytoplasm (pool 1, light green square), and efficient
incorporation (thick red arrow) into purine carbons (red circle) (e.g. adenine of
ATP) via the action of cytoplasmic SHMT1 (route 1), MTHFD1 (route 2), and
other enzymes (not shown) in the purine nucleotide synthesis pathway; 2)
lack of cytoplasmic and mitochondrial exchange for ['3C;1Ser/['*C,]Gly. b, 3)
net uptake of exogenous D,-Ser into the cytoplasm (pool 2, peach square),
which does not readily exchange with pool 1 but exchanges with the mito-
chondrial pool (lavender square) and interconverts with Gly and one-carbon
metabolites (green double-headed arrow); 4) less access of D;-Ser-derived Gly
and one carbon metabolites (peach square pools) to purine synthesis machin-
ery (e.g. orange square purinosomes (44)); 5) enhanced mitochondrial Gly to
Ser fluxes (uneven green double-headed arrow) possibly driven by activation of
SHMT2 and MTHFD2 (thick green double-headed arrow). b and ¢, 6) loss of D (or
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Altogether, these results pointed to the presence of at least
three intracellular pools of Ser and Gly with distinct metabolic
fates in human lung tissues. The smallest pool (pool 1) is
derived from glucose as the dominant substrate for purine syn-
thesis in CA tissues but less so in NC tissues. The second (larger
than the first) pool (pool 2) is acquired externally as more effi-
cient substrates for GSH synthesis in NC than CA tissues. The
third (often the dominant) pool (pool 3) is derived from unla-
beled sources such as protein turnover, which is much less uti-
lized for purine or GSH synthesis in human lung tissues. To
illuminate this finding further, we employed kinetic modeling
of purine synthesis.

Flux modeling of metabolic compartmentation reveals distinct
differences in CA versus NC human lung tissues ex vivo

To obtain an integrative and quantitative view of purine
metabolism in human lung tissue slices, we developed kinetic
models (see “Experimental procedures”) that utilized available
13C and D enrichment data in different metabolites (Table S3)
to estimate fluxes of the purine synthetic pathway in both CA
and paired NC tissue slices of patient UK022. The best-fit
model required three distinct pools of cytoplasmic Ser/Gly,
with one pool derived from [**C4]Glc, a second from exogenous
D,-Ser or D,-Gly, and the third from unlabeled sources. The
model showed that the rates of Glc, Ser, and Gly influx and
efflux as well as Glc conversion to Ser (but not to PRPP, the 1st
intermediate of purine synthesis) were higher in CA than NC
lung tissues during 24 h of tracer treatments (Fig. S5a). The
enhancement of the glycine efflux over the influx rate for CA
relative to NC tissue slices was consistent with the greater
release of unlabeled (**C) Gly into the CA than NC tissue
medium (cf. red boxes, Fig. 4f). Our findings are in contrast to a
study showing a correlation of Gly influx and proliferation of
the NCI 60 cancer cell lines (13) but are consistent with other
reports on net Gly efflux from cancer cells in culture (16, 28).
Our model also suggested a lower net rate of Ser consumption
by CA than by NC lung tissues (Fig. S5b).

The kinetic model further revealed a larger apparent rate
constant (k) for the forward SHMT action, i.e. the production of
the purine precursor CH,-THF from glucose-derived Ser (pool
1) than from exogenous (pool 2) or unlabeled Ser sources (pool
3) in CA but not in matched NC tissue slices (Fig. S5¢). In con-
trast, the apparent rate constant for the reverse reaction (CH,-
THE to Ser) (k_,) was much greater for pools 2 and 3 than pool
1 in CA tissues and negligible in their NC counterparts (Fig.
S5d). These results indicate that the forward path of glucose —

gain of H) in one carbon metabolites via mitochondrial MTHFD2/2L and cyto-
plasmic MTHFD1 exchange reactions (green double-headed arrow); 7) loss of D
via directincorporation of D-Gly into C5,6 of purines (thin arrow); 8) negligible
incorporation of Gly-derived one carbon metabolites into purines (gray
arrow). ¢, 9) net Gly efflux (uneven arrow); 9) less favored direct (route 1, thin
blue arrow) (c) and indirect (route 2, not depicted) incorporation of ['C,]Gly
into purines. PSAT1, phosphoserine aminotransferase; MTHFD1, cytoplasmic
NADP*-dependent methylene tetrahydrofolate (CH,-THF) dehydrogenase/
methylene THF; cyclohydrolase/formyl THF (CHO-THF) synthetase; MTHFD?2,
mitochondrial NAD "-dependent methylene THF dehydrogenase/methylene
THF cyclohydrolase; MTHFD2L, mitochondrial NADP *-dependent methylene
THF dehydrogenase; MTHFDI1L, mitochondrial formyl THF synthetase; 3-PG,
3-phosphoglycerate; 3-POHPyr, 3-phosphohydroxypyruvate. Solid and
dashed arrows: one- and multistep reactions, respectively.
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Ser — CH,-THF and the reverse path of CH,-THF — Ser for
nonglucose sources was much favored in CA tissue slices,
which can at least in part account for the higher glucose pref-
erence for fueling purine synthesis in CA tissues than in their
NC counterparts. The above modeling outcomes were consis-
tently obtained under all three different tracer treatments, i.e.
[*C,]GIc only, [**C,]Glc + D,-Ser, and [**C,]Glc + D,-Gly.
Altogether, our kinetic models support the notion that the pref-
erence for glucose over Ser and Gly for purine synthesis in CA
lung tissues is mediated by the activation of de novo Ser synthe-
sis from glucose and reversal of Ser to one carbon fluxes from
nonglucose sources.

Cell line-specific MYC enhancement of growth-related de
novo serine synthesis from glucose and serine one-carbon
exchanges

The ex vivo tissue experiments described above showed that
the serine one-carbon exchanges were more extensive in the
more proliferative, higher MYC-expressing CA lung tissues
and may contribute to their preference for glucose over exoge-
nous Ser in purine synthesis. We therefore asked whether MYC
expression governs such a preference in lung cancer cells in
vitro. We compared Ser metabolism in PC9 versus A549 cells in
response to siRNA-mediated MYC suppression. We found that
in PC9 cells MYC suppression (siMYC) attenuated the frac-
tional enrichment of ['*C]Ser (derived from ['3*C,]Glc) and
D-scrambled (D, . ,)-Ser (derived from D;-Ser) relative to con-
trol (siNT) treatment (Fig. S6a), whereas that of parent D,-Ser
was enhanced by siMYC, which was not the case for A549 cells
(Fig. S6c). D-Ser scrambling results from Ser one-carbon
exchange processes (cf. Fig. 5). Likewise, in PC9 cells, MYC
suppression reduced the ratios of de novo—synthesized (*>C-
labeled) to exogenously derived (D-labeled) Ser and Gly (Fig.
S6b) but not in A549 cells (Fig. S6d). These data indicated that
MYC enhanced de novo Ser and Gly synthesis from glucose and
serine one-carbon exchange reactions for exogenously derived
Ser in PC9 cells. This paralleled the MYC-induced increase in
efficiency of [**C]GIc (relative to exogenous D-Ser) incorpora-
tion into purines (Fig. S2¢), glucose consumption, and growth
(Table S1). Similarly, MYC overexpression in lung CA versus
NC tissues ex vivo could be related to increased mitotic index
(Fig. 2 and Fig. S3¢) and preference for glucose as substrate for
purine synthesis (Figs. 2 and 3).

MYC regulation of key genes in the Ser synthesis and
mitochondrial one-carbon pathways relates to substrate
preference for purine synthesis and growth

To determine whether reduced serine one-carbon exchanges
induced by MYC suppression is driven at the transcriptional
level, we measured key gene expression events in the glucose—
Ser—Gly one-carbon pathway (cf. Fig. 5) in lung cancer cells in
response to MYC suppression. In PC9 cells, MYC suppression
attenuated the expression of serine hydroxymethyltransferase
(SHMT?2), phosphoserine aminotransferase (PSAT), phospho-
glycerate dehydrogenase (PHGDH), and methylenetetrahy-
drofolate dehydrogenase (MTHFD2), as shown in Fig. S7a.
PHGDH and PSAT are key enzymes in the de novo Ser biosyn-
thesis pathway, whereas SHMT2 and MTHFD2 catalyze the
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interconversions of mitochondrial Ser to Gly and the one-car-
bon metabolite (cf. Fig. 5). These gene expression changes in
PC9 cells are consistent with the reduced '*C or D incorpora-
tion from ['*C,]Glc, D,-Ser, or ['*C,]Gly into ATP and GTP
following MYC suppression in PC9 cells (Fig. S2, a and b). How-
ever, MYC abrogation also enhanced the SHMT1 and GLDC
expression in PC9 cells, which was not evident in A549 cells.
Furthermore, the attenuating effect on MTHFD2 expression
was smaller in A549 than in PC9 cells (Fig. S7a). These differ-
ences can be related to the reduced response of glucose con-
sumption, growth (Table S1), and ATP/GTP synthesis from the
three precursors as well as the lack of preference for glucose as
substrate for purine synthesis in A549 versus PC9 cells (Fig. S2).
MYC’s up-regulation of MTHFD2 and down-regulation of
SHMTI and GLDC in PC9 cells could restrict the supply of
cytoplasmic Gly and one-carbon metabolites derived from
exogenous Ser and Gly (Fig. 5, b and ¢), thereby decreasing their
use for purine synthesis. This is in contrast to MYC’s activation
of de novo Ser synthesis and its enhanced use in purine synthe-
sis in PC9 cells (Fig. S2).

Up-regulation of Ser synthesis and one-carbon exchange
pathways relates to preference of glucose for fueling purine
synthesis in lung cancer tissues

The same set of genes up-regulated by MYC in PC9 cells was
highly overexpressed in human CA versus NC lung tissues, as
illustrated for patient UKO018 (Fig. S84). A similar trend was
observed for other patients except for UK024, where only
MTHFD2 was overexpressed (data not shown). To determine
whether the gene expression changes result in protein level
changes, we performed reverse-phase protein array (RPPA)
analysis on the protein extracts of seven sets of paired patient
tissues (cf. Figs. 2 and 3). This assay is quantitative and well-
suited for multiplexed protein profiling with very limited
patient tissue samples (31, 32). We confirmed the overexpres-
sion of key enzymes in the Ser synthesis (PSAT and PHGDH)
and mitochondrial one-carbon pathways (SHMT2 and
MTHEFD2) in CA versus NC tissues (Fig. S8b). Thus, all of the
distinct metabolic properties of CA tissues defined above are
consistent with glucose being the preferred substrate for purine
synthesis due to the following: 1) enhanced de novo Ser synthe-
sis; 2) efficient access of de novo—synthesized Ser to the purine
synthesis machinery; and 3) blunted supply of one-carbon
metabolites derived from exogenous Ser and Gly via increased
mitochondrial Ser one-carbon exchanges. Furthermore, they
were related to the overexpression of nuclear MYC and
increased mitotic index (Fig. 2 and Fig. S3), suggesting a possi-
ble role of MYC in stimulating the use of glucose for purine
synthesis in lung cancer tissues and to a smaller extent in PC9
cells.

Discussion

De novo nucleotide synthesis is at the core of cancer metab-
olism and provides a vulnerability that has long been exploited
for chemotherapy by targeting one-carbon metabolism. Two
separate signaling pathways involving mammalian target of ra-
pamycin—activating transcription factor 4 (ATF4) (12) or
nuclear factor E2—related factor 2 (NRF2)-ATF4 (17) axes have
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recently been shown to activate purine nucleotide synthesis.
MYC has also been documented to transcriptionally regulate
the expression of many nucleotide synthesis genes required for
cell proliferation (2, 28, 34, 35). Despite these recent advances
in elucidating the signaling networks for regulating purine
nucleotide synthesis, little is known about nutrient preferences
for purine synthesis in human cancer tissues as compared with
cell lines. Herein, we document profound differences in the use
of substrates by freshly explanted human lung cancer tissues as
compared with paired noncancerous tissues or lung cancer cell
lines. These findings are important not only for the fundamen-
tal understanding of nucleotide metabolism but also for its
exploitation as target(s), such as Ser/Gly starvation (10), in
human cancer therapy.

By tracking in detail the fate of [**C,]glucose, D5-Ser, D,-Gly,
and [**C,]Gly, we found that serine— glycine metabolism is dis-
tinctly compartmentalized in cancerous lung tissues for GSH
versus purine synthesis. Glucose was the preferred substrate for
purine synthesis in CA over NC lung tissues, which could be
related to the activation of glucose to Ser one-carbon metabo-
lism, preferred access of de novo-synthesized Ser/Gly by the
cytoplasmic purine synthesis machinery, and enhanced mito-
chondrial Ser/Gly one-carbon exchange reactions. In contrast,
D,-Gly was consumed from the medium by NC more than by
CA lung tissues with a higher deuterium enrichment of GSSG
in the NC than CA lung tissues.

Our findings support context-dependent differences in Ser/
Gly metabolism and the metabolic schemes for CA tissues in
Fig. 5, which were revised from known membrane-delineated
compartmentation of Ser/Gly one-carbon metabolism (36—
39). In Fig. 5a, increased PHGDH and PSAT1 expression
enhances Ser synthesis from glucose in CA as compared with
NC lung tissues. A lack of **C scrambling in ['*C4]Glc-derived
Ser and Gly indicates a favored forward SHMT1 reaction (—)
and lack of mitochondrial exchange activity. Minimal in
['*C]Ser or ['*C]Gly (Fig. 4, a-d) and much higher in '*C
enrichment in purines than in the buildup to their Ser/Gly pre-
cursors (Figs. 2 and 3 versus 4, a—d) point to the highly-efficient
use of de novo—synthesized Ser/Gly for purine synthesis (—).
Less incorporation of exogenous D,-Ser (—, Fig. 5b; Figs. 2 and
3) or [**C,]Gly (—, Fig. 5¢; Fig. 3f) into purines suggests less
efficient access of the exogenously-derived Gly and one-carbon
pools to the purine synthesis machinery (possibly organized as
purinosomes (44)) (Fig. S5d) and revealed a favorable reverse
SHMT1/2 reaction from CH,-THF to Ser (—, Fig. 5, b and ¢).
Such pathway reversal has been shown to block the incorpora-
tion of exogenous Ser into purines in cancer cells, which
involves restricting the supply of formate from mitochondria to
the cytoplasm (4). Overexpression of SHMT2/MTHFD?2 (Fig.
S8) can facilitate such reverse flow from Gly to Ser to reduce
the formate supply (Fig. 5, b and ¢). Restricted formate sup-
ply is also consistent with total or nearly total lack of D
labeling in purines with D,-Gly as tracer in lung tissues (Figs.
2 and 3) and PC9 cells (Fig. 1). Total loss of D occurs from
direct D,-Gly incorporation into C4,5 of purines (route 1,
Fig. 5, b and c¢) but exchange reactions catalyzed by mito-
chondrial SHMT2/GLDC/MTHED2/2L and cytoplasmic
SHMT1 and MTHEFDI1 (route 2, Fig. 5, b and c¢) should still
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lead to D incorporation into purines unless D-formate is in
short supply.

Although the transcriptional regulation for such substrate
preference in vivo is unclear, we surmise that MYC-mediated
alterations in growth and purine metabolism is a plausible
mechanism, based on studies of PC9 cells in vitro. We also
postulate that such preference for glucose in purine synthesis in
human cancer lung tissues offers metabolic advantages. By link-
ing purine synthesis to ribose 5-phosphate production via glu-
cose metabolism would help avoid nonproductive purine syn-
thesis fueled by Ser and Gly (e.g. from proteolysis) in poorly
vascularized tumor tissues where glucose is in short supply.

In conclusion, by tracing the fate of different purine sub-
strates with '*C and/or D labels, we discovered a high prefer-
ence for glucose or de novo—synthesized Ser/Gly in fueling
purine synthesis in active human lung cancer tissues, which
contrasted with the preferred use of exogenous Ser for purine
synthesis in noncancerous lung tissues or cancer cell lines in
vitro (4). Our results and those of others clearly indicate that
substrate utilization for purine biosynthesis varies greatly
according to cell type and environment. This lung CA tissue
preference for glucose could be attributed to the following: 1)
activation of glucose to Ser one-carbon pathways; 2) compart-
mentation of cytoplasmic Ser/Gly one-carbon pathways and
preferred access of de novo—synthesized Ser/Gly by the purine
synthesis machinery; and 3) enhanced reverse mitochondrial
Ser to Gly fluxes. Our findings suggest that blocking the glucose
to the Ser pathway may be more efficacious than dietary Ser/
Gly starvation (10) for lung cancer therapy.

Experimental procedures
PC9 and A549 cell growth and MYC suppression

A549 and PC9 cells were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA) with authentifica-
tion, and they were checked for mycoplasma contamination
monthly. Cells were cultured in DMEM (Sigma) or RPMI 1640
medium (Life Technologies, Inc.) containing 2 mm glutamine,
0.2% glucose, with 10% (v/v) FBS and 100 units/ml penicillin
and 100 ug/ml streptomycin (Thermo Fisher Scientific, Wal-
tham, MA). 24 h before siRNA transfection, cells were seeded at
a density of 1.8 X 10*/cm® or 2.7 X 10*/cm? for siNT (control
vector) or siMYC, respectively. 100 nm siRNA was transfected
using Dharmafect 1, as per the manufacturer’s protocol. 48 h
after siRNA addition, cells were placed in labeled tracer media
(see below). 72 h post-transfection, one plate was harvested for
Western blotting to confirm knockdown and the remaining
three plates from each siRNA transfection were harvested with
metabolic quenching in cold acetonitrile.

All siRNAs used for study were ordered from Dharmacon
(ON-TARGET plus): nontargeting siRNA (siNT), UAAGGCU-
AUGAAGAGAUACAA; MYCSsiRNA (siMYC), GGACUAUC-
CUGCUGCCAAGUU. Knockdown efficiencies are shown in
Figs. S1 and S8c.

Stable isotope tracer treatments of lung cancer cells

All '*C and H (D) tracers were purchased from Sigma or
Cambridge Isotope Laboratories (Tewksbury, MA). For the
tracer experiments, A549 or PC9 cells were grown for 24 h,
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respectively, in DMEM lacking glucose, glycine, and serine sup-
plemented with 10% dialyzed FBS (Life Technologies, Inc.), 100
units/ml penicillin, 100 pg/ml streptomycin, 2 mm Gln, plus
one of the following tracer cocktails: 10 mm [**C¢]Glc + 0.4 mm
each unlabeled Gly and Ser; 10 mm [*C4]Glc + 0.4 mm D,-Gly +
0.4 mm unlabeled Ser; 10 mm ["*C4]Glc + unlabeled Gly + 0.4 mm
D,-Ser; and 10 mM unlabeled Glc + 0.4 mm [°C,]Gly + 0.4 mm
unlabeled Ser.

Stable isotope tracer treatments of lung tissues ex vivo

All NSCLC patients investigated were recruited for lung tis-
sue collection with written informed consent in accordance
with HIPAA regulations, and all experiments were carried out
via a protocol approved by the University of Kentucky Institu-
tional Review Board (IRB, 14-0288-F6A). These studies abide
by the Declaration of Helsinki principles.

Fresh CA and surrounding NC lung tissues were collected in
the operating room within 5 min of surgical resection. The pair
of tissues were thinly sliced by the surgeon at ~0.7 to 1-mm
thickness as described previously (20, 21, 25, 41, 42) and incu-
bated in glucose, Ser, and Gly-free DMEM supplemented with
dialyzed FBS, penicillin, streptomycin, Gln, plus the same set of
tracer cocktails as described above for the cell experiments for
24 h at 37 °C, 5% CO,, with gentle rocking to facilitate nutrient
supplies and waste product mixing (21, 24). Culture media were
sampled at 0 and 24 h of incubation. Tissue slices were then
quickly rinsed in cold PBS three times to remove medium com-
ponents, blotted dry, weighed on a four-place balance for wet
weight, and flash-frozen in liquid N,

Extractions and derivatization of cell and tissue extracts

At the end of the treatments, A549 and PC9 cells were
washed with cold PBS, quenched with acetonitrile/H,O (2:1.5),
and then extracted using the acetonitrile/H,O/CHCI, (2:1.5:1)
partitioning method (43). Medium samples were extracted in
cold 10% TCA (44) or 80% acetone (see below).

The frozen tissue slices were homogenized in 60% cold
CH,CN in a ball mill (Precellys-24, Bertin Technologies, Wash-
ington, D. C.) for denaturing proteins and optimizing extrac-
tion. Polar metabolites were extracted by the solvent partition-
ing method with a final CH;CN/H,O/CHCI, (2:1.5:1, v/v) ratio
(48). The polar extracts were lyophilized in aliquots before
reconstitution in 50% D,O for NMR analysis or in H,O for
direct infusion UHR-FTMS analysis. The culture media were
deproteinized in 80% acetone at —20 °C for 0.5 h before centrif-
ugation, lyophilization, and reconstitution in 50% D,O for "H
NMR analysis.

A separate aliquot of lyophilized cell, tissue, or medium
extracts was spiked with 5 pl of 0.4 mg/ml uniformly '°N-la-
beled amino acids mixture (NLM-6695, Cambridge Isotope
Laboratories, Cambridge, MA) as internal standards, dissolved
in 100 ul of water/ethanol/pyridine (6:3:1) solution, followed by
addition of 5 ul of ethyl chloroformate (ECF) for chemose-
lective derivatization of amino- and carboxylate-containing
metabolites. The mixture was extracted twice with 100 ul of
chloroform with vortexing for 30 s The pooled chloroform
extract was diluted 10-fold with 90% acetonitrile plus 20 um
NaCl to sodiate the ions (50). The samples were then directly
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infused into an UHR-FTMS instrument (Thermo Fusion
Orbitrap Tribrid MS) using nano-electrospray ionization. The
Triversa Nanomate was operated at 1.5 kV and 0.5 p.s.i. head
pressure for positive mode. The maximum ion time for the
automatic gain control was set to 100 ms, and microscans were
set to 5. Each spectrum was acquired for 10 min with m/z range
of 100—1000 at a resolution target set to 500,000 (achieving
>370,000 at 400 m1/z). The concentration of *°*N-labeled amino
acids in the internal standard mixture was verified by adding a
known amount of unlabeled amino acid mixture (amino acids
mixture A6407 and A6282 plus glutamine, Sigma), followed by
ECF derivatization and UHR-FTMS analysis.

NMR and MS analysis of cell, tissue, and medium metabolites

Metabolites were analyzed by NMR at 14.1 T, as described
previously (44, 46). The metabolites were identified using in-
house databases (47-49) and quantified using MNova software
(Mestrelab Research, SL, Santiago de Compostela, Spain).

For nucleotide analysis by direct-infusion UHR-FTMS, sam-
ples were prepared using a slightly modified procedure, as
described previously (23). Briefly, lyophilized polar extracts
were first reconstituted in 50 ul of 5 mm aqueous hexylamine,
pH 6.3, with acetic acid (solvent A). The samples were then
loaded onto a 100-ul capacity C,4 tip (Pierce-Thermo Fisher
Scientific, Rockford, IL) via four slow aspirations followed by
washing twice with 50 ul of solvent A. The metabolites were
eluted with two 50-ul 70% solvent A plus 30% of 1 mm ammo-
nium acetate in 90% methanol, pH 8.5 (solvent B) by aspirating
10 times. UHR-FTMS analyses were performed on an Orbitrap
Fusion Tribrid (Thermo Fisher Scientific, San Jose, CA)
equipped with a TriVersa NanoMate (Advion Biosciences,
Ithaca, NY). Nanoelectrospray ionization was initiated from the
nozzle by applying 1.5 kV with a 0.5 p.s.i. head pressure in neg-
ative ion mode. All UHR-FTMS data were recorded in profile
mode using a maximum injection time of 100 ms, automated
gain control at 2.0 X 10°, 10 microscans, and a target resolution
set to 500,000 (achieving >370,000 at 400 m1/z) (49). A sample
run was completed in 15 min.

Results from both NMR and MS measurements were nor-
malized to the protein weight for A549 and PC9 cells, except for
the fractional enrichment of >C or D, where no normalization
was necessary. >C and D isotopologues were identified based
on their accurate masses acquired from UHR-FT-MS, and their
fractional enrichments quantified after natural isotope abun-
dance contributions of each of the isotopologues in the MS data
were corrected as described previously (50, 51).

Immunohistochemical analysis of human tissues

The human specimens studied were formalin-fixed and par-
affin-embedded before 4-um tissue sections were prepared.
Immunohistochemistry (IHC) was performed with the Dako
EnVision + System-HRP (DAB) kit (K4010, Dako). Primary
antibody used was anti-c-Myc (Y69) (1:100, ab32072, Abcam).
The antibody dilution buffer was 1% BSA and 0.3% Triton
X-100 in 1X PBS. Antigen retrieval was carried out using Tris-
EDTA buffer (pH 9.0) for c-Myc in a microwave oven for 20
min. Any endogenous peroxidase activity was quenched by
incubating the specimen for 5 min with Peroxidase Block, fol-
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lowed by incubation with Protein Block Serum-Free (Dako,
X0909) for 15 min to inhibit nonspecific background staining.
The specimen was then incubated with the primary antibody,
followed by incubation with the labeled polymer-HRP anti-rab-
bit, using two sequential 30-min incubations. Staining was
completed by a 5-10-min incubation with 3,3’-diaminobenzi-
dine (DAB+) substrate-chromogen and then hematoxylin
counterstain.

Digital images of IHC slides were obtained at X40 magnifi-
cation using a whole slide scanner (ScanScope XT, Aperio) and
viewed by the ImageScope software (version 11.2, Aperio). The
optimally tuned Nuclear version 9 and Cytoplasmic version 2
algorithms were used to quantify nuclear staining. Staining
intensity was graded as 0 (negative), 1 (weak), 2 (moderate), and
3 (strong). The nuclear H-score was obtained by the formula:
(3X percentage of strongly staining nuclei) + (2X percentage
of moderately staining nuclei) + (1X percentage of weakly
staining nuclei), giving a range of 0 to 300. For each sample,
three regions of interest were annotated, analyzed, and
averaged.

Immunofluorescence staining was performed with the
PCNA (D3H8P) XP® rabbit mAb (1:800, 13110, Cell Signaling).
Antigen retrieval was carried out using sodium citrate buffer
(pH 6.0) in a microwave oven for 20 min. Tissue sections were
then incubated with ice-cold 100% methanol for 10 min at
—20 °C for permeabilization and blocked with 5% normal goat
serum for 1 h at room temperature to prevent nonspecific bind-
ing. Slides were incubated with primary antibody overnight at
4°C, followed by incubation with the goat anti-rabbit Alexa
Fluor® 488 secondary antibody (1:200, A-11008, Thermo
Fisher Scientific) for 1 h at room temperature in the dark. Slides
were then mounted in ProLong® Gold Antifade Mountant with
DAPI (P-36931, Thermo Fisher Scientific).

Fluorescence images were acquired using a laser-scanning
confocal microscope (FluoView™ FV1000, Olympus) with a
X 60 oil immersion lens (UPLSAPO 60XO) under the same set-
ting. Fluorescence intensity was measured using Fiji (Image],
National Institutes of Health, Bethesda, MD) with a constant
threshold. The percent PCNA positivity was calculated by nor-
malizing the PCNA-positive area against the DAPI-stained
area. For each sample, three representative fields were
acquired, analyzed, and averaged.

Gene expression analysis

A549 and PC9 cells were harvested 72 h following siRNA
transfection. Total RNA was extracted using the Norgen total
RNA purification kit, and RNA was subjected to on-column
DNase I (Omega Biotek) treatment before elution. cDNA was
synthesized using the Maxima First Strand cDNA synthesis kit
(Thermo Fisher Scientific). Quantitative real-time PCR was
performed using the Maxima SYBR Green Mastermix reagent
(Thermo Fisher Scientific). The primer sequences used were as
follows: MTHFD2 (F, GCTGCGACTTCTCTAATGTCTGC,
and R, ATCTGCTGGGCCAGTTTCCTT); MTHFD2L (F,
TCATACGCAGCTGGCAGATA, and R, TCCTGTCACTG-
GATCGTGGA); PSAT (F, GTCCTCAAACTTCCTGTCCAA,
and R, GCAGGTCATCACGGACAATC); PHGDH (F, GCAA-
ATCTGCGGAAAGTGCT, and R, AATAAGGCCTTCACA-
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GTCCTGC); GLDC (F, CAGGGGTGCAAGAGGTTATGT,
and R, GTCTCTTGGCCACATCCACA); MTHED1 (F, GTC-
TACACGAAGCAGGGCTTT, and R, ATGTCGCGAATGG-
GCAGAAT); MTHEFDIL (F, GGCTGGTCTGAACATCA-
CTC,and R, GGCCATGTACTCTGGTATCTTC); SHMT1 (F,
GTACCCGGGCCAGAGATACT, and R, GCACTGTGGGT-
CCAGCTTAT); SHMT2 (F, CTGACTGCTCGACTTTTCCG,
and R, GCTTTGACTTCATCACACACC); MYC (F, GTAGT-
GGAAAACCAGCAGCCTC,and R, GTTCTCCTCCTCGTC-
GCAGTA); and 18 S rRNA (F, AACGGCTACCACATCCAA,
and R, GACTCATTCCAATTACAGGGC).

For qRT-PCR analysis of CA/NC tissue slices, RNA was
extracted from ~10 mg of pulverized frozen tissue and subse-
quent cDNA synthesis, and qRT-PCR was carried out using the
same reagents and primers as with the A549/PC9 cell analysis.

Protein analysis by RPPA

Protein extracts (at 0.5 and 0.3 mg/ml) from bulk CA paired
NC lung tissues were spotted as two drops per spot onto a slide
coated with 16 nitrocellulose membrane pads using a microar-
ray printer (ArrayJet, Ltd., Roslin, UK). Membranes were incu-
bated in a 1: 5 X 10° dilution of 12.3 nm stock of FastGreen
protein stain for 5 min, dried, and scanned with InnoScan 710
AL Microarray Scanner (Innopsys, Inc. Carbonne France) to
determine the amount of proteins deposited per sample spot.
Slides were then rinsed briefly in nanopure H,O and washed
three times at 10 min each in TBST with each pad sealed under
ProPlate slide chambers (Grace Bio-Labs). After blocking for 30
min in 5% FBS, each pad was incubated in a primary antibody
(at 1:100 dilution; see below for vendor information) against a
selected protein for 2 h at 20 °C, followed by rinsing three times
at 5 min eachin TBST, and incubation with fluorescent second-
ary antibody (LICOR-IRDye 800) at 1:1000 dilution in 5% FBS
for 1 hat 20 °C. Slides were rinsed three times for 5 min each in
TBST and spun dry before scanning with InnoScan 710 AL.
Fluorescence image analysis of spots was done using Innopsys’s
Mapix software. Background fluorescence for each spot was
subtracted from the fluorescence signal for that spot followed
by normalization to the FastGreen signal. Normalized signals
were averaged across replicates, where feasible. Protein expres-
sion in each CA tissue was shown as fold change in normalized
fluorescence relative to that of the NC counterpart. The pri-
mary antibodies used were obtained from ProteinTech Group
with the following catalogue numbers: GAPDH, 60004-1-Ig;
PSATI, 10501-1-AP; MTHFD2, 12270-1-AP; SHMT2, 11099-
1-AP; and PHGDH, 14719-1-AP; GLDC, 24827-1-AP.

Development of kinetic models based on SIRM data

The nonsteady-state kinetic models of purine de novo syn-
thesis were developed to describe the transformation dynamics
of metabolites, which included glucose, PRPP, serine, glycine,
THEF, N5’10-methylene-THF, Nw-formyl-THF, formate, glyci-
namide ribonucleotide, formylglycinamide ribonucleotide,
5'-IMP, and 5'-AMP. The kinetic modeling used the estab-
lished approach of ordinary differential equations (52, 53) and
accounted for isotopomers and isotopologues of metabolites
using an isotopic mapping algorithm. This algorithm was devel-
oped to trace the transfer of atoms (both labeled and unlabeled)
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from given tracers to various product(s) based on relevant
enzyme reaction mechanisms. For example, the conversion of
D,-Ser to D,-Gly in the cytoplasm by SHMT1 transfers one
each of carboxyl carbon, methine carbon, and attached deute-
rium atoms from Ser to Gly as well as one methylene carbon
and two attached deuterium atoms from Ser to N>'°-methyl-
ene-THF. The constructed isotopic atom maps were then used
in the kinetic models to track individual isotopes in metabolites
of various pathways.

Specifically, our models dynamically simulated the processes
in the synthesis of AMP from glucose, serine, or glycine via
glycolysis, pentose-phosphate pathway, one-carbon metabo-
lism, and/or de novo purine synthesis pathway. The transfor-
mations of three different tracer configurations were simulated,
including [**C,]glucose only, [**C]glucose + D,-serine, and
[*3Clglucose + D,-glycine. Both types of labeled atoms (**C
and D) as well as "*C and 'H atoms were dynamically and simul-
taneously tracked to account for different isotopomer/isotopo-
logue distributions of relevant labeled metabolites. Multiple
compartments, including medium, cytoplasm, mitochondria,
and subcompartments (i.e. three cytoplasmic pools of Ser/Gly),
were modeled.

To best model the SIRM data, we used machine-learning
methods, including the genetic algorithm described by Conn et
al. (54, 55) and Powell’s gradient-based algorithm (56). Specif-
ically, for the paired CA and NC tissue slice data of patient
UKO022, we generated three sets of models: each assumed one,
two, or three cytoplasmic Ser/Gly pools. These amounted to a
total of six models (three hypotheses X two types of tissue
slices) developed to explain the SIRM data. For these models,
each machine-learning algorithm (54-57) was applied for
least-squares fitting of kinetic models to SIRM data (29), and
results from these algorithms were compared with finding the
best fit for each combination of hypotheses and types of tissue
slices. Then, the optimal models were chosen according to the
Akaike information criterion (30) (—144.78, —175.57, and
—195.42 for one- two-, and three-pool CA models, respec-
tively). The multiple-pool CA model was also consistent with
the observed lack of [*3C]Ser release into the medium, in con-
trast to such release predicted by the one-pool CA model.
Moreover, flux dynamics or reaction rate constants for CA ver-
sus NC tissue slices were compared in terms of the uptake and
usage of glucose, serine, and glycine.

Statistical analyses

The data were analyzed using Student’s two-tailed ¢ test and
significance was defined as p < 0.05. The n, ¢, and p values are
given for specific data in the figure legends. The ¢ tests were
carried out using GraphPad or Excel. For RPPA and quantita-
tive PCR analysis of paired tissue samples, the raw intensities
for cancer and proximal samples were normalized to those of
the lung tissue distal to the cancer, and the ¢ test was calculated
using the single group with a test value of 1 in Kaleidagraph
(Synergy Software). RPPA data normalized to protein concen-
trations were also compared using the paired Wilcoxon test.
For multiple testing, g values and the false discovery rates were
calculated (33). Simulations and regression analyses were car-
ried out using Kaleidagraph, which reports the best estimate of
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the parameters and the estimated standard deviations, as well
as the x* and an overall correlation coefficient (R?).
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