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Cancer cells are reprogrammed to consume large amounts of
glucose to support anabolic biosynthetic pathways. However,
blood perfusion and consequently the supply with glucose are
frequently inadequate in solid cancers. PEPCK-M (PCK2), the mito-
chondrial isoform of phosphoenolpyruvate carboxykinase (PEPCK),
has been shown by us and others to be functionally expressed and
to mediate gluconeogenesis, the reverse pathway of glycolysis, in
different cancer cells. Serine and ribose synthesis have been iden-
tified as downstream pathways fed by PEPCK in cancer cells. Here,
we report that PEPCK-M-dependent glycerol phosphate formation
from noncarbohydrate precursors (glyceroneogenesis) occurs in
starved lung cancer cells and supports de novo glycerophospholi-
pid synthesis. Using stable isotope-labeled glutamine and lactate,
we show that PEPCK-M generates phosphoenolpyruvate and 3-
phosphoglycerate, which are at least partially converted to glyc-
erol phosphate and incorporated into glycerophospholipids (GPL)
under glucose and serum starvation. This pathway is required to
maintain levels of GPL, especially phosphatidylethanolamine (PE),
as shown by stable shRNA-mediated silencing of PEPCK-M in
H23 lung cancer cells. PEPCK-M shRNA led to reduced colony for-
mation after starvation, and the effect was partially reversed by
the addition of dioleyl-PE. Furthermore, PEPCK-M silencing abro-
gated cancer growth in a lung cancer cell xenograft model. In
conclusion, glycerol phosphate formation for de novo GPL synthe-
sis via glyceroneogenesis is a newly characterized anabolic path-
way in cancer cells mediated by PEPCK-M under conditions of
severe nutrient deprivation.
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In cancer cells, metabolic pathways are rewired to allow the
rapid synthesis of cellular building blocks. Despite the forma-
tion of a new blood vessel network (angiogenesis), the demand
for nutrients often exceeds supply. Thus, cancer cells constantly
have to adapt to fluctuations in nutrient and oxygen supply (1-3).
Phosphoenolpyruvate carboxykinase (PEPCK) has recently been
shown by us and others to play an unexpected role in the met-
abolic flexibility of cancer cells (4-7). As the only enzyme cata-
lyzing the conversion of oxaloacetate (OAA) to the glycolytic/
gluconeogenic intermediate phosphoenolpyruvate (PEP), PEPCK
is required for the initial step of gluconeogenesis in the liver and
other organs (8, 9). In addition, PEPCK allows the utilization of
noncarbohydrate carbon sources to feed important biosynthetic
pathways branching from gluconeogenesis/glycolysis (10). Two
isoforms of PEPCK exist: a cytoplasmic isoform (PEPCK-C, encoded
by PCKI) and a mitochondrial isoform (PEPCK-M, encoded by
PCK2) (8, 9). In our previous work, we showed that PEPCK-M is
expressed in lung cancer cells and in human non-small cell lung
cancer (NSCLC) samples and mediates the conversion of stable
isotope-labeled lactate to PEP in the direction of gluconeogenesis
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(4). Furthermore, we found that PEPCK-M enhances lung cancer
cell survival under glucose restriction (4). A proproliferative, pro-
survival role of PEPCK-M in MCF-7 breast cancer cells has been
described (5). Recently, PEPCK-M silencing has been reported to
reduce proliferation of lung cancer cells under glucose-limiting
conditions and to profoundly inhibit lung cancer cell xenograft
growth in vivo (6). PEPCK-C has been found to be expressed and
to have a protumorigenic function in colon cancer cells in vivo and
to enhance metastasis formation by tumor-repopulating melanoma
cells in vivo (7, 11). Interestingly, in the latter model, PEPCK-M
overexpression reduced metastasis formation (12). In contrast,
cancers originating from gluconeogenic tissues with high basal
PEPCK activity, like liver cancer or renal cell carcinoma, showed a
down-regulation of PEPCK-C (13) or a reduction of the gluco-
neogenesis gene fructose-1,6-bisphosphatase 1 (14).

A better knowledge of metabolic downstream pathways fed by
PEPCK is a key to understanding cancer cell adaptive responses
under low nutrient stress. Four major potential PEPCK down-
stream pathways exist: the synthesis of serine and its further
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conversion to glycine, glycerol phosphate synthesis, the synthesis
of ribose phosphate, and glycogen synthesis. The conversion of
glutamine to serine and glycine via PEPCK-M has recently been
found in lung cancer cells in the absence of glucose (6). How-
ever, PEPCK-C has recently been shown to mediate ribose
phosphate synthesis from glutamine in colon carcinoma cells in
medium containing moderately low levels of glucose (2.5 mM),
while less conversion of glutamine to ribose was found at high
glucose (25 mM) (7). Although glyceroneogenesis, the synthesis
of glycerol phosphate via PEPCK, was described in the liver and
in adipocytes 50 y ago (15), it has not been studied in cancer
cells, to the best of our knowledge. Both PEPCK isoforms have
been shown to mediate glyceroneogenesis (15, 16). It is classi-
cally believed to occur during lipolysis to allow the reester-
ification of excess fatty acids (15). Glycerol phosphate not only
forms the backbone of triglycerides but is also needed for the
biosynthesis of glycerophospholipids (GPL), the key constituents
of biomembranes (17). According to present concepts, glycerol
phosphate derived from glucose is utilized for GPL biosynthesis
in cancer cells (18, 19). In the present study, we show that in
cancer cells expressing PEPCK-M, noncarbohydrate precursors
like glutamine or lactate are used for the synthesis of the GPL
backbone under glucose-restricted conditions.

Results

To study the role of PEPCK-M in adaptive mechanisms of lung
cancer cells to nutrient deprivation, we analyzed the expression
of PEPCK-M under different concentrations of glucose in serum-
containing or serum-free medium. PEPCK-M expression peaked
at 0.2 mM glucose in A549 lung cancer cells in serum-free me-
dium, albeit it was still present at 10 mM glucose (Fig. 14). When
we analyzed PEPCK-M in a panel of NSCLC cell lines, we found
that PEPCK-M protein was up-regulated in the majority of cell
lines under combined glucose and serum starvation (Fig. 1B and
SI Appendix, Fig. S14). Likewise, PEPCK-M mRNA was up-
regulated under glucose and serum deprivation, suggesting at
least a partial regulation of PEPCK-M on the transcriptional level
(SI Appendix, Fig. S14). However, mRNA and protein expression
did not correlate in all conditions (SI Appendix, Fig. S14), thus
also posttranslational regulation may occur, which has been de-
scribed for the cytoplasmic isoform of PEPCK (20). PEPCK-M
has been shown to be up-regulated by endoplasmic reticulum
(ER) stress in different cancer cell lines (5). We found that glu-
cose deprivation led to a time-dependent up-regulation of C/EBP-
homologous protein (CHOP), a marker of ER stress and the
resulting unfolded protein response (21), in A549 and H23 cells
(Fig. 1C). Furthermore, thapsigargin, an ER stress inducer, led to
an increase of PEPCK-M (Fig. 1D), suggesting that ER stress may
at least contribute to PEPCK-M up-regulation under starvation.

Under the conditions showing peak PEPCK-M expression,
0.2 mM glucose and serum starvation, cell numbers did not in-
crease or only slightly increased over time (S Appendix, Fig. S1B),
suggesting that proliferation was inhibited or greatly reduced.
Nucleotide biosynthesis and the demand for ribose phosphate is
usually high in proliferating but low in nonproliferating cells (22),
thus we concentrated on glycerol phosphate synthesis as another
putative PEPCK downstream intermediate. We hypothesized that
the synthesis of glycerol phosphate is maintained under glucose
and serum starvation from noncarbohydrate precursors by the
action of PEPCK-M (glyceroneogenesis).

To prove that glyceroneogenesis is activated, we utilized fully
13C.labeled glutamine in A549 and H23 lung cancer cells under
serum-free, low glucose conditions. We analyzed isotopologue
abundance of GPL-bound glycerol using mass spectrometry (MS).
The metabolic pathway for the conversion of glutamine to glyc-
erol phosphate is shown in Fig. 24. Labeled carbons were trans-
ferred to the glycerol backbone of the major classes of GPL,
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylinositol (PI), in serum-free, low glucose (0.2 mM)
medium in a time-dependent manner (Fig. 2B). Fully labeled
glycerol (M+3) was the most abundant isotopologue. Additionally,
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Fig. 1. PEPCK-M expression is up-regulated in lung cancer cells under glu-
cose and serum starvation and is associated with ER stress. (A) PEPCK-M
expression in A549 cells cultured in serum-free medium containing different
concentrations of glucose (Glc). (B) PEPCK-M expression in seven NSCLC cell
lines after treatment with high (10 mM) or low (0.2 mM) Glc in the presence
or absence of dialyzed FCS (dFCS) for 48 h. (C) Time course of CHOP ex-
pression in A549 and H23 cells under different conditions. Cells treated with
1 pM thapsigargin (Tsg) for 5 h served as a positive control. (D) Effect of
thapsigargin (ER stress inducer) on PEPCK-M expression after 48 h of treat-
ment in normal growth medium.

glycerol backbone containing one or two °C (M+1 and M+2, re-
spectively) was detected, resulting from label dilution after addi-
tional turns of the tricarboxylic acid (TCA) cycle (Fig. 2B).
Glyceroneogenesis occurred preferentially at very low glucose levels
(0.2 mM), while it was absent at 10 mM (Fig. 2C). Overall levels of
PC, PE, or PI were not significantly altered under low compared
with high glucose conditions in serum-free medium (S7 Appendix,
Fig. S24). We also evaluated '*C label enrichment from glutamine
at the level of the glycerol phosphate precursors PEP, 2-phos-
phoglycerate (2-PG), and 3-phosphoglycerate (33-PG). All glycer-
oneogenic intermediates were fully labeled by *Cs-glutamine at a
high rate under glucose starvation, but label enrichment was low
under 10 mM glucose (Fig. 2D). These data indicate that the
contribution of gluconeogenesis/glyceroneogenesis to these pools
is lower under high glucose. This might be attributable, at least
partially, to the lower expression of PEPCK-M under high glucose
conditions. Glutamine was converted to glutamate, the first step in
the pathway, under all glucose levels tested, albeit the ratio of fully
labeled to unlabeled glutamate was highest under starvation (S/
Appendix, Fig. S2B). When we examined the fatty acid moieties of
PE, we found *C-labeling in *Cs-glutamine—treated cells under
low as well as normal glucose levels in serum-free medium, in-
dicating the conversion of glutamine to fatty acids that are utilized
for GPL synthesis (SI Appendix, Fig. S2C). This agrees with pre-
vious data from the literature on the use of glutamine carbons for
fatty acid synthesis in cancer cells, which either requires the
conversion of a-ketoglutarate to citrate along the TCA cycle in the
conventional direction (23) or involves reductive carboxylation
(24, 25). PE head group fragment ions lacking glycerol showed
weak '°C labeling at one or two carbon positions (SI Appendix,
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Fig. 2. Utilization of glutamine as a carbon source for GPL glycerol backbone biosynthesis in starved lung cancer cells. (A) Metabolic pathway for the
biosynthesis of glycerol phosphate from glutamine (glyceroneogenesis) via PEPCK-M. (B) Incorporation of carbons from '3Cs-glutamine into the glycerol
backbone of different GPL classes in A549 cells grown in low glucose (0.2 mM) medium. (C) Modulation by exogenous glucose. (B and C) Data are mean + SEM
from three independent experiments. (D) A549 cells were incubated with '3Cs-glutamine for 12 h in medium containing different concentrations of glucose
after preincubation without label for 60 h. Label enrichment is shown as mean + SEM from four experiments. *P < 0.05, **P < 0.01, ***P < 0.001 on one-way
ANOVA with Dunnett post hoc analysis versus 24 h (B) or 0.2 mM Glc (C and D).

Fig. S34). This indicates a low rate incorporation of carbons from
glutamine into the ethanolamine moiety. In all classical cell cul-
ture systems, including our experimental model, glucose levels
decline over time due to rapid consumption (SI Appendix, Fig. S3C).
Therefore, medium replacement was performed every 24 h in all cell
culture experiments.

Under glucose starvation (0.2 mM glucose), exogenous lactate
showed a small but steady decline over 4 d, if medium change
was omitted, compared with a rapid increase of lactate in cell
culture supernatants in medium containing 10 mM glucose (S
Appendix, Fig. S3D). To test whether lactate is a precursor for
glyceroneogenesis, we used uniformly labeled *C-lactate as a tracer
(metabolic pathway shown in SI Appendix, Fig. S44, green circles).
We found that, under low glucose serum-free conditions, lactate
also was utilized for glycerol-backbone biosynthesis, albeit at lower
levels than glutamine (SI Appendix, Fig. S4 B and C). The addition
of lactate did not significantly affect glyceroneogenesis from glu-
tamine (S Appendix, Fig. S4B). Summarizing the contributions of
glutamine and lactate to the glycerol backbone of phospholipids,
we found that in lung cancer cells under starvation, a large pro-
portion of GPL (up to 25-30%) contained carbons derived either
from glutamine or lactate (SI Appendix, Fig. S4C). The additional
contribution of lactate to glycerol M+1 or M+2 (4-13%, gray bars
in SI Appendix, Fig. S4C) may either represent a net contribution
via pyruvate carboxylation or a contribution via acetyl-CoA for-
mation and consecutive labeling of TCA intermediates, since these
pathways are not distinguishable. In the latter case, no net contri-
bution of carbons occurs since the carbons are lost as CO, (S
Appendix, Fig. S44). Glycerol phosphate from glutamine or lactate
was not only incorporated into PE, but also into plasmalogen PE,
characterized by the presence of a vinyl ether linkage instead of an
ester linkage at the sn-1 position (SI Appendix, Fig. S5) (26). In
summary, glutamine and lactate contributed to a considerable
proportion of glycerol backbones of different GPL classes.

Leithner et al.

PEPCK-M silencing inhibited the incorporation of labeled
glutamine into the glycerol backbone of PE, and partially also PC
and PI (Fig. 34). Importantly, when absolute phospholipid levels
were measured, we found a 30-50% reduction of PE levels by
PEPCK-M silencing under deprivation of serum and glucose
(Fig. 3B and SI Appendix, Fig. S6A4). Other phospholipid classes
were less severely affected (Fig. 3B and SI Appendix, Fig. S6A4).
To prove the specificity of the effect of shRNA-mediated si-
lencing on PE levels, we transfected shRNA-expressing cells with
either a control vector or a shRNA-resistant PEPCK-M allele
before applying a starvation period of 96 h. PEPCK-M shRNA
led to reduced cellular PE, while no significant difference was
found if the shRNA-resistant PEPCK-M allele was coexpressed
with PEPCK-M shRNA (SI Appendix, Fig. S6 B and C). Total
plasmalogen levels were not consistently reduced by both PEPCK-M
shRNA constructs (SI Appendix, Fig. S6D). PEPCK-M provides
glycerol phosphate needed for fatty acid esterification. Elevated
levels of free fatty acids are toxic to cells (27). However, levels of
free fatty acids were not significantly altered by PEPCK-M si-
lencing (SI Appendix, Fig. SOF).

Recently it has been shown by Vincent et al. (6) that PEPCK-
M silencing inhibits s.c. growth of A549 and NCI-H1299 lung
cancer cell xenografts in vivo. We examined whether the glycer-
oneogenic or other metabolic functions of PEPCK-M might play a
role in tumor growth in vivo using H23 cells expressing two different
PEPCK-M shRNA constructs. PEPCK-M shRNAs prevented
H23 lung cancer cells from forming macroscopic tumors after s.c.
injection into nude mice (Fig. 4 and SI Appendix, Fig. S7). The
mean tumor weight was greatly reduced by PEPCK-M silencing
(Fig. 44). In 2 of 8 mice injected with cells expressing PEPCK-M-
sh1 and in 0 of 8 mice injected with PEPCK-M-sh2, macroscopically
visible tumors were found. In contrast, visible and palpable tumors
were found in 7 of 8 mice injected with control shRNA-expressing
cells (Fig. 4B). In approximately half of the animals injected with
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Fig. 3. Glyceroneogenesis and phosphatidylethanolamine (PE) levels are
reduced by PEPCK-M silencing. (A) 3Cs-Glutamine was used as a tracer in
H23 cells stably expressing nonsilencing shRNA (control shRNA, Ctrl-sh) or
two different constructs of PEPCK-M shRNA (PEPCK-M-sh1 and PEPCK-M-
sh2) in serum-free, low glucose (0.2 mM) medium. Enrichment of the label in
the pool of GPL-bound glycerol is shown as mean + SEM from four in-
dependent experiments. *P < 0.05, **P < 0.01. (B) Total levels of phospho-
lipids in H23 cells stably expressing nonsilencing shRNA (Ctrl-sh) or two
different constructs of PEPCK-M shRNA (PEPCK-M-sh1 and PEPCK-M-sh2)
grown in 0.2 mM glucose for 96 h with daily medium replacement. Data are
mean + SEM from five independent experiments. (A and B) Group com-
parisons were performed with one-way ANOVA and Dunnett post hoc
analysis versus Ctrl-sh.

PEPCK-M-silenced cells, no tumor was detectable at the site of
injection while tumor growth did not exceed a microscopic size in
the remaining animals (Fig. 4B and SI Appendix, Fig. S7 A and C).
Interrogating the role of PEPCK-M in lung tumor growth, we
modified the classical colony formation assay by applying a period
of glucose and serum starvation after plating of the cells, followed
by a recovery period in normal growth medium. Glucose and serum
starvation led to a reduced colony formation capability (Fig. 54).
Colony formation was further reduced by stable expression of two
different constructs of PEPCK-M shRNA, compared with control
shRNA, after 7 d of treatment with low glucose media with reduced
or absent serum (Fig. 54). No significant effect of PEPCK-M
shRNA was observed in normal growth medium (Fig. 54). The
effect of PEPCK-M shRNA under starvation was robust and also
occurred when starvation (0.2 mM glucose in serum-free medium)
was shortened to 3 d (Fig. 5B). The glutaminase inhibitor CB-839
significantly reduced colony formation. The effect was more pro-
nounced under starvation, compared with nonstarvation conditions
(SI Appendix, Fig. S84).

To explore a potential role of perturbed phospholipid ho-
meostasis for reduced colony forming capability of PEPCK-M—-
silenced cells, we added 1,2-dioleoyl-glycero-3-phosphoethanol-
amine (DOPE, PE 36:2), the most abundant PE phospholipid
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species, exogenously during the colony formation assay. Sup-
plementation with DOPE during starvation partially rescued
colony formation in PEPCK-M-silenced H23 cells (Fig. 5C and
SI Appendix, Fig. S8B). The maximum rescue was observed at
2.5 pg/mL DOPE (Fig. 5C and SI Appendix, Fig. S8B), while a higher
concentration was not effective, indicating that the cells are de-
pendent on optimal levels of DOPE during adaptation to low glu-
cose and colony formation. Glycerol is a potential noncarbohydrate
precursor for glycerol phosphate that is transported across cell
membranes. However, the phosphorylation of glycerol requires
glycerol kinase activity. Glycerol kinase, an enzyme predominantly
expressed in the liver, was expressed at very low levels in H23 cells
compared with HepG2 liver adenoma cells and accordingly ex-
ogenous glycerol did not rescue colony formation (SI Appendix,
Fig. S8 C and D). Glycerol phosphate required for de novo
phospholipid backbone synthesis is generally believed to originate
from glycolysis in cancer cells. Based on the data in this study, we
propose a model in which cancer cells utilize glyceroneogenesis
from noncarbohydrate precursors via PEPCK-M as an alternative
pathway to generate glycerol phosphate required for GPL de novo
synthesis under starvation (Fig. 5D).

Discussion

In the present study, we show that despite glucose deprivation
stress, lung cancer cells continue to synthesize GPL de novo via
PEPCK-M using glutamine or lactate instead of glucose as car-
bon sources for the glycerol backbone. In this study, we did not
assess the use of other potential glyceroneogenic precursors, e.g.,
other amino acids. Multiple metabolic pathways converge at the
level of PEPCK, which acts as the sole enzyme converting the
TCA cycle intermediate OAA to the glycolytic/gluconeogenic in-
termediate PEP. The precursor of OAA may depend on the
available carbon source and on flux through upstream reactions
(e.g., glutaminolysis and TCA cycle). The use of lactate, however,
requires the oxidation of lactate to pyruvate, followed by carbox-
ylation to OAA by pyruvate carboxylase or to malate by malic
enzyme. Both enzymes have been described to be active in lung
cancer (28, 29). Although PEPCK-C expression is low or absent in
lung cancer cells (4, 6), a contribution of PEPCK-C to the pathway
cannot be ruled out. However, PEPCK-M silencing significantly
inhibited the incorporation of labeled glutamine into the glycerol
backbone of PE and partially also PC and PI.

Cancer cells have been shown to possess high turnover rates
for GPL (30). Different tumors have been found to contain high
levels of the PC biosynthetic intermediate phosphocholine in vivo
(31), and inhibitors of choline metabolism have been shown to
inhibit tumor growth in preclinical models (31). The results of this
study suggest that GPL de novo synthesis might be critical for
cancer cells under low nutrition stress despite temporarily reduced
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Fig. 4. PEPCK-M silencing substantially inhibits s.c. tumor growth. (A and B)
Growth of s.c. tumors in nude mice (n = 8 animals per group) injected with
H23 cells stably expressing control shRNA, or two different constructs of
PEPCK-M shRNA (PEPCK-M-sh1 and PEPCK-M-sh2). (A) Tumor weight at the
end of the experiment (median and interquartile range). P values were
calculated by Mann-Whitney U test with Bonferroni correction for multiple
comparisons. (B) Number of mice with macroscopic tumors, microscopic tu-
mors found on histological examination, or without tumor. (C) Efficiency of
PEPCK-M silencing in cells in vitro.
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Fig. 5. Exogenous PE partially rescues colony formation under starvation in
H23 cells expressing PEPCK-M shRNA. (A) H23 cells stably expressing Ctrl-sh
or PEPCK-M shRNA (PEPCK-M-sh1 and PEPCK-M-sh2) were plated for colony
formation and treated with different glucose and serum concentrations for
7 d followed by recovery in normal growth medium. The number of seeded
cells per well was adjusted to avoid coalescence of colonies. (B) A starvation
period of 72 h in serum-free medium containing 0.2 mM glucose was fol-
lowed by 2-wk recovery in normal growth medium. Scans of cell culture
plates are shown at Right. (A and B) Groups were compared using one-way
ANOVA with Dunnett post hoc analysis versus Ctrl-sh. (C) Partial rescue by
exogenous DOPE (PE 36:2) added during starvation. Group comparisons
were made using two-sided, unpaired Student’s t tests. (A-C) Data are
mean + SEM from four independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001; n.s., nonsignificant. (D) Proposed model for the synthesis of
the GPL backbone from glyceroneogenesis via PEPCK-M as an alternative
pathway under starvation.

proliferation. Membrane biogenesis and phospholipid turnover
are required in different stages of proliferating cells, but also in
resting cells. During cell division, biomembranes have to expand
dramatically by de novo synthesis. However, also in the G, phase
of the cell cycle, GPL are continuously synthetized de novo, while
their synthesis is balanced by concomitant degradation (32, 33).
Interestingly, it has been shown in yeast that GPL biosynthesis
enzymes are spatially reorganized but remain active upon starva-
tion (34). The composition of membrane phospholipids and the
concentration of the phospholipid precursor phosphatidic acid are
continuously monitored in cells (35, 36). A proper GPL compo-
sition is important for stress responses like the unfolded protein
response during ER stress (37). Additionally, de novo GPL syn-
thesis protects cancer cells from oxygen radical-mediated death,
since newly synthesized GPL are more saturated and less prone to
peroxidation (38).

Our analysis of GPL abundance in serum- and glucose-starved
cells revealed that individual GPL classes are differentially af-
fected by PEPCK-M silencing. PE levels showed the most severe
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decline by PEPCK-M silencing under starvation. PE comprises
~25% of mammalian phospholipids and is enriched in mito-
chondrial inner membranes (39, 40). Furthermore, the cone-
shaped phospholipid has been found to be important for mem-
brane fusion and remodeling (39, 40). PE itself or PE-derived
ethanolamine is covalently linked to diverse proteins, including
signaling proteins, and lipidation of ubiquitin-like protein LC3 by
PE is a prerequisite for autophagosome formation (39, 40).
Recently, PE synthesized in mitochondria has been found to be
important for mitochondrial function (41). The cause for the
preferential reduction of PE by PEPCK-M silencing in vitro is
not known. Different turnover rates and tight regulation of the
phospholipid composition under conditions of starvation and/or
PEPCK-M silencing might be the underlying cause. The decrease
was observed with two different constructs of PEPCK-M shRNA
and affected all three most abundant PE species, PE 36:2 (dioleyl-
PE), PE 35:1, and PE 34:1, as well as total PE levels. The in-
ability of PEPCK-M-silenced H23 cancer cells to form macro-
scopic tumors precluded the analysis of the GPL levels and
composition after PEPCK-M silencing in vivo. This limitation
should be circumvented in future studies using inducible si-
lencing strategies. As another limitation of the study, the phe-
notype in PEPCK-M shRNA-expressing cells observed in vivo
and in colony formation experiments in vitro could potentially
be attributed to off-target effects, although we obtained similar
results with two different shRNA constructs. Reexpression of
PEPCK-M in PEPCK-M-silenced cells in a glucose-starvation
dependent manner, e.g., by stable integration of appropriate
cDNA expression constructs, could be utilized in future studies
to validate the specificity of the effects of PEPCK-M silencing
on the phenotype.

A direct comparison of PEPCK downstream pathways, the
glyceroneogenesis pathway, the ribose or serine synthesis path-
ways, and other possible downstream pathways, like glycogen
synthesis, was not performed in this study. We focused on a
detailed analysis of the phospholipid synthesis pathway, which
has not been extensively studied in cancer cells. The severely
compromised tumor growth in PEPCK-M-silenced cells indi-
cates that the microenvironmental pressures enhancing PEPCK-
M expression and activity might be effective also in lung cancers
in vivo. However, the availability of different nutrients and their
range of concentrations in the dynamic metabolic microenvi-
ronment of human cancers is still a matter of debate. Interestingly,
recent detailed studies on nutrient use in human lung cancers
revealed a high consumption of noncarbohydrate nutrients and
fuels including lactate (42, 43). Further studies are warranted to
clarify in which types of human cancer PEPCK-M or PEPCK-C
are activated, and what is their metabolic function in vivo. The
present study adds an important piece to the puzzle by showing
that glyceroneogenesis mediated by PEPCK-M followed by GPL
backbone synthesis is part of a metabolic adaptation program in
lung cancer cells.

Materials and Methods

Stable Isotopic Labeling and Mass Spectrometry. All procedures for stable
isotopic labeling and liquid chromatography/MS are described in S/ Appen-
dix, Supplementary Materials and Methods. Lipid extraction was performed
as described (44), GPL chromatography was modified after ref. 45. Reversed
phase liquid chromatographic/MS was performed for quantitative analysis of
GPL (46). Data were processed using Lipid Data Analyzer (47, 48) and an-
notated according to the official LIPID MAPS shorthand nomenclature (49).
Mass isotopologue abundance was corrected for the natural abundance of
'3C using IsoCor software (50).

Quantitative Real-Time PCR (qPCR). Details for gPCR can be found in S/ Ap-
pendix, Supplementary Materials and Methods.

Western Blot. Details for Western blot are provided in S/ Appendix, Supple-
mentary Materials and Methods.

shRNA-Mediated Silencing. For stable expression of PEPCK-M shRNA or non-
silencing shRNA, H23 cells were transfected with different commercially
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available shRNA plasmids targeting PEPCK-M or a nonsilencing control shRNA
followed by antibiotics selection (Qiagen). In a set of experiments, phenotypic
rescue by transient transfection of shRNA-expressing cells with either an
empty vector or a plasmid containing shRNA-resistant PEPCK-M c¢DNA, was
studied. Details for plasmids, site-directed mutagenesis, transfection, selec-
tion and maintenance are found in S/ Appendix, Supplementary Materials
and Methods.

Subcutaneous Growth of Xenotransplants in Nude Mice. All animal experi-
ments were approved by the Austrian Federal Ministry of Science, Research,
and Economy. Male athymic nude mice (Hsd:Athymic Nude — Foxn1"") 8 wk
of age and specific pathogen-free were obtained from Envigo. Mice were
injected s.c. with H23 cells expressing PEPCK-M shRNA (two different con-
structs) or control shRNA. For details see SI Appendix, Supplementary Ma-
terials and Methods.
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Proliferation and Colony Formation Assays. Procedures for the assessment of
cell proliferation (cell numbers) and colony formation (51) are described in S/
Appendix, Supplementary Materials and Methods.

Statistics. Data were compiled and analyzed with the software package SPSS,
version 23.0. Group differences were calculated using two-sided, unpaired
Student’s t test, one-group Student'’s t test, one-way ANOVA with post hoc
analysis or Mann-Whitney u test, as appropriate. P values smaller than
0.05 were considered significant.
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