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Interfering with anaplerotic utilization of glutamine (Gln) was recently reported to sensitize KRAS-driven cancer cells
to the cytotoxic effects of capecitabine and paclitaxel. This effect was due to bypass of a Gln-dependent G1 cell cycle
checkpoint in these cells. This study highlights therapeutic opportunities created by metabolic reprogramming in
cancer cells.

Over the last decade there has been a
resurgence of interest in metabolism stim-
ulated largely by the observation of meta-
bolic reprogramming in cancer cells.1 To
meet the increased anabolic demand to
accommodate high rates of cell growth
and proliferation, cancer cells increase glu-
cose uptake and reprogram the fate of gly-
colytic and tricarboxylic acid (TCA) cycle
intermediates toward synthesis of the
amino acids, nucleotides, and lipids
needed for the cell to double its mass and
divide. In dividing cells, citric acid, which
is synthesized from the condensation reac-
tion between acetyl-CoA and oxaloacetate
in the first step of the TCA cycle, exits the
mitochondria and regenerates acetyl-CoA,
which is then used for the generation of
lipids needed for membrane biosynthesis.
The exit of citric acid from the mitochon-
dria and the TCA cycle creates a need for
anaplerotic replenishment of TCA cycle
intermediates downstream of citric acid.
The major source for anaplerotic replen-
ishment of TCA cycle intermediates is the
conditionally essential amino acid gluta-
mine (Gln). Gln is first deaminated
to glutamate, and then converted to
a-ketoglutarate by glutamate dehydroge-
nase or during transamination reactions
with a-keto-acids such as oxaloacetate to
generate aspartate (Fig. 1). Up to 25% of
the Gln is incorporated into membrane
lipids,2 indicating that a substantial

amount of Gln can be converted to citric
acid for export to the cytosol for fatty acid
synthesis. Gln-derived a-ketoglutarate is
also critical for redox balance and the gen-
eration of NADPH via the conversion of
malate to pyruvate (Fig. 1). These obser-
vations underscore the critical importance
of Gln as a nutrient source in dividing and
metabolically reprogrammed cancer cells.

Consistent with the importance of
Gln as a nutrient for dividing cells, we
recently identified a Gln-dependent late-
G1 cell cycle checkpoint that could be dis-
tinguished from 2 other late-G1 check-
points – one dependent on essential
amino acids and the other dependent on
mammalian/mechanistic target of rapamy-
cin (mTOR).3 All 3 metabolic check-
points were clearly distinguished from the
mid-G1 growth factor-dependent restric-
tion point.3 Thus, after the cell receives
growth factor signals indicating that it is
appropriate to divide, there appear to be
several late G1 metabolic checkpoints that
monitor whether there are sufficient
nutrients available for the cell to double
its mass and divide.4 This is shown sche-
matically in Fig. 1. Importantly, cancer
cells harboring KRAS mutations do not
arrest in G1 upon Gln deprivation.
Instead, KRAS-driven cancer cells progress
into S and G2/M phases where they are
arrested.5 Thus, mutant KRAS confers the
ability to override the Gln-dependent late

G1 checkpoint allowing progression from
G1 into S phase in the absence of Gln.
Suppression of the KRAS downstream
effectors mTOR and Erk restores G1

arrest in response to Gln deprivation in
KRAS-driven cancer cells indicating that
override of the G1 Gln checkpoint is
mediated by activation of mTOR and
Erk. Cells that have committed to divide
and progress into S and G2/M are, in gen-
eral, more vulnerable to apoptotic insult.
Thus, KRAS-driven cancer cells that over-
ride a Gln-dependent G1 cell cycle check-
point and arrest in S and G2/M could be
sensitive to therapeutic strategies that
deprive cells of Gln and target cells in S
and G2/M.

To test the hypothesis that Gln depri-
vation in KRAS-driven cancer cells could
induce sensitivity to cell cycle phase-spe-
cific cytotoxic compounds, we deprived
KRAS-driven cancer cells of Gln and
examined their sensitivity to capecitabine,
which interferes with DNA synthesis, and
paclitaxel, which interferes with microtu-
bule breakdown during mitosis. Both
capecitabine and paclitaxel induced apo-
ptosis in KRAS-driven cancer cells, but
not in cancer cells lacking a KRAS muta-
tion that arrested in G1 upon Gln deple-
tion. Clearly, Gln deprivation is not a
viable therapeutic option; however, inter-
fering with anaplerotic utilization of Gln
is a possible approach.6 Kimmelman and
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colleagues recently reported that Gln is
utilized in KRAS-driven pancreatic cancer
cells through a transamination reaction in
which glutamate is deaminated to a-keto-
glutarate with concomitant generation of
aspartate from oxaloacetate7 (Fig. 1).
Thus, in KRAS-driven cancer cells, the
transaminase pathway is apparently pre-
ferred over the glutamate hydrogenase
pathway, which is used when glucose lev-
els are low.6 Consistent with findings

reported by the Kimmelman group, we
found that the transaminase inhibitor
aminooxyacetate mimicked Gln depletion
and induced sensitivity to capecitabine
and paclitaxel in KRAS-driven cancer
cells. Thus, a combination of transaminase
inhibitors together with capecitabine and
paclitaxel could be a viable strategy for the
treatment of KRAS-driven cancers that
exploits the ability of KRAS to stimulate
override of the Gln-dependent G1

checkpoint. This approach represents a
“synthetic lethal” situation8 whereby acti-
vating KRAS mutations in combination
with suppressed Gln utilization sensitizes
cells to the cytotoxic effects of the cell
cycle phase-specific compounds capecita-
bine and paclitaxel.

KRAS-driven cancer cells have been
notoriously resistant to therapeutic inter-
vention and KRAS itself is considered
undruggable.9 Thus, alternative strategies
are needed to treat what may be as many
of 30% of human cancers that are driven
by KRAS mutations.10 The observation
that KRAS-driven cancer cells override a
late G1 Gln-dependent cell cycle check-
point and arrest in a part of the cell cycle
where they become sensitive to S- and G2/
M-phase specific cytotoxic drugs repre-
sents a potentially exploitable vulnerability
of KRAS-driven cancer cells. The ability
to target Gln utilization in combination
with capecitabine and paclitaxel could
provide a basis for targeting the significant
percentage of human cancers harboring
KRAS mutations that have to date been
resistant to therapeutic intervention.
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