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Summary

Rewiring of metabolic pathways is a hallmark of tumorigenesis as cancer cells acquire novel
nutrient dependencies to support oncogenic growth. A major genetic subtype of lung
adenocarcinoma with KEAP1/NRF2-mutations, which activate the endogenous oxidative stress
response, undergo significant metabolic rewiring to support enhanced antioxidant production. We
demonstrate that cancers with high antioxidant capacity exhibit a general dependency on
exogenous non-essential amino acids (NEAAS) that is driven by the Nrf2-dependent secretion of
glutamate through system x.~(XCT), which limits intracellular glutamate pools that are required
for NEAA synthesis. This dependency can be therapeutically targeted by dietary restriction or
enzymatic depletion of individual NEAAs. Importantly, limiting endogenous glutamate levels by
glutaminase inhibition can sensitize tumors without alterations in Keap1/Nrf2 pathway to dietary
restriction of NEAAs. Our findings identify a metabolic strategy to therapeutically target cancers
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with genetic or pharmacologic activation of the Nrf2 antioxidant response pathway by restricting
exogenous sources of NEAAS.
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LeBoeuf et al. describe a general mechanism through which cancer cells depend on non-essential
amino acids. Tumor cells with intrinsically low intracellular glutamate require amino acids to be

supplied from the extracellular environment. By reducing the amount of circulating amino acids,

the authors reduce tumor growth /n vivo.

Introduction

NFEZL2 (hereafter NRF2) is the master transcriptional regulator of the cell’s antioxidant
response. Nrf2 controls the transcription of a plethora of genes involved in the detoxification
of reactive oxygen species (ROS). Under normal conditions Nrf2 is sequestered in the
cytoplasm and targeted for proteasomal degradation through its interaction with Kelch-like
ECH-associated protein 1 (hereafter Keapl). In the presence of ROS, key cystine residues on
Keapl are oxidized resulting in a conformational change which intern disrupts its interaction
with Nrf2, allowing Nrf2 to translocate to the nucleus where it promotes transcription of
target genes. KEAPI or NRF2are mutated in approximately 20% of KRAS-driven non-
small-cell lung cancer (NSCLC), one of the most aggressive lung cancer subtypes, and
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therefore a major therapeutic target (Cronin et al., 2018). Additionally, mutations in the
KEAP1/NRF2 antioxidant signaling pathway are common events in several solid cancers
and are associated with poor patient prognosis and outcomes (Cancer Genome Atlas
Research, 2012, 2014; Kovac et al., 2015). Loss of KEAP1 and subsequent stabilization of
NRF2 leads to metabolic reprogramming in order to promote the endogenous antioxidant
response, which confers proliferative and survival advantages to tumor cells (DeNicola et al.,
2011; Mitsuishi et al., 2012; Romero et al., 2017; Sayin et al., 2017). However, maintaining
oxidative homeostasis through chronic activation of the NRF2 pathway results in a unique
set of metabolic requirements to support increased antioxidant capacity (DeNicola et al.,
2015; Koppula et al., 2017; Mitsuishi et al., 2012; Romero et al., 2017; Sayin et al., 2017).
Previous work from our group has shown that KEAP1/NRF2-mutant tumors are dependent
on exogenous glutamine to sustain proliferation (Romero et al., 2017; Sayin et al., 2017).
This dependency is due to two major transcriptional outputs of NRF2: 1) the consumption of
glutamine-derived glutamate for glutathione (GSH) synthesis; and 2) the efflux of glutamate
through system x.~, in exchange for cystine, the major source of cysteine for most cancer
cells (Muir et al., 2017; Romero et al., 2017; Sayin et al., 2017; Shin et al., 2017). Depletion
of endogenous glutamate pools due to high efflux through system x.~ compromises the use
of glutamate as a carbon source for TCA cycle anaplerosis (Fox et al., 2019; Koppula et al.,
2017; Muir et al., 2017; Sayin et al., 2017; Shin et al., 2017).

In addition to supplying carbon to fuel central carbon metabolism, glutamate is a critical
nitrogen donor for transamination reactions which catalyze the synthesis of NEAASs
(DeBerardinis et al., 2007; Umbarger, 1978). NEAASs can be synthesized by cells de novo
when their availability becomes limited. However, because of high proliferative capacity and
increased metabolic output, many cancer cells become dependent on the exogenous supply
of certain metabolites such as NEAAs, and synthesis is not adequate to keep up with
demand (Tsun and Possemato, 2015). Although KEAPI/NRF2-mutations lead to a reliance
on exogenous glutamine to supply glutamate, it remains unclear how other glutamate-
dependent biosynthetic reactions, such as NEAA synthesis, are affected by this altered
metabolic state where glutamate is actively secreted through system xc™. Although most
studies have focused on understanding how individual amino acids contribute to
tumorigenesis, it remains elusive whether genetic alterations that promote tumor formation
can rewire metabolism to generate a more general requirement for exogenous sources of
NEAA:s.

Here we show that mutations in KEAPI confer a dependency on exogenous uptake of
multiple NEAAs in Kras-driven cell lines. We demonstrate that KEAPI mutant cells have
increased uptake of NEAAs and are sensitive to deprivation of asparagine, glycine and
serine /n vitroand in vivo. Despite their ability to synthesize NEAAs, KEAPI mutant cells
are unable to maintain sufficient amino acids pools by de novo synthesis under NEAA
deprivation conditions. Blocking the efflux of glutamate thereby increasing intracellular
glutamate levels through system X~ inhibition is sufficient to rescue amino acid synthesis
and cell proliferation under NEAA deprivation conditions. Furthermore, these phenotypes
are Nrf2-dependent and can be acutely induced by use of a small molecule activator of Nrf2
or by chronic ROS-dependent post-translational activation of Nrf2 in Keapl wildtype
adenocarcinomas originating from both lung and pancreas. Importantly, we show that by
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pharmacologic or Nrf2-dependent restriction of intracellular glutamate, we can suppress
tumor growth by either dietary or enzymatic depletion of NEAASs /n vivo. Together our data
provides evidence for a general mechanism by which intracellular glutamate availability
dictates the dependency of cancer cells on exogenously supplied NEAAS and this
dependency may be therapeutically exploited through pharmacologic or dietary intervention.

increases dependency on exogenous supply of NEAAsS

KEAPI mutations accelerate tumor progression (Romero et al., 2017) and result in
metabolic reprograming of cancer cells (DeNicola et al., 2015; Koppula et al., 2017;
Muitsuishi et al., 2012; Romero et al., 2017; Sayin et al., 2017), including depletion of
intracellular glutamate levels. We reasoned that KEAPI mutant tumors may possess an
impaired ability to synthesize NEAAs and are more reliant on exogenous sources to sustain
amino acid pools. In order to identify differential amino acid requirements in tumors
carrying KEAPI mutations we profiled /in vitro uptake rates of NEAAs between isogenic
mouse Kras®12D/*: p53~/~ mutant lung adenocarcinoma cell lines that are either wildtype
(Wt) or Keapl null (Mut) (Romero et al., 2017). Indeed, KeapZ mutant cells exhibited
increased uptake of a number of NEAAs including asparagine, glutamine, alanine, and
glycine when compared to Keap wild-type cells (Figure 1a). Using [UC13]-L-serine, we
confirmed KeapI mutant cells uptake significantly more serine compared to KeapI wildtype
cells (Supplemental Figure 1a).

While Keapl mutant cells uptake more NEAASs /n vitro, cell metabolism can be drastically
different /n vivo (Davidson et al., 2016). To assess whether the increased uptake of NEAAs
in vitroby Keapl mutant cells is physiologically relevant /n vivo, we subcutaneously
transplanted wildtype and KegpZ mutant cells in C57B6/J syngeneic animals and monitored
the levels of NEAAS in serum and tumors. We observed that mice bearing Keapl mutant
tumors had decreased serum levels of multiple NEAASs, including serine and glycine (Figure
1b and Supplemental Figure 1b & c).

To assess whether this increased uptake of NEAAs is functionally relevant for the growth of
Keap1 mutant cells, we depleted individual NEAAs from the media and observed marked
growth suppression of KeapZ mutant cells upon depletion of asparagine, serine and glycine
(Figure 1c and Supplemental Figure 1d). Alanine, another highly consumed NEAA (Figure
1a) could not be depleted from the media (present in serum but not in DMEM or RPMI).
However, supplementation of alanine to KeapZ mutant cells led to an increase in
proliferation (Supplemental Figure 1e). Additionally, Keapl mutant cells showed increased
sensitivity to L-asparaginase (Figure 1d), a recombinant enzyme that catalyzes the
degradation of asparagine to glutamate and aspartate, which is currently used for the
treatment of acute lymphoblastic leukemia (Richards and Kilberg, 2006).

The genetic status of 7rp53has been previously shown to characterize dependency on
exogenous serine (Maddocks et al., 2013). To exclude the possibility that the observed
dependency of Keapl mutant cells on exogenous NEAAs is driven by loss of p53, we used
Kras®12D mutant lung adenocarcinoma cell lines with wildtype p53 (KrasG20/% : p53+/*;
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LKR10 and LKR13; (Meylan et al., 2009)) that were either wildtype or mutant for Keap1
(Romero et al., 2017). Consistent with our data in p53null, Keap1 wildtype cells, we
observed that Keap? loss increased uptake of NEAAs (Supplemental Figure 1f) and
rendered p53wildtype cells sensitive to both serine and asparagine deprivation (Figure 1e).
Additionally, genetic complementation of Keap by over-expression of wildtype Keapl
cDNA in KeapI null cell lines, was sufficient to rescue sensitivity to serine and asparagine
depletion (Figure 1f), confirming that sensitivity to NEAA depletion is dependent on Keapl
loss. Similar, to mouse cells, human KEAPI mutant lung adenocarcinoma cell lines were
more sensitive to serine deprivation than KEAPZ wildtype cell lines (Supplemental Figure
1g & h) despite having other driver mutations. Taken together, these results indicate that
Nrf2-activation generates a dependency on exogenous uptake of multiple NEAAs
independent of the genetic status of Krasor p53.

We hypothesized that the increased uptake of NEAAS may be a result of increased basal
demand in Keapl mutant cells, and when exogenous NEAAS are depleted from the culture
media, rates of de novo synthesis in Keapl mutant are insufficient to sustain cellular
proliferation. To test this hypothesis, we performed stable isotope tracing with [UC13]-D
glucose and [UC13]-L glutamine to assess synthesis of NEAAs in replete as well as serine or
asparagine deprived conditions (Figure 1g). We observe that when serine or asparagine are
depleted from the culture media, rates of NEAA synthesis are roughly equivalent between
Keap1 mutant and 6 wildtype cells (Figure 1h and Supplemental Figure 2a — ¢) indicating
that wildtype and KeapZ mutant cells have roughly the equivalent capacity to synthesize
serine when necessary. However, when serine or asparagine are removed from the media the
total pool of these metabolites is significantly reduced in KegpZ mutant compared to
wildtype cells (Figure 1h) suggesting that de novo synthesis in KeapI mutant cells is unable
to maintain adequate pools of these metabolites to sustain proliferation (Figure 1c).
Additionally, in the case of serine, we observe that in complete media the total intracellular
pool of serine in Keapl mutant cells is much larger than in wildtype cells (Figure 1h). This
suggests that KeapZ mutant cells have an increased requirement for serine. These findings
are consistent with the idea that to support growth and increased anabolism, Keapl mutant
cells rely on uptake of exogenous NEAAs.

Acute activation of Nrf2 induces dependency on NEAAs

Given that genetic activation of Nrf2 in Keapl mutant cells leads to a dependency on
exogenous serine and asparagine, we hypothesized that pharmacological dependent
stabilization of Nrf2 may lead to a similar metabolic demand. Indeed, we observed that acute
activation of Nrf2 with a small molecule activator (K1696) (Davies et al., 2016; Sayin et al.,
2017) led to suppression of growth upon deprivation of serine or asparagine (Supplemental
Figure 2d & e) or treatment with L-asparaginase (Supplemental Figure 2f). Furthermore, to
ensure this is not a cell line specific phenomenon we used a panel of five different murine
Kras®12D/*: p537/~ lung adenocarcinoma cell lines and demonstrated that small molecule
induced activation of Nrf2 led to a dependency on exogenous serine and asparagine (Figure
2a). Similarly, dependency on exogenous NEAAs was independent of p53 status as Nrf2
activation in p53wildtype LKR lines lead to growth suppression in serine or asparagine
depleted conditions (Figure 2b).
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We have previously characterized the specificity of the small molecule activator, and
validated that it only disrupts the binding of Keapl to Nrf2 and does not affect interactions
of other proteins with Keapl (Lignitto et al., 2019; Sayin et al., 2017). However, we
confirmed the small molecule does not induce sensitivity to NEAA deprivation
independently of Nrf2 activity by treating Arf2null cells. As expected, treatment with the
Nrf2 activator only induced sensitivity in wildtype cells and had no effect on Arf2null cells
(Supplementary Figure 2g).

Furthermore, we hypothesized that Nrf2 activation would lead to dependency on exogenous
NEAAs independent of cancer subtype. To test this, we treated a murine KrasG12D/+; p53-/~
pancreatic ductal adenocarcinoma cell line with the Nrf2 activator and observed robust
growth suppression upon serine deprivation or treatment with L-asparaginase (Figure 2¢ &
d).

Oxidative stress sensitizes Keapl wildtype cells to NEAA deprivation

Our prior results demonstrate that activation of Nrf2 strongly sensitizes cells to NEAA
depletion. In wildtype cells, Nrf2 is stabilized in response to ROS-dependent post-
translational modifications of Keapl and remains active until ROS are cleared. Therefore,
we reasoned that during periods of chronic ROS stress, ROS would promote stabilization of
Nrf2 in wildtype cells and would subsequently result in Nrf2-mediated metabolic rewiring.
Therefore, when ROS is high, wildtype cells would efflux glutamate through system x.~ and
become sensitive to NEAA depletion, similar to KeapI mutant cells. To test this hypothesis,
we treated wildtype cells with various oxidants that interfere with different arms of the
endogenous anti-oxidant response and activate Nrf2. Using a Thioredoxin reductase (TXR)
inhibitor (Auranofin) (Urig and Becker, 2006), an inhibitor of GSH synthesis (L-buthionine-
sulfoximine, BSO) (Griffith and Meister, 1979) and a general oxidative stress agent that will
react with free cysteines (di-methyl fumarate, DMF) (Wang et al., 2015) we assessed
whether Keap wildtype cells would become dependent on exogenous NEAAS (Figure 2e).
We validated that treatment with all three oxidants resulted in stabilization of Nrf2 protein
(Supplementary Figure 3a) and induced expression of Nrf2 target genes (Supplementary
Figure 3b & c). Consistent with their mechanism of action, treatment with BSO and DMF
also decreased GSH levels (Supplementary Figure 3d). Indeed, we observed that ROS
induced activation of Nrf2 by three different oxidative stress agents sensitized wildtype cells
to NEAA depletion (Figure 2f).

Low intracellular glutamate levels in cells with Nrf2 activation generates a dependency on
exogenous NEAAs

NEAA:s are synthesized from a-ketoacids to which an amino group is added via a glutamate
or glutamine-dependent transamination reaction (Lehninger et al., 2000). Previously, we
have reported that Nrf2 activation leads to a marked decrease in intracellular glutamate by
utilization of glutamate for glutathione synthesis and the secretion of glutamate through
system X~ to enable cystine uptake (Romero et al., 2017; Sayin et al., 2017). Given the
increased dependency of cells with Nrf2 activation on exogenous NEAAS, we hypothesized
that by increasing intracellular glutamate levels either by inhibiting system x.~ or by
expressing additional glutamate transporters (Figure 3a), we would enhance synthesis of
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NEAAs and decrease the dependency of KegpZ mutant cells on exogenous NEAASs. To
inhibit system x.~ activity we either pretreated cells with the small molecule inhibitor
Erastin (Dixon et al., 2014) or high glutamate which forces the import of glutamate and
export of cystine through system x;~ in a concentration dependent manner (Briggs et al.,
2016; Sayin et al., 2017; Watanabe and Bannai, 1987). Both Erastin and glutamate treatment
of Keapl mutant cells significantly increased intracellular glutamate levels (Figure 3b & c)
and consequently decreased intracellular cystine levels (Supplementary Figure 3e).
Treatment with either Erastin or glutamate was able to completely rescue KeapZ mutant cell
growth when serine or asparagine were depleted (Figure 3d & €), or when cells were treated
with L-asparaginase (Supplemental Figure 3f). In line with what we observed in murine lung
adenocarcinoma, glutamate was also able to rescue sensitivity to NEAA depletion in a
murine pancreatic ductal adenocarcinoma cell line after pharmacological activation of Nrf2
(Supplemental Figure 3g).

As a negatively charged amino acid, glutamate cannot freely diffuse across the plasma
membrane and requires a dedicated transporter to enter the cell. To increase glutamate
uptake, we over-expressed SLC1A3 (Garcia-Bermudez et al., 2018), a glutamate transporter
that is normally expressed in the central nervous system by glial cells (Storck et al., 1992).
In line with current literature, SLC1a3 was not expressed in our mouse LUAD cell lines, nor
was its expression induced by pharmacologic or ROS mediated activation of Nrf2 or in
response to NEAA depletion (Supplementary Figure 3h & i). However, expression of
SLC1A3 resulted in dramatic increase in the re-uptake of glutamate which is normally
exported through system x.~ (Figure 3f) and as expected, rescued sensitivity of Keap!
mutant cells to glutaminase inhibition by CB-839 (Supplemental Figure 3j). Similar to
treatment with glutamate or Erastin, expression of SLC1A3 rescued Keapl mutant cell
growth when serine and asparagine were depleted (Figure 3g & h) or when treated with L-
asparaginase (Supplemental Figure 3K).

Previously, we have shown that KeapZ mutant cells are highly sensitive to CB-839, a
glutaminase inhibitor which blocks the conversion of glutamine to glutamate (Romero et al.,
2017; Sayin et al., 2017). Since increasing intracellular glutamate levels rescues cell growth
when serine and asparagine are limited, we reasoned that CB-839 treatment should decrease
glutamate availability and NEAA synthesis, and would further sensitize Keapl mutant cells
to NEAA deprivation. We cultured cells in either 0.1U/mL of L-asparaginase or reduced the
amount of serine in the media to 10% of its normal concentration. We observed increased
sensitivity of Keapl mutant cells to very low doses of CB-839 (Figure 3i & j), which alone
do not affect cell growth, suggesting possible synergistic effects of combining glutaminase
treatment with NEAA deprivation. These results indicate that the increased efflux of
glutamate by Keapl mutant cells generates a major bottleneck in their ability to sustain
amino acid pools under NEAA deprived conditions and that intracellular glutamate levels
determine a cell’s dependency on exogenous NEAAS.

Glutamate availability restricts serine biosynthesis

In addition to protein synthesis, serine and glycine are important carbon sources to generate
nucleotides, methyl groups, other amino acids, and contribute to GSH synthesis (DeNicola

Cell Metab. Author manuscript; available in PMC 2021 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LeBoeuf et al.

Page 8

et al., 2015; Mehrmohamadi and Locasale, 2015; Yang and Vousden, 2016) (Supplementary
Figure 4a). To determine which of these metabolites is limiting during serine deprivation we
tested if supplementation with antioxidants to restore redox buffering or nucleotides could
rescue Keapl mutant cell growth in serine deprived conditions. Supplementation with the
antioxidants N-acetylcysteine (NAC) or Trolox, did not rescue cell growth under serine
deprivation (Figure 4a and Supplemental Figure 4b). However, supplementation with
formate, which rescues the one-carbon cycle, or thymidine, which rescues nucleotide
synthesis, led to a complete rescue of cell growth in KeapZ mutant cells under serine
deprivation. This data suggests that nucleotide synthesis, and not antioxidant availability
limits growth of Kegp mutant cells in serine depleted conditions.

Serine can be synthesized de novo from glucose in a multi-step reaction. Since, Keap1
mutant cells have a reduced incorporation of glutamine into the TCA cycle, it is possible that
Keapl mutant cells divert glucose into the TCA cycle to compensate, limiting glycolytic
precursors for serine synthesis. Using [U-C13]-D-glucose we measured the incorporation of
glucose derived carbon into the TCA cycle when cells were cultured in media lacking serine.
Under these conditions we did not see an increase in glucose flux into the TCA cycle
(Supplementary Figure 4c), suggesting that the availability of glycolytic precursors are not
reduced in Keapl mutant cells. This agrees with our previous observations that under basal
conditions, there is not an increased flux of glucose to the TCA cycle in KegpZ mutant cells
(Sayin et al., 2017). Glutamine incorporation into the TCA cycle was also unchanged when
serine was depleted (Supplementary Figure 4c). In addition to glucose, serine synthesis
requires the nitrogen from the amino group of glutamate to be added to
phosphohydroxypyruvate (PHP) to generate phosphor-serine and a-ketoglutarate (DeNicola
and Cantley, 2015). This transaminastion reaction is catalyzed by the enzyme phosphoserine
aminotransferase (PSAT). We hypothesized that rescue of KegpZ mutant cell growth in the
absence of exogenous serine by Erastin or glutamate supplementation was due to increasing
glutamate availability for serine biosynthesis. To test this, we generated PSAT knockout
wildtype and KegpI mutant cells using CRISPR/Cas9. The ability of Erastin or glutamate to
rescue cell growth in serine deprivation is dependent on the presence of PSAT (Figure 4b &
Supplemental Figure 4d) suggesting that increasing intracellular glutamate levels rescues
cell growth in the absence of serine by restoring serine biosynthesis.

To confirm that modulation of intracellular glutamate levels alters serine biosynthesis, we
performed stable isotope tracing of [U13C]-D glucose in serine depleted conditions and
looked for C13 incorporation into newly synthesized serine and its downstream metabolite,
glycine (Figure 4c). When glutamate availability is limited by treatment with CB-839 we see
a decrease in both serine and glycine synthesis (Figure 4d). Conversely, when we increase
intracellular glutamate by glutamate supplementation we observe an increase in both serine
and glycine synthesis (Figure 4d and Supplemental Figure 4e). To confirm that the nitrogen
from glutamate is used for serine synthesis we cultured cells in the presence of [a15N]-L
glutamine to determine the fate of the amino group of glutamate (Figure 4e). As expected,
serine deprivation increases the incorporation of labeled nitrogen in both serine and glycine
(Figure 4f and Supplemental Figure 4f). Additionally, we see decreased incorporation of
labeled nitrogen in Keapl mutant cells in serine deprived conditions (Figure 4f and
Supplemental Figure 4f) suggesting that diminished glutamate availability in KegpZ mutant
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cells reduces serine synthesis. This is further supported by treating KeapZ wildtype cells
with a small molecule activator of Nrf2 which subsequently results in decreased
incorporation of labeled nitrogen in serine and glycine (Figure 4f and Supplemental Figure

49).

In addition to glutamate availability, serine synthesis can be affected by redox balance (Diehl
etal., 2019; Reid et al., 2018) and reduced TCA cycling as well as impaired mitochondrial
function. We have previously supplemented KeapI mutant cells with dimethyl-a-
ketoglutarate (DMG), a cell permeable form of a-ketoglutarate to improve TCA cycle
function and increase abundance of TCA cycle intermediates. Supplementation with DMG
rescued sensitivity to restriction of glutamine in the culture media as well as treatment with
CB-839 (Sayin et al., 2017). We supplemented Keapl mutant cells with DMG and observed
a rescue in cellular proliferation in serine deprivation conditions (Supplementary Figure 4h).
However, addition of DMG also increased glutamate availability in KeapZ mutant cells
(Supplementary Figure 4i). In a complementary approach we over expressed the yeast
mitochondrial complex I protein, NDI1, in wildtype and KeapZ mutant cells. Expression of
NDI1 in mammalian cells improves mitochondrial respiration and NAD*/NADH balance in
cells which complex | activity is compromised (Birsoy et al., 2014; Santidrian et al., 2014;
Wheaton et al., 2014; Yagi et al., 2006). Expression of NDI1 in KeapZ mutant cells rescued
sensitivity to serine and asparagine deprivation (Supplementary Figure 4j). Like
supplementation with DMG, expression of NDII also increase TCA cycle intermediates as
well as elevate glutamate levels (Lozoya et al., 2018;Martinez-Reyes et al., 2016).

While rescue of other aspects of cellular metabolism that are impaired in KeapZ mutant cells
can significantly improve their proliferative capacity in NEAA depleted conditions, we
cannot exclude the possibility that this effect is also dependent on increases in intracellular
glutamate levels. Here we provide strong evidence that cellular glutamate is predictive of
sensitivity to NEAA deprivation. Genetic mutation of KeapZ, small molecule activation of
Nrf2, or treatment with the glutaminase inhibitor CB-839, which all reduce glutamate levels,
result in sensitization of cancer cells to NEAA depletion. Conversely, modulating
extracellular concentrations of glutamate, blocking glutamate efflux, increasing expression
of glutamate transporters to promote uptake/re-uptake, or restoring other metabolic defects
of Keapl mutant cells which also increase intracellular glutamate levels rescued exogenous
NEAA dependency.

Keapl mutant tumors require exogenous NEAAS in vivo

Given the differential sensitivity of Keapl mutant and wildtype cells to exogenous serine or
asparagine depletion in vitro, we assessed their dependency on these NEAAS /n vivo. We
utilized a diet lacking both serine and glycine (-SG) (Maddocks et al., 2013; Maddocks et
al., 2017), a diet lacking asparagine, or treated mice with L-asparaginase (Gwinn et al.,
2018; Knott et al., 2018). Mice were subcutaneously injected with either wildtype or Keapl
mutant cells and upon tumor formation mice were randomized to different treatment groups.
When depleting dietary serine and glycine, growth of Kegp mutant tumors was
significantly attenuated compared to tumor growth on an amino acid control diet (AA CTL)
(Figure 5a and Supplemental Figure 5a). In contrast, we observed no effect on wildtype
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tumor growth in response to -SG diet (Figure 5a and Supplemental Figure 5a). Similarly,
treatment with L-asparaginase, or a diet lacking asparagine (-N) blunted growth of Keapl
mutant but not wildtype tumors (Figure 5b & ¢ and Supplemental Figure 5b). To validate
that the amino acid defined diets and L-asparaginase treatments reduced amino acid levels,
we confirmed depletion of serine, glycine, and asparagine in plasma (Supplemental Figure
5¢ & d). In the case of asparagine, we observed that treatment with L-asparaginase is more
effective in reducing circulating asparagine than the asparagine diet (Supplemental Figure
5d). This is likely because L-asparaginase is able to degrade free asparagine from the diet or
asparagine produced by other cells while the asparagine deficient diet only eliminates
dietary sources. When combining an asparagine free diet with L-asparaginase treatment we
see that the asparagine free diet alone results in a moderate reduction in tumor growth, but
L-asparaginase treatment alone or in combination with the asparagine diet strongly blunts
the growth of KegpZ mutant tumors (Figure 5d & e). These results are in line with the degree
to which asparagine is reduced in the plasma (Supplemental Figure 5d).

As NEAA limitation was synergistic with CB-839 treatment /n vitro (Figure 3i & j), we next
evaluated the impact of combining -SG diet with CB-839 treatment /n vivo as administration
of CB-839 reduces glutamate availability required for NEAA synthesis (Supplementary
Figure 6a). As we have previously shown, KeapI mutant but not wildtype tumors are
sensitive to treatment with CB-839 (Romero et al., 2017)(Figure 5e & f and Supplementary
Figure 6b). -SG diet along with CB-839 treatment further reduced KeapZ mutant tumor
growth in mice compared to either monotherapy. Surprisingly, wildtype tumors were
extremely sensitive to combination therapy (Figure 5f). In line with what we have previously
observed, -SG diet or CB-839 treatment alone had no effect on wildtype tumor growth.
However, administration of CB-839 in combination with the -SG diet had a strong
synergistic effect and significantly reduced wildtype tumor growth (Figure 5f). We
characterized both wildtype and KegpZ mutant tumors and stained for markers of Nrf2
activation (Ngo1l), proliferation (phospho-Histone H3), oxidative damage (8-hydroxy-2’-
deoxyguanosine), and cell death (cleaved caspase3). In line with expectations, we see
increased Ngol and decreased 8-hydroxy-2’deoxyguanosine staining in Keapl mutant
tumors (Supplementary Figure 6¢ & d). Taken together, using both defined diets and
enzymatic methods to deplete NEAAs, we demonstrate that KeapZ mutant tumors have an
increased dependency on exogenous NEAAS /n vivo. Furthermore, using existing
therapeutic strategies to decrease intracellular glutamate levels, we can suppress tumor
growth by limiting exogenous NEAAS in KeapZ WT tumors. These results provide novel
therapeutic strategies for targeting Kras mutant NSCLC.

Discussion

Rewiring of cellular metabolism is a hallmark of cancer and is necessary to sustain chronic
cellular proliferation (Hanahan and Weinberg, 2011). The activation of oncogenes and loss
of tumor suppressors directly regulates metabolism to support increased cell growth (Heiden
and DeBerardinis, 2017; Vander Heiden et al., 2009). Although, much effort has been
focused on understanding how changes to tumor cell metabolism can be leveraged for
effective cancer therapies, there is a limited understanding of the metabolic differences
between common genetic subtypes of cancer and how those can be targeted by rationale
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metabolic therapies. We have previously shown that Nrf2 activation by KeapZ mutation
results in the system x.;~ dependent export of glutamate, depleting intracellular glutamate
levels (Romero et al., 2017; Sayin et al., 2017) (Figure 3b, ¢ & f). Based on our prior work
we hypothesized that low intracellular glutamate in KegpZ mutant tumors might impose a
limitation for NEAA synthesis under conditions of nutrient stress. NEAASs are important
building blocks for proteins, serve as signaling molecules (Briggs et al., 2016; Larson et al.,
2007; Nicklin et al., 2009; Rhoads et al., 1997), generate essential co-factors and reducing
molecules, and are substrates for other macromolecules (Mehrmohamadi and Locasale,
2015). Targeting NEAA availability and synthesis in tumors is an attractive therapeutic
strategy as highly proliferating tumor cells often require NEAAS in excess of what de novo
synthesis can provide (DeNicola and Cantley, 2015).

Here we demonstrate that limited glutamate availability reduces total pools of NEAAS
(Figure 1h, Supplemental Figure 2, Figure 4) and drives dependency of KegpZ mutant cells
on multiple NEAAs including serine, glycine, and asparagine (Figure 3) in a system x;~ -
dependent manner. We observe that modulation of glutamate or cystine in the
microenvironment can either enhance or restrict cancer cell growth in the context of NEAA
depletion. We also show combined depletion of multiple NEAAs /n vitro (Figure 3i—j) and /n
vivo (Figure 5e) has a greater effect in reducing tumor growth in Keapl mutant tumors.
Additionally, Keap1 mutant cells uptake more NEAAs compared to wildtype cells both /n
vitroand /n vivo and are sensitive to their depletion even as monotherapies (Figure 1a—d).

Keapl mutant cells are able to synthesize both serine and asparagine in complete media and
when they are depleted. In fact, rates of synthesis are similar to that of wildtype cells
(Supplementary Figure 2a & b). However, Keap1 mutant cells have an increased basal
demand for serine (Figure 1h) and depletion of serine or asparagine results in a greater
depletion in the total pools of these amino acids compared to wildtype cells (Figure 1h).
This suggests that when exogenous serine and asparagine are not available, de novo
synthesis in KeapI mutant cells is not sufficient to keep up with cellular demand.

Activation of Nrf2 dramatically alters cellular metabolism and maintaining a large redox
capacity is metabolically costl. KeapZ mutant cells produce several times more GSH than
wildtype cells (Supplementary Figure 3d). Chronic production of GSH as well as other
antioxidants greatly alters the availability and flux of many metabolites. The large pool of
GSH can function as a metabolic sink for many important substrates including glutamate,
glycine, cysteine and serine. This causes the diversion of these metabolites away from other
biosynthetic pathways and generates multiple metabolic liabilities. While Keapl mutant
cells are able to sustain high antioxidant capacity without compromising proliferation when
nutrients are abundant, they are not able to sustain proliferation when particular metabolites
are restricted (i.e. glutamine, serine, asparagine, glycine). The demand for serine is directly
affected by production of GSH in Keapl mutant cells as it is a source of glycine and
cysteine, and serine will be diverted to GSH production possibly at the expense of other
biosynthetic reactions such as nucleotide synthesis and 1-carbon metabolism.

Nrf2-dependent metabolic rewiring also affects central carbon metabolism and results in
defects in the TCA cycle with decreased glutamine incorporation and overall reduced
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abundance of TCA cycle intermediates (Sayin et al., 2017). Decreased glutamate availability
combined with reduced total abundance of aspartate likely limits the ability of KeapZ mutant
cells to synthesis sufficient amounts asparagine when it is depleted from the media.

In this study we observe that intracellular glutamate levels are a key factor dictating the
ability of KeapI mutant cells to proliferate under NEAA deprivation. We use multiple
approaches to increase intracellular glutamate levels and are able to rescue cellular
proliferation in NEAA depletion (Figure 3). Conversely, further depleting glutamate in
Keapl mutant cells decreases cellular proliferation in conditions of mild NEAA restriction
(Figure 3i & j) and further suppresses tumor growth (Figure 5¢).

We show that reliance on exogenous NEAAs is a Nrf2-dependent phenotype (Figure 2,
Supplemental Figure 2d—g), as acute activation of Nrf2 is sufficient to sensitize Keap
wildtype cells to NEAA depletion in multiple contexts. While the pharmacokinetics of this
particular Nrf2 activator prevent its efficient use /7 vivo (Cuadrado et al., 2019; Davies et al.,
2016), strategies to increase ROS to elevate NRF2 activity are promising ways to sensitize
wildtype cells to NEAA depletion (Maddocks et al., 2017). Indeed, we are able to sensitize
wildtype cells to serine and asparagine depletion by pre-treatment with oxidants (Figure 2f)
which resulted in Nrf2 activation in wildtype cells (Supplementary Figure 3a—c). This
suggests that modulation of NEAA availability is widely applicable to both KegpZ mutant
and wildtype tumors where treatment with oxidizing agents sensitizes low antioxidant
tumors to depletion of NEAAS.

Furthermore, activation of Nrf2 in pancreatic cancer cells, is sufficient to sensitize cells to
NEAA deprivation (Figure 2¢ & d) indicating that activation of the endogenous antioxidant
response via Nrf2 stabilization results in a similar metabolic phenotype regardless of tissue
of origin. Furthermore, guided by insights from resistance mechanisms (Figure 3), we
demonstrate that the metabolic dependency on NEAAs we uncover in high antioxidant
tumors can be exploited in a more general fashion in low antioxidant tumors that lack
alterations in the Keap1/Nrf2 antioxidant pathway. We show that cancers, such as Krasand
p53 mutant tumors that do not respond to known metabolic therapies (e.g. glutaminase
inhibition or L-Asparaginase), can be targeted by combination therapy. We observe that by
pharmacological depletion of intracellular glutamate levels (CB-839) we strongly sensitize
Keap wildtype tumors to dietary restriction of serine and glycine (Figure 5f), similar to
what is observed in Keapl mutant tumors (Figure 5e) with no toxicity. The combination of
glutaminase inhibition with dietary restriction of serine and glycine did not alter Nrf2
pathway activation in wildtype tumors (Supplementary Figure 6c). Instead, by using CB-839
to reduce glutamate in wildtype tumors we are able to mimic the metabolic environment of
Keapl mutant tumors and induce sensitivity to NEAA depletion. This further strengthens
our observations that intracellular glutamate levels dictates dependency on exogenous
NEAA:s.

Our data highlights the importance of understanding how particular mutations, other than the
well-known drivers (eg. Kras, p53), can strongly impact the metabolic landscape of tumors
and their response to metabolic therapies. For example, elegant work has shown that Kras
and p53 status are important in regulating serine metabolism and cell survival during serine
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deprivation (Maddocks et al., 2013; Maddocks et al., 2017). However, the effect of Keapl
mutations on glutamate availability for NEAA synthesis “overrides” the effects of oncogenic
KRAS or p53 mutation on serine and glycine deprivation. These observations further
emphasize the need for more comprehensive metabolic characterization of various genotypic
subtypes of cancer.

In Summary, we uncover a general mechanism in which a specific genotype, renders cells
dependent on multiple NEAAs including serine, glycine, and asparagine. This dependency
on exogenous NEAAS can be therapeutically targeted by dietary or enzymatic depletion of
specific amino acids to blunt tumor growth (Figure 6) and is broadly applicable regardless of
tissue of origin. Additionally, utilizing oxidizing agents or a small molecule glutaminase
inhibitor to modulate cellular metabolism, we strongly sensitize Keapl wild type cells to
deprivation of NEAAs (Figure 6b, Figure 2f & Figure 5f). Using our pre-clinical models, we
are the first to show that dietary restriction or enzymatic depletion of asparagine can lead
suppression of KeapZ mutant tumor growth (Figure 5b—d). Importantly, we repurpose a well-
established metabolic therapy currently used for Acute Lymphoblastic Leukemia, L-
Asparaginase, for the treatment of KegpZ mutant lung cancer. Our work, as well as that of
others, support that metabolite restriction through pharmacological or dietary means can
effectively suppress tumor growth (Elia et al., 2017; Gao et al., 2019; Gwinn et al., 2018;
Hopkins et al., 2018; Knott et al., 2018; Loayza-Puch et al., 2016; Maddocks et al., 2013;
Maddocks et al., 2017; Sousa et al., 2016; Sullivan et al., 2018). Moving forward,
combination of dietary modification with standard of care chemotherapeutics may improve
patient response. Additionally, based on our findings, modulation of intracellular glutamate
levels through pharmacological intervention may be used to sensitize KRAS driven NSCLC
to NEAA depletion, independent of Keapl status and may be a broadly applicable
therapeutic strategy in other cancer subtypes.

Limitations

While we provide evidence that these findings are applicable to cancers from other tissues of
origin, we did not exhaustively test multiple subtypes and in some cases KeapZ mutation
may not drive NEAA dependency in specific tissues. Additionally, we showed that our
findings regarding serine deprivation were also true in human cell lines. However, the
mutational complexity in human cancers is much greater compared to murine cancer
models. Thus directly translating all of our findings to human models and patients may be
difficult without further investigation.

STAR METHODS

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to Lead
Contact, Thales Papagiannakopoulos (papagtOl@nyulangone.org) This study did not
generate new unique reagents.
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Experimental Model and Subject Details

Mice—All animal studies described were approved by the NYU Langone Medical Center
Institutional Animal Care and Use Committee. Animals were housed according to IACUC
guidelines in ventilated caging in a specific pathogen free (SPF) animal facility. 5 x 10° cells
were implanted subcutaneously into C57BL/6J female littermates approximately 6—8 weeks
in age. Tumor volume was measured by caliper and volume was calculated (Length x
Width? x 0.5). After tumor establishment phase (tumor volume ~50-100mm3), animals were
randomized and assigned to a treatment group. Animals either received an amino acid
control diet, diet lacking both serine and glycine, or a diet lacking asparagine (Envigo),
200mg/kg CB-839 or vehicle (Calithera) twice daily administered through oral gavage as
previously described (Davidson et al., 2016), 60U of L-Asparaginase (Abcam) or vehicle
once daily administered through intraperitoneal injection as before (Knott et al., 2018) or
some treatment combination as indicated. No animals were excluded from analysis. Tumor
growth was tracked for a minimum of 8 tumors per experimental group.

Cell lines and culture—Murine Kras®12D/+:p53~/~ wildtype and KeapZ mutant isogenic
clonal cell lines and LKR10/13 cell lines were previously established (Romero et al., 2017).
Additional KP parental cell lines were previously established and described (Dimitrova et
al., 2016). Murine Kras®12D/*:p53~/~ pancreatic cancer cell lines were provided by the
Kimmelman lab. Murine cell lines were originally derived from female mice. Human cell
lines were acquired from ATCC. All cell lines tested negative for mycoplasma (PlasmoTest,
InvivoGen). All cell lines were cultured in a humidified incubator at 37°C and 5% CO5.
Cells were maintained in either DMEM or RPMI-1640 (Cellgro) supplemented with 10%
fetal bovine serum (Sigma Aldrich) and gentamicin (Invitrogen).

Method Details

Cell proliferation and viability assays—For cell proliferation assays conducted under
different drug or media conditions as indicated, cells growing in DMEM were trypsinized,
counted and plated into 12 well plate dishes (BD/Falcon) in ImL of RPMI media. For rescue
experiments, cells were treated with indicated drugs after attachment, 500nM Erastin (EMD
Millipore), 6mM Glutamate (Sigma Aldrich), 50uM Trolox (Acros Organics), 0.5mM A-
acetyl-L-cysteine (NAC, Acros Organics), 30uM hypoxanthine (Acros Organics), 3mM
formate (Amresco), 16uM thymidine (Sigma Aldrich), 2mM dimethyl-ketoglutarate (Sigma
Aldrich) or 1uM KI-696 (Nrf2 activator; provided by Craig Thomas, NCI). In experiments
where the Nrf2 activator (KI1696) was used, cells were pretreated with 1uM for 3 days prior
to the start of the experiment. For deprivation experiments, cells were washed with PBS and
media was replaced with 1mL of complete RPMI or RPMI lacking indicated amino acid and
supplemented with 10% dialyzed FBS and cells were re-treated with indicated drugs. RPMI
was prepared from a powder mix without amino acids (US Biological)according to
manufacturer’s instructions. All other amino acids besides those indicated were added to the
RPMI mixture in the same concentrations present in RPMI-1640 formulation (Cellgro,
Corning). For oxidant treatment experiments cells were pre-treated for 48 hours with 10uM
or 50uM buthionine sulfoximine (BO, Sigma Aldrich), 5uM dimethyl-fumarate (DMF,
Sigma Adrich), or 0.5uM auronafin (Sigma Aldrich) unless otherwise indicated.
Proliferation experiments were carried out for 5 days post drug treatment and collected by
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staining. Cells were stained with a 0.5% crystal violet (Fisher) solution in 20% methanol.
Plates were then washed, dried, and crystal violet was eluted in 400uL of 10% acetic acid.

For cell viability assays cells were plated in a white, opaque 96-well plate with clear bottom
at a density of 1000 cells/well in RPMI or RPMI with modified amino acid content. After
attachment, CB-839 (Selleck) or L-Asparaginase (AbCam) were added at the indicated
concentrations. After 3 days, cell viability in the presence of all compounds was assessed by
cell titer glo (Promega).

All data is represented as relative to vehicle treated condition in complete media unless
otherwise indicated.

qPCR analysis—mRNA was harvested from cells using an RNeasy mini kit (Qiagen)
according to manufacturer’s protocol. Extracted mRNA was used to synthesize cDNA using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosciences, ThermoFisher
Scientific) according to manufacturer’s protocol. Gene expression was analyzed by
quantitative reverse transcription polymerase chain reaction on a QuantStudio3 (Applied
Biosciences, ThermoFisher Scientific). A List of specific primers used can be found in
Supplementary Table 1.

Immunoblotting—Cells were collected and lysed in 150uL of ice-cold RIPA buffer
(ThermoFisher Scientific) supplemented with 1X protease and phosphatase inhibitor
(ThermoFisher Scientific) and mixed on a rotator at 4°C for 30 minutes. Supernatant was
collected after centrifugation at 15,000rpm for 15 minutes. Protein concentrations were
determined using the Bio-Rad DC Protein Assay.20 — 40ug of total protein was separated on
a 4-12% Bis-Tris gradient gel (Invitrogen) and then transferred onto nitrocellulose
membrane (BioRad). A custom made Nrf2 antibody (1:1000, provided by Edward Schmidt,
Montana State University) and anti-HSP90 (1:4000, BD #610418) antibody were used. Nrf2
was detected by a goat anti-rabbit secondary antibody (1:25000, LI-COR Biosciences).
HSP90 was detected by a goat anit-mouse secondary antibody (1:25000, LI-COR
Biosciences).

Immunohistochemistry—Mice were euthanized by carbon dioxide asphyxiation.
Tumors were dissected and fixed with 10% formalin overnight, transferred to 70% ethanol,
and then embedded in paraffin. 3uM thick sections were cut and stained with H&E.
Immunohistochemistry on paraffin-embeded sections was performed using antibodies
against Nqo1l (1:100, Sigma, HPA007308), phospho-histone-H3 (1:100, Ser10; Cell
Signaling, #9701), 8-oxo-deoxyguanosine (1:100, Abcam, #ab48508), and cleaved caspase3
(1:200, Cell Signalin, #9579). Chromogenic IHC was performed on a Leica Bond RX and
stained slides were imaged on a Leica SCN400 F whole-slide scanner. For Ngo1, 8-oxo-
deoxyguanosine, and phospho-histone-H3 staining antigen retrieval was performed using
antigen retrieval buffer pH6 (Leica) for 20 min and for cleaved caspase3 staining, antigen
retrieval buffer pH9 (Leica) was used for 20min. For detection, Leica Bond Polymer Refine
Detection secondary antibody (Leica, #DS9800) was used according to manufacturer’s
protocol for Nqol, phosphor-histone-H3 and cleaved caspase3. 8-0x0-deoxyguanosine was
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detected with the Biocare MM HRP-polymer secondary antibody (Biocare, #MM620H)
according to manufacturer’s protocol.

Cell Line generation (Keapl complement cells, SLC1A3 overexpression and
PSAT knockouts)—Keapl complemented cells were generated by cloning mouse Keapl
cDNA into Gibson compatible lentiviral backbone with a hygromycin resistance cassette.
Cells over expressing SLC1a3 were generated by cloning human SLC1a3 into the PMXS-
puro retoviral backbone. sgPsat or sgCtl cells were generated by cloning sgRNA sequences
into the LentiVV2 Puro backbone (See Supplementary Table 1).

Lentiviruses or retroviruses were then produced by co-transfection of HEK293 cells with
lentiviral or retroviral backbone constructs and packaging vectors (delta8.2 and VSV-G)
using PEI Pro (PolyPlus). Viral supernatant was collected 48 hours and 72 hours after
transfection. Recipient cells were incubated with viral supernatant for 24 hours after each
collection. Cells were then selected with either puromycin or hygromycin.

GC/MS analysis of polar metabolites and stable isotope tracing—~For analysis of
cells, 1 x 10° cells were seeded in 1mL of RPMI-1640 in 12 well plates. Where indicated,
cells were pretreated with 6mM glutamate, 500nM Erastin, or 1JuM K1696. Media was then
replaced with fresh RPMI lacking serine or asparagine where indicated and supplement with
10% dialyzed FBS. For tracing experiments media contained 11mM [U13C]-D-glucose,
2mM [U13 C]-L-glutamine, 2mM [a15N]-L-glutamine, or 285uM [U13 C]-L-serine
(Cambridge Isotope Laboratory). Cells were treated with 250nM CB-839 and cultured for 1-
3hours. Cells were washed 2X in ice cold saline and then collected by scraping in 250uL of
80% (v/v) of ice-cold methanol containing 1.4ug/mL norvaline (Sigma Aldrich). Samples
were vortexed for 10min at 4°C and then centrifuged at max speed for 5 minutes.
Supernatant was transferred to fresh tubes and then dried in a speed vac. For analysis of
mouse plasma, whole blood was collected at the time of sacrifice by a retro-orbital bleed
with heparin coated capillary tubes (Fisher) into EDTA containing microcentrifuge tubes.
Whole blood was centrifuged for 5 minutes at 1600g. Cleared plasma was transferred to
fresh tubes and 4uL of plasma was then aliquoted and used for analysis. 80% (v/v) methanol
containing 1.4ug/mL norvaline was added to plasma and samples were then dried in a speed
vac. Dried metabolite extracts were then derivatized with 20uL O-methoxyamine-
hydrochloride (MOX) reagent (Sigma) in pyridine (Sigma Aldrich) at a concentration of
20mg/mL for 60min at 37°C and 30uL of A-tert-butyldimethylsilyl-N-
Methyltrifluoracetamide with 1% fer-Butyldimethylchlorosilane (TBDMS, Sigma) for
30min at 37°C. After derivatization, samples were analyzed by GC-MS using an HP-5MS
column (Agilent Technologies) in an Agilent Intuvo gas chromatograph coupled to an
Agilent 5997B mass spectrometer. Helium was used as the carrier gas at a flow rate of
1.2mL/minute. One microliter of sample was injected in split mode (split 1:1) at 270°C.
After injection the GC oven was held at 100°C for one minute and then increased to 300°C
at 3.5°C /min. The oven was then ramped to 320°C at 20°C /min and held for 5min at
320°C.

The MS system operated under electron impact ionization at 70 eV and the MS source and
quadrupole were held at 230°C and 150°C respectively the detector was used in scanning
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mode, and the scanned ion range was 10-650 /2. Mass isotopomer distributions were
determined by integrating the appropriate ion fragments for each metabolite (Lewis et al.,
2014) using MATLAB (Mathworks) and an algorithm adapted from Fernandez and
colleagues (Fernandez et al., 1996) that corrects for natural abundance. For all data total or
relative metabolite pool sizes are normalized to cell counts for each condition.

LC/MS analysis of glutathione and stable isotope tracing—Metabolites were
extracted in the same way as for GC/MS analysis. Once dried, metabolite extracts were
resuspended with 200uL of —20°C 40:40:20 methanol:acetonitrile:water with 0.5% formic
acid, vortexed, and held on ice for 10 min. NH4HCO3 (15%(w/v)) was added and samples
were vortexed and held on ice 20 minutes before centrifugation 2 times at 4°C at 21,130 x g
for 30 minutes each. Metabolite levels in samples were measured using a quadrupole-
orbitrap mass spectrometer (Q Exactive, Thermo Fisher Scientific, San Jose, CA) operating
in negative ion mode was coupled to hydrophilic interaction chromatography via
electrospray ionization and used to scan from m/z 70 to 1000 at 1 Hz and 75,000 mass
resolution. LC separation was on a XBridge BEH Amide column (2.1 mm % 150 mm, 2.5 m
particle size, 130 A pore size; Waters, Milford, MA) using a gradient of solvent A (20 mM
ammonium acetate, 20 mM ammonium hydroxide in 95:5 water: acetonitrile, pH 9.45) and
solvent B (acetonitrile). Flow rate was 150 yL/min. The LC gradient was: 0 min, 90% B; 2
min, 90% B; 3 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B;
12min, 50% B; 13 min, 25% B; 14 min, 25% B; 16 min, 0% B; 20.5 min, 0% B; 21 min,
90% B; 25 min, 90% B. 10ul of sample was injected into the instrument.

Quantification and Statistical Analysis

Values are presented as mean + SEM. For statistical analysis we used Graphpad Prism
software v 8.1.2 (Graphpad): two-way ANOVA for tumor growth and 2-sided Student’s t-
test for cell proliferation, metabolite analysis, and gene expression analysis. All experiments
were repeated at least twice. All cell proliferation experiments and metabolite analysis
contained 3 biological replicates. Cell viability assays contained 8 biological replicates and
animal experiments and materials generated and analyzed from animal experiments
contained a minimum of 5 biological replicates with a maximum of 10.

Data and Code Availability

This study did not generate any unique datasets or code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Keapl mutations drive non-essential amino acid (NEAA) dependency in
cancer

. Intracellular glutamate levels dictate cellular ability to survive NEAA
deprivation

. Restriction of NEAA can suppress KeapZ mutant tumor growth /77 vivo

. Limiting glutamate by glutaminase inhibition enhances response to NEAA
deprivation
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Context and Significance

Cancer cells show changes in metabolism that a lot of the current research is trying to
exploit for anti-cancer therapies. However, we still understand little about the metabolic
differences between common genetic subtypes of cancer. Researchers at the NYU School
of Medicine have uncovered a general mechanism by which cancer cells with chronic
activation of the antioxidant response become dependent on non-essential amino acids
(NEAAS), independently of their tissue of origin, due to low levels of the metabolite
glutamate. By restricting NEAA availability, the authors are able to suppress tumor
growth in mouse models. These findings reveal a mechanism for NEAA dependency that
is applicable to different types of cancers and can also be extended to cancers with low
antioxidant response by limiting glutamate availability.
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Figure 1: Keapl loss increases dependency on exogenous supply of NEAAs
a) In vitro uptake assay of amino acids after 24 hours b) Serum levels of asparagine, glycine

and serine in mice bearing subcutaneous tumors. c) Proliferation in media lacking specified
amino acid. d) Relative viability of cells cultured treated with L-asparaginase for 3 days. e)
Proliferation of wildtype (Wt) or KeapZ mutant (Mut) LKR (Kras®12D/*:p53+/*) cell lines in
media lacking serine or asparagine. f) Proliferation of cells expressing an empty vector or
WT Keapl in RPMI lacking serine or asparagine. g) Schematic depicting synthesis of serine
from glucose (top) and asparagine from glutamine (bottom). Filled blue circles represent 13C
atoms derived from [U3C]-D-glucose or [U3C]-L-glutamine. h) Mass isotopomer analysis
of serine and asparagine in cells cultured in complete or amino acid deprived conditions.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2: Acute activation of Nrf2 induces dependency on NEAAs

a) Proliferation of wildtype (KrasG12D/*; p53~/~) murine LUAD tumor cell lines in the
absence of serine or asparagine. b) Proliferation of Keap wildtype LKR
(Kras®12D/*+:p53*/%) cell lines in media lacking serine or asparagine. c) Proliferation of
wildtype murine KrasG12D/+:p53~/~ pancreatic cancer cell line in media lacking serine. d)
Relative viability of KeapI wildtype murine Kras®12D/*:p53~/~ pancreatic cancer cell line
treated with L-asparaginase. ) Schematic depicting mechanism of action of oxidants used to
activate Nrf2. f) Proliferation of wildtype cells in media lacking serine or asparagine after

oxidant treatment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3: Low intracellular glutamate levels in cells with Nrf2 activation generates a dependency
on exogenous NEAAs

a) Schematic depicting modulation of intracellular glutamate levels. b and c) Relative
intracellular abundance of glutamate in cells supplemented with glutamate or treated with
Erastin. d and e) Proliferation of cells in media lacking serine or asparagine and
supplemented with glutamate or Erastin. f) Relative metabolite flux of glutamate in cells
expressing Slcla3 or an empty vector. g and h) Proliferation of cells expressing Slc1a3 or an
empty vector control in media lacking serine or asparagine. i and j) Relative viability of
cells cultured in 0.1U/mL of L-Asparaginase or 10% the normal concentration of serine with
increasing doses of CB-839. Data is represented as response to CB-839 treatment alone in
media with 100% serine for each cell line. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4: Glutamate availability restricts serine biosynthesis
a) Proliferation of KeapI mutant cells in RPMI lacking serine and supplemented with

antioxidants or downstream products of serine metabolism. b) Proliferation Kegpl mutant
cells expressing an sgRNA against PSAT in media lacking serine supplemented with
formate, glutamate or Erastin. ¢) Schematic depicting serine synthesis from glucose. Filled
blue circles represent 13C atoms derived from [U13C]-D-glucose. d) Mass isotopomer
analysis of serine and glycine in cells cultured without serine supplemented with glutamate
or treated with CB-839. e) Schematic depicting serine synthesis from glucose utilizing an
amino group from glutamate. Filled orange hexagons represent 1°N atoms derived from
[a1°N]-L-glutamine. f) Mass isotopomer analysis of serine and glycine in cells cultured in
RPMI lacking serine. *p<0.05, **p<0.01, ****p<0.0001
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Figure 5: Keapl mutant tumors require exogenous NEAAS in vivo.
a) Relative tumor growth of subcutaneous tumors in animals receiving either -SG or AA

CTL diet. b) Relative tumor growth of subcutaneous tumors in animals treated with either L-
Asparaginase. ¢ and d) Relative tumor growth of subcutaneous tumors in animals receiving
-N or AA CTL diet in combination with L-asparaginase treatment. e and f) Relative tumor
growth of subcutaneous KeapI mutant (e) or wildtype (f) tumors in animals receiving either
-SG or AA CTL diet and either treated with CB-839 or vehicle. *p<0.05, **p<0.01,

****p<0.0001

Cell Metab. Author manuscript; available in PMC 2021 February 04.

ok ok ok

e kok ok



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

LeBoeuf et al. Page 29

NEAA
d

P NEAA uptake

—
| Glutamate UNEAA biosynthesis

l
GSH

Figure 6: Activation of oxidative stress response depletes intracellular glutamate and generates a
dependency on exogenous amino acids

a) Schematic depicting how activation of the oxidative stress response via genetic,
pharmacologic or physiological ROS stress to stabilize Nrf2, depletes intracellular
glutamate. In cells with activated Nrf2 glutamate is shuttled into glutathione (GSH)
biosynthesis or exported through the system x.~ antiporter (XCT) to import cystine. This
depletes intracellular glutamate levels and limits its availability for other biosynthetic
reactions. Reduced availability of intracellular glutamate restricts its use in transamination
reactions for synthesis of nonessential amino acids (NEAA) rendering cells dependent on
uptake of NEAASs from the microenvironment.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Nrf2 (1:1000) Edward Schmidt’s Lab N/A

Hsp90 (1:4000) BD Biosciences Cat#610418; RRID:AB_397798
Ngol (1:100) Sigma Aldrich Cat# HPA007308; RRID:AB_1079501
Cleaved Caspase3 (1:200) Cell Signaling Cat# 9579, RRID:AB_10897512
Phosph-histone-H3 (1:100) Cell Signaling Cat#9701; RRID:AB_331535
8-oxo-deoxyguanosine (1:100) Abcam Cat#ab48508; RRID:AB_867461
Chemicals, Peptides, and Recombinant Proteins

Glutamate (6mM) Sigma Aldrich Cat# G8415

Erastin (500nM) EMD Millipore Cat# 329600

CB-839 (250nM) Selleck Chem Cat# S7655

Trolox (50uM) Acros Organics Cat# AC218940010
N-acetyl-L-cysteine (0.5mM) Acros Organics Cat# 160280250

Hypoxanthine (20pM) Acros Organics Cat# 122010250

Formate (3mM) Amresco Cat# K975

Thymidine (16uM) Sigma Aldrich Cat# T1895

K1696 (1uM) Craig Thomas’s Lab N/A

Buthionine sulfoximine (50/100pM) Sigma Aldrich Cat# B2515

Dimethyl-fumarate (5pM) Sigma Aldrich Cat# 242926
Dimethyl-ketoglutarate (2mM) Sigma Aldrich Cat# 349631

Auronafin (0.5uM) Sigma Aldrich Cat# A6733

L-Asparaginase Abcam Cat# ab73439

PEI Pro Poly Plus Cat# 71002-812

Puromycin (3ug/mL)

Fisher Scientific

Cat# AAJ61278ME

Hygromycin

Corning

Cat# 30-240-CR

[UC™3]-D-glucose (11mM)

Cambridge Isotope Laboratories

Cat# CLM-1396

[UC™3]-L-glutamine (2mM)

Cambridge Isotope Laboratories

Cat# CLM-1822

[UC13]-L-serine (285uM)

Cambridge Isotope Laboratories

Cat# CLM-1574

[a>N]-L-glutamine (2mM)

Cambridge Isotope Laboratories

Cat# NLM-1016

Norvaline (1.4ug/mL) Sigma Aldrich Cat# N7627
O-Methoxyamine hydrochloride (20mg/mL) Sigma Aldrich Cat# 33045
Pyridine Sigma Aldrich Cat# 270407
N-ert-butyldimethylsilyl-N-Methyltrifluoracetamide with | Sigma Aldrich Cat# 375934
1% fert-Butyldimethylchlorosilane

RPMI without glucose & amino acids US Biologicals Cat# R9010-01
Critical Commercial Assays

RNeasy mini Kit Qiagen Cat# 74106
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REAGENT or RESOURCE SOURCE IDENTIFIER
Cell titer Glo Promega Cat# G7572
High Capacity cDNA Reverse Transcription Kit Applied Biosciences Cat# 4374967

Experimental Models: Cell Lines

Kras®12D/*:n53-/="Keap1** murine lung adenocarcinoma

Papagiannakopoulos Laboratory

Romero et al., 2017

Kras®12D/+;n53/~;Keap1~~ murine lung adenocarcinoma

Papagiannakopoulos Laboratory

Romero et al., 2017

Kras®12P/+:p53/~ murine lung adenocarcinoma (multiple
lines)

Papagiannakopoulos Laboratory

Dimitrova et al., 2016

LKR10/13 (Kras®12P/M*:p53+*/*: Keap1*™* or Keapl™"),
murine lung adenocardinoma

Papagiannakopoulos Laboratory

Romero et al., 2017

Kras®12D/+:p53/~ murine pancreatic ductal
adenocarcinoma (multiple lines)

Kimmelman Laboratory

N/A

H1299 ATCC Cat# CRL-5803, RRID:CVCL_0060
H358 ATCC Cat# CRL-5807, RRID:CVCL_1559
H1563 ATCC Cat# CRL-5875, RRID:CVCL_1475
H2073 ATCC Cat# CRL-5918, RRID:CVCL_1521
H1975 ATCC Cat# CRL-5908, RRID:CVCL_1511
H1573 ATCC Cat# CRL-5877, RRID:CVCL_1478
H1944 ATCC Cat# CRL-5907, RRID:CVCL_1508
H2122 ATCC Cat# CRL-5985, RRID:CVCL_1531
A549 ATCC Cat# CRL-7909, RRID:CVCL_0023
H1355 ATCC Cat# CRL-5865, RRID:CVCL_1464
H23 ATCC Cat# CRL-5800, RRID:CVCL_1547
H2030 ATCC Cat# CRL-5914, RRID:CVCL_1517

Experimental Models: Organisms/Strains

C57BL/6J

Jackson Laboratory

Cat# JAX:000664, RRID:IMSR_JAX:000664

Oligonucleotides

Full list of oligos | See Table S1 | N/A

Other

Amino Acid Control Diet Envigo Cat# TD.110839
-Serine and Glycine Diet Envigo Cat# TD.160752
-Asparagine Diet Envigo Cat# TD.180520
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