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AURKA emerges as a vulnerable target for KEAP1-deficient non-
small cell lung cancer by activation of asparagine synthesis
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AURKA is an established target for cancer therapy; however, the efficacy of its inhibitors in clinical trials is hindered by differential
response rates across different tumor subtypes. In this study, we demonstrate AURKA regulates amino acid synthesis, rendering it a
vulnerable target in KEAP1-deficient non-small cell lung cancer (NSCLC). Through CRISPR metabolic screens, we identified that
KEAP1-knockdown cells showed the highest sensitivity to the AURKA inhibitor MLN8237. Subsequent investigations confirmed that
KEAP1 deficiency heightens the susceptibility of NSCLC cells to AURKA inhibition both in vitro and in vivo, with the response
depending on NRF2 activation. Mechanistically, AURKA interacts with the eIF2α kinase GCN2 and maintains its phosphorylation to
regulate eIF2α-ATF4-mediated amino acid biosynthesis. AURKA inhibition restrains the expression of asparagine synthetase (ASNS),
making KEAP1-deficient NSCLC cells vulnerable to AURKA inhibitors, in which ASNS is highly expressed. Our study unveils the
pivotal role of AURKA in amino acid metabolism and identifies a specific metabolic indication for AURKA inhibitors. These findings
also provide a novel clinical therapeutic target for KEAP1-mutant/deficient NSCLC, which is characterized by resistance to
radiotherapy, chemotherapy, and targeted therapy.
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INTRODUCTION
Aurora kinase A (AURKA) is a crucial mitotic kinase, and its
activation plays important roles in a variety of cancers [1, 2]. Our
previous researches have demonstrated that elevated expression
of AURKA in breast cancer promotes cell proliferation, invasion,
stemness, and chemotherapy resistance [3–5]. Moreover, AURKA is
also significantly upregulated and associated with poor prognosis
in non-small cell lung cancer (NSCLC) [6]. Inhibition of AURKA
leads to spindle formation abnormalities and mitotic defects,
ultimately resulting in tumor cell death [7, 8]. Several AURKA
inhibitors, including alisertib (MLN8237), danusertib, and ENMD-
2076, have undergone clinical trials and shown certain antitumor
effects in multiple tumor types [9–11]. However, the phase III
clinical trial of MLN8237 in relapsed peripheral T-cell lymphoma
was declared unsuccessful, as it did not show a survival advantage
compared to the control chemotherapy drugs [12]. Consequently,
the clinical application of AURKA inhibitors has faced stagnation.
Combining AURKA inhibitors with other drugs has emerged as a

promising approach to enhance therapeutic outcomes [13–15]. In
our previous research, we employed CRISPR/Cas9 screens based
on the concept of “synthetic lethality” to identify combination
targets for AURKA inhibitors. We have demonstrated that the
concurrent administration of MLN8237 with the Haspin inhibitor
CHR-6494, or OXPHOS inhibitors such as metformin synergistically

inhibited the proliferation of breast cancer cells both in vitro and
in vivo [16, 17]. Additionally, exploring new indications, which has
been proved feasible for various anticancer drugs [18–20],
becomes a new outlet for the clinical application of AURKA
inhibitors. Therefore, identifying specific tumor subtypes or
indications that exhibit sensitivity to AURKA inhibitors is crucial
for the potential application of AURKA inhibitor monotherapy.
Tumor cells undergo metabolic reprogramming, and AURKA has
been implicated in the regulation of multiple metabolic pathways
in tumors [6, 21, 22]. Nevertheless, the presence of specific
metabolic indications for AURKA inhibitors remains unknown.
The E3 ligase KEAP1 is the primary negative regulator of the

transcription factor NRF2 via mediating its protein degradation
[23]. The KEAP1-NRF2 axis regulates multiple metabolic processes,
including glutathione biosynthesis and circulation, NADPH regen-
eration and serine biosynthesis [24, 25]. Known as a tumor
suppressor, KEAP1 mutation or deficiency leads to the activation
of NRF2 and its downstream targets [26]. KEAP1 mutations have
been observed in various cancers [27–30], with NSCLC exhibiting
the highest mutation frequency up to 15% [26]. The KEAP1
mutations are not concentrated in specific hotspots but are rather
distributed throughout the protein, encompassing missense,
truncating, and other types of mutations [31, 32]. Besides, KEAP1
promoter methylation has been linked to poor prognosis in
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multiple cancers, including NSCLC [33], breast cancer [34], and
malignant gliomas [35]. KEAP1 mutant NSCLC is highly refractory
and resistant to traditional cancer treatments, such as radio-
therapy [36], chemotherapy [37], and targeted therapy [38]. This
resistance stems from their unique ability to counteract reactive
oxygen species (ROS) due to enhanced antioxidant capacity [39].
Consequently, developing an effective clinical treatment strategy
for this subtype requires further research. While the role of KEAP1
in tumor metabolism regulation is well-established [23, 24], there
remains a need for further investigation into treating KEAP1-
mutant or -deficient NSCLC by targeting specific metabolic
features.
In this study, we employed CRISPR metabolic screens to find

specific tumor subtypes harboring metabolism-related gene
mutations that exhibit sensitivity to AURKA inhibitor MLN8237.
Our findings reveal that MLN8237 is particularly effective in
inhibiting the growth of KEAP1-mutant or -deficient tumor cells.
Furthermore, we elucidated that inhibition of AURKA down-
regulates asparagine synthesis, thereby enhancing the sensitivity
of KEAP1-deficient NSCLC to MLN8237. Consequently, our study
unveils a promising druggable target for KEAP1-mutant or
-deficient tumors and explores a novel clinical application for
AURKA inhibitors.

RESULTS
CRISPR/Cas9 metabolic screens identified KEAP1 as a
significantly negatively selected gene for AURKA inhibition
To identify the metabolic indications of AURKA inhibitors, we
performed CRISPR/Cas9 screens using the metabolic library in
lung and breast cancer cells (Fig. 1A). The metabolic library
contains approximately 30000 sgRNAs targeting 2981
metabolism-related genes, with 10 sgRNAs assigned to each
gene [40]. The model-based analysis of genome-wide CRISPR/
Cas9 knockout (MAGeCK) [41] was applied to analyze the
sequencing results (Supplementary Table 1). The histogram of
median normalized read counts, the distribution of read
counts in each group and the distinct evolutionary routes over
time in vehicle (DMSO) or MLN8237-treated groups suggested
that we obtained high-quality screen data in both cell lines (Fig.
S1A, B).
To identify the specific metabolism-related gene whose knock-

out enhances sensitivity to MLN8237, we focused on the
negatively selected genes in the MLN8237-treated groups
compared with the vehicle-treated groups. Beta score analysis of
the whole gene set or the top 20 negatively selected genes
showed that KEAP1 was the most significantly negatively selected
gene in both cell lines (Fig. 1B-E). The robust rank aggregation
(RRA) scores and p values of negatively selected genes in the
comparison between the MLN8237-treated groups and the
vehicle-treated groups showed that KEAP1 was significantly
negatively selected in both cell lines, especially in H1975 cells
(Fig. 1F, G and Fig. S1C, D). Consistently, the normalized read
counts of KEAP1 sgRNAs considerably decreased in the MLN8237-
treated groups compared with the vehicle-treated groups in
H1975 cells at both day 5 and day 7 (Fig. 1H), and in MDA-MB-231
cells at both day 3 and day 7 (Fig. 1I). All these results show that
CRISPR/Cas9 metabolic screens have identified KEAP1 is a
significantly negatively selected gene under the treatment of
AURKA inhibitor MLN8237 in both MDA-MB-231 and H1975 cells.

KEAP1 deficiency sensitizes NSCLC cells to AURKA inhibition
through NRF2 activation
Given the high mutation frequency of KEAP1 in NSCLC, our focus
was primarily on this cancer type to identify specific indications for
AURKA inhibitors. To validate the sensitizing effect of KEAP1
mutation or deficiency on AURKA inhibitors, we initially analyzed
the sensitivity of NSCLC cell lines with wildtype or mutant KEAP1

to AURKA inhibitors in the Cancer Drug Sensitivity Genomics
database GDSC. Based on this information, we categorized the 82
NSCLC cell lines into two groups: KEAP1 wildtype and mutant
(Supplementary Table 2). Analysis of cell line drug sensitivity in the
GDSC database revealed that KEAP1 mutant cell lines exhibited
significantly higher sensitivity to MLN8237 compared to KEAP1
wildtype cell lines (Fig. 2A).
Subsequently, we selected the KEAP1 wildtype NSCLC cell lines

H1975, H3122, H1650, and the KEAP1 mutant NSCLC cell lines
H2122 (F211C), HCC44 (A170-R204del) for further validation
using CCK8 assays. The cell viability at different concentrations of
MLN8237 in these cell lines also confirmed KEAP1 mutation
sensitized the NSCLC cells to MLN8237 (Fig. 2B). Additionally, we
conducted colony formation assays after KEAP1 knockdown in
KEAP1 wildtype NSCLC cell lines H1975 and H3122 and observed
a significant enhancement in sensitivity to AURKA inhibitors in
both cell lines (Fig. 2C-G and Fig. S2A-C). The similar results were
also obtained in MDA-MB-231 cells (Fig. S2D-G). Finally, the
subcutaneous tumor formation experiments in nude mice using
the H1975 wildtype and KEAP1-knockdown cells further con-
firmed that the sensitivity of NSCLC cells to the AURKA inhibitor
MLN8237 was significantly enhanced after KEAP1 knockdown
(Fig. 2H).
To investigate whether NRF2 activation mediate the sensitiza-

tion effect of KEAP1 knockdown to AURKA inhibitors, we knocked
down NRF2 in KEAP1-deficient cells (Fig. 2I). The colony formation
results confirmed the mitigating effect of NRF2 knockdown on the
sensitization of KEAP1 knockdown to AURKA inhibitors (Fig. 2J).
Additionally, NRF2 knockdown in the KEAP1-mutant cell line
HCC44 (KEAP1-F211C) significantly reduced the sensitivity of the
cells to AURKA inhibitors (Fig. S2H-J). Collectively, KEAP1
deficiency enhances the sensitivity of the NSCLC cells to AURKA
inhibition, and this effect depends on the activation of the NRF2
pathway.

AURKA inhibition downregulates biosynthesis of amino acids
AURKA inhibition has been reported to induce changes in various
pathways within tumors, and it can even trigger metabolic
reprogramming in glioblastoma [22]. To investigate the concur-
rent alterations in signaling pathways resulting from AURKA
inhibition and knockout, we conducted a KEGG pathway analysis
on the downregulated genes identified from the RNA-seq data
(Supplementary Table 3). The analysis revealed that the down-
regulated genes in both the MLN8237 treatment group and the
AURKA knockout group, compared to the wildtype group, were
significantly enriched in the pathway of biosynthesis of amino
acids (Fig. 3A, B). Furthermore, the biosynthesis of amino acids
pathway was also found to be the most significant pathway in the
KEGG enrichment analysis using the genes common to both
groups (Fig. 3C, D and Supplementary Table 4). These genes
included ASNS, PHGDH, PSAT1, and SHMT2, suggesting that
inhibition or knockout of AURKA leads to a notable decrease in
amino acid synthesis.
Moreover, qPCR analysis confirmed that AURKA inhibition

downregulates the expression of amino acid synthesis genes
ASNS, PHGDH, and PSAT1 (Fig. 3E and Fig. S3A). Consistent with
the RNA-seq data analysis, asparagine synthetase (ASNS)
exhibited the most significant downregulation among the genes
involved in the amino acid biosynthesis pathway under
MLN8237 treatment or AURKA knockout (Fig. 3E and Fig. S3A,
B). To further support these findings, we analyzed the TCGA RNA-
seq data of NSCLC, including both lung adenocarcinoma (LUAD)
and lung squamous cell carcinoma (LUSC), obtained from the
starBase database [42]. This analysis confirmed a strong positive
correlation between AURKA and ASNS expression in clinical
samples (Fig. 3F). Consequently, our results suggest that AURKA
plays a role in regulating the expression of asparagine
synthetase (ASNS).
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KEAP1 deficiency intensifies AURKA inhibition-mediated
eIF2α-ATF4-ASNS pathway downregulation and apoptosis
The eIF2α-ATF4 axis has been reported to regulate the amino acid
biosynthesis pathway [43, 44]. Additionally, it has been noted that
oncogenic KRAS can disrupt amino acid homeostasis and

asparagine biosynthesis through ATF4 regulation during nutrient
depletion [45]. In order to elucidate the mechanism by which
AURKA regulates ASNS expression, we investigated the impact of
AURKA inhibition or knockout on the upstream regulatory
pathway of ASNS. Western blot analysis was conducted on cells
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treated with MLN8237 or subjected to AURKA knockout, revealing
a significant reduction in the levels of ASNS and its upstream
regulatory components, p-eIF2α and ATF4 (Fig. 4A, B).
Subsequently, we examined the combined effects of KEAP1

deficiency and AURKA inhibition on the eIF2α-ATF4-ASNS path-
way. Due to the heightened reliance on the asparagine synthesis
pathway following KEAP1 knockdown, the expression of ASNS and
its upstream regulators, p-eIF2α and ATF4, was markedly
upregulated in KEAP1-knockdown cells (Fig. 4C, D). Importantly,
treatment with AURKA inhibitor MLN8237, resulted in a more
pronounced downregulation of ASNS, p-eIF2α, and ATF4 protein
levels in KEAP1-knockdown cells, compared to KEAP1 wildtype
cells (Fig. 4C, D). This suggests that AURKA inhibitors may exhibit
enhanced growth inhibitory effects in KEAP1-deficient tumors by
suppressing asparagine synthesis. Furthermore, KEAP1 knock-
down increased the proportion of apoptotic cells in NSCLC cells
treated with MLN8237 (Fig. 4E, F). To investigate the impact of
KEAP1 mutation on AURKA inhibition, we generated stable H1975
cells overexpressing a mutated form of KEAP1 (KEAP1-F211C). We
observed a notable activation of NRF2 in these cells, in line with
previous reports underscoring the dominant-negative effect of
mutant KEAP1 [28, 46]. As expected, the eIF2α-ATF4-ASNS
pathway exhibited a significant downregulation, and there was
an increase in the proportion of apoptotic cells when mutant
KEAP1-overexpressing cells were treated with MLN8237 (Fig. 4G-I).
Taken together, these findings demonstrate that AURKA inhibition
suppresses the eIF2α-ATF4-ASNS pathway and induces apoptosis,
with these effects being amplified in KEAP1-deficient cells.

AURKA interacts with GCN2 and eIF2α to regulate their
phosphorylation
Given that the downregulation of ASNS expression by AURKA
inhibition is largely dependent on its suppressive effect on eIF2α
phosphorylation, we further focused on the relationship between
AURKA and eIF2α. Co-immunoprecipitation (co-IP) experiments
were conducted in HEK293T cells transfected with eIF2α and
FLAG-tagged AURKA vectors, revealing their binding interaction
(Fig. 5A). This suggests that AURKA binds to eIF2α to regulate
eIF2α-ATF4-ASNS pathway. Co-IP assays in MDA-MB-231 cells
overexpressing FLAG-tagged AURKA also confirmed this interac-
tion (Fig. S4A). We also performed co-IP assays using an HA
antibody in HEK293T cells transfected with HA-tagged eIF2α and
FLAG-tagged AURKA. In this result, we also observed the
interaction of AURKA and eIF2α, but AURKA overexpression
seemed to have no significant effect on the phosphorylation of
eIF2α (Fig. 5B).
To demonstrate their endogenous binding, co-IP assays were

conducted in H1975 cells. The eIF2α antibody detected a more
pronounced band in the precipitation of the AURKA antibody
compared to the IgG antibody, providing further evidence for the
endogenous binding of AURKA and eIF2α (Fig. 5C). As eIF2α
activity relies on phosphorylation at serine-52, we investigated
whether their binding is correlated with eIF2α Ser52 phosphoryla-
tion. As anticipated, the inactive form of eIF2α with a Ser52-to-
Alanine substitution (S52A) exhibited a stronger binding potential
to AURKA compared to wildtype eIF2α (Fig. 5D). This indicates that

AURKA tends to interact with eIF2α and promote its serine-52
phosphorylation when necessary. To determine whether the
interaction between AURKA and eIF2α is dependent on the kinase
activity of AURKA, co-IP assays were performed in HEK293T cells
with or without MLN8237 treatment. The results showed that the
binding between AURKA and eIF2α significantly weakened and
the phosphorylation of eIF2α was also slightly downregulated
after 4 h of MLN8237 treatment (Fig. 5E).
To determine whether AURKA directly phosphorylates eIF2α at

serine-52, we conducted an in vitro kinase assay using GST-eIF2α
and GST-AURKA recombinant proteins. The results revealed a
weak background phosphorylation of eIF2α, and no stronger
signal was observed in the group with both GST-eIF2α and GST-
AURKA compared to the group with only GST-eIF2α (Fig. S4B). This
finding suggests that AURKA may regulate eIF2α phosphorylation
by interacting with a known kinase of eIF2α. Previous studies have
implicated GCN2 as a kinase activated under conditions of amino
acid starvation, leading to phosphorylation of eIF2α and induction
of ATF4 and ASNS expression [47]. Co-immunoprecipitation assays
demonstrated an interaction between AURKA and GCN2. Notably,
AURKA overexpression did not significantly affect GCN2 phos-
phorylation or the interaction between GCN2 and eIF2α (Fig. 5F-
H). However, p-GCN2 exhibited a marked increase in both KEAP1-
knockdown cells and mutant KEAP1-overexpressing cells com-
pared to KEAP1 wildtype cells. Importantly, this upregulation of
p-GCN2 was significantly downregulated by treatment with the
AURKA inhibitor MLN8237 in these cells (Fig. 5I, J), suggesting that
AURKA may interact with GCN2 to sustain its phosphorylation.
Besides, we observed that AURKA inhibition could also suppress
the GCN2-eIF2α-ATF4-ASNS pathway induced by L-asparaginase
treatment (Fig. S4C), but had no effect on ER stress activator
tunicamycin-induced ASNS upregulation (Fig. S4D).
In summary, these findings demonstrate that AURKA may

interact with GCN2 and eIF2α to maintain the phosphorylation of
GCN2 and regulate the eIF2α-ATF4-ASNS pathway.

Dependence of KEAP1-deficient NSCLC cells on ASNS
determines their increased sensitivity to AURKA inhibition
According to previous reports, cells with mutant KEAP1 exhibit a
heightened reliance on the uptake of exogenous non-essential
amino acids, such as asparagine, due to increased glutamate
consumption for glutathione (GSH) synthesis and the export of
glutamate outside the cells [48]. To investigate whether the
proliferation of KEAP1-deficient cells is more dependent on the
expression of asparagine synthetase (ASNS) compared to KEAP1
wildtype cells, we generated a stable H1975 cell line that
expresses a doxycycline (DOX)-inducible shASNS construct. Sub-
sequently, we introduced the knockdown or mutant KEAP1
plasmids in this cell line. Colony formation assays were performed
to assess the cell growth ability. The findings revealed a significant
inhibition of growth in KEAP1-knockdown cells and mutant
KEAP1-overexpressing cells when ASNS expression was down-
regulated through DOX treatment. In contrast, the proliferation of
KEAP1 wildtype cells seemed unaffected by DOX treatment (Fig.
6A-C and Fig. S5A-C). These results suggested the dependence of
KEAP1-deficient NSCLC cells on ASNS expression. Furthermore, the

Fig. 1 CRISPR/Cas9 metabolic screens identified KEAP1 as a significantly negatively selected gene for AURKA inhibition. A Schematic
illustration of CRISPR/Cas9 metabolic screen in H1975 or MDA-MB-231 cells treated with MLN8237 or vehicle (DMSO). B, C The scatter plot of β
scores reflecting the sgRNA enrichment in MLN8237-treated H1975 (B) or MDA-MB-231 (C) cells compared with the vehicle-treated cells at day
5 and day 7 (B) or day 3 and day 7 (C). KEAP1 is the highlighted with red as the most significant negatively selected gene in both plots.
D, E Heatmap of β scores reflecting the sgRNA enrichment of the top 20 of negatively selected genes in H1975 cells (D) or MDA-MB-231 cells
(E) with MLN8237 or vehicle treatment. F, G Ranking of the negatively selected genes in MLN8237-treated H1975 (F) or MDA-MB-231 (G) cells
compared with the vehicle-treated cells at day 7 with robust rank aggregation (RRA) scores. H, I The normalized read counts of KEAP1 sgRNAs
in H1975 cells (H) or MDA-MB-231 cells (I) treated with vehicle or MLN8237 at day 5 and day 7 (H) or day 3 and day 7 (I). The ratios of average
normalized read counts in two treatment groups were calculated. Wilcoxon matched-pairs signed rank test was performed. *P < 0.05;
**P < 0.01.
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growth inhibition caused by ASNS downregulation could be
rescued by a higher dose of L-asparagine supplementation in
KEAP1-knockdown cells (Fig. S5D, E).
To further confirm that the enhanced growth inhibition effect of

AURKA inhibitors in KEAP1-deficient cells depends on the down-
regulation of ASNS expression, we stably overexpressed ASNS in

H1975 cells prior to KEAP1 knockdown. The cells were then
treated with AURKA inhibitors MLN8237 or LY3295668, and the
overexpression of ASNS and knockdown of KEAP1 were confirmed
through western blot analysis (Fig. 6D, E). Subsequently, colony
formation assays were conducted, and it was observed that the
increased sensitivity to AURKA inhibitors (MLN8237 and
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LY3295668) resulting from KEAP1 knockdown was abolished by
ASNS overexpression in H1975 cells (Fig. 6F-I). Consistently, the
increased proportion of apoptotic cells observed in KEAP1-
knockdown cells treated with AURKA inhibitors was significantly
reduced by ASNS overexpression (Fig. 6J). We also observed the
similar rescue effect of ASNS overexpression on AURKA inhibition
in mutant KEAP1-overexpressing H1975 cells (Fig. S5F-H). Finally,
the subcutaneous tumor formation experiments in nude mice
were conducted using the H1975 KEAP1-knockdown cells with or
without ASNS overexpression treated with vehicle or MLN8237.
The results showed that ASNS overexpression nearly abolished the
effect of MLN8237 in sgKEAP1 cells in vivo (Fig. 6K). Collectively,
these results demonstrate that the dependency of KEAP1-deficient
NSCLC cells on ASNS expression determines their heightened
sensitivity to AURKA inhibitors.

DISCUSSION
In this study, we found that the highly prevalent KEAP1 deficiency
sensitizes NSCLC cells to AURKA inhibitors, establishing AURKA as
a potential therapeutic target in specific lung cancer. We
elucidated the underlying mechanism by revealing the involve-
ment of the GCN2-eIF2α-ATF4-ASNS axis, which is activated in
KEAP1-deficient cells. Notably, we discovered that AURKA interacts
with GCN2 and eIF2α, and that AURKA inhibitors can down-
regulate ATF4-activated ASNS expression by inhibiting GCN2 and
eIF2α phosphorylation (Fig. 7). These results highlight the
vulnerability of AURKA in KEAP1 mutant NSCLC.
KEAP1 mutant NSCLC exhibits resistance to conventional

therapeutic approaches, including chemotherapy, radiotherapy,
targeted therapy, and immunotherapy [39]. We also confirmed
that KEAP1-deficient cells were evidently resistant to the MEK
inhibitor MEK162 and the chemotherapy drug CPT (Fig. S2G).
Current investigations are focusing on compounds such as the
MTOR inhibitor TAK-228 and the glutaminase inhibitor CB-839,
which target the mTOR pathway and glutaminolysis, essential for
the survival of KEAP1 or NRF2 mutant tumors [36, 49–52]. In this
study, we identified AURKA inhibitors, including MLN8237, which
are undergoing clinical trials in various tumor types, including
NSCLC, as potential targeted drugs for KEAP1 mutant NSCLC.
Notably, AURKA inhibitors regulate amino acid biosynthesis,
making them attractive options for treating KEAP1 mutant NSCLC
by targeting both metabolism and cell proliferation. Given that
canonical metabolic drugs may also harm normal cells, the
combination of AURKA inhibitors with L-asparaginase, as reported
in a recent study for KEAP1 mutant lung cancer [48], holds
promise for achieving enhanced therapeutic efficacy and merits
further investigation.
Previous studies have identified specific mutation types

associated with tumor sensitivity to AURKA inhibitors, such as
RB1 deficiency [53] or loss of SMARCA4 or ARID1A [54, 55].

However, given the diverse mutation patterns observed in
different tumor types, unbiased screens using multiple CRISPR/
Cas9 libraries in additional tumor types are necessary to
comprehensively explore indications for AURKA inhibitors. This
research provides valuable insights into expanding the scope of
tumor sensitivity to AURKA inhibitors and highlights the need for
future studies in diverse tumor types.
Tumor metabolism plays a pivotal role in various aspects of

tumor development, including cell proliferation, stress response,
and drug resistance [56, 57]. Previous studies have reported the
involvement of AURKA in tumor metabolism. Notably, AURKA has
been implicated in phosphorylating LKB1, resulting in the
suppression of the LKB1/AMPK signaling pathway and promoting
the proliferation, invasion, and migration of non-small cell lung
cancer cells [6]. Furthermore, AURKA has been associated with the
regulation of glycolysis and fatty acid oxidation [21, 22]. Our study
provides novel insights into the regulatory role and mechanism of
AURKA in amino acid synthesis, expanding its involvement in
metabolism. Importantly, our findings highlight the potential
therapeutic applications of AURKA inhibitors in metabolism-
related diseases. While AURKA is well-known as a mitotic kinase,
further investigation is warranted to determine its potential role in
activating the phosphorylation of eIF2α and its impact on the
biosynthesis of specific amino acids, such as serine, glycine, or
asparagine, during mitosis. Future studies in this area will enhance
our understanding of AURKA’s multifaceted functions in tumor
metabolism.
Previous studies have demonstrated the role of ASNS in

regulating the proliferation and metastasis of various cancers,
including lung cancer, breast cancer, colorectal cancer and glioma
[58–62]. Significantly, recent insights have underscored the
therapeutic promise of targeting ASNS in KRAS-mutant NSCLC,
where oncogenic KRAS stimulates ASNS expression through the
PI3K-AKT-NRF2-ATF4 axis [45]. ATF4 has over 200 described
targets [63], and the NRF2-ATF4 pathway, are also linked to the
activation of serine biosynthesis [25]. In our investigation, we
identified ASNS as the most prominent target in the amino acid
biosynthesis pathway, showing substantial downregulation upon
AURKA inhibition. Moreover, we noted a pronounced upregulation
of the eIF2α-ATF4-ASNS signaling pathway, coupled with a
discernible reliance on ASNS in KEAP1-deficient NSCLC cells. The
overexpression of ASNS successfully countered the impact of
AURKA inhibition in these cells. Consequently, we posit that while
the regulation of ASNS expression may be a crucial contributor, it
might not stand alone as the sole mechanism underlying the
heightened susceptibility of KEAP1-deficient cells to AURKA
inhibition.
Interestingly, we also observed ATF4 transcriptional upregu-

lation in KEAP1-deficient cells, likely attributed to NRF2
activation (Fig. S3C), which is consistent with previous reports.
Nonetheless, our research suggests that the inhibition of AURKA

Fig. 2 KEAP1 deficiency sensitizes NSCLC cells to AURKA inhibition through NRF2 activation. A The scatter plot with columns showing the
IC50 of MLN8237 in KEAP1 wildtype (n= 66) and KEAP1 mutant (n= 16) NSCLC cell lines. B The cell viability of the KEAP1 wildtype NSCLC cell
lines (H1975, H3122, H1650) and the KEAP1 mutant NSCLC cell lines (H2122, HCC44) (1000 cells/well) treated with the indicated doses of
MLN8237 for 72 h. All groups were normalized to the vehicle group. C, D Western blot analysis (left) showing the knockdown effect of KEAP1
in H1975 cells (C) or H3122 cells (D). E, F Colony formation assays showing the cell viability of H1975-sgNC and H1975-sgKEAP1 cells (500 cells/
well) treated with vehicle or 37.5 nM MLN8237 (E) or H3122-sgNC and H3122-sgKEAP1 cells (1000 cells/well) treated with vehicle or 50 nM
MLN8237 (F). G Colony formation assays showing the cell viability of H1975-sgNC and H1975-sgKEAP1 cells (500 cells/well) treated with
vehicle or 25 nM LY3295668. H The change in tumor volume after treatment with MLN8237 (30mg/kg) or vehicle for the indicated time.
Student t-tests were conducted on day 21 between the MLN8237 and vehicle treatment groups of H1975-sgNC or H1975-sgKEAP1 cells.
I Western blot analysis showing the knockdown effect of NRF2 in H1975 cells with or without KEAP1 knockdown. J Colony formation assays
showing the cell viability of H1975-sgNC, H1975-sgNRF2 and H1975-sgKEAP1 cells (500 cells/well) with or without NRF2 knockdown, in the
condition of treatment with vehicle or 37.5 nM MLN8237 or 37.5 nM LY3295668. In E-G and J, the representative pictures of colonies are
showed in left, and the number of colonies are counted in right. In B-G, I and J, the experiments were performed in three independent
replicates. Statistics, significance: one-way ANOVA (alpha=0.05) with Bonferroni correction (E, F, G, J); significance: two-tailed unpaired t-test
(A, H); Error bars, SEM; ns not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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does not significantly impact the levels of NRF2 protein and
instead induces the upregulation of its conventional targets,
including HMOX1 or GCLM (Fig. 4D and Fig. S3C). This implies
that AURKA modulates the ATF4-ASNS axis mainly through p-
eIF2α, while exhibiting no significant dependence on the NRF2
pathway.
In our study, we have validated the interaction between

AURKA and eIF2α, a finding consistent with previous reports
[64]. Significantly, our investigation demonstrates that AURKA
inhibition results in the downregulation of p-eIF2α and its
upstream regulator p-GCN2. Our results indicate that AURKA

interacts with GCN2, although GCN2 phosphorylation is not
modulated by AURKA overexpression. This aligns with the
established knowledge that GCN2, a well-known eIF2α kinase, is
activated by binding uncharged tRNAs under conditions of
amino acid deficiency [65, 66]. Hence, AURKA may interact with
GCN2 and sustain its phosphorylation only after GCN2 activa-
tion. Despite the absence of a significant change in p-AURKA,
our findings show a substantial upregulation of p-GCN2 in
KEAP1-deficient cells compared to KEAP1 wildtype cells.
Previous studies have suggested that KEAP1 loss enhances the
reliance on exogenous non-essential amino acids (NEAA), such

Fig. 3 AURKA inhibition downregulates biosynthesis of amino acids. A, B KEGG pathway enrichment analysis of the downregulated genes
in MLN8237-treated (A) or AURKA-knockout cells (B). C Venn plot showing the number of the overlapped downregulated genes in the two
indicated groups. MLN8237 treatment: with 150 nM MLN8237 treatment for 72 h; AURKA KO vs WT: AURKA-knockout vs wildtype cells.
D KEGG pathway enrichment analysis of 93 overlapped downregulated genes of the two groups in C. E The relative expression of the
indicated genes of amino acid biosynthesis in H1975 cells (5 × 104 cells/well) with treatment of the indicated doses of MLN8237 for 72 h in 12-
well plate, determined by qPCR analysis. F Analysis of the co-expression patterns between AURKA and ASNS using the TCGA RNA-seq data of
LUAD, LUSC from the starBase database. In E, the experiments were performed in three independent replicates. Statistics, significance: one-
way ANOVA (alpha=0.05) with Bonferroni correction (E); Error bars, SEM; ns not significant; **P < 0.01; ***P < 0.001.
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as asparagine [48]. We hypothesize that in KEAP1-deficient cells,
there is an increase not only in the consumption of exogenous
NEAA but also in the activation of the endogenous amino acid
synthesis pathway through the GCN2-eIF2α-ATF4 axis. This

activation supports cell survival and growth, accompanied by
heightened antioxidant production.
In conclusion, our study demonstrates that AURKA interacts

with GCN2 and eIF2α to regulate asparagine synthesis in
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KEAP1-deficient NSCLC. AURKA inhibitors hold promise as
therapeutic drugs for KEAP1-deficient NSCLC.

MATERIALS AND METHODS
Cell culture, transfection and transduction
The NSCLC cell lines H1975, H3122, H1650, H2122 and HCC44 were
cultured in RPMI 1640 (GIBCO) supplemented with 10% (v/v) fetal bovine
serum (GIBCO). The HEK293T cells and the breast cancer cell line MD-
MBA-231 were cultured in Dulbecco’s modified Eagle medium (GIBCO)
supplemented with 10% (v/v) fetal bovine serum (GIBCO). All cell lines
were validated to be mycoplasma-free and cultured in a 5% CO2

atmosphere at 37 °C. Transfection of plasmids in HEK293T cells was
performed using PEI (Sigma) according to the manufacturer’s instruc-
tions. To establish stable cell lines, lentivirus was produced following the
procedures we previously used [16]. Cells were transduced with
lentivirus in the presence of 8 mg/ml Polybrene (Sigma-Aldrich, sc-
134220). After 48 h, the corresponding antibiotic was added to select
transduced cells.

Plasmid construction
For transient overexpression of AURKA, eIF2α or GCN2, the CDS sequences
were cloned into pcDNA3.1, pcDNA3.1-3×FLAG or pcDNA3.1-HA plasmids
using the ClonExpress II One Step Cloning Kit (Vazyme). For stable
overexpression of AURKA, the CDS sequence was cloned into plvx-3×FLAG
with puromycin resistance. For stable overexpression of KEAP1-MUT, the
CDS sequence was amplified from the RNA of HCC44 cells and cloned into
plvx-PURO plasmid with puromycin resistance. For stable overexpression
of ASNS, the CDS sequence was cloned into a plvx-IRES-BSD plasmid with
blasticidin resistance. For knockdown of KEAP1 or NRF2, the sgRNA oligos
were inserted into the lentiCRISPR v2 plasmid (Addgene #52961). For
inducible knockdown of ASNS, the shRNA oligos were inserted into the
Teton-pLKO-BSD plasmid with blasticidin resistance. All plasmids were
verified by sequencing. The primers for plasmid construction are listed in
Supplementary Table 5.

CRISPR/Cas9 metabolic library screen and sequencing
The CRISPR/Cas9 library screens were performed as described previously
[16]. Briefly, the metabolic library (Human CRISPR Metabolic Gene
Knockout Library, Addgene #110066) was packaged into lentivirus with
pMD2.G and psPAX2 plasmids using PEI (Sigma) in HEK293T cells. The
metabolic library contains ~30000 Lenti-v1 plasmids targeting 2981
metabolism-related genes (10 sgRNAs for each gene and 500 intergenic
control sgRNAs) [40]. After 48 h transfection, the metabolic library lentivirus
was collected and infected into MDA-MB-231 or H1975 cells with an MOI of
0.3 for 48 h followed by puromycin selection for 7 days. When cells reached
confluency, they were passaged by mixing all cells from each culture dish
and re-seeded into new dishes. Subsequently, cells were divided into
vehicle (DMSO) and MLN8237 (150 nM) treatment groups in MDA-MB-231
cells, and vehicle (DMSO) and MLN8237 (50 nM) treatment groups in
H1975 cells. And cells were collected after 3 d and 7 d of drug treatment
for MDA-MB-231 cells, and 5 d and 7 d for H1975 cells, respectively. For
each group, the number of collected cells were guaranteed to be over
2 × 107 to achieve 300 × coverage. Genomic DNA was extracted using an
HP Tissue DNA Midi Kit (D5197, OMEGA). The sgRNAs were amplified by
two-round PCR using primers to construct libraries. The libraries were then
sequenced on an Illumina HiSeq2000. The sequencing data were
processed and analyzed using the MAGeCK-MLE software package (version

0.5.9.5). The primers used for library construction were listed in
Supplementary Table 5.

RNA Extraction and qRT-PCR
RNA was extracted with the HiPure Total RNA Plus Mini Kit (Magen). cDNA
was synthesized using a HiScript III All-in-one RT SuperMix Perfect for qPCR
kit (Vazyme) according to the manufacturer’s protocol. QPCR assays were
performed in triplicates with the ChamQ Universal SYBR qPCR Master Mix
(Vazyme). The relative quantitation (RQ) of gene expression was normal-
ized to GAPDH. The qRT-PCR primers are listed in Supplementary Table 5.

RNA sequencing (RNA-seq)
For RNA-seq, MDA-MB-231 cells were treated with AURKA inhibitors
(150 nM MLN8237) for 72 h or with AURKA depletion (AURKA KO). The
library was constructed and sequenced by Novogene with Illumina
HiSeq2000.

Colony formation assay
For colony formation assays, 500 to 1000 cells were plated into 12-well
plates and then treated with candidate drugs. The medium and drugs were
renewed every 4 days. After 8 to 10 days, the colonies were fixed using
methanol for 20min and stained with a crystal violet solution for 20min at
room temperature. The plates were imaged using the ChemiDoc MP
Imaging System (Bio-Rad).

Cell viability assay
For cell viability assays, 1 × 103 cells were plated into 96-well plates. After
24 h, the culture medium was replaced with fresh medium containing the
indicated concentrations of inhibitors for 72 h. Then, the number of viable
cells was evaluated using the Cell Counting Kit 8 (CCK-8, 40203ES92,
Yeasen) according to the manufacturer’s instructions. The absorbance at
450 nm reflecting live cell numbers was measured and the relative viability
(%) of all groups was normalized to the vehicle group.

Apoptosis analysis
For apoptosis analyses, cells were treated with the candidate drugs for
72 h. The attached cells were trypsinized and collected with the dead cells
in the supernatant. All cells were washed with PBS twice and stained with
Annexin V-FITC/PI using the Annexin V-AF647 Apoptosis Detection Kit (ES
Science, AP006) for 30min according to the manufacturer’s instructions.
Then, the stained cells were evaluated by flow cytometry using the
CytoFLEX platform (Beckman Coulter).

Western blot
Total proteins were extracted from cells using the RIPA buffer supple-
mented with protease inhibitors and phosphatase inhibitors. The protein
concentration was determined using Coomassie brilliant blue G250 dye at
an absorbance of 595 nm on a microplate reader. Then, a certain amount
of protein samples with loading buffer was denatured at 100 °C for 10min
and separated by SDS-PAGE and then transferred to 0.2 μm PVDF
membranes (Merck Millipore). Primary antibodies used were as follows:
rabbit anti-phosphorylated AURKA/AURKB/AURKC (2914 S, CST), rabbit
anti-AURKA (14475 S, CST), mouse anti-AURKA (A1231, Sigma), mouse anti-
GAPDH (60004-1-Ig, Proteintech), mouse anti-phosphorylated eIF2α
(68023-1-Ig, Proteintech), rabbit anti-eIF2α (11170-1-AP, Proteintech),
rabbit anti-ATF4 (10835-1-AP, Proteintech), rabbit anti-NRF2 (16396-1-AP,
Proteintech), rabbit anti-KEAP1(10503-2-AP, Proteintech), rabbit anti-ASNS
(14681-1-AP, Proteintech), mouse anti-FLAG (F1804, Sigma), rabbit anti-HA

Fig. 4 KEAP1 deficiency intensifies AURKA inhibition-mediated eIF2α-ATF4-ASNS pathway downregulation and apoptosis. A, B Western
blot analysis revealing changes in the expression of the indicated proteins upon AURKA inhibition (A) or knockout (B). C The relative
expression of ASNS determined by qPCR analysis in H1975-sgNC or sgKEAP1 cells (5 × 104 cells/well) treated with 100 nM MLN8237 or vehicle
for 72 h in 12-well plate. DWestern blot analysis in H1975-sgNC or sgKEAP1 cells (5 × 104 cells/well) treated with 50 nM MLN8237 or vehicle for
72 h in 12-well plate. E The represented graphs showing the percentage of apoptosis cells in H1975-sgNC and sgKEAP1 cells (5 × 104 cells/well)
treated with 100 nM MLN8237 or vehicle for 72 h. F The histogram showing the percentage of apoptosis cells in E. G Western blot analysis in
H1975 cells overexpressing empty vector (EV) or mutant KEAP1 (KEAP1-MUT, F211C) (5 × 104 cells/well) treated with 100 nM MLN8237 or
vehicle for 72 h. H The represented graphs showing the percentage of apoptosis cells in G. I The histogram showing the percentage of
apoptosis cells in H. All the experiments were performed in three independent replicates. Statistics, significance: one-way ANOVA (alpha=0.05)
with Bonferroni correction (F); significance: two-tailed unpaired t-test (C, I); Error bars, SEM; ns not significant; **P < 0.01; ***P < 0.001.
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Fig. 5 AURKA interacts with GCN2 and eIF2α to regulate their phosphorylation. A Co-IP assay using the FLAG antibody in HEK293T cells
overexpressing eIF2α, FLAG-AURKA or both. B Co-IP assay using the HA antibody in HEK293T cells overexpressing HA-eIF2α, FLAG-AURKA or
both. C Co-IP assay using the IgG or AURKA antibody in H1975 cells. D Co-IP assay using the FLAG antibody in HEK293T cells overexpressing
FLAG-AURKA with control vector, HA-eIF2α, HA-eIF2α-S52A or HA-eIF2α-S52D. E Co-IP assay using the FLAG antibody in HEK293T cells
overexpressing HA-eIF2α with control vector or FLAG-AURKA. The cells were treated with vehicle or 200 nM MLN8237 for 4 h before harvest.
F Co-IP assay using the FLAG antibody in HEK293T cells overexpressing HA-GCN2, FLAG-AURKA or both. G Co-IP assay using the IgG or FLAG
antibody in HEK293T cells overexpressing FLAG-AURKA and HA-GCN2. H Co-IP assay using the IgG or FLAG antibody in HEK293T cells
overexpressing FLAG-eIF2α and HA-GCN2 with control vector or His-AURKA. I Western blot analysis in H1975-sgNC or sgKEAP1 cells (5 × 104

cells/well) treated with 50 nM or 100 nM MLN8237 or vehicle for 72 h in 12-well plate. J Western blot analysis in H1975 cells overexpressing
empty vector (EV) or mutant KEAP1 (KEAP1-MUT) (5 × 104 cells/well) treated with 100 nM MLN8237 or vehicle for 72 h in 12-well plate. All the
experiments were performed in three independent replicates.
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(51064-2-AP, Proteintech), rabbit anti-HA (3724 S, CST), mouse anti-β-Actin
(66009-1-Ig, Proteintech), mouse anti-α-tubulin (66031-1-Ig, Proteintech),
rabbit anti-GCN2 (A2307, Abclonal), rabbit anti-phosphorylated GCN2
(ab75836, Abcam), rabbit anti-TPX2 (12245 S, CST). The western blots were
quantified using Image J software.

Co-Immunoprecipitation (Co-IP)
The cells were harvested and lysed in NETN buffer (20 mM Tris-HCl, pH
8.0; 100 mM NaCl; 0.5% NP-40; and 1 mM EDTA) supplemented with
protease inhibitors and phosphatase inhibitors on ice for 30 min. Then,

the cell lysates were centrifugated at 15,000 × g at 4 °C for 10 min. The
supernatants were incubated with 1 μg antibody overnight at 4 °C while
rotating. The antibodies used for co-IP were as follows: mouse anti-
FLAG (F1804, Sigma), rabbit anti-HA (51064-2-AP,Proteintech), and
mouse anti-AURKA (A1231, Sigma) antibodies. Subsequently, the
precipitations were incubated with 30 μl Protein A/G Magnetic Beads
(HY-K0202, MCE) at 4 °C for 2 h. After incubation, the beads were
washed five times with the NETN buffer and finally eluted by directly
boiling in loading buffer. Finally, the samples were analyzed by
western blot.
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In vitro kinase assay
Recombinant human protein GST-eIF2α (0.5 μg, Proteintech) was incu-
bated with GST-AURKA (0.5 μg) in kinase buffer supplemented with 200 μM
ATP in a final volume of 30 μl for 30 min at 30 °C. The reaction was
terminated by the addition of loading buffer. Samples were analyzed by
SDS-PAGE and the phosphorylated eIF2α was detected using anti-
phosphorylated eIF2α (phospho-Ser52) antibody.

Mouse experiments
The cells of H1975 stable cell lines were harvested, suspended in culture
medium and then counted. The cell suspension was mixed with matrigel
(354234, Corning) at a 7:3 ratio and the cell concentration was adjusted to
2 × 107 cells/ml. Then, 100 μl cells were inoculated subcutaneously in the
flank of 4-week-old female nude mice. Once the tumors reached ~50mm3,

the mice were randomly divided into four groups (six mice per group) and
treated with intraperitoneal injection of MLN8237 (30 mg/kg) or vehicle
(DMSO) once daily. The length and width of each tumor were measured
using calipers and the mice were weighed every 2 to 3 days after
treatment initiation. The tumor volume was calculated using the equation
V = (length × width2) / 2. On day 21, the mice were euthanized, and the
tumor xenografts were immediately dissected and weighed using an
electronic balance. Statistical analysis and significance testing were
conducted using GraphPad Prism 8.

Bioinformatics analysis
For RNA-seq analysis, the raw sequencing data were qualified using FastQC
and the differentially expressed genes (DEG) were calculated using the
DESeq2 package. 0 < p < 0.05 and log2 (Fold Change) <−0.5 were set as

Fig. 7 Working model depicting the mechanism that KEAP1 deficiency sensitizes NSCLC cells to AURKA inhibition. In KEAP1 mutant (MUT)
tumor cells, the NRF2 pathway is activated, leading to the increase in the consumption of glutamate for GSH synthesis and the export of
glutamate outside the cell through SLC7A11 in exchange for cystine, compared with KEAP1 wildtype (WT) cells. Reduced intercellular
glutamate level results in activation of GCN2 and eIF2α phosphorylation and ATF4-mediated ASNS expression in KEAP1 mutant tumor cells.
AURKA interacts with GCN2 and eIF2α, and AURKA inhibition using its kinase inhibitors such as MLN8237 can remarkably suppress the
activated GCN2-eIF2α-ATF4-ASNS axis in KEAP1 mutant tumor cells, resulting in a significant decrease in asparagine levels, increased
apoptosis, and further inhibition of cell proliferation.

Fig. 6 Dependence of KEAP1-deficient NSCLC cells on ASNS determines their increased sensitivity to AURKA inhibition. A Western blot
analysis detecting the ASNS protein level in H1975 stable cell lines expressing a doxycycline (DOX)-induced shASNS (H1975-Teton-shASNS)
with or without KEAP1 knockdown. The cells (5 × 104 cells/well) were treated with vehicle or 2 μg/ml DOX for 72 h in 12-well plate. B, C Colony
formation assays showing the cell viability in A. The cells (500 cells/well) were treated with vehicle or 2 μg/ml DOX. The representative pictures
of colonies are showed in B, and the number of colonies are counted in C. D, E Western blot analysis in H1975 stable cell lines overexpressing
empty vector (EV) or ASNS with or without KEAP1 knockdown. The cells (5 × 104 cells/well) were treated with vehicle or 100 nM MLN8237 (D)
or 100 nM LY3295668 (E) for 72 h in 12-well plate. F-I Colony formation assays showing the cell viability in D (F, G) and E (H, I). The
representative pictures of colonies are showed in F and H, and the number of colonies are counted in G and I. The cells (500 cells/well) were
treated with vehicle or 25 nM MLN8237 (F, G) or 37.5 nM LY3295668 (H, I). J The histogram showing the percentage of apoptosis cells in
H1975-sgNC or sgKEAP1 cells (5 × 104 cells/well) treated with vehicle or 100 nM MLN8237 (left) or 100 nM LY3295668 (right) for 72 h in 12-well
plate. K The change in tumor volume after treatment with MLN8237 (30mg/kg) or vehicle for the indicated time. Student t-tests were
conducted on day 20 between the MLN8237 and vehicle treatment groups of H1975 cells overexpressing empty vector or ASNS with KEAP1
knockdown. In A-J, the experiments were performed in three independent replicates. Statistics, significance: one-way ANOVA (alpha=0.05)
with Bonferroni correction (C, G, I, J); significance: two-tailed unpaired t-test (K); Error bars, SEM; ns not significant; *P < 0.05; **P < 0.01;
***P < 0.001.
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the thresholds for significantly downregulated genes in Supplementary
Table 3. The overlapped downregulated genes between AURKA inhibition
and knockout group in Supplementary Table 4 were employed to the
KEGG pathway analysis using the DAVID database (https://
david.ncifcrf.gov/). For the co-expression patterns between AURKA and
ASNS, the TCGA RNA-seq data of LUAD and LUSC was analyzed using
starBase database (https://rnasysu.com/encori/). For drug sensitivity
analysis, the IC50 values of the AURKA inhibitor alisertib in 82 NSCLC cell
lines was downloaded from the Cancer Drug Sensitivity Genomics
database GDSC (https://www.cancerrxgene.org/). The cell line mutation
information of KEAP1 was queried through the COSMIC database (http://
cancer.sanger.ac.uk/cosmic/) and showed in Supplementary Table 2.

Statistical analysis
The results were presented as mean ± S.E.M unless otherwise noted.
Unpaired Student’s t-test was used for comparisons between the two
groups. One-Way ANOVA was used for comparisons between two groups
among multiple groups. Statistical analyses were performed with
GraphPad Prism 8. The significance P values were denoted by asterisks
as follows: *P < 0.05, **P < 0.01 and ***P < 0.001.

DATA AVAILABILITY
The data generated during and/or analyzed during the current study are available
from the corresponding author on request.

REFERENCES
1. Nikonova AS, Astsaturov I, Serebriiskii IG, Dunbrack RL Jr., Golemis EA. Aurora A

kinase (AURKA) in normal and pathological cell division. Cell Mol Life Sci.
2013;70:661–87. https://doi.org/10.1007/s00018-012-1073-7.

2. Yan M, Wang C, He B, Yang M, Tong M, Long Z, et al. Aurora-A Kinase: A Potent
Oncogene and Target for Cancer Therapy. Med Res Rev. 2016;36:1036–79. https://
doi.org/10.1002/med.21399.

3. Zheng F, Yue C, Li G, He B, Cheng W, Wang X, et al. Nuclear AURKA acquires
kinase-independent transactivating function to enhance breast cancer stem cell
phenotype. Nat Commun. 2016;7:10180. https://doi.org/10.1038/ncomms10180.

4. Yang N, Wang C, Wang J, Wang Z, Huang D, Yan M, et al. Aurora kinase A
stabilizes FOXM1 to enhance paclitaxel resistance in triple-negative breast can-
cer. J Cell Mol Med. 2019;23:6442–53. https://doi.org/10.1111/jcmm.14538.

5. Wang LH, Xiang J, Yan M, Zhang Y, Zhao Y, Yue CF, et al. The mitotic kinase
Aurora-A induces mammary cell migration and breast cancer metastasis by
activating the Cofilin-F-actin pathway. Cancer Res. 2010;70:9118–28. https://
doi.org/10.1158/0008-5472.CAN-10-1246.

6. Zheng X, Chi J, Zhi J, Zhang H, Yue D, Zhao J, et al. Aurora-A-mediated phos-
phorylation of LKB1 compromises LKB1/AMPK signaling axis to facilitate NSCLC
growth and migration. Oncogene. 2018;37:502–11. https://doi.org/10.1038/
onc.2017.354.

7. Pan C, Yan M, Yao J, Xu J, Long Z, Huang H, et al. Aurora kinase small molecule
inhibitor destroys mitotic spindle, suppresses cell growth, and induces apoptosis
in oral squamous cancer cells. Oral Oncol. 2008;44:639–45. https://doi.org/
10.1016/j.oraloncology.2007.08.010.

8. Huang XF, Luo SK, Xu J, Li J, Xu DR, Wang LH, et al. Aurora kinase inhibitory VX-
680 increases Bax/Bcl-2 ratio and induces apoptosis in Aurora-A-high acute
myeloid leukemia. Blood. 2008;111:2854–65. https://doi.org/10.1182/blood-2007-
07-099325.

9. Gorgun G, Calabrese E, Hideshima T, Ecsedy J, Perrone G, Mani M, et al. A novel
Aurora-A kinase inhibitor MLN8237 induces cytotoxicity and cell-cycle arrest in
multiple myeloma. Blood. 2010;115:5202–13. https://doi.org/10.1182/blood-2009-
12-259523.

10. Carpinelli P, Ceruti R, Giorgini ML, Cappella P, Gianellini L, Croci V, et al. PHA-
739358, a potent inhibitor of Aurora kinases with a selective target inhibition
profile relevant to cancer. Mol Cancer Ther. 2007;6:3158–68. https://doi.org/
10.1158/1535-7163.MCT-07-0444.

11. Fletcher GC, Brokx RD, Denny TA, Hembrough TA, Plum SM, Fogler WE, et al.
ENMD-2076 is an orally active kinase inhibitor with antiangiogenic and anti-
proliferative mechanisms of action. Mol Cancer Ther. 2011;10:126–37. https://
doi.org/10.1158/1535-7163.MCT-10-0574.

12. O’Connor OA, Ozcan M, Jacobsen ED, Roncero JM, Trotman J, Demeter J, et al.
Randomized Phase III Study of Alisertib or Investigator’s Choice (Selected Single
Agent) in Patients With Relapsed or Refractory Peripheral T-Cell Lymphoma. J Clin
Oncol. 2019;37:613–23. https://doi.org/10.1200/JCO.18.00899.

13. Falchook G, Coleman RL, Roszak A, Behbakht K, Matulonis U, Ray-Coquard I, et al.
Alisertib in Combination With Weekly Paclitaxel in Patients With Advanced Breast

Cancer or Recurrent Ovarian Cancer: A Randomized Clinical Trial. JAMA Oncol.
2019;5:e183773 https://doi.org/10.1001/jamaoncol.2018.3773.

14. Sehdev V, Peng D, Soutto M, Washington MK, Revetta F, Ecsedy J, et al. The
aurora kinase A inhibitor MLN8237 enhances cisplatin-induced cell death in
esophageal adenocarcinoma cells. Mol Cancer Ther. 2012;11:763–74. https://
doi.org/10.1158/1535-7163.MCT-11-0623.

15. Vilgelm AE, Pawlikowski JS, Liu Y, Hawkins OE, Davis TA, Smith J, et al. Mdm2 and
aurora kinase a inhibitors synergize to block melanoma growth by driving
apoptosis and immune clearance of tumor cells. Cancer Res. 2015;75:181–93.
https://doi.org/10.1158/0008-5472.CAN-14-2405.

16. Chen A, Wen S, Liu F, Zhang Z, Liu M, Wu Y, et al. CRISPR/Cas9 screening identifies
a kinetochore-microtubule dependent mechanism for Aurora-A inhibitor resis-
tance in breast cancer. Cancer Commun (Lond). 2021;41:121–39. https://doi.org/
10.1002/cac2.12125.

17. Zhang Z, Zeng D, Zhang W, Chen A, Lei J, Liu F, et al. Modulation of oxidative
phosphorylation augments antineoplastic activity of mitotic aurora kinase inhi-
bition. Cell Death Dis. 2021;12:893. https://doi.org/10.1038/s41419-021-04190-w.

18. Xue Y, Meehan B, Fu Z, Wang XQD, Fiset PO, Rieker R, et al. SMARCA4 loss is
synthetic lethal with CDK4/6 inhibition in non-small cell lung cancer. Nat Com-
mun. 2019;10:557. https://doi.org/10.1038/s41467-019-08380-1.

19. Lissanu Deribe Y, Sun Y, Terranova C, Khan F, Martinez-Ledesma J, Gay J, et al.
Mutations in the SWI/SNF complex induce a targetable dependence on oxidative
phosphorylation in lung cancer. Nat Med. 2018;24:1047–57. https://doi.org/
10.1038/s41591-018-0019-5.

20. Jia D, Augert A, Kim DW, Eastwood E, Wu N, Ibrahim AH, et al. Crebbp Loss Drives
Small Cell Lung Cancer and Increases Sensitivity to HDAC Inhibition. Cancer
Discov. 2018;8:1422–37. https://doi.org/10.1158/2159-8290.CD-18-0385.

21. Cheng A, Zhang P, Wang B, Yang D, Duan X, Jiang Y, et al. Aurora-A mediated
phosphorylation of LDHB promotes glycolysis and tumor progression by relieving
the substrate-inhibition effect. Nat Commun. 2019;10:5566. https://doi.org/
10.1038/s41467-019-13485-8.

22. Nguyen TTT, Shang E, Shu C, Kim S, Mela A, Humala N, et al. Aurora kinase A
inhibition reverses the Warburg effect and elicits unique metabolic vulnerabilities
in glioblastoma. Nat Commun. 2021;12:5203. https://doi.org/10.1038/s41467-021-
25501-x.

23. Song MY, Lee DY, Chun KS, Kim EH The Role of NRF2/KEAP1 Signaling Pathway in
Cancer Metabolism. Int J Mol Sci. 2021;22. https://doi.org/10.3390/ijms22094376..

24. Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2 System: a Thiol-Based
Sensor-Effector Apparatus for Maintaining Redox Homeostasis. Physiol Rev.
2018;98:1169–203. https://doi.org/10.1152/physrev.00023.2017.

25. DeNicola GM, Chen PH, Mullarky E, Sudderth JA, Hu Z, Wu D, et al. NRF2 regulates
serine biosynthesis in non-small cell lung cancer. Nat Genet. 2015;47:1475–81.
https://doi.org/10.1038/ng.3421.

26. Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent activation of an
adaptive response in cancer. Trends Biochem Sci. 2009;34:176–88. https://
doi.org/10.1016/j.tibs.2008.12.008.

27. Nioi P, Nguyen T. A mutation of Keap1 found in breast cancer impairs its ability to
repress Nrf2 activity. Biochem Biophys Res Commun. 2007;362:816–21. https://
doi.org/10.1016/j.bbrc.2007.08.051.

28. Ohta T, Iijima K, Miyamoto M, Nakahara I, Tanaka H, Ohtsuji M, et al. Loss of Keap1
function activates Nrf2 and provides advantages for lung cancer cell growth.
Cancer Res. 2008;68:1303–9. https://doi.org/10.1158/0008-5472.CAN-07-5003.

29. Konstantinopoulos PA, Spentzos D, Fountzilas E, Francoeur N, Sanisetty S,
Grammatikos AP, et al. Keap1 mutations and Nrf2 pathway activation in epithelial
ovarian cancer. Cancer Res. 2011;71:5081–9. https://doi.org/10.1158/0008-
5472.CAN-10-4668.

30. Shibata T, Kokubu A, Gotoh M, Ojima H, Ohta T, Yamamoto M, et al. Genetic
alteration of Keap1 confers constitutive Nrf2 activation and resistance to che-
motherapy in gallbladder cancer. Gastroenterology. 2008;135:1358–68, 1368.e1-
4. https://doi.org/10.1053/j.gastro.2008.06.082.

31. Saleh MM, Scheffler M, Merkelbach-Bruse S, Scheel AH, Ulmer B, Wolf J, et al.
Comprehensive Analysis of TP53 and KEAP1 Mutations and Their Impact on
Survival in Localized- and Advanced-Stage NSCLC. J Thorac Oncol. 2022;17:76–88.
https://doi.org/10.1016/j.jtho.2021.08.764.

32. Kansanen E, Kuosmanen SM, Leinonen H, Levonen AL. The Keap1-Nrf2 pathway:
Mechanisms of activation and dysregulation in cancer. Redox Biol. 2013;1:45–9.
https://doi.org/10.1016/j.redox.2012.10.001.

33. Muscarella LA, Parrella P, D’Alessandro V, la Torre A, Barbano R, Fontana A, et al.
Frequent epigenetics inactivation of KEAP1 gene in non-small cell lung cancer.
Epigenetics. 2011;6:710–9. https://doi.org/10.4161/epi.6.6.15773.

34. Barbano R, Muscarella LA, Pasculli B, Valori VM, Fontana A, Coco M, et al. Aberrant
Keap1 methylation in breast cancer and association with clinicopathological
features. Epigenetics. 2013;8:105–12. https://doi.org/10.4161/epi.23319.

35. Muscarella LA, Barbano R, D’Angelo V, Copetti M, Coco M, Balsamo T, et al.
Regulation of KEAP1 expression by promoter methylation in malignant gliomas

B. Deng et al.

13

Cell Death and Disease          (2024) 15:233 

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://rnasysu.com/encori/
https://www.cancerrxgene.org/
http://cancer.sanger.ac.uk/cosmic/
http://cancer.sanger.ac.uk/cosmic/
https://doi.org/10.1007/s00018-012-1073-7
https://doi.org/10.1002/med.21399
https://doi.org/10.1002/med.21399
https://doi.org/10.1038/ncomms10180
https://doi.org/10.1111/jcmm.14538
https://doi.org/10.1158/0008-5472.CAN-10-1246
https://doi.org/10.1158/0008-5472.CAN-10-1246
https://doi.org/10.1038/onc.2017.354
https://doi.org/10.1038/onc.2017.354
https://doi.org/10.1016/j.oraloncology.2007.08.010
https://doi.org/10.1016/j.oraloncology.2007.08.010
https://doi.org/10.1182/blood-2007-07-099325
https://doi.org/10.1182/blood-2007-07-099325
https://doi.org/10.1182/blood-2009-12-259523
https://doi.org/10.1182/blood-2009-12-259523
https://doi.org/10.1158/1535-7163.MCT-07-0444
https://doi.org/10.1158/1535-7163.MCT-07-0444
https://doi.org/10.1158/1535-7163.MCT-10-0574
https://doi.org/10.1158/1535-7163.MCT-10-0574
https://doi.org/10.1200/JCO.18.00899
https://doi.org/10.1001/jamaoncol.2018.3773
https://doi.org/10.1158/1535-7163.MCT-11-0623
https://doi.org/10.1158/1535-7163.MCT-11-0623
https://doi.org/10.1158/0008-5472.CAN-14-2405
https://doi.org/10.1002/cac2.12125
https://doi.org/10.1002/cac2.12125
https://doi.org/10.1038/s41419-021-04190-w
https://doi.org/10.1038/s41467-019-08380-1
https://doi.org/10.1038/s41591-018-0019-5
https://doi.org/10.1038/s41591-018-0019-5
https://doi.org/10.1158/2159-8290.CD-18-0385
https://doi.org/10.1038/s41467-019-13485-8
https://doi.org/10.1038/s41467-019-13485-8
https://doi.org/10.1038/s41467-021-25501-x
https://doi.org/10.1038/s41467-021-25501-x
https://doi.org/10.3390/ijms22094376
https://doi.org/10.1152/physrev.00023.2017
https://doi.org/10.1038/ng.3421
https://doi.org/10.1016/j.tibs.2008.12.008
https://doi.org/10.1016/j.tibs.2008.12.008
https://doi.org/10.1016/j.bbrc.2007.08.051
https://doi.org/10.1016/j.bbrc.2007.08.051
https://doi.org/10.1158/0008-5472.CAN-07-5003
https://doi.org/10.1158/0008-5472.CAN-10-4668
https://doi.org/10.1158/0008-5472.CAN-10-4668
https://doi.org/10.1053/j.gastro.2008.06.082
https://doi.org/10.1016/j.jtho.2021.08.764
https://doi.org/10.1016/j.redox.2012.10.001
https://doi.org/10.4161/epi.6.6.15773
https://doi.org/10.4161/epi.23319


and association with patient’s outcome. Epigenetics. 2011;6:317–25. https://
doi.org/10.4161/epi.6.3.14408.

36. Binkley MS, Jeon YJ, Nesselbush M, Moding EJ, Nabet BY, Almanza D, et al.
KEAP1/NFE2L2 Mutations Predict Lung Cancer Radiation Resistance That Can Be
Targeted by Glutaminase Inhibition. Cancer Discov. 2020;10:1826–41. https://
doi.org/10.1158/2159-8290.CD-20-0282.

37. Jeong Y, Hellyer JA, Stehr H, Hoang NT, Niu X, Das M, et al. Role of KEAP1/NFE2L2
Mutations in the Chemotherapeutic Response of Patients with Non-Small Cell
Lung Cancer. Clin Cancer Res. 2020;26:274–81. https://doi.org/10.1158/1078-
0432.CCR-19-1237.

38. Krall EB, Wang B, Munoz DM, Ilic N, Raghavan S, Niederst MJ, et al. KEAP1 loss
modulates sensitivity to kinase targeted therapy in lung cancer. Elife. 2017;6.
https://doi.org/10.7554/eLife.18970.

39. Hellyer JA, Padda SK, Diehn M, Wakelee HA. Clinical Implications of KEAP1-
NFE2L2 Mutations in NSCLC. J Thorac Oncol. 2021;16:395–403. https://doi.org/
10.1016/j.jtho.2020.11.015.

40. Birsoy K, Wang T, Chen WW, Freinkman E, Abu-Remaileh M, Sabatini DM. An
Essential Role of the Mitochondrial Electron Transport Chain in Cell Proliferation Is
to Enable Aspartate Synthesis. Cell. 2015;162:540–51. https://doi.org/10.1016/
j.cell.2015.07.016.

41. Li W, Xu H, Xiao T, Cong L, Love MI, Zhang F, et al. MAGeCK enables robust
identification of essential genes from genome-scale CRISPR/Cas9 knockout
screens. Genome Biol. 2014;15:554. https://doi.org/10.1186/s13059-014-0554-4.

42. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding miRNA-ceRNA,
miRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-Seq
data. Nucleic Acids Res. 2014;42:D92–7. https://doi.org/10.1093/nar/gkt1248.

43. Li C, Wu B, Li Y, Chen J, Ye Z, Tian X, et al. Amino acid catabolism regulates
hematopoietic stem cell proteostasis via a GCN2-eIF2alpha axis. Cell Stem Cell.
2022;29:1119–1134.e7. https://doi.org/10.1016/j.stem.2022.06.004.

44. Kilberg MS, Shan J, Su N. ATF4-dependent transcription mediates signaling of
amino acid limitation. Trends Endocrinol Metab. 2009;20:436–43. https://doi.org/
10.1016/j.tem.2009.05.008.

45. Gwinn DM, Lee AG, Briones-Martin-Del-Campo M, Conn CS, Simpson DR, Scott AI,
et al. Oncogenic KRAS Regulates Amino Acid Homeostasis and Asparagine Bio-
synthesis via ATF4 and Alters Sensitivity to L-Asparaginase. Cancer Cell.
2018;33:91–107.e6. https://doi.org/10.1016/j.ccell.2017.12.003.

46. Suzuki T, Maher J, Yamamoto M. Select heterozygous Keap1 mutations have a
dominant-negative effect on wild-type Keap1 in vivo. Cancer Res.
2011;71:1700–9. https://doi.org/10.1158/0008-5472.CAN-10-2939.

47. Ye J, Kumanova M, Hart LS, Sloane K, Zhang H, De Panis DN, et al. The GCN2-ATF4
pathway is critical for tumour cell survival and proliferation in response to nutrient
deprivation. EMBO J. 2010;29:2082–96. https://doi.org/10.1038/emboj.2010.81.

48. LeBoeuf SE, Wu WL, Karakousi TR, Karadal B, Jackson SR, Davidson SM, et al.
Activation of Oxidative Stress Response in Cancer Generates a Druggable
Dependency on Exogenous Non-essential Amino Acids. Cell Metab.
2020;31:339–350.e4. https://doi.org/10.1016/j.cmet.2019.11.012.

49. Romero R, Sayin VI, Davidson SM, Bauer MR, Singh SX, LeBoeuf SE, et al. Keap1
loss promotes Kras-driven lung cancer and results in dependence on glutami-
nolysis. Nat Med. 2017;23:1362–8. https://doi.org/10.1038/nm.4407.

50. Shibata T, Saito S, Kokubu A, Suzuki T, Yamamoto M, Hirohashi S. Global
downstream pathway analysis reveals a dependence of oncogenic NF-E2-related
factor 2 mutation on the mTOR growth signaling pathway. Cancer Res.
2010;70:9095–105. https://doi.org/10.1158/0008-5472.CAN-10-0384.

51. Paik PK, Fan PD, Qeriqi B, Namakydoust A, Daly B, Ahn L, et al. Targeting NFE2L2/
KEAP1 Mutations in Advanced NSCLC With the TORC1/2 Inhibitor TAK-228. J
Thorac Oncol. 2023;18:516–26. https://doi.org/10.1016/j.jtho.2022.09.225.

52. Riess JW, Frankel P, Shackelford D, Dunphy M, Badawi RD, Nardo L, et al. Phase 1
Trial of MLN0128 (Sapanisertib) and CB-839 HCl (Telaglenastat) in Patients With
Advanced NSCLC (NCI 10327): Rationale and Study Design. Clin Lung Cancer.
2021;22:67–70. https://doi.org/10.1016/j.cllc.2020.10.006.

53. Gong X, Du J, Parsons SH, Merzoug FF, Webster Y, Iversen PW, et al. Aurora A
Kinase Inhibition Is Synthetic Lethal with Loss of the RB1 Tumor Suppressor Gene.
Cancer Discov. 2019;9:248–63. https://doi.org/10.1158/2159-8290.CD-18-0469.

54. Tagal V, Wei S, Zhang W, Brekken RA, Posner BA, Peyton M, et al. SMARCA4-
inactivating mutations increase sensitivity to Aurora kinase A inhibitor VX-680 in
non-small cell lung cancers. Nat Commun. 2017;8:14098. https://doi.org/10.1038/
ncomms14098.

55. Wu C, Lyu J, Yang EJ, Liu Y, Zhang B, Shim JS. Targeting AURKA-CDC25C axis to
induce synthetic lethality in ARID1A-deficient colorectal cancer cells. Nat Com-
mun. 2018;9:3212. https://doi.org/10.1038/s41467-018-05694-4.

56. Martinez-Reyes I, Chandel NS. Cancer metabolism: looking forward. Nat Rev
Cancer. 2021;21:669–80. https://doi.org/10.1038/s41568-021-00378-6.

57. Mendez-Lucas A, Lin W, Driscoll PC, Legrave N, Novellasdemunt L, Xie C, et al.
Identifying strategies to target the metabolic flexibility of tumours. Nat Metab.
2020;2:335–50. https://doi.org/10.1038/s42255-020-0195-8.

58. Xu Y, Lv F, Zhu X, Wu Y, Shen X. Loss of asparagine synthetase suppresses the
growth of human lung cancer cells by arresting cell cycle at G0/G1 phase. Cancer
Gene Ther. 2016;23:287–94. https://doi.org/10.1038/cgt.2016.28.

59. Du F, Chen J, Liu H, Cai Y, Cao T, Han W, et al. SOX12 promotes colorectal cancer
cell proliferation and metastasis by regulating asparagine synthesis. Cell Death
Dis. 2019;10:239. https://doi.org/10.1038/s41419-019-1481-9.

60. Knott SRV, Wagenblast E, Khan S, Kim SY, Soto M, Wagner M, et al. Asparagine
bioavailability governs metastasis in a model of breast cancer. Nature.
2018;554:378–81. https://doi.org/10.1038/nature25465.

61. Zhang J, Fan J, Venneti S, Cross JR, Takagi T, Bhinder B, et al. Asparagine plays a
critical role in regulating cellular adaptation to glutamine depletion. Mol Cell.
2014;56:205–18. https://doi.org/10.1016/j.molcel.2014.08.018.

62. Krall AS, Xu S, Graeber TG, Braas D, Christofk HR. Asparagine promotes cancer cell
proliferation through use as an amino acid exchange factor. Nat Commun.
2016;7:11457. https://doi.org/10.1038/ncomms11457.

63. Singleton DC, Harris AL. Targeting the ATF4 pathway in cancer therapy. Expert Opin
Ther Targets. 2012;16:1189–202. https://doi.org/10.1517/14728222.2012.728207.

64. Liu C, Fu H, Liu X, Lei Q, Zhang Y, She X, et al. LINC00470 Coordinates the
Epigenetic Regulation of ELFN2 to Distract GBM Cell Autophagy. Mol Ther.
2018;26:2267–81. https://doi.org/10.1016/j.ymthe.2018.06.019.

65. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, et al. Regulated
translation initiation controls stress-induced gene expression in mammalian cells.
Mol Cell. 2000;6:1099–108. https://doi.org/10.1016/s1097-2765(00)00108-8.

66. Hao S, Sharp JW, Ross-Inta CM, McDaniel BJ, Anthony TG, Wek RC, et al.
Uncharged tRNA and sensing of amino acid deficiency in mammalian piriform
cortex. Science. 2005;307:1776–8. https://doi.org/10.1126/science.1104882.

ACKNOWLEDGEMENTS
The authors would like to thank Quentin Liu’s laboratory members for their critical
comments and technical support. This research work was supported by the National
Natural Science Foundation of China (82341020 to Q.L., 82173367 to ZF.W., 82303009
to B.D., 82302929 to NN.C., 81972594 to M.Y. and 82200205 to YC.Z.), the Science
Fund for Creative Research Groups of the National Natural Science Foundation of
China (82321003 to Q.L.), the National Key R&D Program of China (2022YFA1104002
and 2019YFA0110300 to Q.L.), the Natural Science Foundation of Guangdong
(2022A1515010915 to ZF.W. and 2018A0303130299 to M.Y.), the Shenzhen Bay
Laboratory Research Funds (SZBL2021080601001 to Q.L.), the Science and
Technology Innovation Foundation of Dalian (2020JJ25CY008 to Q.L.), Cancer
Innovative Research Program of Sun Yat-sen University Cancer Center (CIRP-
SYSUCC-0019 to Q.L.) and the Fundamental Research Funds for the Central
Universities (19ykpy187 to M.Y.).

AUTHOR CONTRIBUTIONS
Conceptualization, ZFW, QL and BD; Methodology, BD, ZFW, FL, NNC, XHL, JL, NC,
JJW, XW, JL, MXF, ALC, ZJZ, BH, MY and YCZ; Investigation, QL and ZFW; Software,
ZFW and BD; Data Analysis, ZFW and BD; Writing-Review & Editing, ZFW, BD and QL;
Supervision, QL and ZFW; Funding Acquisition, LQ, ZFW, BD, NNC, MY and YCZ.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS
All animal procedures were approved by the Institutional Animal Care and Use
Committee of the Sun Yat-sen University Cancer Center (IRB Approval Nos.
L025501202301014).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-06577-x.

Correspondence and requests for materials should be addressed to Zifeng Wang or
Quentin Liu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

B. Deng et al.

14

Cell Death and Disease          (2024) 15:233 

https://doi.org/10.4161/epi.6.3.14408
https://doi.org/10.4161/epi.6.3.14408
https://doi.org/10.1158/2159-8290.CD-20-0282
https://doi.org/10.1158/2159-8290.CD-20-0282
https://doi.org/10.1158/1078-0432.CCR-19-1237
https://doi.org/10.1158/1078-0432.CCR-19-1237
https://doi.org/10.7554/eLife.18970
https://doi.org/10.1016/j.jtho.2020.11.015
https://doi.org/10.1016/j.jtho.2020.11.015
https://doi.org/10.1016/j.cell.2015.07.016
https://doi.org/10.1016/j.cell.2015.07.016
https://doi.org/10.1186/s13059-014-0554-4
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1016/j.stem.2022.06.004
https://doi.org/10.1016/j.tem.2009.05.008
https://doi.org/10.1016/j.tem.2009.05.008
https://doi.org/10.1016/j.ccell.2017.12.003
https://doi.org/10.1158/0008-5472.CAN-10-2939
https://doi.org/10.1038/emboj.2010.81
https://doi.org/10.1016/j.cmet.2019.11.012
https://doi.org/10.1038/nm.4407
https://doi.org/10.1158/0008-5472.CAN-10-0384
https://doi.org/10.1016/j.jtho.2022.09.225
https://doi.org/10.1016/j.cllc.2020.10.006
https://doi.org/10.1158/2159-8290.CD-18-0469
https://doi.org/10.1038/ncomms14098
https://doi.org/10.1038/ncomms14098
https://doi.org/10.1038/s41467-018-05694-4
https://doi.org/10.1038/s41568-021-00378-6
https://doi.org/10.1038/s42255-020-0195-8
https://doi.org/10.1038/cgt.2016.28
https://doi.org/10.1038/s41419-019-1481-9
https://doi.org/10.1038/nature25465
https://doi.org/10.1016/j.molcel.2014.08.018
https://doi.org/10.1038/ncomms11457
https://doi.org/10.1517/14728222.2012.728207
https://doi.org/10.1016/j.ymthe.2018.06.019
https://doi.org/10.1016/s1097-2765(00)00108-8
https://doi.org/10.1126/science.1104882
https://doi.org/10.1038/s41419-024-06577-x
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

B. Deng et al.

15

Cell Death and Disease          (2024) 15:233 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	AURKA emerges as a vulnerable target for KEAP1-deficient non-small cell lung cancer by activation of asparagine synthesis
	Introduction
	Results
	CRISPR/Cas9 metabolic screens identified KEAP1 as a significantly negatively selected gene for AURKA inhibition
	KEAP1 deficiency sensitizes NSCLC cells to AURKA inhibition through NRF2 activation
	AURKA inhibition downregulates biosynthesis of amino�acids
	KEAP1 deficiency intensifies AURKA inhibition-mediated eIF2α-ATF4-ASNS pathway downregulation and apoptosis
	AURKA interacts with GCN2 and eIF2α to regulate their phosphorylation
	Dependence of KEAP1-deficient NSCLC cells on ASNS determines their increased sensitivity to AURKA inhibition

	Discussion
	Materials and methods
	Cell culture, transfection and transduction
	Plasmid construction
	CRISPR/Cas9 metabolic library screen and sequencing
	RNA Extraction and qRT-PCR
	RNA sequencing (RNA-seq)
	Colony formation�assay
	Cell viability�assay
	Apoptosis analysis
	Western�blot
	Co-Immunoprecipitation (Co-IP)
	In vitro kinase�assay
	Mouse experiments
	Bioinformatics analysis
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics
	ADDITIONAL INFORMATION




