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Abstract: Aspirin is one of the most promising over-the-counter drugs to repurpose for cancer
treatment. In particular, aspirin has been reported to be effective against PIK3CA-mutated colorectal
cancer (CRC); however, little information is available on how the PIK3CA gene status affects its efficacy.
We found that the growth inhibitory effects of aspirin were impaired upon glutamine deprivation in
PIK3CA-mutated CRC cells. Notably, glutamine dependency of aspirin-mediated growth inhibition
was observed in PIK3CA-mutated cells but not PIK3CA wild type cells. Mechanistically, aspirin
induced G1 arrest in PIK3CA-mutated CRC cells and inhibited the mTOR pathway, inducing
the same phenotypes as glutamine deprivation. Moreover, our study including bioinformatic
approaches revealed that aspirin increased the expression levels of glutaminolysis-related genes
with upregulation of activating transcription factor 4 (ATF4) in PIK3CA-mutated CRC cells. Lastly,
the agents targeting glutaminolysis demonstrated significant combined effects with aspirin on
PIK3CA-mutated CRC cells. Thus, these findings not only suggest the correlation among aspirin
efficacy, PIK3CA mutation and glutamine metabolism, but also the rational combinatorial treatments
of aspirin with glutaminolysis-targeting agents against PIK3CA-mutated CRC.
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) have held great promise as a repurposed
drug for the prevention and treatment of cancer, especially colorectal cancer (CRC) [1,2]. Notably,
randomized trials of aspirin for the prevention of cardiovascular and cerebrovascular events suggested
that regular aspirin use could reduce the incidence and mortality of CRC [3,4]. As for the treatment
for CRC, a recent study suggested that regular use of aspirin after CRC diagnosis can prolong the
survival of patients with PIK3CA active mutations [5], and this was confirmed by other large cohort

Cancers 2020, 12, 1097; doi:10.3390/cancers12051097 www.mdpi.com/journal/cancers

http://www.mdpi.com/journal/cancers
http://www.mdpi.com
https://orcid.org/0000-0002-5015-0379
https://orcid.org/0000-0003-1110-0827
http://www.mdpi.com/2072-6694/12/5/1097?type=check_update&version=1
http://dx.doi.org/10.3390/cancers12051097
http://www.mdpi.com/journal/cancers


Cancers 2020, 12, 1097 2 of 15

studies [6,7]. Thus, the PIK3CA status may be a predictor to stratify CRC patients who will benefit
from adjuvant therapy using aspirin.

PIK3CA mutations are observed among 10%–20% of CRC cases [8] and influence its malignant
features. For example, PIK3CA mutations in two hot spots in both exons 9 and 20 may be associated with
a poorer prognosis [9,10]. As another example, PIK3CA mutations negatively impact the response of
CRC to first-line chemotherapies, including FOLFOX, XELOX and FOLFIRI [11] and anti-EGFR-targeted
therapies [12]. Furthermore, PIK3CA mutations induce metabolic vulnerabilities in CRC cells. Whereas
the growth of PIK3CA-mutated cancer including CRC is dependent on glucose metabolism [13],
recent reports demonstrated that PIK3CA mutations in CRC confer the dependency on glutamine
metabolism [14], which may be targetable to suppress the growth of PIK3CA-mutated CRC [15].

These observations mentioned above imply relationships among the status of the PIK3CA
gene, metabolic dependency and the sensitivity to aspirin in CRC cells; however, the impact of
aspirin on cancer metabolism and how it affects the sensitivity to aspirin in PIK3CA-mutated CRC
is not well characterized. In the present study, we found that aspirin requires glutamine to inhibit
cell growth in PIK3CA-mutated CRC cells. Furthermore, we demonstrated that aspirin promotes
glutaminolysis partially due to activating transcription factor 4 (ATF4)-driven transcriptional program.
Lastly, based on these findings, we propose the rationalized combinatorial strategy of aspirin with
glutaminolysis-targeting agents against PIK3CA-mutated CRC.

2. Results

2.1. Aspirin-Mediated Growth Inhibition is Dependent on Glutamine in PIK3CA-Mutated Cells

It was previously reported that glutamine deprivation significantly reduces the proliferation of
PIK3CA mutant, but not the wild type, cancer cells [14]. Consistent with this, human CRC HCT-15 and
HCT116 cells harboring PIK3CA mutations accelerated cell growth in a glutamine dose-dependent
manner (Figure 1a,b), whereas PIK3CA wild type human CRC SW480 cells were not affected by
glutamine supplementation (Figure 1c). We then examined whether the sensitivity to aspirin is affected
by glutamine deprivation and the gene status of PIK3CA. Glutamine deprivation partially impaired
the growth inhibitory effects of aspirin in HCT-15 and HCT116 cells (Figure 1d,e and Figure S1a,b).
To confirm these findings, we used isogenic human CRC parental SW48 cells and SW48 cell clones with
the knock-in PIK3CA mutation. Glutamine dependency of aspirin-mediated growth inhibition was
observed in PIK3CA-mutated SW48 cells but not wild type cells (Figure 1f,g and Figure S1c,d). Indeed,
although glutamine deprivation did not affect the IC50 values of aspirin in PIK3CA wild type cells,
the median IC50 value in PIK3CA-mutated cells was significantly higher under glutamine-deprived
conditions than in normal medium culture conditions (Figure 1h). This suggests that aspirin requires
glutamine to sufficiently suppress cell growth in PIK3CA-mutated cells.
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Figure 1. Aspirin-mediated growth inhibition depends on glutamine in PIK3CA-mutated cells.
(a–c) Glutamine dependency of cell growth. HCT-15 (PIK3CA MT) (a), HCT116 (PIK3CA MT) (b) and
SW480 (PIK3CA WT) (c) cells were incubated with glutamine (Q) at the indicated concentrations for
72 hr. Cell viability was measured by the Cell Counting Kit-8 assay. The data obtained with 2 mM
Q were taken as 100%. Columns, means (n = 3); bars, s.d. ** p < 0.01, significantly different from the
2 mM Q-treated control. (d–g) Glutamine dependency of the inhibitory effects of aspirin (ASA) on
growth in PIK3CA wild type and mutated cells. HCT-15 (d), HCT116 (e), SW48 MT (PIK3CA MT) (f)
and SW48 WT (PIK3CA WT) (g) cells were treated with ASA at the indicated concentrations for 72 hr
with or without 2 mM Q. The data obtained with dimethyl sulfoxide (DMSO)-treated controls were
taken as 100%. Columns, means (n = 3); bars, s.d. * p < 0.05, ** p < 0.01, significantly different from
the DMSO-treated control. (h) The comparison of IC50 values of ASA in PIK3CA MT and WT cells
incubated with or without glutamine. The IC50 values of ASA in SW48 PIK3CA-mutated and wild
type cells incubated with or without 2 mM Q were calculated. The grouped IC50 values from three
independent experiments are shown as box plots. Statistical analyses were performed using one-way
ANOVA with Tukey’s post-hoc test (a–g) and two-tailed t-test (h).

2.2. Glutamine Depletion Mirrors the Effects of Aspirin on the Cell Cycle and the mTOR Pathway in
PIK3CA-Mutated Cells

We next performed cell cycle analysis to investigate the mechanism of glutamine dependency of
aspirin sensitivity in PIK3CA-mutated cells. First, in HCT-15 cells, glutamine deprivation induced G1
arrest (Figure 2a). Similar to glutamine deprivation, aspirin treatment also induced G1 arrest under
normal culture conditions (Figure 2a). Of note, aspirin treatment in the glutamine-depleted medium did
not cause additional accumulation of cells in the G1 phase (Figure 2a), suggesting that aspirin targets
the same pathway as glutamine deprivation. The same trend was observed with HCT116 (Figure 2b),
whereas the cell cycle distribution of SW480 cells was affected by neither aspirin nor glutamine
deprivation (Figure 2c). As we did not observe the induction of cell death in these experimental
settings (Figure S2a–c), it was considered that the induction of G1 arrest by aspirin contributed to the
efficacy of aspirin and was specific to PIK3CA mutation. To further explore the common molecular
mechanisms of aspirin and glutamine deprivation, we next performed Western blotting. As glutamine
stimulates mTORC1 activation [16], we focused on the mTOR pathway. As expected, glutamine
deprivation markedly inhibited the phosphorylation of the two major substrates of mTORC1, ribosomal
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protein S6 kinase (S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1),
in both HCT-15 (Figure 2d and Figure S6a) and HCT116 (Figure 2e and Figure S6b) cells. As with
glutamine deprivation, aspirin also inhibited the phosphorylation of S6K and 4E-BP1 in both cell
lines (Figure 2d,e). Taken together, these results demonstrate that aspirin and glutamine deprivation
similarly target the mTOR pathway, whose inactivation may be required for the antitumor efficacy of
aspirin in PIK3CA-mutated cells.

Figure 2. Aspirin and glutamine depletion induce G1 arrest and inhibit the mTOR pathway. (a–c) Cell
cycle analysis of HCT-15, HCT116 and SW480 cells treated with aspirin (ASA) with or without glutamine
(Q). HCT-15 (a), HCT116 (b) and SW480 (c) cells were treated with dimethyl sulfoxide (DMSO) or
2 mM ASA with or without 2 mM Q. After being incubated for 48 hr, the DNA content of the cells was
measured by flow cytometry. The percentages of cells in the G1, S and G2/M phases of the cell cycle are
shown. Columns, means (n = 3); bars, s.d. ** p < 0.01, significantly different from the DMSO-treated
control with Q. (d,e) Effects on the mTOR pathway in PIK3CA-mutated cells treated with ASA with or
without glutamine. Phosphorylated S6K at threonine 389, total S6K, phosphorylated 4E-BP1 at serine
65 and total 4E-BP1 were analyzed by Western blotting in HCT-15 (d) and HCT116 (e) cells treated
with DMSO or 2 mM ASA with or without 2 mM Q for 48 hr. β-Actin was used as a loading control.
Statistical analyses were performed using two-tailed t-test (a–c).

2.3. Aspirin Broadly Upregulates Glutaminolysis-Related Genes

As the antitumor phenotype and molecular behavior of aspirin resemble those of glutamine
deprivation, we hypothesized that aspirin can perturb glutamine metabolism. We then bioinformatically
explored comprehensive gene expressions induced by aspirin. First, we performed RNA sequencing
analysis of HCT-15 cells treated with DMSO or aspirin, and gene set enrichment analysis (GSEA) [17].
GSEA using the “GO Biological Process” datasets identified the pathways related to amino acid
transport to be enriched in aspirin-treated cells (Figure 3a, Figure S3a,b). More interestingly, another
“Molecular Signatures Database (MSigDB) Curated Gene Sets” showed that gene sets related to
glutamine depletion were enriched in aspirin-treated cells (Figure 3b, Figure S4a,b). Second, we
analyzed an available microarray dataset that evaluated the differential gene expressions induced
by aspirin treatment in human CRC PIK3CA-mutated DLD-1 cells (as a genetically identical cell
line to HCT-15 [18]) and PIK3CA wild type SW620 cells (as a cell line carrying identical mutation
profiles to SW480 [19]) [20]. We noticed that the gene set of glutamine family amino acid catabolic
process (GO:0009065) was enriched in gene ontology analysis in DLD-1 cells, while not in SW620 cells
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(Figure S5a,b). In this microarray experiment, glutaminolysis-related genes (i.e., GLS, GLUD1, GLUD2,
ASNS, GOT1, GPT2, SLC1A5, SLC7A5 and SLC7A11) were increased following aspirin treatment in
DLD-1 cells (Figure 3c). We then successfully confirmed the increase in mRNA expressions of ASNS,
SLC7A11, SLC7A5, GPT2 and GLS genes induced by aspirin treatment (Figure 3d). Furthermore, aspirin
induced the upregulation of GPT2, GLS and ASNS at the protein level (Figure 3e and Figure S6c). Taken
together, aspirin may transcriptionally upregulate glutaminolysis-related genes in PIK3CA-mutated
cells, mirroring the mode of actions of glutamine deprivation.

Figure 3. Aspirin upregulates glutaminolysis-related genes in PIK3CA-mutated cells. (a,b) Gene
sets of ”GO biological process” (a) and “Molecular Signatures Database (MSigDB) Curated Gene
Sets”(b) enriched in RNA-seq analysis of HCT-15 cells treated with 2 mM aspirin (ASA) for 24 hr.
Gene sets with FDR q-value < 0.2 were considered as enriched. Top 10 normalized enrichment
score (NES) were shown. (c) Global expression of glutaminolysis-related genes of publicly available
microarray data in PIK3CA-mutated cells treated with ASA [20]. Logarithmic fold change of gene
expression related to glutaminolysis in DLD-1 cells treated with 3 mM ASA compared with dimethyl
sulfoxide (DMSO)-treated cells. (d) Confirmation of the upregulation of glutaminolysis-related genes
in PIK3CA-mutated cells treated with ASA. The mRNA expression of glutaminolysis-related genes
was measured by real-time RT–PCR in HCT-15 cells treated with DMSO or 2 mM ASA for 24 or
48 hr. Each mRNA level was normalized to that of β2MG, and the data obtained with DMSO-treated
controls were taken as 1.0. Columns, means (n = 3); bars, s.d. (e) Confirmation of the upregulation of
glutaminolysis-related proteins in PIK3CA-mutated cells treated with ASA. Glutaminolysis-related
proteins were analyzed by Western blotting in HCT-15 cells treated with ASA for 48 hr. β-Actin was
used as a loading control.

2.4. Aspirin Induces ATF4 Gene Expression via the ER Stress-Independent Mechanism

We next investigated how aspirin upregulates the mRNA expression of glutaminolysis-related
genes. As activating transcription factor 4 (ATF4) is reported to be upregulated by deprivation of
glutamine [21,22], we speculated that ATF4 binds to promoters of the 13 glutaminolysis-related genes,
which were analyzed by a microarray (Figure 3c), to upregulate their expressions. To test this possibility,
we performed motif enrichment analysis of the promoter sequences and noted enrichment (p-value =

6.17× 10−3) of the binding sites of ATF4 in four genes (ASNS, GPT2, SLC1A5 and SLC7A11; Figure 4a).
These binding site sequences were highly matched to the ATF4 consensus motif deduced from a large
ChIP-seq dataset and well conserved (Figure 4a), suggesting that ATF4 directly controls their expression
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at the transcriptional level. We next investigated whether aspirin affects the expression level of ATF4.
As shown in Figure 4b, 2 mM aspirin treatment time-dependently increased ATF4 expression at the
mRNA level in HCT-15 cells. Of note, ATF4 upregulation induced by aspirin was to a similar degree as
that by glutamine deprivation (Figure 4c and Figure S6d). Furthermore, to investigate the mechanism(s)
of aspirin-induced ATF4 upregulation, we evaluated endoplasmic reticulum (ER) stress, which is
known to be a major trigger of ATF4 induction [23]. However, no fluctuation in the phosphorylation of
eIF2α (p-eIF2α) as an ER stress marker was observed (Figure 4d and Figure S6e). This suggests that
aspirin induces ATF4 through ER stress-independent mechanism(s) to promote glutaminolysis.

Figure 4. Aspirin induces ATF4 expression in PIK3CA-mutated cells. (a) Analysis of motif enrichment
in the promoter sequences of the glutaminolysis-related genes. An ATF4 consensus motif was found in
the promoters of ASNS, GPT2, SLC1A5 and SLC7A11. RefSeq accession numbers of each transcript
are shown. Matched consensus sequences are noted in capitals and highly conserved sequences are
noted in bold. (b) Analysis of ATF4 mRNA induction in PIK3CA-mutated cells treated with aspirin
(ASA). The expression of ATF4 mRNA was measured by real-time RT–PCR in HCT-15 cells treated with
2 mM ASA for 6 hr and 24 hr. ATF4 mRNA was normalized to β2MG mRNA, and the data obtained
with dimethyl sulfoxide (DMSO)-treated controls were taken as 1.0. Columns, means (n = 3); bars, s.d.
(c) ATF4 protein expressions in PIK3CA-mutated cells treated with ASA with or without glutamine.
ATF4 expression was analyzed by Western blotting in HCT-15 treated with DMSO or 2 mM ASA for
48 hr with or without 2 mM glutamine (Q). β-Actin was used as a loading control. (d) Analysis of
the relationship between ATF4 protein expression and ER stress. ATF4, phosphorylated eukaryotic
initiation factor 2α (eIF2α) at serine 51 and total eIF2α were analyzed by Western blotting in HCT-15
cells treated with 2 mM ASA for the indicated times. β-Actin was used as a loading control.

2.5. Glutaminolysis-Targeting Agents Increase the Efficacy of Aspirin in PIK3CA-Mutated Cells

As recently reported, altered glutaminolysis may be a therapeutically targetable vulnerability of
cancer [24]. During glutaminolysis, glutaminase (GLS) and aminotransferases (GOT and GPT) convert
glutamine to α-ketoglutarate (αKG), which eventually enters the TCA cycle to supply biosynthetic
processes. In addition, glutamate regulates the homeostasis of intracellular reactive oxygen (ROS) with
the cystine/glutamate exchange transporter (xCT, coded by the SLC7A11 gene; Figure 5a). We thus
hypothesized that aspirin-induced glutaminolysis should be suppressed in order to further sensitize
cells to aspirin. First, we used CB-839, which is an orally bioavailable inhibitor of GLS, to be combined
with aspirin. The combination of aspirin with CB-839 resulted in more significant inhibition of cell
growth than each single agent in HCT-15 (Figure 5b) and HCT116 (Figure 5c) cells. Next, cotreatment
of aspirin with aminooxyacetate (AOA), a compound that inhibits the enzymatic activity of GOT
and GPT, exhibited combined effects on growth inhibition in both cell lines (Figure 5d,e). Lastly,
salazosulfapyridine (SASP), an inhibitor of xCT, also led to less cell growth than each agent alone when
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combined with aspirin (Figure 5f,g). These results suggest that inhibition of the enzymes or transporter
involved in the glutamine pathway increase the efficacy of aspirin in PIK3CA-mutated cells.

Figure 5. Glutaminolysis-targeting agents increase the inhibitory effects of aspirin on growth in
PIK3CA-mutated cells. (a) Schematic of the sequential enzymatic reactions of glutamine metabolism
with inhibitors for each step. (b,c) Combined growth inhibition of PIK3CA-mutated cells treated with
aspirin (ASA) and GLS inhibitor. HCT-15 cells (b) were treated with 2 mM ASA and/or 10 µM CB-839
for 96 hr. HCT116 cells (c) were treated with 2 mM ASA and/or 10 nM CB-839 for 72 hr. (d,e) Combined
growth inhibition of PIK3CA-mutated cells treated with ASA and the GOT/GPT inhibitor. HCT-15 (d)
and HCT116 (e) cells were treated with 2 mM ASA and/or 5 mM aminooxyacetate (AOA) for 72 hr.
(f,g) Combined growth inhibition of PIK3CA-mutated cells treated with ASA and xCT inhibitor. HCT-15
cells (f) were treated with 2 mM ASA and/or 1 mM salazosulfapyridine (SASP) for 72 hr. HCT116 cells
(g) were treated with 2 mM ASA and/or 0.5 mM SASP for 72 hr. The data obtained with dimethyl
sulfoxide (DMSO) were taken as 100%. Cell viability was measured using the Cell Counting Kit-8 assay.
The data obtained with DMSO-treated controls were taken as 100%. Columns, means (n = 3); bars, s.d.
** p < 0.01, significantly different from the DMSO-treated control. Statistical analyses were performed
using a two-tailed t-test (b–g).

2.6. Cotreatment of Aspirin with Glutaminolysis-Targeting Agents Exhibits Combinatorial Effects in
Long-Term Incubation

We also examined the combinatorial effects of aspirin with each glutaminolysis-targeting agent
during long-term incubation of cells. Similar to the results of cell viability assays during a drug
exposure period of 72 or 96 hr (Figure 5d–g), the combination of aspirin with CB-839, AOA or SASP
resulted in more significant inhibition of colony formation than a single agent alone in HCT-15 cells
(Figure 6a–f). Based on these data, aspirin-mediated promotion of glutaminolysis via the upregulation
of GLS, GPT2 and xCT may make PIK3CA-mutated cells vulnerable to glutaminolysis-targeting agents.
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Figure 6. Cotreatment of aspirin with glutaminolysis-targeting agents exhibited combinatorial effects
during long-term incubation of PIK3CA-mutated cells. (a,b) The colony formation of PIK3CA-mutated
cells treated with aspirin (ASA) and GLS inhibitor. HCT-15 cells were treated with 2 mM ASA and/or
10 µM CB-839 for 6 days. (c,d) The colony formation of PIK3CA-mutated cells treated with ASA and
GOT/GPT inhibitor. HCT-15 cells were treated with 2 mM ASA and/or 5 mM aminooxyacetate (AOA)
for 6 days. (e,f) The colony formation of PIK3CA-mutated cells treated with ASA and xCT inhibitor.
HCT-15 cells were treated with 2 mM ASA and/or 0.5 mM salazosulfapyridine (SASP) for 6 days.
The representative images of stained colonies are shown (a,c,e). Colony numbers were calculated by
comparing with the dimethyl sulfoxide (DMSO)-treated control (b,d,f). Columns, means (n = 3); bars,
s.d. Statistical analyses were performed using a two-tailed t-test (b,d,f). (g) Schematic representation
of two different aspects of the antitumor activity of ASA in PIK3CA-mutated cells. In addition to
inhibiting the mTOR pathway and inducing G1 arrest, ASA increases glutaminolysis and sensitizes
PIK3CA-mutated cells by targeting glutaminolysis.

3. Discussion

In the present study, we demonstrated that aspirin had two different aspects of antitumor activity
in PIK3CA-mutated CRC cells: (i) inhibitory effects on the mTOR pathway and the induction of G1
arrest and (ii) promotion of glutaminolysis and combinatorial effects with glutaminolysis-targeting
agents (Figure 6g). Although aspirin has been recently focused on for its antitumor effects, especially
for CRC patients bearing PIK3CA mutations, which are expected to be a predictive marker to stratify
responders to aspirin treatment [5], we first clarified aspirin-mediated metabolic perturbation of
glutaminolysis, which may be targetable to further sensitize PIK3CA-mutated cells to aspirin.

The antitumor mechanisms of action of aspirin have been investigated from the perspective of
both cyclooxygenase-2 (COX-2)-dependent and independent manners [25]. As mRNA expression of
COX-2 was not detected in HCT-15 [26] or HCT116 cells [27], the aspirin-mediated antitumor activity
observed in our study was independent of COX-2 expression.

Our study may improve our understanding of why aspirin administration is associated with
increased survival for patients with PIK3CA-mutated CRC [5]. Some previous reports led to possible
interpretations for this clinical question. A recent report demonstrated that G1 arrest-inducing ability
of aspirin is stronger in cells with PIK3CA mutations than those with wild type using mathematical
modeling with in vitro assays [28]. Another report clearly showed that aspirin more markedly induced
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not only G1 arrest but also apoptosis in PIK3CA-mutated CRC cells than wild type cells [29]. We
also found that aspirin induced G1 arrest by inhibiting the mTOR pathway in PIK3CA-mutated cells
(Figure 2), consistent with previous observations [30,31]. As the mTOR pathway is downstream of
PI3K, aspirin-mediated mTOR inhibition may explain why PIK3CA-mutated cells are more sensitive
to aspirin than wild type PIK3CA cells. On the other hand, our novel finding that aspirin promotes
glutaminolysis may require a new explanation. Consistent with recent reports [14,32], PIK3CA-mutated
cells needed glutamine to proliferate (Figure 1a,b). We also found that aspirin-mediated growth
inhibitory effects were dependent on the presence of glutamine in PIK3CA-mutated cells (Figure 1d–f).
We therefore speculated that aspirin treatment might be useful for cancers that require glutamine for
progression such as PIK3CA-mutated CRC, although preclinical and clinical studies are needed.

We found that aspirin and glutamine deprivation induced the same phenotypes such as G1 arrest
(Figure 2a,b), inhibition of the mTOR pathway (Figure 2d,e) and upregulation of ATF4 (Figure 4c) in
PIK3CA-mutated CRC cells. Consistently, RNA-seq analysis showed that gene sets related to glutamine
depletion were enriched in aspirin-treated PIK3CA-mutated cells (Figure 3b and Figure S4a,b). These
data imply that aspirin may deplete glutamine in the medium, whose mechanism may be explained
by the expression of the SLC1A5 gene (coding ASCT2, neutral amino acid transporter-2) after aspirin
treatment (Figure 3c,d). That is, considering that glutamine is transported into the cell by ASCT2,
aspirin-induced ASCT2 may promote glutamine uptake, resulting in depletion of glutamine in the
medium, although further studies including metabolites tracing analysis are needed to address the
precise mechanisms involved in this process.

Another novel finding taken from our study is that aspirin upregulated ATF4 expression at the
mRNA level (Figure 4b), which may partially account for the increased glutaminolysis. Although
it is well known that ER stress promotes the translation of ATF4 mRNA, we did not observe the
phosphorylation of eIF2α (Figure 4d), which is a representative marker of ER stress. A recent report
demonstrated that mTORC1 controls ATF4 expression by regulating both the translation and stability
of its mRNA [33]; however, aspirin inhibited the mTOR pathway in our study (Figure 2d,e). Of note,
glutamine deprivation led to the upregulation of ATF4 mRNA under activation of the KRAS-PI3K
axis [22]. Considering that aspirin phenocopied the effects of glutamine deprivation (Figure 2,
Figure 3b, Figure 4c and Figure S4a,b) in PIK3CA-mutated HCT-15 cells, which also has KRAS mutation,
aspirin may perturb glutamine metabolism with upregulating ATF4 mRNA analogous to glutamine
deprivation, whose mechanism(s) should be further investigated.

Aspirin-mediated promotion of glutaminolysis may provide novel therapeutic insights. In the
present study, we examined three candidate agents with aspirin: GLS, GOT/GPT and xCT inhibitors.
CB-839 has been reported to be effective for several types of solid cancers [34,35] and hematological
malignancies [36,37] and many clinical trials of CB-839, including targeting PIK3CA-mutated CRC
(ClinicalTrials.gov identifier: NCT02861300), are ongoing. Moreover, GLS was reported to increase
following mTOR inhibition, thereby providing rationale for the combination of a GLS inhibitor with an
mTOR inhibitor [38,39]. Therefore, aspirin-mediated mTOR inhibition resulted in the upregulation of
GLS independently of ATF4 (Figure 3c,d) and exhibited combined effects on cell growth with GLS
inhibition (Figure 5b,c and Figure 6a,b). As for GOT/GPT inhibitors, GPT2 inhibition is expected to
be an effective approach to treat PIK3CA-mutated CRC [15]. Salazosulfapyridine (SASP), which is
in the phase I study as a specific xCT inhibitor, increased the progression-free survival of patients
with advanced non-small cell lung cancer by targeting CD44v-positive cancer stem cells [40]. Of note,
a recent report demonstrated that combined inhibition of xCT and the mTOR pathway resulted in
synergistic effects on cell growth [41], further supporting that SASP enhanced the efficacy of “mTOR
inhibiting” aspirin. Thus, aspirin may increase the metabolic vulnerability to glutaminolysis inhibition,
providing a rationale for combining aspirin with glutaminolysis-targeting agents. As our study
was limited to PIK3CA-mutated CRC cell lines growing in culture, in vivo experiments using mice
xenograft of PIK3CA-mutated CRC cells including PDX models are needed to lead to translation of
these combinations to the clinic.
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4. Materials and Methods

4.1. Cell Lines and Culture

Human colon cancer cell lines HCT-15, HCT116 and SW480 were obtained from the American
Type Culture Collection. SW48 PIK3CA (E545K/+) and SW48 PIK3CA WT were obtained from Horizon
Discovery (Waterbeach, UK). The authenticity of each cell line was confirmed by short tandem repeat
profiling at each cell bank. All cell lines were confirmed to be negative for mycoplasma infection using
the MycoAlert Mycoplasma Detection Kit (Lonza, Rockland, ME, USA) and used within three months
after thawing. All cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum, 2 mM
glutamine, 50 U/mL of penicillin and 100 µg/mL of streptomycin. The culture medium was used
within two weeks to avoid degradation of L-glutamine. Cells were incubated at 37 ◦C in a humidified
atmosphere of 5% CO2.

4.2. Reagents

Aspirin, aminooxyacetate (AOA) and salazosulfapyridine (SASP) were obtained from Sigma
(Saint Louis, MO, USA). CB-839 was obtained from Cayman Chemical (Ann Arbor, MI, USA). These
reagents were dissolved in the solvent dimethyl sulfoxide (DMSO) as stock solutions and diluted to
each working concentration in culture medium. Each agent was prepared at the stock concentration of
1 M (aspirin), 200 mM (SASP) and 10 mM (CB-839).

4.3. Cell Viability Assay

Cell viability was measured by a Cell Counting Kit-8 assay (Dojindo, Kumamoto, Japan) according
to the manufacturer’s instructions. Briefly, cells were seeded in 96-well plates (2.5–5.0 × 103 cells/well
in 100 µL) and cultured overnight. The next day, cells were treated with 100 µL of each diluted drug
in a total volume of 200 µL. After incubating the cells for indicated times, the kit reagent WST-8 was
added to the medium and incubated for 4 hr. The absorbance at 450 nm of the samples was measured
using SpectraMax iD5 (Molecular Devices, LLC, San Jose, CA, USA). All experiments shown were
replicated at least twice.

4.4. Cell Cycle Analysis and the Detection of Cell Death

Cells were seeded in 6-well plates (5 × 104 cells/well in 2 mL). After overnight culture, each
medium was removed, and cells were treated with 2 ml of each diluted drug. After incubating the
cells for indicated times, cells were harvested by trypsinization. After centrifugation at 20,400× g at
4 ◦C for 5 min, cells were suspended in PBS containing 0.1% Triton X-100 and 25 µg/mL of propidium
iodide. Stained cells were analyzed using FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA).
Data were analyzed using the Modfit LT software (Becton Dickinson) and Cell Quest software (Becton
Dickinson). DNA fragmentation was quantified by the percentage of hypodiploid DNA as the sub-G1
population. All experiments shown were replicated at least twice.

4.5. Protein Isolation and Western Blotting

Cells were lysed with lysis buffer containing 50 mM Tris-HCl, 1% sodium dodecyl sulfate, 1 mM
dithiothreitol and 0.43 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride. The lysates
were sonicated and centrifuged at 20,400× g at 4 ◦C for 20 min, and the supernatant was collected.
Equal amounts of the protein extract were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (EMD
Millipore, Billerica, MA, USA). The following were used as the primary antibodies: rabbit anti-human
S6K (#2708), phospho-S6K (Thr389) (#9234), anti-human 4E-BP1 (#9644), phospho-4E-BP1 (Ser65)
(#9451), ATF4 (#11815), ASCT2 (#8057), phospho-eIF2α (Ser51) (#9721), eIF2α (#9722) antibodies
(Cell Signaling Technology, Inc., Danvers, MA, USA), mouse anti-human β-actin antibody (A5441;
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Sigma), mouse anti-human ASNS antibody (G-10; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
anti-human GPT2 (16757-1-AP) antibody (Proteintech Group, Inc., Chicago, IL, USA), rabbit anti-human
Glutaminase (ab156876) and xCT(ab37185) antibodies (Abcam, Cambridge, UK). Signals were detected
with Chemi-Lumi One L (Nacalai Tesque, Kyoto, Japan) or Immobilon Western Chemiluminescent
HRP Substrate (EMD Millipore). All experiments shown were replicated at least twice.

4.6. RNA Isolation and Real-Time Quantitative Reverse Transcription-PCR

Total RNA was isolated from cells treated with each drug using Sepasol-RNA I (Nacalai Tesque)
according to the manufacturer’s instructions. Total RNA was reverse transcribed to complementary
DNA (cDNA) in a 20 µL reaction volume using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA). An equivalent volume of cDNA solution was
used for quantitative RT–PCR. cDNA was amplified using a QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA) with TaqMan Probes for ATF4 (Hs00909569_m1),
ASNS (Hs04186194_m1), GLS (Hs00248163_m1), GPT2 (Hs00370287_m1), SLC7A5 (Hs00185826_m1),
SLC7A11 (Hs00921938_m1) and β2MG (Hs00984230_m1; Applied Biosystems). The expression of each
mRNA was normalized to that of β2MG mRNA in the same sample. All experiments shown were
replicated twice.

4.7. Microarray Analysis

Microarray datasets of DLD-1 cells treated with dimethyl sulfoxide (DMSO) or 3 mM aspirin
for 24 hr were obtained from the supplemental information of a previous report [20]. The top 1000
upregulated genes were applied to enrichment analysis. Metascape (http://metascape.org/gp/index.
html#/main/step1; accessed on 20 February 2020) was used for enrichment analysis [42]. We designated
the following genes as glutaminolysis-related genes: GLS, GLS2, GLUL, GLUD1, GLUD2, ASNS, GOT1,
GOT2, GPT1, GPT2, SLC1A5, SLC7A5 and SLC7A11.

4.8. RNA Sequencing

Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen) and processed using TruSeq
Stranded mRNA Sample Prep Kit (Illumina, San Diego, CA, USA). Poly(A) RNA libraries were then
constructed using TruSeq Stranded mRNA Library Preparation Kit (Illumina, San Diego, CA, USA),
and sequenced at 100 bp paired-ends on an Illumina NovaSeq6000 platform. Sequencing data in
FASTQ format will be provided during review.

4.9. RNA-Seq Data Analysis

RNA-seq reads were then quantified using ikra v1.2.2 [43], an RNA-seq pipeline centered on
Salmon [44]. Ikra automates the RNA-seq data analysis process, which includes quality control of
reads (Trim Galore version 0.4.1 [45] with Cutadapt version 1.9.1 [46]) and transcript quantification
(Salmon version 0.14.0 with reference transcript sets in GENCODE release 31 for human). These tools
were used with default parameters in ikra. Count tables were imported into integrated Differential
Expression and Pathway analysis (iDEP v0.90), an integrated web application for pathway analysis of
RNA-Seq data [47]. The quantified transcript reads were filtered with 0.5 counts per million (CPM)
in at least one sample and transformed, using EdgeR: log2(CPM + c), with pseudocount c = 4. Gene
set enrichment analysis (GSEA) was performed as part of the iDEP software with fold-change values
returned by DESeq2. False positive rate (FDR) q-value < 0.2 were considered as enriched and were
further investigated.

4.10. Motif Enrichment Analysis in Promoter Sequences of the Glutaminolysis-Related Genes

Genomic sequences 1000 bases upstream of the annotated transcription starts of RefSeq
genes (human genome assembly GRCh38/hg38) were obtained from the UCSC genome
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browser (http://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/). Promoter sequences for the
glutaminolysis-related genes were extracted from the promoter sequences and used for analysis
of transcription factor-binding motif enrichment. AME software (http://meme-suite.org/) [48] and
HOCOMOCO v11 [49], a dataset of transcription factor-binding motifs obtained from a large ChIP-seq
dataset, were used to perform the analysis and calculate the p-value for motif enrichment.

4.11. Colony Formation Assay

Cells were seeded at a density of 2000 cells per well in 6-well plates. After incubating for 24 hr,
the cells were treated with each agent. The cells were fixed with 10% formalin and stained with 0.1%
crystal violet after incubation for another 6 days. The area of stained colonies was quantified using
ImageJ from the National Institutes of Health (Bethesda, MD, USA).

4.12. Statistical Analysis

All data are presented as the mean ± s.d. The significance of differences in the means among three
or more groups was analyzed by one-way analysis of variance using Tukey post-hoc tests, and that of
comparisons between two groups was tested using the two-tailed unpaired Student’s t-test. A value of
p < 0.05 was considered to be significantly different from each control.

5. Conclusions

We demonstrated aspirin-mediated inhibition of the mTOR pathway and the promotion of
glutaminolysis, further supporting the relationship between aspirin efficacy and mutated status of
the PIK3CA gene. This study also provides a plausible approach to increase the antitumor efficacy of
aspirin by targeting glutaminolysis in PIK3CA-mutated CRC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1097/s1,
Figure S1: Glutamine dependency of the inhibitory effect of aspirin on cell growth in PIK3CA wild type and
-mutated cells, Figure S2: The sub-G1 population after aspirin treatment with or without glutamine, Figure S3:
Heatmaps using gene sets of “GO biological process” derived from the RNA-seq analysis of PIK3CA-mutated
cells treated with aspirin, Figure S4: Heatmaps using gene sets of “Molecular Signatures Database (MSigDB)
Curated Gene Sets” derived from the RNA-seq analysis of PIK3CA-mutated cells treated with aspirin, Figure S5:
Differential enrichment analysis derived from the microarray analyses of aspirin-treated cells, Figure S6: The
uncropped Western blot bands used in this study.

Author Contributions: Conceptualization, S.B. and M.W.; data curation, S.B.; funding acquisition, M.W. and
K.H.; investigation, S.B., M.W, M.S., T.Y., K.H. and M.I.-O.; methodology, S.B. and M.W.; project administration,
M.W.; supervision, M.W. and T.S.; validation, S.B., M.W, T.Y., K.H. and T.S.; writing—original draft, S.B. and M.W.;
writing—review and editing, T.Y., K.H., K.I. and T.S.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Foundation for Cancer Research supported by Kyoto Preventive
Medical Center (Grant Number 30-049) and the branding program as a world-leading research university on
intractable immune and allergic diseases from MEXT Japan to KH.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rebecca, S.Y.W. Role of Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) in Cancer Prevention and Cancer
Promotion. Adv. Pharmacol. Sci. 2019, 2019, 3418975.

2. Vallée, A.; Lecarpentier, Y.; Vallée, J.N. Targeting the Canonical WNT/β-Catenin Pathway in Cancer Treatment
Using Non-Steroidal Anti-Inflammatory Drugs. Cells 2019, 8, 726. [CrossRef]

3. Rothwell, P.M.; Fowkes, F.G.R.; Belch, J.F.; Ogawa, H.; Warlow, C.P.; Meade, T.W. Effect of daily aspirin on
long-term risk of death due to cancer: Analysis of individual patient data from randomised trials. Lancet
2011, 377, 31–41. [CrossRef]

4. Rothwell, P.M.; Wilson, M.; Price, J.F.; Belch, J.F.; Meade, T.W.; Mehta, Z. Effect of daily aspirin on risk
of cancer metastasis: A study of incident cancers during randomised controlled trials. Lancet 2012, 379,
1591–1601. [CrossRef]

http://hgdownload.soe.ucsc.edu/goldenPath/hg38/bigZips/
http://meme-suite.org/
http://www.mdpi.com/2072-6694/12/5/1097/s1
http://dx.doi.org/10.3390/cells8070726
http://dx.doi.org/10.1016/S0140-6736(10)62110-1
http://dx.doi.org/10.1016/S0140-6736(12)60209-8


Cancers 2020, 12, 1097 13 of 15

5. Liao, X.; Lochhead, P.; Nishihara, R.; Morikawa, T.; Kuchiba, A.; Yamauchi, M.; Imamura, Y.; Qian, Z.R.;
Baba, Y.; Shima, K.; et al. Aspirin Use, Tumor PIK3CA Mutation, and Colorectal-Cancer Survival. N. Engl.
J. Med. 2012, 367, 1596–1606. [CrossRef] [PubMed]

6. Domingo, E.; Church, D.N.; Sieber, O.; Ramamoorthy, R.; Yanagisawa, Y.; Johnstone, E.; Davidson, B.;
Kerr, D.J.; Tomlinson, I.P.M.; Midgley, R. Evaluation of PIK3CA Mutation As a Predictor of Benefit From
Nonsteroidal Anti-Inflammatory Drug Therapy in Colorectal Cancer. J. Clin. Oncol. 2013, 31, 4297–4305.
[CrossRef] [PubMed]

7. Elwood, P.C.; Morgan, G.; Pickering, J.E.; Galante, J.; Weightman, A.L.; Morris, D.; Kelson, M.; Dolwani, S.
Aspirin in the Treatment of Cancer: Reductions in Metastatic Spread and in Mortality: A Systematic Review
and Meta-Analyses of Published Studies. PLoS ONE 2016, 11, e0152402. [CrossRef]

8. Liao, X.; Morikawa, T.; Lochhead, P.; Imamura, Y.; Kuchiba, A.; Yamauchi, M.; Nosho, K.; Qian, Z.R.;
Nishihara, R.; Meyerhardt, J.A.; et al. Prognostic Role of PIK3CA Mutation in Colorectal Cancer: Cohort
Study and Literature Review. Clin. Cancer Res. 2012, 18, 2257–2268. [CrossRef]

9. Kato, S.; Iida, S.; Higuchi, T.; Ishikawa, T.; Takagi, Y.; Yasuno, M.; Enomoto, M.; Uetake, H.; Sugihara, K.
PIK3CA mutation is predictive of poor survival in patients with colorectal cancer. Int. J. Cancer 2007, 121,
1771–1778. [CrossRef]

10. Cathomas, G. PIK3CA in colorectal cancer. Front. Oncol. 2014, 4, 35. [CrossRef]
11. Wang, Q.; Shi, Y.-L.; Zhou, K.; Wang, L.-L.; Yan, Z.-X.; Liu, Y.-L.; Xu, L.-L.; Zhao, S.-W.; Chu, H.-L.;

Shi, T.-T.; et al. PIK3CA mutations confer resistance to first-line chemotherapy in colorectal cancer.
Cell Death Dis. 2018, 9, 739. [CrossRef] [PubMed]

12. Sartore-Bianchi, A.; Martini, M.; Molinari, F.; Veronese, S.; Nichelatti, M.; Artale, S.; Di Nicolantonio, F.;
Saletti, P.; De Dosso, S.; Mazzucchelli, L.; et al. PIK3CA Mutations in Colorectal Cancer Are Associated with
Clinical Resistance to EGFR-targeted Monoclonal Antibodies. Cancer Res. 2009, 69, 1851–1857. [CrossRef]

13. Ilic, N.; Birsoy, K.; Aguirre, A.J.; Kory, N.; Pacold, M.E.; Singh, S.; Moody, S.E.; DeAngelo, J.D.; Spardy, N.A.;
Freinkman, E.; et al. PIK3CA mutant tumors depend on oxoglutarate dehydrogenase. Proc. Natl. Acad.
Sci. USA 2017, 114, E3434–E3443. [CrossRef] [PubMed]

14. Hao, Y.; Samuels, Y.; Li, Q.; Krokowski, D.; Guan, B.-J.; Wang, C.; Jin, Z.; Dong, B.; Cao, B.; Feng, X.; et al.
Oncogenic PIK3CA mutations reprogram glutamine metabolism in colorectal cancer. Nat. Commun. 2016,
7, 11971. [CrossRef] [PubMed]

15. Feng, X.; Hao, Y.; Wang, Z. Targeting glutamine metabolism in PIK3CA mutant colorectal cancers. Genes Dis.
2016, 3, 241–243. [CrossRef] [PubMed]

16. Jewell, J.L.; Kim, Y.C.; Russell, R.C.; Yu, F.-X.; Park, H.W.; Plouffe, S.W.; Tagliabracci, V.S.; Guan, K.-L.
Metabolism. Differential regulation of mTORC1 by leucine and glutamine. Science 2015, 347, 194–198.
[CrossRef]

17. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.;
Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

18. Chen, T.R.; Dorotinsky, C.S.; McGuire, L.J.; Macy, M.L.; Hay, R.J. DLD-1 and HCT-15 Cell Lines Derived
Separately from Colorectal Carcinomas Have Totally Different Chromosome Changes But the Same Genetic
Origin. Cancer Genet. Cytogenet. 1995, 81, 103–108. [CrossRef]

19. Ahmed, D.; Eide, P.W.; Eilertsen, I.A.; Danielsen, S.A.; Eknæs, M.; Hektoen, M.; Lind, G.E.; Lothe, R.A.
Epigenetic and genetic features of 24 colon cancer cell lines. Oncogenesis 2013, 2, e71. [CrossRef]

20. Zhu, Y.; Yang, C.; Weng, M.; Zhang, Y.; Yang, C.; Jin, Y.; Yang, W.; He, Y.; Wu, Y.; Zhang, Y.; et al. Identification
of TMEM208 and PQLC2 as reference genes for normalizing mRNA expression in colorectal cancer treated
with aspirin. Oncotarget 2017, 8, 22759–22771. [CrossRef]

21. Qing, G.; Li, B.; Vu, A.; Skuli, N.; Walton, Z.E.; Liu, X.; Mayes, P.A.; Wise, D.R.; Thompson, C.B.;
Maris, J.M.; et al. ATF4 Regulates MYC-mediated Neuroblastoma Cell Death upon Glutamine Deprivation.
Cancer Cell 2012, 22, 631–644. [CrossRef] [PubMed]

22. Gwinn, D.M.; Lee, A.G.; Briones-Martin-del-Campo, M.; Conn, C.S.; Simpson, D.R.; Scott, A.I.; Le, A.;
Cowan, T.M.; Ruggero, D.; Sweet-Cordero, E.A. Oncogenic KRAS Regulates Amino Acid Homeostasis and
Asparagine Biosynthesis via ATF4 and Alters Sensitivity to L-Asparaginase. Cancer Cell 2018, 33, 91–107.e6.
[CrossRef]

http://dx.doi.org/10.1056/NEJMoa1207756
http://www.ncbi.nlm.nih.gov/pubmed/23094721
http://dx.doi.org/10.1200/JCO.2013.50.0322
http://www.ncbi.nlm.nih.gov/pubmed/24062397
http://dx.doi.org/10.1371/journal.pone.0152402
http://dx.doi.org/10.1158/1078-0432.CCR-11-2410
http://dx.doi.org/10.1002/ijc.22890
http://dx.doi.org/10.3389/fonc.2014.00035
http://dx.doi.org/10.1038/s41419-018-0776-6
http://www.ncbi.nlm.nih.gov/pubmed/29970892
http://dx.doi.org/10.1158/0008-5472.CAN-08-2466
http://dx.doi.org/10.1073/pnas.1617922114
http://www.ncbi.nlm.nih.gov/pubmed/28396387
http://dx.doi.org/10.1038/ncomms11971
http://www.ncbi.nlm.nih.gov/pubmed/27321283
http://dx.doi.org/10.1016/j.gendis.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30258894
http://dx.doi.org/10.1126/science.1259472
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1016/0165-4608(94)00225-Z
http://dx.doi.org/10.1038/oncsis.2013.35
http://dx.doi.org/10.18632/oncotarget.15191
http://dx.doi.org/10.1016/j.ccr.2012.09.021
http://www.ncbi.nlm.nih.gov/pubmed/23153536
http://dx.doi.org/10.1016/j.ccell.2017.12.003


Cancers 2020, 12, 1097 14 of 15

23. Harding, H.P.; Novoa, I.; Zhang, Y.; Zeng, H.; Wek, R.; Schapira, M.; Ron, D. Regulated translation initiation
controls stress-induced gene expression in mammalian cells. Mol. Cell 2000, 6, 1099–1108. [CrossRef]

24. Jin, L.; Alesi, G.N.; Kang, S. Glutaminolysis as a target for cancer therapy. Oncogene 2016, 35, 3619–3625.
[CrossRef] [PubMed]

25. Drew, D.A.; Cao, Y.; Chan, A.T. Aspirin and colorectal cancer: The promise of precision chemoprevention.
Nat. Rev. Cancer 2016, 16, 173–186. [CrossRef]

26. Saikawa, Y.; Sugiura, T.; Toriumi, F.; Kubota, T.; Suganuma, K.; Isshiki, S.; Otani, Y.; Kumai, K.; Kitajima, M.
Cyclooxygenase-2 Gene Induction Causes CDDP Resistance in Colon Cancer Cell Line, HCT-15. Anticancer Res.
2004, 24, 2723–2728. [PubMed]

27. Semaan, J.; Pinon, A.; Rioux, B.; Hassan, L.; Limami, Y.; Pouget, C.; Fagnere, C.; Sol, V.; Diab-Assaf, M.;
Simon, A.; et al. Resistance to 3-HTMC-Induced Apoptosis Through Activation of PI3K/Akt, MEK/ERK, and
p38/COX-2/PGE2 Pathways in Human HT-29 and HCT116 Colorectal Cancer Cells. J. Cell. Biochem. 2016,
117, 2875–2885. [CrossRef]

28. Zumwalt, T.J.; Wodarz, D.; Komarova, N.L.; Toden, S.; Turner, J.; Cardenas, J.; Burn, J.; Chan, A.T.; Boland, C.R.;
Goel, A. Aspirin-Induced Chemoprevention and Response Kinetics Are Enhanced by PIK3CA Mutations in
Colorectal Cancer Cells. Cancer Prev. Res. (Phila) 2017, 10, 208–218. [CrossRef]

29. Gu, M.; Nishihara, R.; Chen, Y.; Li, W.; Shi, Y.; Masugi, Y.; Hamada, T.; Kosumi, K.; Liu, L.; da Silva, A.; et al.
Aspirin exerts high anti-cancer activity in PIK3CA-mutant colon cancer cells. Oncotarget 2017, 8, 87379–87389.
[CrossRef]

30. Din, F.V.N.; Valanciute, A.; Houde, V.P.; Zibrova, D.; Green, K.A.; Sakamoto, K.; Alessi, D.R.; Dunlop, M.G.
Aspirin Inhibits mTOR Signaling, Activates AMP-Activated Protein Kinase, and Induces Autophagy in
Colorectal Cancer Cells. Gastroenterology 2012, 142, 1504–1515.e3. [CrossRef]

31. Henry, W.S.; Laszewski, T.; Tsang, T.; Beca, F.; Beck, A.H.; McAllister, S.S.; Toker, A. Aspirin Suppresses
Growth in PI3K-Mutant Breast Cancer by Activating AMPK and Inhibiting mTORC1 Signaling. Cancer Res.
2017, 77, 790–801. [CrossRef] [PubMed]

32. Lien, E.C.; Lyssiotis, C.A.; Juvekar, A.; Hu, H.; Asara, J.M.; Cantley, L.C.; Toker, A. Glutathione biosynthesis
is a metabolic vulnerability in PI(3)K/Akt-driven breast cancer. Nat. Cell Biol. 2016, 18, 572–578. [CrossRef]
[PubMed]

33. Park, Y.; Reyna-Neyra, A.; Philippe, L.; Thoreen, C.C. mTORC1 Balances Cellular Amino Acid Supply with
Demand for Protein Synthesis through Post-transcriptional Control of ATF4. Cell Rep. 2017, 19, 1083–1090.
[CrossRef] [PubMed]

34. Gross, M.I.; Demo, S.D.; Dennison, J.B.; Chen, L.; Chernov-Rogan, T.; Goyal, B.; Janes, J.R.; Laidig, G.J.;
Lewis, E.R.; Li, J.; et al. Antitumor Activity of the Glutaminase Inhibitor CB-839 in Triple-Negative Breast
Cancer. Mol. Cancer Ther. 2014, 13, 890–901. [CrossRef] [PubMed]

35. Galan-Cobo, A.; Sitthideatphaiboon, P.; Qu, X.; Poteete, A.; Pisegna, M.A.; Tong, P.; Chen, P.-H.; Boroughs, L.K.;
Rodriguez, M.L.M.; Zhang, W.; et al. LKB1 and KEAP1/NRF2 Pathways Cooperatively Promote Metabolic
Reprogramming with Enhanced Glutamine Dependence in KRAS-Mutant Lung Adenocarcinoma. Cancer Res.
2019, 79, 3251–3267. [CrossRef] [PubMed]

36. Thompson, R.M.; Dytfeld, D.; Reyes, L.; Robinson, R.M.; Smith, B.; Manevich, Y.; Jakubowiak, A.;
Komarnicki, M.; Przybylowicz-Chalecka, A.; Szczepaniak, T.; et al. Glutaminase inhibitor CB-839 synergizes
with carfilzomib in resistant multiple myeloma cells. Oncotarget 2017, 8, 35863–35876. [CrossRef]

37. Gregory, M.A.; Nemkov, T.; Park, H.J.; Zaberezhnyy, V.; Gehrke, S.; Adane, B.; Jordan, C.T.; Hansen, K.C.;
D’Alessandro, A.; DeGregori, J. Targeting Glutamine Metabolism and Redox State for Leukemia Therapy.
Clin. Cancer Res. 2019, 25, 4079–4090. [CrossRef]

38. Tanaka, K.; Sasayama, T.; Irino, Y.; Takata, K.; Nagashima, H.; Satoh, N.; Kyotani, K.; Mizowaki, T.; Imahori, T.;
Ejima, Y.; et al. Compensatory glutamine metabolism promotes glioblastoma resistance to mTOR inhibitor
treatment. J. Clin. Investig. 2015, 125, 1591–1602. [CrossRef]

39. Momcilovic, M.; Bailey, S.T.; Lee, J.T.; Fishbein, M.C.; Braas, D.; Go, J.; Graeber, T.G.; Parlati, F.; Demo, S.;
Li, R.; et al. The GSK3 Signaling Axis Regulates Adaptive Glutamine Metabolism in Lung Squamous Cell
Carcinoma. Cancer Cell 2018, 33, 905–921.e5. [CrossRef]

40. Otsubo, K.; Nosaki, K.; Imamura, C.K.; Ogata, H.; Fujita, A.; Sakata, S.; Hirai, F.; Toyokawa, G.; Iwama, E.;
Harada, T.; et al. Phase I study of salazosulfapyridine in combination with cisplatin and pemetrexed for
advanced non-small-cell lung cancer. Cancer Sci. 2017, 108, 1843–1849. [CrossRef]

http://dx.doi.org/10.1016/S1097-2765(00)00108-8
http://dx.doi.org/10.1038/onc.2015.447
http://www.ncbi.nlm.nih.gov/pubmed/26592449
http://dx.doi.org/10.1038/nrc.2016.4
http://www.ncbi.nlm.nih.gov/pubmed/15517878
http://dx.doi.org/10.1002/jcb.25600
http://dx.doi.org/10.1158/1940-6207.CAPR-16-0175
http://dx.doi.org/10.18632/oncotarget.20972
http://dx.doi.org/10.1053/j.gastro.2012.02.050
http://dx.doi.org/10.1158/0008-5472.CAN-16-2400
http://www.ncbi.nlm.nih.gov/pubmed/27940576
http://dx.doi.org/10.1038/ncb3341
http://www.ncbi.nlm.nih.gov/pubmed/27088857
http://dx.doi.org/10.1016/j.celrep.2017.04.042
http://www.ncbi.nlm.nih.gov/pubmed/28494858
http://dx.doi.org/10.1158/1535-7163.MCT-13-0870
http://www.ncbi.nlm.nih.gov/pubmed/24523301
http://dx.doi.org/10.1158/0008-5472.CAN-18-3527
http://www.ncbi.nlm.nih.gov/pubmed/31040157
http://dx.doi.org/10.18632/oncotarget.16262
http://dx.doi.org/10.1158/1078-0432.CCR-18-3223
http://dx.doi.org/10.1172/JCI78239
http://dx.doi.org/10.1016/j.ccell.2018.04.002
http://dx.doi.org/10.1111/cas.13309


Cancers 2020, 12, 1097 15 of 15

41. Li, C.; Chen, H.; Lan, Z.; He, S.; Chen, R.; Wang, F.; Liu, Z.; Li, K.; Cheng, L.; Liu, Y.; et al. mTOR-dependent
upregulation of xCT blocks melanin synthesis and promotes tumorigenesis. Cell Death Differ. 2019, 26,
2015–2028. [CrossRef] [PubMed]

42. Zhou, Y.; Zhou, B.; Pache, L.; Chang, M.; Khodabakhshi, A.H.; Tanaseichuk, O.; Benner, C.; Chanda, S.K.
Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat. Commun.
2019, 10, 1523. [CrossRef] [PubMed]

43. Hiraoka, Y.; Yamada, K.; Kawasaki, Y.; Hirose, H.; Matsumoto, Y.; Ishikawa, K.; Yasumizu, Y. ikra: RNAseq
Pipeline Centered on Salmon. 2019. Available online: https://doi.org/10.5281/zenodo.3352573 (accessed on
20 February 2020).

44. Patro, R.; Duggal, G.; Love, M.I.; Irizarry, R.A.; Kingsford, C. Salmon provides fast and bias-aware
quantification of transcript expression. Nat. Methods 2017, 14, 417–419. [CrossRef] [PubMed]

45. Krueger, F. Trim Galore. 2015. Available online: https://www.bioinformatics.babraham.ac.uk/projects/trim_
galore/ (accessed on 20 February 2020).

46. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011,
17, 10. [CrossRef]

47. Ge, S.X.; Son, E.W.; Yao, R. iDEP: An integrated web application for differential expression and pathway
analysis of RNA-Seq data. BMC Bioinform. 2018, 19, 1–24. [CrossRef]

48. McLeay, R.C.; Bailey, T.L. Motif Enrichment Analysis: A unified framework and an evaluation on ChIP data.
BMC Bioinform. 2010, 11, 165. [CrossRef]

49. Kulakovskiy, I.V.; Vorontsov, I.E.; Yevshin, I.S.; Sharipov, R.N.; Fedorova, A.D.; Rumynskiy, E.I.;
Medvedeva, Y.A.; Magana-Mora, A.; Bajic, V.B.; Papatsenko, D.A.; et al. HOCOMOCO: Towards a
complete collection of transcription factor binding models for human and mouse via large-scale ChIP-Seq
analysis. Nucleic Acids Res. 2018, 46, D252–D259. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41418-019-0274-0
http://www.ncbi.nlm.nih.gov/pubmed/30760873
http://dx.doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
https://doi.org/10.5281/zenodo.3352573
http://dx.doi.org/10.1038/nmeth.4197
http://www.ncbi.nlm.nih.gov/pubmed/28263959
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.1186/s12859-018-2486-6
http://dx.doi.org/10.1186/1471-2105-11-165
http://dx.doi.org/10.1093/nar/gkx1106
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Aspirin-Mediated Growth Inhibition is Dependent on Glutamine in PIK3CA-Mutated Cells 
	Glutamine Depletion Mirrors the Effects of Aspirin on the Cell Cycle and the mTOR Pathway in PIK3CA-Mutated Cells 
	Aspirin Broadly Upregulates Glutaminolysis-Related Genes 
	Aspirin Induces ATF4 Gene Expression via the ER Stress-Independent Mechanism 
	Glutaminolysis-Targeting Agents Increase the Efficacy of Aspirin in PIK3CA-Mutated Cells 
	Cotreatment of Aspirin with Glutaminolysis-Targeting Agents Exhibits Combinatorial Effects in Long-Term Incubation 

	Discussion 
	Materials and Methods 
	Cell Lines and Culture 
	Reagents 
	Cell Viability Assay 
	Cell Cycle Analysis and the Detection of Cell Death 
	Protein Isolation and Western Blotting 
	RNA Isolation and Real-Time Quantitative Reverse Transcription-PCR 
	Microarray Analysis 
	RNA Sequencing 
	RNA-Seq Data Analysis 
	Motif Enrichment Analysis in Promoter Sequences of the Glutaminolysis-Related Genes 
	Colony Formation Assay 
	Statistical Analysis 

	Conclusions 
	References

