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KEY WORDS Abstract Tumor cells have unique metabolic programming that is biologically distinct from that of
corresponding normal cells. Resetting tumor metabolic programming is a promising strategy to amelio-

E}ll?llt;aminolysis; rate drug resistance and improve the tumor microenvironment. Here, we show that carboxyamidotriazole
@lhufrrittirs s e (CAI), an anticancer drug, can function as a metabolic modulator that decreases glucose and lipid meta-
AhR; bolism and increases the dependency of colon cancer cells on glutamine metabolism. CAI suppressed
Colorectal cancer glucose and lipid metabolism utilization, causing inhibition of mitochondrial respiratory chain complex
metabolism; I, thus producing reactive oxygen species (ROS). In parallel, activation of the aryl hydrocarbon receptor
Mitochondrial oxidative (AhR) increased glutamine uptake via the transporter SLC1AS, which could activate the ROS-scavenging
stress; enzyme glutathione peroxidase. As a result, combined use of inhibitors of GLS/GDH1, CAI could
Redox homeostasis; effectively restrict colorectal cancer (CRC) energy metabolism. These data illuminate a new antitumor

Metabolic reprogramming mechanism of CAI, suggesting a new strategy for CRC metabolic reprogramming treatment.
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1. Introduction

Tumor cells proliferate quickly, evade immune surveillance, in
some cases moving to other parts of the body, and resist drug
attacks while also finding ways to overcome anticancer process.
The biological characteristics of tumors are closely related to
material and energy metabolism'~. If we had a way to selectively
control certain metabolic pathways in tumor cells, it would be
possible to block the corresponding malignant phenotype. Tumor
cells have biological characteristics that differ from those of
normal cells®*. They certainly do not faithfully adopt the meta-
bolic patterns of corresponding normal cells and must change their
ways. We call these metabolic changes “metabolic reprogram-
ming”>*°. Moreover, metabolic pathways are reprogrammed and
further shaped by the tumor microenvironment to meet the ma-
terial and energy requirements of tumor growth’.

Tumor cells have a unique metabolic need for amino acids to
support their rapid growth®’. Amino acids are not only essential for
protein synthesis but also a source of carbon and nitrogen in the
synthesis of purine and pyrimidine nucleotides, amino sugars, and
glutathione (GSH)®. To meet these needs, transporters that differ
in substrate selectivity, kinetics, and ion dependence are
employed'®"". Tumor cells must be intelligently selected to regu-
late specific transporters to meet their amino acid nutritional re-
quirements. Glutamine is an essential amino acid that plays an
important role in the metabolism of tumor cells'?~'*. Specifically,
blocking tumor cell glutamine metabolism could disrupt tumor
metabolism. If the “Warburg effect” of a tumor is paralysed, the
nutrient deficiency of the tumor microenvironment can be reversed.

Carboxyamidotriazole (CAI) is a small-molecule compound
with antitumor activity that has been demonstrated to inhibit the
growth of a variety of cancer cell lines'>'®. Intriguingly, recent
evidence indicates that metabolic reprogramming appears in
tumor cells after CAI treatment. However, whether CAI exerts a
metabolism-modifying effect remains unexplored. In the present
study, we provide evidence that CAI functions as a metabolic
modulator, increasing tumor cell dependency on glutamine
metabolism and tumor cell sensitivity to glutamine metabolic
pathway inhibitors. On this basis, the mechanism of action was
further confirmed.

2. Materials and methods

2.1. Cell lines and animals

The colon carcinoma tumor cell lines C26 and HCT116 were
purchased from the China Center for Type Culture Collection
(Beijing, China) and cultured in RPMI 1640 medium supple-
mented with 10% foetal bovine serum (FBS).

Female nude mice, BALB/c mice and NOD-SCID mice (6—8
weeks old, 18—22 g) were purchased from the Center of Medical
Experimental Animals of the Chinese Academy of Medical Sci-
ences (Beijing, China). All animal studies and procedures were
approved by the Institutional Animal Care and Use Committee of

Peking Union Medical College (registration number: ACUC-A02-
2017-013). Safety evaluation of drugs was determined by hae-
matoxylin and eosin (HE) staining.

2.2.  Reagents

CAI was synthesized by the Institute of Materia Medica, Chinese
Academy of Medical Sciences (Beijing, China). L-Gluta-
mine-MCS, rotenone (RTN) and 3-nitropropionic acid (3-NPA)
were purchased from Sigma—Aldrich (MO, USA). V-9302 and
CB-839 were purchased from Selleck Chemicals (CA, USA).
Mitoquinone mesylate, Mito-TEMPO and R162 was purchased
from MedChemExpress (NJ, USA). MitoTracker Red, BODIPY
FL Cl16 (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-inda-
cene-3-hexadecanoic acid), 2-NBDG and MitoSOX Red were
purchased from Thermo Fisher (MA, USA).

2.3.  Patient samples

Human colon cancer tissue specimens were obtained from patients
at Peking Union Medical College Hospital. Ethical permission was
granted by the Clinical Trial Ethics Committee of Peking Union
Medical College Hospital, and written informed consent was
obtained from the enrolled patients. The relevant clinical and his-
topathological data provided to the researchers were anonymized.

2.4.  Seahorse XF24 bioenergetic assays

A Seahorse XF24 Extracellular Flux Analyser (Agilent Technol-
ogies, CA, USA) was used to measure the OCR and ECAR and
perform a fuel flex test. Briefly, cells with or without CAI treat-
ment were seeded in XF24 plates, and then the plates were
detected according to the instructions of the XFp Cell Mito Stress
Test Kit (103015-100), XFp Glycolysis Stress Test Kit (103020-
100) or XFp Mito Fuel Flex Test Kit (103270-100). Data were
assessed with XFe Wave Software. The cell number was quanti-
fied as described, and all data were normalized to the cell number.

2.5. RT-PCR

Total RNA was isolated from cells using the Pure RNA Extraction
Kit (Bio Teke Corporation) and reverse transcribed into cDNA by
using TransScript First-Strand c¢cDNA Synthesis Supermix
(TransGen Biotech Co., Beijing, China). The primer sequences are
listed in Supporting Information Table S1. mRNA levels were
normalized to the $-actin mRNA level. Real-time PCR was per-
formed using an ABI StepOne Plus (Applied Biosystems, MA,
USA). Values are reported as the mean + standard error of mean
(SEM) of three independent experiments performed in duplicate.
Statistical comparisons among groups were performed using
ANOVA followed by Fisher’s PLSD test. The differences in all
parameters were considered statistically significant at a value of
P < 0.05.
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2.6. SiRNA experiments

siRNAs and control siRNA were purchased from RiboBio and
transfected into HCT116 cells using Lipofectamine 2000 Trans-
fection Reagent (Invitrogen) at a final concentration of 100 nmol/L.
Twenty-four hours after transfection, the cells were treated with the
indicated drugs for an additional 24 h, and mRNA was detected by
real-time PCR. Knockdown of the expression of the indicated genes
was verified by real-time PCR.

2.7.  Western blotting

Cells were collected and lysed with lysis buffer supplemented
with a protease and phosphatase inhibitor cocktail (Thermo Fisher,
MA, USA). Then, the proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and immuno-
blotted. The antibodies used are as follows: anti-SLC1AS5
(SAB2108565, Sigma, MO, USA), anti-SLC7AS (PA5-50485,
Thermo Fisher, MA, USA), anti-glutamine (ab93434, Abcam,
UK), anti-glutamate dehydrogenase (PA5-28301, Thermo Fisher,
MA, USA), anti-caspase 3, anti-cleaved caspase 3, anti-caspase 6,
anti-cleaved caspase 6, anti-caspase 7, anti-cleaved caspase 7, and
anti-(-actin (Cell Signaling Technology, MA, USA). Secondary
antibodies conjugated to horseradish peroxidase were subse-
quently incubated with the membranes, followed by enhanced
chemiluminescence development (Thermo Fisher, MA, USA).
Three independent experiments were performed for each analysis.
Co-immunoprecipitation was performed using the Pierce Classic
Magnetic IP/Co-IP Kit (Thermo Fisher, MA, USA). Anti-AhR
(Abcam, Ab2769) and IgG isotype control (Cell Signaling Tech-
nology, 3900) antibodies were used.

2.8.  Immunofluorescence

For immunofluorescence staining of cultured cells, HCT116 and
C26 cells were plated on fibronectin (1 pg/mL)-coated coverslips,
fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton
X-100. The fixed cells were blocked in 5% BSA and stained using the
mouse monoclonal anti-COX IV mitochondrial marker (ab33985,
Abcam, UK) followed by donkey anti-mouse DyLight 594 (1:500)
secondary antibodies (Invitrogen, CA, USA). Nuclei were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI). Fluorescence
was analyzed using a Leica laser scanning confocal microscope.

2.9.  Intracellular metabolite level measurements

The intracellular levels of glutamine, glutamate, a-KG, citrate,
isocitrate, succinate, fumarate, and malate were determined by using
commercial kits (BioVision, CA, USA). After washing 2 times with
cold PBS, 2 x 10° cells were homogenized in PBS. For the gluta-
mine test, cells were cultured in glutamine-free medium for 6 h in
advance to remove all endogenous glutamine. The supernatant was
collected, and proteins were removed by using 3-KD Amicon Ultra
Centrifugal Filters (Millipore, MA, USA). The flow-through con-
taining the metabolites was used for the measurement of metabolite
levels according to the manufacturer’s instructions.

2.10.  Enzymatic activity analysis
GLS, GDH and GPx enzyme activities were determined by using

commercially available kits from BioVision according to the
manufacturer’s instructions. The values were normalized to the

protein concentration and then normalized to the corresponding
control group value.

2.11.  Glutamine uptake assay

Cells were washed with glutamine-free RPMI-1640 medium (Thermo
Fisher, MA, USA) and incubated with 4 mmol/L "C-glutamine
(Sigma—Aldrich, MO, USA) in RPMI-1640 medium for 12 h. Then,
the lysates were evaluated to determine the [13C] level using a scin-
tillation counter to analyse relative glutamine uptake. Radioactivity
was measured as counts per minute (CPM) and normalized to the
protein concentration.

2.12. ATP content and the GSH/GSSG ratio

Following the indicated treatments, HCT116 and C26 cells were
lyzed, and the ATP content in the supernatant was measured with
an ATP Assay Kit (Beyotime Biotechnology, Shanghai, China).
The values were normalized to the protein concentration. The
GSH/GSSG ratio was determined using the Glutathione (GSH/
GSSG/Total) Fluorometric Assay Kit (BioVision, CA, USA).

2.13.  ROS detection

Cells were detached from plates after 48 h of treatment, washed
twice with PBS buffer, and incubated with Mitosox for 20 min at
37 °C in the dark. The cells were washed and analyzed by using
flow cytometry (FCM). FCM was performed using excitation/
emission wavelengths of 510/580 nm for Mitosox.

2.14.  Apoptosis detection

Cells were seeded and treated with the indicated drugs for 48 h,
detached from the plates with Trypsin Solution without EDTA
(Beyotime Biotechnology, Shanghai, China) and washed with cold
PBS. The induction of apoptosis was measured by FCM using the
Annexin V-PE/7-AAD Apoptosis Detection Kit (Yeasen Biotech,
Shanghai, China). And for detection of DNA breakage, a TUNEL
assay was performed following the protocol provided by the
manufacturer (Yeasen Biotech).

2.15.  Generation of knockout cell lines with CRISPR-Cas9
technology

For construction of stable-knockout HCT116 and C26 cell lines, the
following sgRNAs targeting GLSI were used: SGGFP, CACCGG
GGCGAGGAGCTGTTC ACCG (sense) and AAACCGGTGAA-
CAGCTCCTCGCCCC (antisense); GLSI-SGRNA1, GGACGCG
TTTGGCAACAGCG (sense) and CGCTGTTGCCAAACGC GTC
C (antisense); GLS1-SGRNA2, CGGGGAGACGGACGCGTTTG
(sense) and CAAACGCGTCCGTCTCCCCG (antisense); Gls1-SG
RNA1, GGGCCCCAAGGAC AGCCCGG (sense) and CCGGGC
TGTCCTTGGGGCCC (antisense); GisI-SGRNA2, CGACGCGT
TCGGCAACAGCG (sense) and CGCTGTTGCCGAACGCGTCG
(antisense). The following sgRNAs targeting GDHI were used: GD
HI-SGRNA1, CACCGCTACCTGGGCGAAGCGCTGT (sense)
and AAACACAGCGCTTCGCC CAGGTAGC (antisense); GDH1-
SGRNA2, CACCGGGGCGAAGCGCTGTTGC TGT (sense) and
AAACACAGCAACAGCGCTTCGCCCC (antisense); Gdhi-SGR
NA1, CACCGCCGTCTGGGCGAAGCGCTGC (sense) and AAA
CGCAGC GCTTCGCCCAGACGGC (antisense); Gdh1-SGRNA?2,
CACCGCGCTGCTGCTGT CCCGCGCC (sense) and AAACGGC
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GCGGGACAGCAGCAGCGC (antisense). These sgRNAs were
cloned into the pL-CRISPR.EFS.GFP vector plasmid and trans-
fected into HEK 293T cells together with the packaging plasmids
psPAX2 and pMD2.G. Forty-eight hours later, the lentivirus was
harvested and concentrated to infect C26 or HCT116 cells simul-
taneously treated with polybrene at a final concentration of 8 pg/mL.
Two days later, GFP-positive cells were sorted by FCM using a BD
Biosciences FACSAria IIl. The candidate knockout cells were
verified by Western blotting.

2.16. Animal studies

Female BALB/c, nude mice or NOD-SCID mice (6 weeks old)
were subcutaneously injected with appropriate amounts of the
indicated tumor cells (C26 cells, HCT116 cells or patient tumor
sample suspension) in the right flank. After the tumor size reached
5 mm x 5 mm, the mice were randomized into different groups
(n = 6—10). Then, the mice in each group were treated with one of
the following drug treatments for the indicated time: CAI (intra-
gastric injection, 20 mg/kg/day); CB-839 (intragastric injection,
200 mg/kg once every 2 days); CAI 4+ CB-839 (same injection
regimens as those used for monotherapy); R162 (intragastric in-
jection, 20 mg/kg/day); and CAI + R162 (same injection regimens
as those used for monotherapy). The mice in the control group
received an equal volume of saline as a mock treatment. Female
BALB/c or nude mice (6 weeks old) were subcutaneously injected
with a scramble control (left) or stable GLSI-silenced/stable
GDH 1-silenced (right) C26 or HCT116 cells in both flanks. When
the xenograft volume reached approximately 5 mm x 5 mm, CAI
(intragastric injection, 20 mg/kg/day) or vehicle treatment was
begun. Tumor growth and mouse survival were recorded daily.
Tumor volume was calculated according to Eq. (1):

Tumor volume = Length x Width® /2 (1)

2.17.  ChIP-qPCR assay

HCT116 cells treated with 10 umol/LL CAI for 48 h were evaluated in
a ChIP assay. The ChIP assay was performed using the ChIP-IT
Express Chromatin Immunoprecipitation Kit (Active Motif, CA,
USA) according to the manufacturer’s protocols. The antibodies
used included anti-AhR (Abcam, Ab2769) and an IgG isotype
control (Cell Signaling Technology, 3900). The SLCIAS5 primer
sequences are 5'-GGCATGCACGTGTCATCCTC-3' (sense) and 5'-
GGCATGCACGTGTCATCCTC-3' (antisense). The SLC7A5
primer sequences are 5-CAGGTCATCCTCTCATCCCTC-3
(sense) and 5'-GCAGCCTCTCGTCAAGCCT-3' (antisense). All
sequences were designed to give amplicons <200 bp. The purified
DNA (immunoprecipitated sample) was amplified by qPCR. The
fold-enrichment method was used to normalize the ChIP-qPCR data.

2.18.  Statistical analysis

The data shown are from one representative experiment of mul-
tiple independent experiments and reported as the mean + SEM.
All experiments were performed at least three times. The statis-
tical significance of intergroup differences was determined by
Student’s 7-tests or one-way ANOVA followed by Dunnett’s #-test
for multiple comparisons. P values less than 0.05 (P < 0.05) were
considered significant. Analyses were conducted using GraphPad
6.0 software. Sample exclusion was never carried out.

3. Results

3.1.  CAI predominantly regulates the metabolic phenotype in
colon tumor cells

To better understand the regulatory effect of CAI on colorectal
cancer (CRC) metabolism, we tested the oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) of HCT116 and
C26 cells (Fig. 1A and B). We found that the OCR and ECAR
decreased over time after CAI treatment. These impacts were
apparent even over 2 h (Supporting Information Fig. STA and
S1B). Next, we tested whether CAl-induced alterations in
glucose metabolism are mediated by absorption processes. We
found that CAI did not affect the GLUTI mRNA expression, but
decrease the uptake of the glucalogue 2-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) (Fig. 1C and
Fig. S1C), suggesting that the inhibitory effect of CAI on glucose
metabolism. We also identified that uptake of the green-
fluorescing fatty acid C16-BODIPY induced by CAI was
reduced, as was the upregulation of acetyl-CoA carboxylase
phosphorylation (Fig. 1D and E and Fig. S1D). Intriguingly, under
the same conditions, CAI caused a remarkable increase in Mito-
Tracker staining and weak apoptosis in tumor cells (Fig. 1F—H
and Fig. SIE—SI1I), which suggested the majority of CRC
tumor cells might be metabolically compensated under the stress
of CAIL Additionally, the adenosine triphosphate (ATP) level in
the CAI group was very low (Fig. 1I and Fig. S1J). This further
confirmed that tumor cells adjusted metabolic patterns under CAI
treatment. To further clarify the role of CAI in metabolism, we
determined the dependency and flexibility of HCT116 and
C26 cells to oxidize three fuel sources, glucose/glutamine/fatty
acids, by measuring the real time mitochondrial respiration (OCR)
of living cells in the presence or absence of fuel pathway in-
hibitors (Fig. 1J). The data suggest that CAI efficiently decreased
the metabolism of glucose and long-chain fatty acids (LCFAs) in
the mitochondria and increased the glutamine capacity. Impor-
tantly, glutamine starvation increased CAl-induced cell apoptosis
(Fig. 1K and Fig. S1K), suggesting that CRC cells might initiate a
new metabolic pattern that is more dependent on glutamine.

3.2.  CAI inhibits complex I and regulates cell metabolism or
redox homeostasis in mitochondria of tumor cells

CAl restricts the production of ATP and causes metabolic changes in
tumor cells, suggesting that mitochondria may be the key place where
CAI works to interfere with cellular homeostasis. Therefore, we
detected the activity of mitochondrial respiratory chain complexes. The
activity of complex I was inhibited by CAl, inducing the production of
the primary ROS superoxide (O, ) from the mitochondrial electron
transport chain (ETC, Fig. 2A and B)'’. Unlike complex I, other
complexes, except complex V, were not affected by CAI (Supporting
Information Fig. S2A and S2B). CAI downregulated the activity of
complex I, also known as ATP synthase'®, consistent with the data
shown in Fig. 11 and Fig. S11. Obviously, CAI induced a large accu-
mulation of ROS, but this did not lead to the expected large-scale cell
apoptosis. Studies have suggested that ROS-induced apoptosis is also
associated with decreased GSH levels and the loss of redox homeo-
stasis'” ', Is the contradiction between ROS production and cell
apoptosis related to changes in cell metabolism or redox homeostasis
under CAI treatment? We further measured the levels of five key
tricarboxylic acid (TCA) cycle metabolites. An increased cellular level
of glutamine after CAI exposure was observed, as well as the
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abundance of glutamate, a-ketoglutarate («-KG), fumarate and suc-
cinate (Fig. 2C). We also observed that CAl significantly increased the
GSH levels in HCT116 and C26 cells (Fig. 2D). The enzymatic activity
of total glutathione peroxidase (GPx) was significantly upregulated in
tumor cells stimulated with CAI (Fig. 2E). These results indicate that
CAI treatment might trigger glutamine uptake and catabolism in CRC
tumor cells and achieve TCA cycle anaplerosis, which contributes to
the production of «-KG and its downstream metabolites succinate and
fumarate (Fig. 2F). TCA cycle anaplerosis from glutamine maintains
the levels of ATP and GSH, plus the activated GPx, can prevent high

ROS levels from causing chromosomal instability and improve cell
viability to offset the suppressed effect of CAL

3.3.  CAl induces metabolic changes in tumor cells by enhancing

glutaminolysis

Next, we investigated how CAI regulates metabolism, leading to
glutamine dependence. Genome-wide transcriptional profiling and
metabolic analysis uncovered a potential glutaminolysis response
in tumor cells exposed to CAI (Supporting Information Fig. S3A
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and S3B). Tumor cells rely on solute carrier superfamily trans-
porters on the cell membrane to extract glutamine from the
extracellular environment. Notably, CAI exposure significantly
increased the expression of SLC7A5, SLCIAS, SLC6AI4 and
SLC7A11 (Fig. 3A), which each increase attributable to various
aspects of glutamine transport. Although these four transporters
were found to be expressed in tumor cells, the addition of CAI
strikingly upregulated the mRNA and protein expression of the
main transporters of glutamine, SLCIAS5 and SLC7A5 (Fig. 3B
and Fig. S3C). The results revealed that CAI also affects gluta-
mine uptake. The SLC1AS inhibitor V-9302”” reduced glutamine
basal levels and the CAl-induced accumulation of glutamine
(Fig. 3C and Fig. S3D). After entering cells, glutamine is con-
verted into glutamate by GLS, and glutamate is then converted
into a-KG via the action of GDH1?*. Although there are different
subtypes of GLS, most cancers, including CRCs, overexpress
GLSI1, which contributes to GLS activity in tumor cells***.
Therefore, we assessed the impact of targeting GLS1. As shown
in Fig. 3D, E, Fig. S3E and S3F, compared to control cells, CAI-
treated cells had an increase in enzymatic activity in vitro and
in vivo. In addition, the mRNA and protein levels of GLS1 and
GDHI1 were observed upon CAI treatment (Fig. 3F—H), which
suggested that the elevated level of a-KG was caused by both
increased uptake and enhanced utilization of glutamine (Fig. 3I).
We speculate that the enhanced glutaminolysis may be a meta-
bolic self-rescue response for the CRC tumor cells to survival
from CAI treatment. Indeed, accompanied with CAI treatment,
blocking SLC1AS with the inhibitor V-9302, or inhibiting GLS
with the inhibitor CB-839, or inhibiting GDH1 with the inhibitor
R162, or knocking out GLSI1/GDHI expression in HCT116 or
C26 cells resulted in greatly increased cell apoptosis (Fig. 3J, K,
Fig. S3G and S3H).

3.4.
cells

CAl-activated AhR facilitates glutamine import into tumor

Next, we investigated the molecular mechanism by which CAI
regulates glutaminolysis activity. We studied the proto-oncogene
MYC, which is known to promote metabolic reprogramming by
altering glutamine uptake and metabolism in cancer cells®®. Sur-
prisingly, no significant changes in MYC protein levels were
observed upon CAI treatment (Supporting Information Fig. S4A and
S4B). Considering our recent research findings that a key
tryptophan-metabolizing enzyme regulated by CAI, IDOI,
increased aryl hydrocarbon receptor (AhR) activity, we determined
the role of AhR?’. In line with the previous results CAI markedly
upregulates the mRNA expression of CYPIAI and CYPIBI in
HCT116 cells (Fig. S4C), suggesting that AhR was activated by
CAI. We found that basal glutamine and glutamate levels were much
higher after CAI treatment and that they could be downregulated by
knocking down AHR expression (Fig. 4A and B). Despite the high
consumption of glutamine induced by CAI treatment, the intracel-
lular glutamine level was not reduced, suggesting that tumor cells
might replenish their glutamine store via active transportation to
maintain intracellular glutamine levels. Additionally, knocking
down AHR expression or blocking AhR activity using 3’,4’-dime-
thoxyflavone (DMF) resulted in the downregulation of SLCIAS,
SLC7AS5, GLSI and GDH1 expression (Fig. 4C—G and Fig. S4D).
The chromatin immunoprecipitation (ChIP)-qPCR data show that
CALI facilitated the binding of AhR to the promoter of SLCIAS,
SLC7A5, GLS1 and GDHI genes, and caused significant increase in
their gene expressions (Fig. 4H). To further confirm that AhR-driven
cancer cells rely on glutamine metabolism, we tested another
endogenous AhR agonist, kynurenine (Kyn). Consistently, Kyn also
upregulated the mRNA and protein expression of SLCIAS,
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Figure 3

CAI induces metabolic changes in tumor cells by enhancing glutaminolysis. HCT116 and C26 cells were cultured in the presence or

absence of 10 umol/L CAL (A) The relative mRNA abundance of the indicated amino acid transporters. (B) Protein abundance of two transporters
SLCI1AS and SLC7AS. (C) The glutamine uptake in HCT116 cells was assayed by 13C—glutamine labelling in cells treated with vehicle, CAI
(10 pmol/L), V-9302 (5 umol/L) or CAI 4 V-9302 for 12 h. (D) and (E) Histograms show the relative activities of GLS1 and GDHI1. (F) and (G)
The mRNA expression of GLS! and GDHI in HCT116 and C26 cells. (H) Protein abundance of GSL1 and GDHI1. (I) Cellular a-KG levels were
quantified using the a-KG Assay Kit. (J) and (K) Tumor cell apoptosis was quantified by flow cytometry. *P < 0.05; **P < 0.01; ***P < 0.001;
Student’s t-test (A, F, G and 1) or one-way ANOVA (C—E, J and K). The data represent the mean + SEM of three independent experiments.

SLC7AS, GLS1 and GDHI (Fig. 41 and J). Together, these data
suggest that CAI can upregulate glutaminolysis in tumor cells
through induction and activation of AhR.

3.5. Combining CAI with glutaminolysis inhibitor greatly
promotes ROS production and cell apoptosis

Increased ROS production has been detected in various cancers
and shown to initiate oxidative stress-induced tumor -cell

death®®*. To clarify the reason for apoptosis, flow cytometry was
conducted to detect the effect of CAI with glutaminolysis inhibitor
on ROS and apoptosis. The results show that CAI, CB-839, or
R162 alone slightly increased the generation of intracellular ROS,
whereas ROS generation was significantly increased in the com-
bination group (Fig. 5A). The activity of complex I was inhibited
by CAI, RTN, CAI + CB-839 or CAI + R162, suggesting that
CAl regulated ROS by increasing the production of O, (Fig. 5B).
Consistent with the data shown in Fig. 4D, CAl increased the GSH
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Figure 4 CAl-activated AhR facilitates glutamine import into tumor cells. A scramble siRNA (Scr) or siRNAs against AHR were transfected
into HCT116 cells for 24 h, and then the cells were treated with CAI (10 pmol/L) for 48 h. (A) and (B) Glutamine and glutamate concentrations
were measured using appropriate assay kits. (C)—(F) SLCIAS, SLC7AS5, GLSI and GDHI mRNA expression was determined by qPCR. (G)
HCT116 cells were treated with PBS, CAI (10 umol/L), DMF (20 pmol/L), or CAI/DMEF for 48 h, protein expression was determined by Western
blotting. (H) ChIP-gPCR analysis was performed with an anti-AhR antibody and SLCIAS, SLC7AS5, GLS1 and GDH1 promotor-specific primers.
Data are presented as values relative to the control group value. HCT116 cells were incubated with vehicle or Kyn (200 mmol/L), and mRNA
expressions (I) of SLCIAS5, SLC7AS5, GLS1 and GDH1 was determined by qPCR. (J) Protein expression was determined by Western blotting. The
data shown are representative of three independent experiments, and the error bars represent the mean = SEM; *P < 0.05; **P < 0.01;
kP < 0.001.
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Figure 5 Combined therapy with CAI and CB-839 or R162 targets tumor cell apoptosis dependent on ROS. HCT116 and C26 cells were
treated with control, CAI (10 umol/L), CB-839 (100 nmol/L), CAI 4+ CB-839, R162 (20 umol/L) or CAI + R162 for 48 h. (A) The levels of ROS
detected by measuring the Mitosox MFI with FCM. (B) Relative values of activity for complex I expressed relative to the control treatment
activity level (100%). RTN (0.5 umol/L) was used as a positive control. (C) and (D) The ratio of GSH to GSSG in HCT116 cells and C26 cells
with the indicated treatments. For A—D, *P < 0.05; **P < 0.01; ***P < 0.001. (E)—(H) HCT116 cells were treated with the selective mito-
chondrial ROS scavengers mitoquinone mesylate (MitoQ) and mito-TEMPO (MT) at both low and high doses for rescue. ROS levels (E and G) or
cell apoptosis (F and H) after the combinations treatment were analysed by flow cytometry. ***P < 0.001 (compared with CAI + CB-839 in PBS);
#p<0.05, #P<0.01, " P<0.001 (compared with CAI + R162 in PBS). (I) Intracellular levels of a-KG, fumarate, and succinate were deter-
mined. ***P < 0.001; **P <0.001 (compared with CAI). The data are from 3 independent experiments. Graphs represent the mean + SEM. (J)
Western blots showing the expressions of caspase 3, cleaved caspase 3, caspase 6, cleaved caspase 6, caspase 7 and cleaved caspase 7 after 48 h of
the indicated treatment.

levels in HCT116 and C26 cells, which was reversed by the GLS mesylate (MitoQ) and mito-TEMPO (MT) were used concomi-
inhibitor CB-839 or GDHI1 inhibitor R162 (Fig. 5C and D). To tantly with the indicated drugs. As shown in Fig. SE—H and
further verify the role of CAI in regulation of ROS levels, two Fig. S5C—S5F, either MitoQ or MT could dose-dependently
specific scavengers of mitochondrial superoxide mitoquinone rescue cells from the enhanced ROS production and the
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synergistic apoptotic effect of the combination drugs,
CAI + CB839 or CAI + R162. Compared with CAl-treated CRC
cells, several TCA cycle intermediates generated from glutamine-
based anaplerosis were decreased more than 70% in the combi-
nation drug-treated cells (Fig. 5I). Activation of caspases is one of
the hallmarks of apoptosis and ultimately results in cell death™. Tt
has been reported that the anti-tumor activity of glutamine inhi-
bition is dependent on the caspase-dependent apoptotic pathway".
The levels of cleaved caspase 3, caspase 6, and caspase 7 were
elevated in the combination group, indicating that cells underwent
programmed cell death (Fig. 5J).

3.6.  Efficacy and safety of combining CAI and a GLS or GDH1
inhibitor to treat xenograft tumors

The above experiments show that increased ROS levels led to
apoptosis. Here, we further verified this process in vivo. To
address the antitumor effects of the combination treatments
in vivo, we established xenograft tumor models in BALB/c mice
injected with C26 cells and nude mice injected with
HCT116 cells. As shown in Fig. 6A—D, CAI, CB-839, or R162
alone slightly inhibited tumor growth to a certain extent. The
combinations of CAI and CB-839 or R162 were found to be
superior to the corresponding single treatments, significantly
repressing tumor growth and prolonging the survival of mice. In
addition, when we knocked out GLS/ and injected normal or
GLS1-knockout HCT116 or C26 cells into the two sides of mice,
we found that GLSI knockdown combined with CAI treatment
significantly suppressed tumor growth (Fig. 6E and F). A similar
advantage in terms of slowing tumor growth was also observed in
GDH I-knockdown C26 or HCT116 cell tumor-bearing models
(Fig. 6G and H). Again, this improved tumoral control was
accompanied by increased ROS levels in vivo (Fig. 6I—L).
For initial in vivo toxicity studies, tumor-bearing mice received the
indicated drugs for 28 days. These chronic drug treatments did not
result in significant histopathological differences between the
vehicle-treated and drug-treated groups (Supporting Information
Fig. S6A) or altered levels of blood aminotransferase, urea ni-
trogen and serum creatinine (Fig. S6B—S6E), suggesting the drug
treatments had minimal toxicity in vivo. Moreover, the combined
treatments dramatically attenuated cell viability in a group of CRC
cell lines but not in the human intestinal mucosal tissue-sourced
cell line CCC-HIE-2 for up to 48 h (Fig. S6F).

3.7. The proportion of cytotoxic CD8" T cells in the tumor
microenvironment can be increased by the combined therapy with
CAI and CB-839 or R162 but is not dependent for the antitumor
activity of combinations

In addition to tumor cells, the interactions between different cells
in the tumor microenvironment shape the unique metabolic
characteristics of the microenvironment and maintain tumor
growth™**, For comprehensively understanding the effects of the
indicated drugs, we further detected the effects of the drugs or
drug combinations on the proportion of other cell types in the
tumor microenvironment that may affect the growth of tumor
cells. It is worth mentioning that the upregulation of the CD8" T
cell levels in the combination groups was very obvious, along with
the distinct differences in PD-1 expression and the CD69 level
(Fig. 7A—H). To avoid the antitumor impact of CD8" T cells, we
subsequently assessed the antitumor activity of the indicated
therapeutics in nude mice bearing C26 tumors. We found that

combined treatment still enhanced tumor growth inhibition and
produced therapeutic activity with prolonged survival (Fig. 7I-L).
There were no significant differences in the numbers and typical
functions of CD4" T cells (Supporting Information
Fig. S7TA—S7C) and tumor-associated macrophages (TAMs,
Fig. S7TD and S7E) among the different groups of treated C26
tumor-bearing mice. The same was true for other cell types,
including regulatory T cells (Tregs, Fig. S7F and S7G) and
myeloid-derived suppressor cells (MDSCs, Fig. S7TH and S7I).
The results illustrate that the antitumor activities of the two
combinations are principally aimed at tumor cells. Consistent with
previous reports”’, we confirmed that tumor cells and T cells are
engaged in a fierce competition for nutrients in the tumor
microenvironment, which affects the lethality of T cells and
promotes the further development of cancer.

3.8.  Metabolic alterations triggered by CAl in primary human
CRC cells

Next, we investigated whether the mechanism underlying CAI-
induced metabolic reprogramming could be translated to human
CRC. To this end, single CRC cells were isolated from CRC pa-
tients, and then these primary cells were treated with CAIL
Consistently, these human primary CRC cells were also induced
into glutamine dependency, as evidenced by their low OCR and
ECAR and their Mito Fuel Flex Test changes (Fig. 8A—C).
Furthermore, upon CAI treatment, these primary CRC cells also
upregulated the expression of SLCIAS5, SLC7AS, GLS and GDH1
and increased the total GPx activity and the GSH level
(Fig. 8D—QG). In line with increased ROS levels, apoptosis and the
expression of cleaved caspase 3, caspase 6, and caspase 7 were
markedly upregulated (Fig. SH—J). Moreover, the ROS scavengers
MitoQ and MT dose-dependently reversed the effects of CAI
combined with CB839 or R162 (Supporting Information
Fig. S8A—S8D). To further validate these results, NOD-SCID
mice were inoculated with 100 pL of patient tumor tissue sus-
pension to generate a patient-derived xenograft (PDX) model,
followed by combined CAI and CB-839 or R162 treatment. We
found that these combined treatments strikingly inhibited tumor
growth and prolonged survival compared to control treatment
(Fig. 8K and L). Moreover, increased in vivo ROS levels were
observed in the combination therapy group (Fig. 8M and N).
Together, these data suggest that CAI reset CRC metabolic pro-
gramming through an AHR—SLC1AS5/SLC7A5—GLS1—GDH1
pathway and that combining GLS or GDHI1 inhibitor therapeutics
with CAI can further potentiate the beneficial effect of CAI on the
energy-deficient tumor microenvironment.

4. Discussion

Here, we have identified a novel role for CAl, a tumor metabolism
regulator, in regulating glutamine dependency. The present study
reveals that besides showing a certain apoptosis-inducing effect
in vitro CAl treatment induces metabolic changes by enhancing
glutaminolysis for tumor cells to survival. Intra-tumor heteroge-
neity might play a role in poor responses of tumor cells to CAI
therapy. The plasticity of metabolic pathways allows tumor cells
to quickly switch adaptive mechanisms in the face of CAI stress.
The metabolic reprogramming of tumor cells enables them to
make the best use of nutrients in the microenvironment and syn-
thesize nutrients that do not exist in the microenvironment for
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Figure 6 Combining CAI and an inhibitor of GLS or GDH1 disrupts tumor growth. BALB/c and nude mice were subcutaneously injected with
C26 (1 x 10° cells/mouse) or HCT116 (2 x 10° cells/mouse) tumor cells. When the tumor size was 5 mm X 5 mm, the tumor-bearing mice
(n = 10 per group) were treated with PBS, CAI (20 mg/kg), CB-839 (200 mg/kg), or CAI/CB-839 or PBS, CAI R162 (20 mg/kg), or CAI/R162
for 28 days. (A, B, E and G) C26 cell colorectal cancer model. (C, D, F and H) HCT116 cell melanoma model. (E and F) Stable GLS/-silenced or
scrambled control (E) C26 cells (1 x 10° cells/mouse) or (F) HCT116 cells (2 x 10° cells/mouse) were injected (s.c.) into each side of the mice.
(G and H) Stable GDH1-silenced or scrambled control (G) C26 cells (1 x 10° cells/mouse) or (H) HCT116 cells (2 x 10° cells/mouse) were
injected (s.c.) into each side of the mice. Tumor growth was monitored. Relative ROS levels in C26 (I and J) and HCT116 (K and L) cells in vitro.
Representative biological triplicates are shown as the mean + SEM; *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant, two-way
ANOVA.
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Figure 7 The proportion of cytotoxic CD8"' T cells in the tumor

microenvironment can be increased by the combined therapy with CAI
and CB-839 or R162 but is not dependent for the combination’s anti-
tumor activity. Tumors were harvested 14 days after the injection of
1 x 10° C26 cells into BALB/c mice (n = 6/per group) and analyzed by
flow cytometry. (A) and (B) Representative flow cytometric analysis and
quantification of CD8" T cell numbers per gram of tumor tissue in
different groups. (C) and (D) The percentages of CD69"CD8" and PD-
1*CD8" T cells in the TIL population in the tumor microenvironment.
(E)—(H) The same measurements for the evaluation of the effects of
another drug combination (CAI and R162). (I)—(L) Antitumor activity
of CAI, CAI + CB-839, or CAI 4+ R162 in immunodeficient mice. Nude
mice (n = 10) bearing 5 mm x 5 mm C26 cell tumors were treated with
PBS, CAI (20 mg/kg), CB-839 (200 mg/kg), or CAI/CB-839 or PBS,
CAI R162 (20 mg/kg), or CAI/R162 for 21 days. The tumor growth
curves (I and K) and survival curves (J and L) of tumor-bearing mice
receiving various treatments. Data represent the mean £+ SEM, n = 6.

growth, thus gaining living space®. Furthermore, we demon-
strated a crucial role for CAI in CRC metabolic reprogramming.
We found that CAI promotes glutamine metabolism by activating
the amino acid transporters SLCIA5 and SLC7A5 in a transcrip-
tional manner and is associated with CRC cell survival and
sensitivity to glutamine metabolism inhibitors.

We systematically dissected the metabolic alterations triggered
by CAI in CRC cell lines through complex I inhibition and found
that this inhibition resulted in an adaptive increase in glutamine
metabolism. The significant finding of this study lies in the
conclusion that AhR is primarily responsible for inducing gluta-
mine import. Intrinsically, tumor cells express higher levels of
AHR™°, GLSI’*""** and GDHI"’ as well as SLCIA5"*" than
their differentiated counterparts. This means that tumor cells and
normal cells have very different dependence on glutamine meta-
bolism. In this case, CAI further activates AhR and increases the
expression of SLCIAS, GLS and GDH1, highlighting the reprog-
rammed glutamine pathway as the more depended source of en-
ergy for tumor cells to survive. Thus, the combined therapy with
CAI and CB-839 or R162 can bring a dramatic anti-tumor effect.

CAI has exhibited the ability to inhibit or kill tumor cells,
which is used to explain the antitumor effect of CAI'>**. How-
ever, CAl is unable to kill large bulks of tumor cells, implying that
tumor cells mobilize other processes to respond to the antitumor
effects of CAL Our studies show that CAI treatment could rela-
tively specifically target glutaminolysis and that GLS or GDH]I
expression were commonly upregulated in human CRC cells but
not in proliferating nonmalignant human cells. On the one hand,
combination treatments suppressed the energy metabolism of
tumor cells with minimal toxicity. Additionally, the combined
therapies potentiated immune reactions against tumors, which was
not contradictory to the killing effect on tumor cells. Different
changes in cell metabolism form the basis for treating cancer by
producing a powerful antitumor response®***. It could be ex-
pected that a new treatment approach combined with immune
checkpoint inhibitors could alleviate the inhibition of T cells by
cancer cells.

It has long been thought that the increased demand for gluta-
mine in tumor cells is due solely to the role of glutamine in protein
synthesis and its use as a source of nitrogen for the synthesis of
purines and pyrimidines®. However, recent studies have shown
that the roles of glutamine in tumor cells go well beyond these
synthetic processes’®. Increased metabolism of glutamine points
to the accumulation of alpha-ketoglutaric acid*’**®. a-Ketoglutaric
acid is involved not only in the metabolic processes of anabolism
and catabolism but also in the regulation of signalling pathways
and epigenetic modification®’. Importantly, inhibition of gluta-
mine metabolism suggests that this therapy silences certain on-
cogenes’. Lactic acid derived from glutamine is exported by
tumor cells to generate a transmembrane proton gradient, which
provides driving force for tumor cells to enhance uptake of se-
lective nutrients with proton-coupled transporters. Therefore,
lactic acid might be an accomplice involved in glutamine
transport.

Direct targeting of proto-oncogenes can achieve good thera-
peutic results. Some targeting strategies still meet with difficulties,
such as a lack of directly targeted drugs or extreme difficulties in
developing corresponding targeted drugs. As a result, the meta-
bolic dependence mechanism of tumors should be approached
from another perspective to restrain the malignant biological
phenotype of tumors®'”’. At the same time, rationally designed
small-molecule combinations may also hold promise as adjunctive
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Combined therapy with CAI and CB-839 or R162 exhibits enhanced antitumor activity against primary tumor cells. (A) and (B) The

oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of primary tumor cells were measured with or without 10 pumol/L
CALI treatment for 48 h (n = 3). (C) Seahorse XFp Fuel Flex analysis shows the dependency on and flexibility of all 3 fuels after acute 10 pmol/L
CALI treatment of primary tumor cells. The expression of the amino acid transporters GLS1 and GDH1 was determined by real-time PCR (D) and
Western blotting (E) in 3 different primary tumor cell lines. (F) GPx activity levels in primary tumor cells were measured. (G) The ratio of GSH to
GSSG was calculated. (H) The MFI of ROS in primary tumor cells was measured. (I) Tumor cell apoptosis was quantified by flow cytometry. (J)
Western blots show the expression of caspase 3, cleaved caspase 3, caspase 6, cleaved caspase 6, caspase 7 and cleaved caspase 7 after 48 h of the
indicated treatments. (K) and (L) NOD-SCID mice subcutaneously injected with 100 pL fragments of colorectal cancer tissue from patients were
treated with PBS, CAI, R162, or CAI/R162 or PBS, CAI, CB-839, or CAI/CB-839 for 42 days. Tumor volumes were measured and calculated
(left). Long-term survival was calculated by Kaplan—Meier analysis and analysed with the log-rank (Mantel—Cox) test (right). (M) and (N) The
effects of in vivo treatment on ROS production were evaluated. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant, Student’s #-test (C, D,
and F) or one-way ANOVA (G, H, I, M and N). The data represent the mean + SEM.
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therapies for patients to develop directed therapeutic interventions
or tumor prevention treatments aimed at metabolic pathways.

5. Conclusions

We identified that tumor cells adapt to CAI treatment by
increasing reductive glutamine metabolism, which directly affects
source selection for biosynthesis. Thus, a GLS or GDH1 inhibitor
administered in combination with CAI specifically enhanced the
beneficial effects of CAl-based cancer treatment. These findings
support an antitumor role for CAI, making combined treatments
promising therapies for CRC.
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