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Introduction

Metabolites are the end products of the complex interactions be-
tween genetic and environmental factors. To meet the increased
energetic and biosynthetic demands of proliferation, the cancer
cells undergo metabolism reprogramming, which promotes the
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Abstract

Background and Aim: Metabolic reprogramming is characterized by dysregulated levels
of metabolites and metabolic enzymes. Integrated metabolomic and transcriptomic data
analysis can help to elucidate changes in the levels of metabolites and metabolic enzymes,
screen the core metabolic pathways, and develop novel therapeutic strategies for cancer.
Methods: Here, the metabolome of gastric cancer tissues was determined using liquid
chromatography—mass spectrometry. The transcriptome data from The Cancer Genome
Atlas dataset were integrated with the liquid chromatography—mass spectrometry data
to identify the common dysregulated gastric cancer-specific metabolic pathways.
Additionally, the protein expression and clinical significance of key metabolic enzymes
were examined using a gastric cancer tissue array.

Results: Metabolomic analysis of 16 gastric cancer tissues revealed that among the 15 dys-
regulated metabolomic pathways, the aminoacyl-tRNA biosynthesis pathway in the gastric
tissues was markedly upregulated relative to that in the adjacent noncancerous tissues,
which was consistent with the results of transcriptome analysis. Bioinformatic analysis re-
vealed that among the key regulators in the aminoacyl-tRNA biosynthesis pathway, the ex-
pression levels of threonyl-tRNA synthetase (TARS) and phenylalanyl-tRNA synthetase
(FARSB) were correlated with tumor grade and poor survival, respectively. Additionally,
gastric tissue array data analysis indicated that TARS and FARSB were upregulated in gas-
tric cancer tissues and were correlated with poor prognosis and tumor metastasis.
Conclusions: This study demonstrated that the aminoacyl-tRNA biosynthesis pathway is
upregulated in gastric cancer and both TARS and FARSB play key roles in the progression
of gastric cancer. Additionally, a novel therapeutic strategy for gastric cancer was proposed
that involves targeting the aminoacyl-tRNA biosynthesis pathway.
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initiation and progression of human cancer, especially those of
gastric cancer (GC).! Previous studies have reported that the me-
tabolism of amino acids, lipids, glucose, and nucleotides is dysreg-
ulated in GC.*~* Hence, targeting metabolic pathways to elucidate
the pathogenesis of GC and develop novel therapeutic strategies
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for GC has piqued the interest of the scientific community. How-
ever, the role of metabolic pathways in the development of GC
and the underlying mechanisms has not been elucidated.

Metabolomic reprogramming is classified into the following
distinct phases: transcriptional activation of metabolic enzymes
and accumulation of metabolites.”® Multiple genes are involved
in metabolic pathways that catalyze the production of upstream
factors.”® However, recent studies have focused on metabolite
changes in GC rather than the effect of transcripts on GC metabo-
lism. Therefore, there is a need to integrate metabolomic and
transcriptomic analyses to identify the key metabolomic pathways
in GC; this will enable the development of strategies to target the
key metabolic pathways and consequently aid in the elucidation
of the pathogenesis of GC and the development of novel therapeu-
tic strategies.

In addition to facilitating comprehensive metabolite identifica-
tion and quantification, high-throughput multi-omic data
integration provides useful insights into cancer development
based on the complete spectrum of endogenous metabolites.’
High-throughput transcriptional and metabolic techniques capture
metabolic signatures, such as metabolites, catalytic genes, and reg-
ulators involved in the biosynthetic pathways. Additionally, the in-
tegrated analysis of the metabolome and transcriptome data along
with bioinformatic analysis will enable the identification of acti-
vated metabolic pathways and the metabolic pathways that are po-
tential therapeutic targets.

This study sought to examine the specific metabolomic profile
of GC, integrate the metabolomic data with the transcriptomic
data, and determine the changes in gene expression. Pathway anal-
ysis was performed using pooled hub genes and significant metab-
olites. The metabolic and transcriptomic changes associated with
GC were elucidated. The aminoacyl-tRNA biosynthesis pathway
was found to be enriched and hyperactive in GC tissues. Addition-
ally, a regulatory network was constructed to identify
biosynthesis-related genes and regulators. The expression levels
of the aminoacyl-tRNA synthesis enzymes, threonyl-tRNA syn-
thetase (TARS) and phenylalanyl-tRNA synthetase (FARSB),
were correlated with the malignancy and progression of GC. Fur-
thermore, the functions of TARS and FARSB were analyzed, and
their correlation with the malignancy and progression of GC was
determined. This study revealed the catalytic characteristics of
GC metabolism and provided novel insights into cancer etiology,
which will facilitate the identification of promising therapeutic tar-
gets for GC.

Materials and methods

Study cohort. In this study, 16 patients with pathologically
confirmed primary GC who had undergone surgical resection at
the Gansu Provincial Hospital between 2018 and 2019 were in-
cluded. The study subjects did not undergo drug therapy before
the surgery. Cancer tissues and adjacent noncancerous tissues were
subjected to metabolomic analysis. The study protocol was ap-
proved by the Ethics Committee of Gansu Provincial Hospital
(2020-019). Written informed consent was obtained from all pa-
tients before sample collection.

The Cancer Genome Atlas Stomach Adenocarcinoma gene
expression dataset was obtained from TCGA database
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(https://tcga-data.nci.nih.gov/tcga/). The dataset consisted of 32
adjacent noncancerous tissues and 375 GC tissues. Clinical data,
such as sex, age, histological type, survival, and clinical outcomes,
were also downloaded from TCGA database (Table S1).

Gastric tissue microarray (TMA, HStmA180Sul5) was obtained
from Outdo Biotech Co., Ltd. (Shanghai, China). The TMA con-
sists of primary tumors, which were resected between 2006 and
2015, of 98 patients. Clinicopathological characteristics, including
survival time, pathological grade, pathological stage, and immuno-
staining analysis of p53/ki67/CD133/VEGFR/E-cadherin of pa-
tients with GC, were collected. The tissues in the TMA were
collected after ethical approval (YB M-05-02). The detailed char-
acteristics of the TMA samples are presented in Table S2.

Liquid chromatography-tandem mass spectrome-
try analysis

Sample processing. For liquid chromatography—mass spec-
trometry analysis, 60-mg tissue sample was homogenized in
200-uL  water and precooled 800-uL methanol/acetonitrile
(1:1; v/v). The mixture was sonicated twice for 30 min and incu-
bated at —20 °C for 1 h to precipitate the proteins. The samples
were centrifuged at 12 000 g and 4 °C for 15 min, and the super-
natant was subjected to freeze-drying and stored at —80 °C.

Liquid chromatography—tandem mass spectrometry analy-
sis. The samples were resolved using high-performance liquid
chromatography with an Agilent 1290 Infinity (Agilent Technolo-
gies, Wilmington, DE, USA) equipped with an Acquity UPLC
BEH amide column (Waters, 1.7 um, 2.1 x 100 mm) at 25 °C.
The gradient mobile phase consisted of solvent A (ammonium hy-
droxide, acetic acid, and water) and solvent B (acetonitrile), and
the flow rate of the mobile phase was 0.3 mL/min. The gradient
elution conditions were as follows: 0—0.5 min, 95% B; 0.57 min,
95-65% B; 7-8 min, 65-40% B; 8—9 min, 40% B; 9-9.1 min,
40-95% B; and 9.1-12 min, 95% B. Quality control samples,
which were pooled with equal aliquots of tissue samples, were an-
alyzed throughout the experiment to monitor and evaluate the sta-
bility of the instrument and the reliability of the experimental data.

The samples were analyzed using an Agilent 6500 mass spec-
trometer (Agilent Technologies) equipped with an electrospray
ionization (ESI) source in positive and negative ion modes. The
ESI source conditions were as follows: gas temperature, 250 °C;
drying gas flow rate, 16 L/min; nebulizer pressure, 20 psig; sheath
gas temperature, 400 °C; sheath gas flow rate, 12 L/min; capillary
voltage, 3000 V; nozzle voltage, 0 V; fragmentation voltage,
175 V; mass range, 50—1200; acquisition rate, 4 Hz; and cycle
time, 250 ms.

Metabolites were identified using a Triple TOF 6600 mass spec-
trometer (AB Sciex, Redwood City, CA, USA). The ESI source
conditions were as follows: ion source gasl (Gasl), 40; ion source
gas2 (Gas2), 80; curtain gas (CUR), 30; source temperature:
650 °C; and ion spray voltage floating, 5000 V. MS/MS spectra
were collected using information-dependent acquisition in a
high-sensitivity mode. The structures of the metabolites were
identified using the MetDDA and LipDDA methods (Shanghai
Applied Protein Technology).
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Data analysis. The raw data from liquid chromatography—
tandem mass spectrometry (LC—MS/MS) were converted to
.mzXML format files using the MS converter tool.'® The peaks
were identified using the XCMS program. The retention time
was corrected, and the peak area was extracted. Data normalization
and analysis were performed as previously described.'' The not
available values (NAs) were set when the peak intensities were re-
corded at 0 s. If NAs in the detected peaks of metabolite appear in
more than two-thirds samples, the peaks were not included; other-
wise, value imputation was performed using the k-nearest neigh-
bor algorithm. Least squares support vector regression was used
to normalize the peak intensity data. After normalization and inte-
gration of the peak intensity data, matrix data were generated, in-
cluding sample names, retention time—m/z pairs, and normalized
peak area percentages.

Gene set enrichment analysis. The significant differen-
tially expressed metabolic pathways between adjacent noncancer-
ous tissues and GC tissues were analyzed using gene set
enrichment analysis (GSEA). GSEA provided a statistical method
with a priori defined set of genes that can distinguish if the mem-
bers of genes are randomly distributed between the two conditions
(i.e. adjacent noncancerous tissues and GC tissues in this study).

The pre-ranked GSEA tool (GSEAPreRanked; http://www.
broadinstitute.org/gsea/, version 4.0.2) was used to identify path-
ways that were differentially expressed in GC tissues. The raw
transcriptomic profiles were inputted into the GSEA package.
The pre-ranked GSEA tool utilizes the C2 curated gene sets
(Kyoto Encyclopedia of Genes and Genomes [KEGG] gene sets).
The permutation type was set to gene_set with 1000 permutations.
The enrichment score (ES), which indicates the degree to which a
set of genes is ranked, was calculated. The significance level of ES
represents the complex correlation structure of the gene expression
data.

Integration of metabolomic and transcriptomic
analysis in gastric cancer. To identify the significant path-
ways in GC tissues and construct Venn diagrams, GC-related
metabolomic pathways and transcriptomic pathways (from GSEA
results) were inputted into the online tool, VENNY 2.1.0 (http://
bioinfogp.cnb.csic.es/tools/venny/index.html).

Immunohistochemistry microarray analysis. The
TMA slides were deparaffinized with xylene, dehydrated with
graded alcohol washes, and incubated with antigenic retrieval
buffer. The sections were incubated overnight at 4 °C with the
anti-TARS (1:3000; Abcam, Cambridge, UK) and anti-FARSB
(1:500; Abcam) antibodies. The sections were then washed and in-
cubated with the secondary antibody for 30 min at 37 °C. Immu-
noreactive signals were visualized using diaminobenzidine. The
sections were counterstained with hematoxylin for 1 min at
37 °C and mounted in neutral gum. The stained fields were imaged
using a bright-field microscope and were evaluated by three expe-
rienced pathologists blinded to the clinical data. Immunohisto-
chemical (IHC) score, which ranged from O to 3, was obtained
by multiplying the staining intensity and the stained cell percent-
age scores. The expression levels of TARS and FARSB were
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considered to be low if the final staining scores were in the range
of 0-0.8 and 0—1.3, respectively. Meanwhile, the final staining
scores in the range of 0.85—3 and 1.35-3 represented high expres-
sion levels of TARS and FARSB, respectively.

Statistical analysis. Multivariate processing of the MS data
was performed using orthogonal partial least squares discriminant
analysis (OPLS-DA) to generate models for the classification of
GC and control groups. The OPLS-DA model was implemented
in the SIMCA-P14.1 software using permutation tests with 200
random permutations. The variable importance in the projection
from the OPLS-DA model was considered as a criterion for differ-
ential metabolite selection. MetaboAnalyst 3.0 was used for
KEGG pathway enrichment analysis (https://www.metaboanalyst.
ca/),12 while Mev software was used for hierarchical clustering
analysis.

The Wilcoxon test was used to examine the association between
gene expression and clinicopathological parameters. The log-rank
test was performed to compare the survival curves of the GC and
control groups. Pearson’s correlation coefficient was used to esti-
mate the association between variables. The differences were con-
sidered significant at P < 0.05. The P values were adjusted using
the Benjamini—Hochberg method. All statistical analyses were
performed using R version 3.5.1.

Results

Dysregulated metabolic pathways in gastric can-
cer. To identify the specific metabolite features in GC, 16 paired
cancer tissues and adjacent noncancerous tissues were subjected to
LC-MS/MS analysis. The clinical characteristics of the patients
are listed in Table S3. The total ion current chromatogram of the
GC and adjacent noncancerous tissues is illustrated in Figure S1.
Numerous signals detected within the total ion current chromato-
gram were identified as metabolites. OPLS-DA provides insights
into the separation of metabolites between different groups. In
both ESI+ and ESI— modes, the metabolites of the GC tissue ex-
hibited distinct clustering from those of the adjacent noncancerous
tissue (Fig. 1a). In total, 71 differentially expressed metabolites
were screened (38 and 33 metabolites in ESI+ and ESI— modes,
respectively) based on the following criteria: variable importance
in the projection > 1 and P < 0.05 (Tables 1, 2). The differentially
expressed metabolites mainly consisted of amino acids, carbohy-
drates, lipids, and nucleosides. Compared with those in the adja-
cent noncancerous tissues, the levels of amino acids were higher,
whereas those of carbohydrates were lower in the GC tissues. Ver-
tical cluster analysis revealed the differential metabolic profile be-
tween GC and adjacent noncancerous tissues. The distribution
patterns of 71 potential metabolites were displayed using a
heatmap (Fig. 1b).

To explore the mechanism underlying GC metabolism and com-
prehensively characterize the differential metabolites, 71 differen-
tially expressed metabolites were combined for subsequent
analysis. KEGG pathway enrichment analysis and topology analy-
sis were performed to preliminarily assess the biological functions
of 71 differential metabolites in GC (Fig. 1c). The analysis re-
vealed the clustering of 15 metabolic pathways (Table S4).
Aminoacyl-tRNA biosynthesis; glycine, serine, and threonine
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Figure 1  Distribution of differential metabolites
and metabolic pathways in gastric cancer. (a) The
score plot of the orthogonal partial least squares
discriminant analysis model for the gastric cancer
and adjacent noncancerous tissues based on lig-
uid chromatography—tandem mass spectrometry
data. Green dots represent cancer tissues, while
blue dots represent adjacent noncancerous tis-
sues. (b) Heatmap visualization of the metabolo-
mics data of the gastric cancer and adjacent
noncancerous tissues. The horizontal axis
indicates the samples, while the vertical axis
indicates the metabolites. (c) Distribution of
metabolite-matched  metabolism  pathways
based on the scores from topology analysis
(x-axis) and enrichment analysis (y-axis). Each
circle represents the matched metabolism

Linoleic a(E;id metabolism

metabolism; amino sugar and nucleotide sugar metabolism; phe-
nylalanine, tyrosine, and tryptophan biosynthesis; and arginine
biosynthesis were the top 5 dysregulated metabolic pathways in

GC tissues.
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Pathway impact

pathways. The circle color and size were based
on pathway P value and impact value,
respectively.

Aminoacyl-tRNA biosynthesis pathway is upregu-
lated in the metabolome and transcriptome. Meta-
bolic pathways are regulated mainly by metabolizing enzymes.
The mRNA expression levels of metabolizing enzymes in the
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Table 1 Key differential metabolites in positive electrospray ionization (ESI+) mode of liquid chromatography-tandem mass spectrometry

No. Metabolite HDMB ID KEGG ID m/z RT VIP FC P value Metabolic pathway

1 D-Proline HMDBO0003411 C00763 116.07 29140 14.64 1.25 8.17E— 04 Amino acids

2 Uracil HMDBO0000300 C00106 113.03 70.25 556 2.02 1.28E — 03 Pyrimidines

3 1,2-Dioleoyl-sn-glycero-3-phosphocholine  HMDB0062690 NA 83259 126.02 2.67 1.57 1.83E — 03 Phosphatidylcholines
4 L-Glutamate HMDB0000148 C00025 148.06 37062 6.43 1.33 3.37E — 03 Amino acids

5 L-Norleucine HMDBO0001645 C01933 263.20 24298 1.81 1.66 3.46E — 03 Amino acids

6 Dopamine HMDBO0000073 C03758 136.08 280.37 4.61 1.34 4.11E — 03 Catecholamines

7 1-Aminocyclopropanecarboxylic acid HMDB0036458 NA 84.04 37062 3.74 1.28 4.97E — 03 Amino acids

8 y-L-Glutamyl-L-phenylalanine HMDBO0000594 NA 29513 31922 1.056 1.73 5.36E — 03 Amino acids

9 trans-3-Coumaric acid HMDB0001713 C12621 147.04 280.38 1.81 1.29 5.73E — 03 Hydroxycinnamic acids
10  trans-2-Hydroxycinnamic acid HMDB0002641 C01772 165.06 280.36 4.83 1.32 6.66E — 03 Hydroxycinnamic acids
11 Acetylcarnitine HMDBO0000201 C02571 204.12 286.13 26.23 0.78 6.95E — 03 Acyl carnitines

12 L-Phenylalanine HMDBO00001569 C00079 166.09 236.11 11.12 1.31 7.12E — 03 Amino acids

13 L-Tyrosine HMDBO0000158 C00082 182.08 280.32 6.15 1.32 7.50E — 03 Amino acids

14 Tyramine HMDBO0000306 C00483 120.08 23586 15.28 1.31 7.86E — 03 Phenethylamines

15 L-Leucine HMDBO0000687 C00123  132.10 242,69 829 1.27 7.99E — 03 Amino acids

16 Betaine HMDBO0000043 CO00719 118.09 27946 4.21 1.28 9.38E — 03 Amino acids

17  Phenyllactic acid HMDBO0000779 C01479  149.06 236.21 1.94 1.31 1.09E — 02 Phenylpropanoic acids
18  L-Proline HMDBO0000162 C00148 231.13 29191 2.06 1.28 1.16E — 02 Amino acids

19  D-Mannose HMDBO0000169 C00159  145.05 28565 3.25 0.79 1.19E — 02 Carbohydrates

20  b-Hydroxyindoleacetate HMDBO0000763 C05635 192.07 241.71 2.05 241 1.26E — 02 Indoles

21 N-Acetylneuraminic acid HMDBO0000230 C19910 310.11 349.21 1.31 1.57 1.30E — 02 Carbohydrates

22 3-(3-Hydroxyphenyl)propanoic acid HMDBO0000375 C11457 131.05 236.23 158 1.26 1.33E — 02 Phenylpropanoic acids
23 Indole HMDBO0000738 C00463 118.06 237.73 1.72 1.32 1.38E — 02 Indoles

24 L-Phenylalanine HMDBO00001569 C00079 331.17 235,60 1.63 1.46 1.68E — 02 Amino acids

25  L-Kynurenine HMDBO0000684 C00328 209.09 24157 248 236 1.72E— 02 Carbonyl compounds
26 L-Aspartate HMDBO0000191 C00049 134.04 376.26 229 1.41 1.90E— 02 Amino acids

27  Mannose-6-phosphate HMDBO0001078 C00275 225.02 44884 166 1.36 1.91E — 02 Carbohydrates

28  L-Tryptophan HMDBO0000929 C00078 205.10 23842 549 1.32 2.19E — 02 Indoles

29 1,2-Dioleoyl-sn-glycero-3-phosphocholine  HMDB0062690 NA 808.59 127.01 6.93 1.41 2.37E — 02 Glycerophospholipids
30  Indole-3-lactic acid HMDBO0000958 C02341  188.07 238.33 7.22 1.28 238E - 02 NA

31  Valylisoleucine HMDB0029130 NA 23117 17954 1.02 1.89 2.46E — 02 Amino acids

32 I\/z,/\lz—Dimethylguanosine HMDB0004824 NA 312.13 178.09 156 1.65 2.64E — 02 Purine nucleosides
33  PC(16:0/16:0) HMDBO0000564 C00157 756.56 4554 228 1.32 2.79E — 02 Glycerophospholipids
34 L-Pyroglutamic acid HMDBO0000267 C01879 147.08 35194 3.60 1.36 2.89E — 02 Amino acids

35  D-Alanyl-D-alanine HMDBO0003459 (C00993 161.09 7474 111 237 3.08E — 02 Amino acids

36  D-Glucose 6-phosphate HMDBO0001401 C00668 261.04 44885 235 1.33 3.75E — 02 Carbohydrates

37  N-Acetylmannosamine HMDBO0001129 C00645 222.10 24050 4.31 1.51 3.84E — 02 Carbohydrates

38  4-Imidazoleacetic acid HMDB0002024 C02835 127.05 298.63 2.05 1.74 4.46E — 02 Imidazoles

FC, fold change; HMDB, Human Metabolome Database; KEGG, Kyoto Encyclopedia of Genes and Genomes; RT, retention time; VIP, variable impor-

tance in the projection.

GC tissues were downloaded from TCGA database and ranked
using the GSEA software. The metabolic pathways potentially in-
volved in GC were analyzed by clustering the metabolizing en-
zyme sets. The analysis revealed that 24 pathways were
significantly altered between GC tissues and adjacent noncancer-
ous tissues (P < 0.05) and these pathways were ranked using the
normalized ES score. The aminoacyl-tRNA biosynthesis pathway
was one of the top 10 pathways (Fig. 2). The genes enriched in this
pathway were upregulated (Table S5).

Metabolome and transcriptome analyses revealed that 15 and 24
metabolic pathways were significantly dysregulated in GC, respec-
tively. Hence, a crossed pathway analysis was performed. The
aminoacyl-tRNA pathway was identified as the aberrant pathway
in the metabolome and transcriptome of the GC tissues (Fig. 3a).

Journal of Gastroenterology and Hepatology 36 (2021) 3113-3126

The aminoacyl-tRNA biosynthesis pathway was composed of
13 interactive metabolites that were upregulated in GC (Fig. 3b).
Additionally, the mRNA levels of 31 metabolism-related genes
in the aminoacyl-tRNA biosynthesis pathway were upregulated
in GC (Table S4 and Fig. 3c). These findings suggest that the
aminoacyl-tRNA biosynthesis pathway is significantly upregu-
lated in GC.

To visualize the interaction between the metabolites and
their potential metabolizing enzymes in aminoacyl-tRNA
biosynthesis, a metabolite—enzyme interaction network was
constructed (Fig. 4). The interaction network consisted of 12
aminoacyl-tRNA synthetases (ARSs) and 13 metabolites. To syn-
thesize the corresponding aminoacyl-tRNA, 12 upregulated core
enzymes interact with 13 metabolites. These results indicate that
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Table 2 Key differential metabolites in negative electrospray ionization (ESI—) mode of liquid chromatography—tandem mass spectrometry

No.  Metabolite HDMB ID KEGG ID m/z RT VIP FC P value Metabolic pathway

1 Glycine HMDBO0000123  C00037 74.02  343.00 193 1.35 6.75E — 04 Amino acids

2 D-Tagatose HMDBO0003418  C00795 201.04 373.81 123 069 7.75E — 04 Carbohydrates

3 N-Acetylmannosamine HMDBO0001129 C00645 220.08 239.88 3.12 192 2.86E — 03 Carbohydrates

4 L-Serine HMDBO0003406 C00740 104.03 355.80 2.09 128 4.44E —03 Amino acids

5 D-Proline HMDBO0003411  C00763 114.06  290.37 595 1.38 4.49E — 03 Amino acids

6 L-Threonine HMDBO0000167 C00188 118.05 332.69 291 137 465E—03 Amino acids

7 Uracil HMDBO0000300 C00106 111.02 69.80 11.74 1.62 6.96E — 03 Pyrimidines

8 L-Asparagine HMDBO0000168 C00152 131.04 356.41 152 131 7.27E—-03 Amino acids

9 L-Threonic acid HMDB0062620 NA 135.03 310.76 1.75 1.37 8.25E — 03 Carbohydrates

10 N-Acetyl-L-alanine HMDBO0000766 NA 130.05 226.92 219 147 9.27E —-03 Amino acids

11 L-Glutamate HMDB0000148  C00025 146.05 369.68 586 1.25 9.42E - 03 Amino acids

12 Sarcosine HMDBO0000271  C00213 88.04 226.96 1.57 140 9.62E — 03 Amino acids

13 L-Kynurenine HMDB0000684 C00328 207.07 241.09 113 3.00 1.07E — 02 Organooxygen compound
14 Ribothymidine HMDB0000884 NA 257.07 56.32 111 184 1.12E - 02 Pyrimidine nucleosides
15 L-Phenylalanine HMDBO0000159  C00079 164.07 23655 11.71 143 1.16E—02 Amino acids

16 2E-Eicosenoic acid NA NA 309.28 40.52 7.10 061 1.26E-02 NA

17  L-Aspartate HMDBO0000191  C00049 132.03 375.05 359 146 1.26E—02 Amino acids

18  Indolelactic acid HMDBO0000671  C02043 204.07 34.64 231 192 1.29E-02 Indoles

19 1-Deoxy-D-xylulose 5-phosphate HMDB0001213  C11437 273.04 380.15 1.25 048 1.29E — 02 Carbohydrates

20 L-Tyrosine HMDBO0000158  C00082 180.07 279.91 6.93 132 1.356E—-02 Amino acids

21 N-Acetylneuraminic acid HMDBO0000230 C19910 308.10 348.74 144 160 1.44E — 02 Carbohydrates

22 4-Hydroxycinnamic acid HMDB0002035 C00811 163.04 279.89 1.39 1.30 1.66E — 02 Hydroxycinnamic acids
23 Linoleic acid HMDBO0000673 C01595 301.21 41.00 6.86 1.44 1.62E — 02 Fatty acyls

24 o-D-Glucose 1-phosphate HMDB0001586 C00103 241.01 372.66 115 052 1.79E — 02 Carbohydrates

25 Pentadecanoic acid HMDB0000826 C16537 241.21 43.33 1.84 128 2.04E — 02 Fatty acyls

26 L-Tryptophan HMDBO0000929 C00078 203.08 237.93 486 1.31 245E—02 Indoles

27  Thymine HMDBO0000262 C00178 125.03 47.11 1.02 1.87 2.96E — 02 Pyrimidines

28  L-Methionine HMDB0000696 C00073 148.04 262.47 3.67 142 3.01E-02 Amino acids

29 Glycerol 3-phosphate HMDB0000126 C00093 171.00 411.25 1.13 044 3.06E — 02 Glycerophospholipids
30  Adipic acid HMDBO0000448 C06104 145.05 316.00 1.39 038 3.12E—02 Fatty acyls

31 Glyoxylate HMDBO0000119  C00048 72.99 57.40 218 156 4.09E — 02 Carboxylic acids

32 L-actate HMDBO0000190 C00186 80.92 280.79 113 228 8.00E - 02 Amino acids

33  L-Glutamine HMDBO0000641 C00064 145.06 351.58 335 122 958E —02 Amino acids

FC, fold change; HMDB, Human Metabolome Database; KEGG, Kyoto Encyclopedia of Genes and Genomes; RT, retention time; VIP, variable impor-
tance in the projection.

the aminoacyl-tRNA biosynthesis pathway is upregulated in GC
owing to the overexpression of 12 ARSs.

Characteristics of metabolic enzymes of the
aminoacyl-tRNA biosynthesis pathway in gastric
cancer. The role of 12 key synthetases of the
aminoacyl-tRNA biosynthesis pathway in GC was examined.
The correlation between the mRNA expression levels of 12 key
ARSs and clinical characteristics in patients with GC was investi-
gated based on TCGA database. Among the key ARSs, the upreg-
ulated expression of FARSB was associated with poor overall
survival (OS) rate and clinical outcomes in patients with GC
(Fig. 5a). The Wilcoxon test indicated that the expression level
of TARS in G2 and G3 grade tumors was significantly higher than
that in G1 grade tumors (Fig. 5b). However, the expression of
other ARSs did not significantly vary according to the GC grade,
TNM stage, and survival status. Further studies are needed to ex-
amine the role of ARSs in GC development. These data suggest
that FARSB is a potential prognostic factor for OS and that the
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upregulated expression of TARS is correlated with the pathologi-
cal grade of GC.

Overexpression of threonyl-tRNA synthetase and
phenylalanyl-tRNA synthetase is correlated with
the development of gastric cancer. The protein expres-
sion and subcellular location of TARS and FARSB were deter-
mined using TMA consisting of 98 GC tissues and 82 adjacent
noncancerous gastric mucosal tissues. As shown in Figure 6a—d,
TARS and FARSB were mainly localized in the cytoplasm of gas-
tric basal cells and cancer cells. The expression levels of TARS
and FARSB were upregulated in 64.3% (63/98) and 74.5%
(73/98) of GC tissues, respectively. In contrast, the expression
levels of TARS and FARSB were upregulated in only 35.4%
(29/82) and 26.8% (22/82) of the noncancerous tissues, respec-
tively. Furthermore, the IHC scores of TARS and FARSB in the
GC tissues were significantly higher than those in the adjacent
noncancerous tissues (Fig. 6e). These data indicate that TARS
and FARSB are overexpressed in GC tissues.
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The GC samples were divided into TARS/FARSB-high and
TARS/FARSB-low groups according to the median IHC score.
Consistent with the findings in TCGA cohort, the OS of the
FARSB-high group was poorer than that of the FARSB-low
group (Fig. 6h). Furthermore, FARSB overexpression was signif-
icantly correlated with the progression of the M stage (Fig. 6f)
rather than that of the pathology grades, T and N stages. TARS
expression was significantly associated with poor survival
(Fig. 6g). These results confirmed that upregulated FARSB ex-
pression levels in GC tissues were correlated with tumor metasta-
sis and prognosis. The correlation between TARS/FARSB and
five prognostic markers (VEGFR, P53, CD133, Ki67, and E-
cadherin) was also assessed to validate the role of TARS and
FARSB in GC (Fig. 7). The expression levels of TARS and
FARSB were significantly correlated with those of VEGFR,
which indicated that the upregulated expression of
TARS/FARSB was associated with tumor metastasis. Addition-
ally, the expression of FARSB was significantly correlated with
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that of P53 and CD133. This finding suggested that the upregu-
lated expression of FARSB was associated with tumor prolifera-
tion. The expression levels of TARS/FARSB were not
correlated with those of Ki67 and E-cadherin. These results indi-
cate that TARS and FARSB are associated with tumor metastasis
and proliferation in GC.

Thus, the upregulated expression of TARS and FARSB, which
are metabolic enzymes in the aminoacyl-tRNA biosynthesis path-
way, is associated with gastric tumor metastasis and proliferation
and poor prognosis.

Discussion

Gastric cancer is the fifth most common cancer and the second
leading cause of cancer-related mortality.'* Several risk factors, in-
cluding Helicobacter pylori infection, environmental factors, and
genetic susceptibility, have been reported for GC. However, the

pathogenetic mechanism of GC has not been elucidated.'*"?
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Currently, surgery and chemoradiotherapy are the major therapeu- was upregulated in both the metabolome and transcriptome of GC.
tic strategies for GC. However, the efficacy of these therapeutic Furthermore, TARS and FARSB, which are two metabolic en-
strategies has plateaued.'®'” Therefore, there is a need to identify zymes of the aminoacyl-tRNA biosynthesis pathway, were in-
novel biomarkers for disease progression and therapeutic out- volved in the progression of GC. This study provides useful
comes. In this study, metabolomic and transcriptomic data were in- insights for developing novel therapeutic strategies for GC by
tegrated to identify the key metabolic pathways in GC. The targeting the aminoacyl-tRNA biosynthesis pathway and its key
findings of this study indicated that the aminoacyl-tRNA pathway metabolic enzymes.
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Figure 5 Stratification analysis based on the expression levels of threonyl-tRNA synthetase (TARS) and phenylalanyl-tRNA synthetase (FARSB) and

clinical outcome in gastric cancer (GC). (a) The overall survival analysis result is indicated in the left column. TARS:

, high; =, low. FARSB: -, high; =,

low. (b) The prognostic significance of TARS was evaluated based on GC grade status. (c) The prognostic significance of FARSB was evaluated based

on GC stage status.

Metabolic pathways are reprogrammed to maintain cancer cell
proliferation and survival. The reprogramming of metabolic path-
ways involves the metabolism of glucose, amino acids, and lipids.
Most cancer cells metabolize glucose through glycolysis to meet
the high demand for adenosine triphosphate instead of oxidative
phosphorylation through the tricarboxylic acid cycle.'® The less
efficient adenosine triphosphate generation through glycolysis is
rationalized by providing available glycolytic intermediates for
the biosynthesis of amino acids, lipids, and nucleosides. The

3122

Warburg effect can also enhance lactate generation in GC."® In this
study, the levels of carbohydrates were low, whereas those of lac-
tate were high in the GC tissues, which confirmed the Warburg ef-
fect in GC. The alterations in the expression of genes encoding key
catalytic enzymes or regulators in metabolic pathways must also
be identified. For example, indoleamine 2,3-dioxygenase (IDO)
is the rate-limiting enzyme for the production of kynurenine.?
Therefore, the LC-MS/MS-based metabolome data were inte-
grated with the transcriptome data from TCGA database to
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examine the metabolomic changes in GC. A gene—metabolite in-
teraction network consisting of both metabolic enzymes and me-
tabolites was constructed to model the specific metabolic
pathways.

The integrated analysis revealed the upregulation of the
aminoacyl-tRNA biosynthesis pathway in GC. To the best of our
knowledge, this is the first study to highlight the role of the
aminoacyl-tRNA biosynthesis pathway in GC based on the inte-
gration of both metabolomic and transcriptomic data. The findings
of this study are consistent with those of a previous study, which
demonstrated that the aminoacyl-tRNA biosynthesis pathway is
markedly upregulated in the GC cell lines using single
metabonomics.”’ ARSs are the major regulators of the
aminoacyl-tRNA biosynthesis pathway.?? Hence, the mRNA ex-
pression levels of metabolic enzymes in GC tissues were analyzed.
The aminoacyl-tRNA biosynthesis pathway was upregulated at the
transcript level. This finding can contribute to the elucidation of
the complex mechanisms of metabolic disorders associated with
cancer.

Previous studies have reported that metabolites, which are im-
portant substrates of peptide bonds and protein synthesis, are
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potential prognostic and diagnostic biomarkers for specific tumor
development.”*** Among the 71 differentially expressed metabo-
lites, 13 were upregulated in the aminoacyl-tRNA biosynthesis
pathway in GC. Consistent with previous studies on urine metabo-
lomics in GC, this study reported that proline was significantly up-
regulated in GC tissues. Compared with its role in nonmetastatic
GC, proline has a critical role in metastatic GC.>° Treatment with
proline degradation enzyme inhibitors downregulated cancer cell
metastasis.”® Tryptophan and kynurenine are reported to be dys-
regulated in GC. The dysregulation of the tryptophan/kynurenine
catabolism pathway is associated with poor prognosis in GC.?’
In this study, the levels of tryptophan and kynurenine were upreg-
ulated in GC tissues. However, the ratio of tryptophan/kynurenine
markedly decreased in GC tissues. This is because IDO catalyzes
tryptophan catabolism, which leads to the production of toxic
kynurenine. IDO has been proposed to function as an immune sup-
pressor and induce immune tolerance. Various studies have re-
ported that the expression of IDO is upregulated in the tumor
microenvironment and that the upregulated IDO expression is cor-
related with immune suppression and cancer progression.”®?
Kynurenine, which is the main metabolite of IDO-catalyzed
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tryptophan catabolism, was the most upregulated metabolite in this
study. Therefore, further studies are needed to determine the poten-
tial role of proline, kynurenine, and IDO in GC diagnosis and
therapy.

Bioinformatic analysis of TCGA database and verification ex-
periments using TMA were performed. This study, for the first
time, demonstrated that among the ARSs of the aminoacyl-tRNA
biosynthesis pathway, the upregulated expression levels of TARS
and FARSB were correlated with tumor metastasis and prolifera-
tion in GC. In addition to their functions in protein synthesis,
ARSs are involved in various cellular processes, such as immune
and inflammatory responses, angiogenesis, and apoptosis.***' Ad-
ditionally, recent studies have reported that ARSs are involved in
the oncogenesis pathways by binding to ARS-interacting proteins.
For example, methionyl-tRNA synthetase binds to CDK4 to
promoteo cell cycle,>? while glutaminyl-tRNA synthetase binds
to ASK1 to regulate cell apoptosis.®®> Several ARSs function as
secreted cytokines to shape the tumor microenvironment. The
secreted tyrosyl-tRNA synthetase harbors a specific ELR
(Glu—Leu—Arg) motif in its N-terminal domains, which promotes
polymorphonuclear cell migration and stimulates angiogenesis.**
Hence, future studies must focus on ARSs to gain novel insights
into the pathogenic process and develop potential therapeutic strat-
egies for GC. However, the precise role of other ARSs (e.g.
DARS, PARS, and EPRS) involved in the catalytic steps of
aminoacyl-tRNA biosynthesis is an active area of research.

This study demonstrated that the upregulated expression of
TARS was positively correlated with poor prognosis in GC. TARS
is an angiogenesis-regulating factor as it stimulates the migration
of vascular endothelial cells and promotes the formation of blood
vessel.*® Previous studies reported that TARS overexpression
was positively correlated with the stage of ovarian cancer’® and
pancreatic cancer cell migration.” Our data confirmed elevated
TARS expression in GC tissues and paralleled to expression level
of VEGFR, an important angiogenic signaling molecule. Although
the correlation between TARS expression and GC stage was not
significant, the expression of TARS was upregulated in advanced
stages of GC. Therefore, TARS may be a novel anti-metastatic
therapeutic target for GC. Further studies are needed to elucidate
the molecular mechanisms of TARS in GC and determine its po-
tential as a therapeutic target for GC.

The analysis of Human Protein Atlas revealed that FARSB is a
potential prognostic indicator for some cancers.*®* Currently,
most studies focus on the correlation between FARSB mutations
and interstitial lung disease, hypotonia, liver cirrhosis, and so
forth.** However, limited studies have focused on the role of
FARSB in GC development. This study demonstrated that the ex-
pression of FARSB is upregulated in GC tissues. Additionally, the
upregulated expression of FARSB was correlated with distant me-
tastasis and poor survival in GC. Mechanistically, FARSB is the
target protein of IGFBP7,*' which regulates anti-apoptotic signal-
ing and cell proliferation*” by interacting with IGF-1R. However,
the ability of FARSB to regulate the IGFBP7/IGF-1R axis and
consequently promote oncogenesis and development in GC re-
quires further exploration.

In conclusion, this study revealed that the aminoacyl-tRNA bio-
synthesis pathway is upregulated in GC based on the integrated
analysis of metabolome and transcriptome of GC. The upregulated
expression of TARS and FARSB, which are the key enzymes in
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the aminoacyl-tRNA biosynthesis pathway, was correlated with
tumor metastasis and proliferation in GC. Therefore, the findings
of this study will provide a basis to develop novel therapeutic
strategies and diagnostic biomarkers for GC by targeting the
aminoacyl-tRNA biosynthesis pathway and its key metabolic
enzymes, such as TARS and FARSB.
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Figure S1. Representative LC-MS/MS TIC chromatograms of the
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TIC chromatograms of the untargeted compound in QC samples
under ESI+ and ESI— conditions. C and D. The TIC chromato-
grams of the untargeted compound in GC tissues under ESI+
and ESI— conditions, respectively. E and F. The TIC chromato-
grams of the untargeted compound in NM tissues under ESI+
and ESI— conditions, respectively. LC-MS/MS, liquid
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