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Abstract

Background: Pancreatic cancer (PC) has a poor prognosis and is prone to liver metastasis. The KAIl/CDyg, gene inhibits PC
metastasis. This study aimed to explore differential metabolites and enrich the pathways in serum samples between PC and
liver metastasis nude mouse models stably expressing KAII/CDg,. Methods: KAII/CDg,-PLV-EF|0-MCS-IRES-Puro vector
and PANCI cell line stably expressing KAll/CDg, were constructed for the first time. This cell line was used to construct 3
PC nude mouse models and 3 liver metastasis nude mouse models. The different metabolites and Kyoto encyclopedia of
genes and genomes (KEGG) and human metabolome database (HMDB) enrichment pathways were analyzed using the serum
samples of the 2 groups of nude mouse models on the basis of untargeted ultra-performance liquid chromatography-tandem
mass spectrometry platform. Results: KAI|/CDg,-PLV-EF10-MCS-IRES-Puro vector and PANCI cell line stably expressing KAII/
CDg, were constructed successfully, and all nude mouse models survived and developed cancers. Among the 1233 metabolites
detected, 18 metabolites (9 upregulated and 9 downregulated) showed differences. In agreement with the literature data, the
most significant differences between both groups were found in the levels of bile acids (taurocholic acid, chenodeoxycholic acid),
glycine, prostaglandin E2, vitamin D, guanosine monophosphate, and inosine. Bile recreation, primary bile acid biosynthesis, and purine
metabolism KEGG pathways and a series of HMDB pathways (P <.05) contained differential metabolites that may be associated with
liver metastasis from PC. However, the importance of these metabolites on PC liver metastases remains to be elucidated.
Conclusions: Our findings suggested that the metabolomic approach may be a useful method to detect potential biomarkers in PC.
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Introduction

As one of the most aggressive malignancies, pancreatic cancer
(PC) is a leading cause of cancer-related mortality.! More than
80% of patients with PC are at the advanced stage of initial
diagnosis, losing the opportunity for surgical treatment.
Moreover, the effect of radiotherapy and chemotherapy is
poor.” Currently, carbohydrate antigen 19-9 (CA19-9), a
common clinical biomarker for PC, does not have a sufficient
ability to detect PC at an early stage.’ Imaging examination
shows insufficient sensitivity and specificity when the tumor
size is less than 2 cm.* Direct peripancreatic invasion or metas-
tasis to near and far organs may occur through lymph nodes
and/or blood vessels. Blood from the pancreas flows back
through the portal vein to the liver, which is the most
common site of metastasis in PC. Therefore, new markers
that can diagnose the risk of PC liver metastasis are urgently
needed.

In 1995, Dong et al. first discovered the KAI1/CDg, gene
(named according to the Chinese anticancer compound Kang
Ai),” which has been shown to inhibit the metastasis of most
cancers and to be significantly associated with prognosis.
KAI1/CDg, is a member of the transmembrane 4 superfamily.
It includes 4 conservative hydrophobic domains (TM1-TM4)
across the membrane structure and 1 extracellular carbohydrate
binding site. Similar to other TM4SF members, this structure
determines whether KAI1/CDg, can influence the molecular
rearrangement and cell morphology, aggregation, adhesion,
and migration.® The inhibitory effect of KAI1/CDg, on PC
was first discovered in 1996. In situ hybridization and immuno-
histochemical analysis showed that the KAI1/CDyg, protein is
expressed to varying degrees in PC, but it is not or weakly
expressed in the surrounding stroma, inflammatory cells, islet
cells, and acinar cells in adjacent tissues.’ In vitro experiments
demonstrated that KAI1/CDg, can inhibit the metastasis of
PC cells by inhibiting their movement and migration.® The
KAIl/CDg, gene downregulates hGF-mediated infiltration
and metastasis of PC cells by inhibiting SPK1 activity.®
KAI1/CDg; also inhibits angiogenesis and lymphatic metastasis
in PC by inhibiting vascular endothelial growth factor C (VEGF-C)
expression.” KAII inhibited pathological angiogenesis by regulat-
ing membrane lipid rearrangement and cell adhesion molecule
CD44.'° KAII also inhibits tumor metastasis by inhibiting hepato-
cyte growth factor (HGF/c-Met) and integrin pathways.!' Low
expression of KAIl that reduce intercellular adhesion leads to
the occurrence of epithelial-mesenchymal transition (EMT)
metastasis.'> Considering that liver is the organ with the highest
metastatic rate of PC, this study is the first to investigate the cor-
relation between KAIl and liver metastasis of PC. We attempted

to explore the differential metabolites and their enrichment path-
ways between pancreatic carcinoma in situ and liver metastasis
from a new perspective of metabolomics. The molecular regula-
tory network of KAI1/CDgj; to inhibit pancreatic tumor metastasis
needs to be fully elucidated so as to provide a new way for diag-
nosing and treating PC patients.

Metabolomics is an analysis of endogenous low-molecular-
weight metabolites present in a defined biological sample such
as tissue or a bodily fluid such as blood.'*"'> Metabolomics has
attracted increasing interest in the scientific and medical com-
munities in the past few years, particularly in oncology.'®
Compared with normal differentiated cells, cancer cells have
considerably different metabolic requirements that enable
them to continuously grow. Thus, cancer cells must have
altered metabolic pathways to obtain sufficient amounts of the
metabolites required for high rates of proliferation.'” Small
effective changes in gene and protein expression will be ampli-
fied on metabolites, and the biochemical metabolic network of
many endogenous small-molecule compounds is relatively
clear. As a new metabolomic analysis technique, liquid chroma-
tography—mass spectrometry (LC-MS/MS) has high sensitivity
and wide dynamic range and does not require derivatization. It
is suitable for detecting substances with large polarity and
molecular weight, such as lipids, nucleotides, and polyamines.
In recent years, LC-MS/MS has been utilized to explore the
metabolic processes and new diagnostic biomarkers for early
diagnosis in various cancers, including PC. In some studies,
the LC-MS/MS platform used untargeted metabolomics to dis-
tinguish PC from noncase controls,'®*?° including 1 diabetes
cohort?! and 1 pancreatitis cohort.*? Other studies utilized tar-
geted metabolomics.”> > These selected individual biomarkers
can be used to detect PC, with an area under curve (AUC)
>0.8,19-21.25

The present study aimed to discover different metabolites
and metabolic pathways in carcinoma in situ of the pancreas
and liver metastasis using serum samples and then identify
new targets for the anticancer mechanism of the KAI1/CDg,
gene. To our knowledge, this study was the first to create cell
lines stably expressing KAI1/CDg,. The PC in situ and liver
metastasis models were constructed by using the human PC
cell line PANC-1 and administered in nude mice via splenic
injection. In this study, 6 serum samples were utilized, and
1223 metabolites were detected by full-spectrum metabolome
detection based on extensive targeting technology. On the
basis of UPLC-MS/MS detection platform, self-built database,
and multivariate statistical analysis, metabolic group differ-
ences among samples were studied. Some different metabolites
and pathways were screened out to predict and analyze the
related functions of the metabolites in the samples.
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Materials and Methods
Ethics Approval

All methods aimed to minimize the suffering of experimental
animals were performed in accordance with the animal ethics
guidelines and approved by the Ethics Board of China
Medical University. The approval number of this animal
research was JACUC-001-13.

Cell Lines and Experimental Animals

PANC-1, human PC cell lines, were ordered from the Institute
of Cell Biology of Chinese Academy of Sciences. The cells
were cultured in Dulbecco’s modified eagle’s medium
(DMEM), which was supplemented with 10% fetal bovine
serum, L-glutamine (2 mmol/L), penicillin G (100 U/mL), and
streptomycin (0.1 mg/mL) in an incubator (37 °C, 5% Cco?,
and 95% humidity). The experimental animals were female
BALB/c nude mice aged 4 to 6 weeks and weighing 18 to
22 g. Facilities: SPF barrier environment and IVC cage
feeding. Feed: Pellet feed, Jiangsu Synergetic Pharmaceutical
Bioengineering Co., Ltd. Drinking water: Sterile water.
Feeding density: 6 animals per cage. Cage change frequency:
twice a week. Fasting: N/A. Special feeding: N/A. Rich envi-
ronment: make nest paper or toys.

Reagents and Equipment

The reagents used were as follows: Acetonitrile (Merck KGaA);
30% Acr-Bos (29:1) (Biyuntian); Anti-p Actin antibodies
(Abcam ab8226 1:2000); Anti-CD82 antibodies (Abcam
ab109529 1:1000); Ammonium formate (Thermo Fisher);
Ammonium persulfate (Merck KGaA); BCA test kit
(Biyuntian); Bovine  serum  albumin (LABLEAD);
Dichloromethane (Thermo Fisher); DMEM (GE Healthcare
Life Sciences); Electrochemiluminescence (ECL) (Thermo
Fisher); Exolll Buffer (Thermo Fisher); Fast Digest Buffer,
Fast Digest xhol, Fast Digest HindIll (Thermo Fisher);
Formic acid (Merck KGaA); Gel Recovery Kit 28706
(QIAGEN); Goat anti-rabbit IgG (Thermo 31340
1:100 000-1:200 000) and Goat anti-rabbit IgG (Thermo
31460 1:100 000-1:200 000) (Thermo Fisher); Isopropyl alcohol
(Merck KGaA); Lipofectamin 2000 (Thermo Fisher); Loading
Buffer (Biyuntian); Methanol (Merck KGaA); Methyl tert-butyl
ether (Merck KGaA); Tetramethylethylenediamine (Merck
KGaA); Opti-MEM (Thermo Fisher); Phenylmethylsulfonyl fluo-
ride (Biyuntian); Polyvinylidene fluoride (PVDF) membrane
(Millipore); Standard reagent 12:0 Lyso PC, Cer(d18:1/4:0), PC
(13:0/13:0), DG (12:0/12:0), TG (17:0/17:0/17:0) (Avanti/zzstan-
dard); Tris-HCI, PHS.8 (Biyuntian), Tris-HCI, PH6.8 (Biyuntian);
Total protein extraction kit (Biyuntian).

The equipments used were as follows: Ball mill instrument
(MM400) (Retsch); Centrifugal concentrator (CentriVap);
Centrifuge (5424R) (Eppendorf); Electronic balance (AS 60/
220.R2) (RADWAG); Full wavelength scanning multifunction

reading instrument (Thermo Fisher); HH.SII-1 Thermostat
water bath (Chang‘an Scientific Instrument Factory); LC-MS/
MS (ExionLC AD UPLC-QTRAP) (SCIEX); Tanon EPS
300 Electrophoresis apparatus (Tianeng Technology Co.,
Ltd); TGL-16G Table High Speed Centrifuge (Sihuan
Scientific Instrument Factory); Ultrasonic cleaning apparatus
(KQ5200E) (Kunshan Ultrasonic Instrument Co., Ltd);
Vortex mixer (VORTEX-5) (Kyllin-Bell); TGL-16G
Table High Speed Centrifuge (Sihuan Scientific Instrument
Factory).

PANCI-KAII Cell Line

The KAII-PLV-EF1a-MCS-IRES-Puro vector was first con-
structed. The target gene fragment was amplified and purified
by polymerase chain reaction (PCR) (reaction system: 50-100 mg
of template, 2 pL of primer-F, 2 pL of primer-R, 25 pL of
primer-STAR, deionized water to reach a volume of 50 pL; response
procedures: 98 °C for 10 s, 55 °C for 15 s, 72 °C for 1 kb/min with
30 cycles). The PLV-EF1a-MCS-IRES-Puro vector was double-
digested by Thermo Scientific FastDigest Xhol and Thermo
Scientific FastDigest HindIIl. Exonuclease III was used to connect
the skeleton vector and the target fragment to construct the recombi-
nant plasmid for transformation. PCR amplification of the KAIl/
CDg,-PLV-EF1a-MCS-IRES-Puro vector was detected by agarose
gel electrophoresis.

Then, we constructed the PANCI cell line stably expressing
KAIl/CDg,. The KAII-PLV-EF1a-MCS-IRES-Puro vector
was cotransfected with virus-packed plasmid pMDLg/pRRE,
VSV-G, and pRSV-Rev into HEK293T cells using
Lipofectamine 2000. The cells were cultured and collected
after 48 and 72 h. PANCI cells were infected after the 2 super-
natants were mixed (the cell adherence rate was 70%). The
number of positive fluorescent signals in cells was detected
by flow cytometry to determine the infection rate of PANCI
cells by green fluorescent protein. Puro antibiotics (5 pg/mL)
were added into monoclonal cells for screening. The expression
of the KAI1/CDg, protein was confirmed by Western blot.

Nude Mouse Xenograft Model

PC Nude Mouse Model. The PANCI-KAI1/CDg, cell line
digested by trypsin was suspended with Hank’s balanced salt
solution (HBSS). The cell suspension of each strain was col-
lected and cultured at a concentration of 1x 107 cells/mL and
was inoculated in situ into the pancreas of nude mice with
0.1 mL of each cell. Successful injection was indicated by the
presence of liquid blisters under the subcapsular region of the
pancreas without any liquid exposure, and the abdominal
wound was sutured. The principle of aseptic operation should
be strictly observed during the surgical operation. After
waking up under anesthesia, the mice were placed in an SPF
grade feeding chamber. After 5 weeks, the mice were sacrificed,
and their serum samples were collected and measured.
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Nude Mouse Model of Splenic Injection Liver Metastasis. The
PANCI1-KAI1/CDsg; cell line digested by trypsin was suspended
with HBSS. The cell suspension of each strain was collected and
cultured at a concentration of 1x 107 cells/mL and was inocu-
lated into the spleen of nude mice with 0.1 mL of each cell.
After injection, a 75% alcohol cotton ball was used to compress
the pinhole for 1 to 2 min. Care was taken to stop bleeding in
order to prevent cancer cell extravasation and implantation
metastasis in the abdominal cavity. Subsequently, the wound
was sutured. Successful injection was marked by subcapsular
fluid blisters and no fluid exposure. The principle of aseptic oper-
ation should be strictly observed during the surgical operation.
After waking up under anesthesia, the mice were placed in an
SPF grade feeding chamber. After 5 weeks, the mice were sacri-
ficed, and their serum samples were collected and measured.

Blood Sample Extraction

Methods for extraction of hydrophilic compounds. The sample
was thawed on ice, vortexed for 10s, and mixed well.
About 300 pL. of pure methanol was added to 50 pL of
serum. The mixture was vortexed for 3 min and centrifuged
at 12000 rpm at 4 °C for 10 min. Then, the supernatant
was collected and centrifuged at 12 000 rpm at 4 °C for
5 min. The sample was placed in a refrigerator at —20 °C
for 30 min and then centrifuged at 12 000 rpm at 4 °C for
3 min. Finally, 150 pL of the supernatant in the liner of the
corresponding injection bottle was taken for on-board
analysis.

Methods for extraction of hydrophobic compounds. The
sample was thawed on ice, vortexed for 10 s, and then centri-
fuged at 3000 rpm at 4 °C for 5 min. About 50 pL of 1
sample was taken and homogenized with 1 mL mixture com-
prising methanol, MTBE, and internal standard mixture.
The mixture was vortexed for 15 min. Then, 200 pL of
water was added, and the mixture was vortexed for 1 min
and centrifuged at 12 000 rpm at 4 °C for 10 min. About
500 pL of supernatant was extracted and concentrated.
The powder was dissolved with 200 pL of mobile phase
B and then stored at —80 °C. Finally, the dissolving solution
was transferred into the sample bottle for LC-MS/MS
analysis.

UPLC Conditions

UPLC Conditions of Hydrophilic Compounds. The sample extracts
were analyzed using an LC-ESI-MS/MS system (UPLC,
ExionLC AD, https:/sciex.com.cn/; MS, QTRAP® System,
https:/sciex.com/). The analytical conditions were as follows:
UPLC: column, Waters ACQUITY UPLC HSS T3 CI18
(1.8 pm, 2.1 mm X 100 mm); column temperature, 40 °C; flow
rate, 0.4 mL/min; injection volume, 2 pL; solvent system,
water (0.1% formic acid): acetonitrile (0.1% formic acid); gra-
dient program, 95:5 V/V at 0 min, 10:90 V/V at 11.0 min,

10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, and 95:5 V/V
at 14.0 min.

UPLC Conditions of Hydrophobic Compounds. The sample
extracts were analyzed using an LC-ESI-MS/MS system
(UPLC, ExionLC AD, https:/sciex.com.cn/; MS, QTRAP®
System, https:/sciex.com/). The analytical conditions were as
follows: UPLC: column, Thermo Accucore™ C30 (2.6 pm,
2.1 mm X 100 mm 1i.d.); solvent system, A: acetonitrile/water
(60/40, V/V, 0.1% formic acid, 10 mmol/L ammonium
formate), B: acetonitrile/isopropanol (10/90 V/V, 0.1% formic
acid, 10 mmol/L ammonium formate); gradient program, A/B
(80:20, V/V) at 0 min, 70:30 V/V at 2.0 min, 40:60 V/V at
4 min, 15:85 V/V at 9 min, 10:90 V/V at 14 min, 5:95 V/V at
15.5min, 5:95V/V at 17.3min, 80:20 V/V at 17.3 min,
80:20 V/V at 20 min; flow rate, 0.35 mL/min; temperature,
45 °C; injection volume: 2 pL. The effluent was alternatively
connected to an ESI-triple quadrupole-linear ion trap
(QTRAP)-MS.

ESI-Q TRAP-MS/MS

ESI-Q TRAP-MS/MS of Hydrophilic Compounds. LIT and triple
quadrupole (QQQ) scans were acquired on a triple quadrupole-
linear ion trap mass spectrometer (QTRAP, QTRAP® LC-MS/MS
System) equipped with an ESI TurbolonSpray interface, operating
in positive and negative ion mode, and controlled by Analyst 1.6.3
software (Sciex). The ESI source operation parameters were as
follows: source temperature 500 °C; ion spray voltage (IS)
5500 V (positive), —4500 V (negative); ion source gas I (GSI),
gas II (GSII), and curtain gas (CUR) were set at 55, 60, and
25.0 psi, respectively; the collision gas (CAD) was high.
Instrument tuning and mass calibration were performed with 10
and 100 pmol/L polypropylene glycol solutions in QQQ and LIT
modes, respectively. A specific set of MRM transitions was moni-
tored for each period according to the metabolites eluted within this
period.

ESI-Q TRAP-MSIMS of Hydrophobic Compounds. LIT and QQQ
scans were acquired on a QTRAP® LC-MS/MS System
equipped with an ESI TurbolonSpray interface, operating in
positive and negative ion mode, and controlled by Analyst 1.6.3
software (Sciex). The ESI source operation parameters were as
follows: ion source, turbo spray; source temperature 500 °C; ion
spray voltage (IS) 5500 V(positive), —4500 V(negative); ion
source gas 1 (GS1), gas 2 (GS2), and curtain gas (CUR) were
set at 45, 55, and 35 psi, respectively; the collision gas (CAD)
was medium. Instrument tuning and mass calibration were per-
formed with 10 and 100 pmol/L polypropylene glycol solutions
in QQQ and LIT modes, respectively. QQQ scans were acquired
as MRM experiments with collision gas (nitrogen) set to 5 psi. DP
and CE for individual MRM transitions were performed with
further DP and CE optimization. A specific set of MRM transi-
tions was monitored for each period according to the metabolites
eluted within this period.
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Data Analysis

Principal Component Analysis. Unsupervised principal compo-
nent analysis (PCA) was performed by statistics function
prcomp within R (www.r-project.org). The data were unit var-
iance scaled before unsupervised PCA.

Hierarchical Cluster Analysis and Pearson Correlation Coefficients.
The hierarchical cluster analysis (HCA) results of samples and
metabolites were presented as heatmaps with dendrograms,
whereas the Pearson correlation coefficients (PCCs) between
samples were calculated by the cor function in R and presented
only as heatmaps. Both HCA and PCC were carried out by R
package ComplexHeatmap. For HCA, the normalized signal
intensities of metabolites (unit variance scaling) were visualized
as a color spectrum.

Selection of Differential Metabolites. The significantly regulated
metabolites between groups were determined by variable
importance in projection (VIP) >1 and absolute Log2" (fold
change) >1. VIP values were extracted from orthogonal
partial least squares discrimination analysis (OPLS-DA)
result, which also contain score plots and permutation plots,
generated using R package MetaboAnalystR. The data were
log transformed (log2) and subjected to mean centering
before OPLS-DA. A permutation test (200 permutations) was
performed to avoid overfitting.

Kyoto Encyclopedia of Genes and Genomes Annotation and
Enrichment Analysis. The identified metabolites were annotated
using Kyoto encyclopedia of genes and genomes (KEGG) com-
pound database (http:/www.kegg.jp/kegg/compound/). The
annotated metabolites were then mapped to the KEGG
Pathway database (http:/www.kegg.jp/kegg/pathway.html).
Significantly enriched pathways were identified with a hyper-
geometric test’s P-value for a given list of metabolites.

Western Blot

First, 10% separation gel and 4% stacking gel were config-
ured. Second, 5 to 20 pg of protein were loaded. When the
strip was pressed into a line and reached the junction
between the separation gel and the stacking gel, the voltage
was adjusted to 110V until the electrophoresis ended.
Third, a PVDF membrane was cut according to the length
of the sample. The PVDF membrane was activated in
100% methanol solution for 10 s and then balanced in the
electrotransfer solution for 5 min. It is generally transferred
by 300 mA for 1 to 3 h. Fourth, 5% skimmed milk was
used for sealing for 1h. Goat anti-rabbit IgG (Thermo
31340) was added: 1% to 5% skim milk powder or tris buff-
ered saline tween (TBST) with diluted primary antibody,
incubate overnight at 4 °C, and wash with TBST for 3
times (10 min each time). Goat anti-rabbit IgG (Thermo
31460) was added: 1% to 5% skim milk powder or TBST
with diluted secondary antibody (1:100 000-1:200 000),

incubate at room temperature for 1 h, and wash with TBST
for 3 times (10 min each time). Finally, ECL was evenly
added on the PVDF membrane and gelatinized for several
seconds after the reaction.

Results

PANCI-KAII Cell Line

The PCR identification results of KAI1/CDg, PLV-EFla-posi-
tive bacterial solution are shown in Figure 1a. The efficiency of
PANCI cell lentivirus infection is shown in Figure 1b. The
KAI1/CDg, overexpression and Western blot results of stable
conversion of PANCI cell line are shown in Figure 1c and
d. The Western blot results showed that the monoclonal cells
after virus infection could stably overexpress KAI1/CDg,
after screening, which proved that the stable cell line had
been successfully constructed. P12 cells had poor resuscitation;
thus, P16 was finally selected for subsequent experiments.

Nude Mouse Xenograft Models

Three PC nude mouse models and 3 splenic injection liver
metastasis nude mouse models survived and developed
cancers (Figure le and f).

UPLC-MSIMS-Based Full spectrum Metabolomics

Six serum samples of the 2 groups were used for full spectrum
metabolomic analysis based on UPLC-MS/MS platform,
including 3 KAI1/CDg,-PC nude mouse models and 3 KAI1/
CDg,-liver metastasis nude mouse models. The flow chart of
analysis is shown in Figure 2.

Statistical Analysis of Differentially Expressed Metabolites. PCA
and OPLS-DA were utilized to evaluate the differences in
the expression of tissue metabolites between groups. PCA
is a multidimensional data statistical analysis method for
unsupervised pattern recognition. A set of potentially corre-
lated variables are converted into a set of linearly uncorre-
lated variables through orthogonal transformation. The
converted variables are called principal components. PCA
data processing principle: the original data is compressed
into N principal components to describe the features of the
original data set, PCI1 represents the most obvious features
in the multidimensional data matrix, PC2 represents the
most significant features in the data matrix except PCI,
PC3, ..., PCN, and so on. PCA uses the built-in statistical
PRCOMP function of R software (www.r-project.org/) and
sets the PRCOMP function parameter scale = True to repre-
sent the normalization of unit variance scaling on the data.
PCA was performed on the samples (including the quality
control samples) in order to preliminarily understand the
total metabolic differences between the samples of each
group and the degree of variation between the samples
within the group. PCA results showed the tendency of metab-
olome separation among each group, indicating whether
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Figure 1. Lentivirus packaging and nude mouse xenograft models. (a) Polymerase chain reaction (PCR) identification results of KAI1/CDg,
PLV-EFla-positive bacterial solution. (b) Efficiency of PANCI cell lentivirus infection. (c and d) Western blot of KAI1/CDyg, protein expression.
(e) Three PC tissues of nude mouse models. (f) Three liver metastasis tissues of nude mouse models.

there was difference in metabolome between sample groups.
PCA showed distinct clustering between different groups
(Figure 3a to c), respectively. Although PCA is effective in
extracting the main information, it is insensitive to the vari-
ables with small correlation which can be solved by partial
least squares discriminant analysis (PLS-DA). PLS-DA is a
multivariate statistical analysis method with supervised
pattern recognition. Specifically, the components in indepen-
dent variable X and dependent variable Y are extracted,
respectively, and then the correlation between the

components is calculated. Compared with PCA, PLS-DA
can maximize the differentiation between groups and is con-
ducive to the search for differential metabolites. Orthogonal
partial least squares discriminant analysis (OPLS-DA) com-
bines the orthogonal signal correction and PLS-DA methods,
which can decompose the information of X matrix into 2 kinds of
information related to ¥ and unrelated to Y and screen the difference
variables by removing the unrelated differences. The OPLS-DA
score plot and OPLS-DA model validation are shown in
Figure 4a and b.
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Figure 2. Flow chart of metabolomic analysis.

Screening of Differential Metabolites. Metabonomics data has the
characteristics of “high dimension and massive amount,” so it is
necessary to combine univariate statistical analysis and multi-
variate statistical analysis and analyze the data from multiple
perspectives according to the characteristics of the date and
accurately mine the differential metabolites. Univariate statisti-
cal analysis methods include parametric test and nonparametric
test. Multivariate statistical analysis methods include PCA,
partial least square discriminant analysis, and so on. Based on
the results of OPLS-DA, the VIP of the OPLS-DA model was
analyzed based on the obtained multivariate data, and the
metabolites of different varieties or tissues could be selected
preliminarily. At the same time, the P-value or fold change of
univariate analysis can be combined to further screen out the
differential metabolites. If there is no biological duplicate

sample comparison, difference screening is performed accord-
ing to fold change value. If there is biological duplication,
fold change and VIP values of OPLS-DA model are combined
to screen differential metabolites. The metabolites with fold
change>2 and fold change<0.5 were selected. If the difference
of metabolites between the control group and the experimental
group is more than 2 times or less than 0.5, the difference is con-
sidered significant. If there is biological duplication in the
sample grouping, metabolites VIP>1 are selected on the
basis of the above. VIP value represents the influence intensity
of corresponding metabolite differences in the classification dis-
crimination of each group of samples in the model. Generally,
VIP>1 is considered to have significant differences.
Figure 5a shows the VIP values of differential metabolites.
The red dots represent up-regulated, while the green dots
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Figure 5. (a) VIP value plot. VIP values of the differentially expressed metabolites. (b) Bar chart. The difference multiple changes of the
quantitative information of metabolites in each group were compared according to the grouping of specific samples.

represent downregulated metabolites. After qualitative and
quantitative analysis of the detected metabolites, combined
with the grouping situation of specific samples, the difference
multiple changes of the quantitative information of metabolites
in each group were compared. Figure 5b shows the results of
metabolites whose changes rank first after log2 processing of
the difference multiple in each group comparison. The results
of differential metabolite screening are shown in Table 1.
Figure 6a is the S-plot of OPLS-DA, where the abscissa repre-
sents the cocorrelation coefficient between principal compo-
nents and metabolites, and the ordinate represents the

correlation coefficient between principal components and
metabolites. The closer the metabolites are to the upper right
corner and the lower left corner, the more significant the differ-
ence is. The red dots indicate the VIP value of these metabolites
is greater than or equal to 1. The green dots indicate a VIP value
of less than 1 for these metabolites. The volcano plot provides a
quick look at the differences in the levels of metabolites
expressed in 2 (group) samples and the statistical significance
of the differences. Figure 6b presents the metabolite volcano
plot, which shows the difference in the metabolite expression
level and the statistical significance. The fiddle chart is a

Table 1. Differential Metabolite Screening Results Based on UPLC-MS/MS Platform.

Formula Compounds Class VIP Log2™ Type
C,6H4sNO5S  Taurocholic acid Bile acids 1.35 1.18 Up
Cy4H4004 Hododeoxycholic acid Bile acids 1.02 1.88 Up
Co4H4004 Chenodeoxycholic Acid Bile acids 2.06 1.54 Up
C10H14NsOgP  Guanosine Monophosphate Nucleotide and its metabolomics 2.40 1.41 Up
C5oH3,05 Prostaglandin E2 Hormones and hormone related compunds  2.02 1.28 Up
Cy3H350,4 23-deoxydeoxycholic acid Bile acids 1.64 2.15 Up
Cy5Hy50, cis-1-Pentadecenoic Acid (C15: 1) FA 239  2.08 Up
C,HsNO, Glycine Amino acid and its metabolomics 1.72 1.38 Up
Cy4H4005 Beta-murine Bile acids 1.71 1.30 Up
C,y7H440 Vitamin D3 CoEnzyme and vitamins 250 -=1.23 Down
C1oH12N4Os  Hypoxanthine-9-p-D-Arabinofuranoside Nucleotide and its metabolomics 1.30 -5.41 Down
C15H3,0; 12,13-EpOME [(+)12 (13) epoxy-9Z-octadecenoic acid] Oxidized lipids 1.13 -1.14 Down
CisH3,05 9,10-EpOME [(+)9,10-epoxy-12Z-octadecenoic acid] Oxidized lipids 1.13 —1.14 Down
CioH2N4Os  Inosine Nucleotide and its metabolomics 1.30 -=5.41 Down
CeH1,05 (S)-Leucic acid Organic acid and its derivatives 1.08 —1.44 Down
C,HoNO,S D-Homocysteine Amino acid and its metabolomics 227 =120 Down
CsHsNsO 2-Hydroxy-6-Aminopurine Nucleotide and its metabolomics 1.96 —1.12 Down
C,HgN,O 6-Methylnicotinamide Heterocyclic compounds 1.36  —-5.28 Down

Abbreviations: Class, substance class; Log2"C, the logarithm of fold change is taken as the base of 2; Type, up/down regulated type of metabolite; VIP, projection of

variable importance.
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map represents a metabolite, and the abscisic coordinate represents the logarithm of the quantitative difference multiples of a metabolite in the 2
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Abbreviations: OPLS-DA, orthogonal partial least squares discrimination analysis; VIP, variable importance in projection.

combination of a box plot and a density plot which mainly used median, and the outer shape represents the distribution

to show the distribution of data and its probability density. The density

of data. When the number of differential metabolites

box in the middle represents the range of quartiles, the thin exceeded 50, only the top 50 differential metabolites with the

black line extending from it represents the 95% confidence highest
interval, the black horizontal line in the middle represents the Figure

VIP value were shown, and the results were shown as
6¢c. Figure 6d shows the Z-score diagram of different
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Table 2. KEGG Differential Enrichment Statistics.

KEGG pathway Com all Com P Uni compounds

Primary bile acid biosynthesis 729 6 2.56x 107> Taurocholic acid; Glycine; Chenodeoxycholic Acid
Purine metabolism 729 12 272%107*  Inosine; Glycine; Guanosine Monophosphate
Rheumatoid arthritis 729 3 4.04x 107" Vitamin D3; Prostaglandin E2

Antifolate resistance 729 3 4.04x10™*  D-Homocysteine; Guanosine Monophosphate

Bile secretion 729 34 .006 Chenodeoxycholic Acid; Prostaglandin E2; Taurocholic acid
NOD-like receptor signaling pathway 729 1 .012 D-Homocysteine

Neuroactive ligand-receptor interaction 729 20 .023 Prostaglandin E2; Glycine

Phototransduction 729 2 .024 Guanosine Monophosphate

Olfactory transduction 729 2 .024 Guanosine Monophosphate

Human cytomegalovirus infection 729 2 .024 Prostaglandin E2

c¢GMP-PKG signaling pathway 729 3 .037 Guanosine Monophosphate

Phosphonate and phosphinate metabolism 729 3 .037 Glycine

Human papillomavirus infection 729 3 .036 Prostaglandin E2

Thiamine metabolism 729 4 .049 Glycine

African trypanosomiasis 729 4 .049 Prostaglandin E2

C-type lectin receptor signaling pathway 729 4 .049 Prostaglandin E2

Abbreviations: Com, the number of metabolites detected that belong to the pathway; Com all, the number of metabolites noted by KEGG in all measured
metabolites; P, P value of hypergeometric distribution; Uni compounds, metabolites that are significantly different and annotated by KEGG.

normalized metabolites in different samples by calculating the Z
value. Points with different colors represent samples of different
groups, and the distribution of each different metabolite among
different groups can be seen intuitively. Figure 6e shows the
clustering heatmap in order to facilitate the observation of the
metabolite changes and normalize the metabolites with signifi-
cant differences.

Metabolic Pathway and Functional Analysis. As the main public
database of relevant pathways, KEGG queries through inte-
grated metabolic pathways (genomes) include the metabolism
of carbohydrates, nucleosides, and amino acids and the biode-
gradation of organisms. Table 2 shows the KEGG differential
enrichment statistics. According to the results of differential
metabolites, KEGG pathway enrichment was conducted, in
which the Rich factor was the ratio of the number of differen-
tially expressed metabolites in the corresponding pathway to
the total number of metabolites detected and annotated in the
pathway. The size of the points in Figure 7a represents the
number of significantly different metabolites enriched to the
corresponding pathways. Bile recreation (Figure 8), primary
bile acid biosynthesis (Figure 9), and purine metabolism
(Figure 10) KEGG pathways contain more differential metabo-
lites that may be associated with liver metastasis from PC.
The human metabolome database (HMDB) is a widely used
database, which has collected more than 40 000 endogenous
metabolites and information of more than 5000 related proteins
(DNA). The database can not only provide links to foreign data-
bases such as KEGG, METLIN, and BioCyc, but also support
the retrieval function of mass spectrogram and nuclear magnetic
resonance (NMR) spectrogram. The HMDB subdatabase small
molecule pathway database also provides an ingenious and
detailed description of human metabolism, metabolic disease
pathways, metabolite signals, and drug activity pathways.
Table 3 shows the HMDB differential enrichment statistics.

According to the enrichment analysis results, the top 20
HMDB primary pathways with P-value were selected (consid-
ered side by side) for display, in which the Rich factor was the
ratio between the number of metabolites in the corresponding
pathways differentially expressed and the total number of
metabolites detected and annotated by the pathways. The size
of the points in Figure 7b represents the number of significantly
different metabolites enriched to the corresponding pathways.

Differential Metabolites Associated With Disease. According to
KEGG database and HMDB database, the disease information
associated with differential metabolites was found. The results
are shown in Table 4.

Discussion

PC is estimated to become the second leading cause of cancer-
related deaths by 2030 with a 5-year survival rate of only 3% to
5%.2° Thus, new key target genes and the related molecular bio-
logical mechanisms for PC need to be explored. In recent years,
high-throughput omics techniques have been used as new
methods to identify biomarkers related to the pathogenesis of
diseases.”” Metabolomic data are high dimensional and
massive. Metabolomics analyzes the data from multiple
angles according to the data characteristics and identifies the
differential metabolites accurately by univariate statistical anal-
ysis and multivariate statistical analysis. Untargeted LC-MS has
the largest potential to identify novel metabolites due to its
increased metabolome coverage.*® Thank you for your valuable
suggestions which are very important to our research. Many
pure mice (such as C57 or nude mice) are aggressive males,
prone to mutual injury and resulting in experimental failure.
However, the phenomenon was rare in female mice. Recent
studies have shown that the changes of various physiological
indexes in female mice during the whole hormonal cycle are
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Figure 7. Enrichment analysis. (a) Statistics of KEGG enrichment. (b) Statistics of HMDB enrichment. Rich factor is the ratio between the
number of differentially expressed metabolites in the corresponding pathway and the total number of metabolites detected and annotated in the
pathway. The size of the points in the figure represents the number of significantly different metabolites enriched to the corresponding pathways.
Abbreviations: KEGG, Kyoto encyclopedia of genes and genomes; HMDB, human metabolome database.



Technology in Cancer Research & Treatment

"
HQ, Nd oC0n
BILE SECRETION
Systemic
o ! ] [ ( ?
o o
7 = co:
Tight junction Tight junction g
Ne
—— >
BA
BA,0A
——
|
_BAOA |
Cations
Regulation of BA synthesis,
traneport, ol dstogiication [UOT2BA -
Basolateral / = ——»Comjugationand oy setion ¥
e nbrane detoxification of / Regulation of BA and
BA removal fror cell BA s PLtransport
J |
Portl verous 7
circulation
BA P
04 — /
L
Boochient |} Cholangiocyte (Secretion) Catigrs
CAMP
Seorsin (G —>{ac >o—>[ra]
——»O -
! |
N o Mo <
2HCOF Y
W > Bile
s
_HICOs_ -~ e
¢
|
>0 + O
CO  HO
Active transport
byﬂmwgpo p° ochol Kld]my
LY
o
e ‘L BA BA | OA Unm.rytu\pul
'aecal o i -
outet Intestine
Secondarybile Fat digestion
aidbiosythesis and sborption
04976 6/4120
) Kanehisa Laboratories

Figure 8. Kyoto encyclopedia of genes and genomes (KEGG) annotation of bile secretion.

no greater than those in male mice and even the individual var-
iation of some sex difference phenotypes in male animals is
more obvious than that in female individuals. For example,
individual differences in androgen levels will have an impact
on tumor treatment. Female nude mice were selected in this
study considering that there is no significant difference
between male mice and female mice in the individual differ-
ences on the formation and metastasis of PC and female mice
tend to be raised in groups. Furthermore, there are many previ-
ous reports that only female nude mice®*! were used in the
construction of animal models of malignant tumors.
Therefore, female nude mice were selected in this study. In
the present study, the serum of PC nude mouse models and
liver cancer nude mouse models were analyzed using LC-MS/
MS-based metabolomics, which contains 1223 metabolites to
discover potential PC liver metastasis biomarkers for diagnosis.

Our research aimed to elucidate the KAIl regulation mech-
anism from the perspective of metabolomics. In this study, the
KAIl-PLV-EF1a-MCS-IRES-Puro vector and PANC-1 cell
lines stably expressing KAIl were successfully constructed
for the first time. The establishment of the nude mouse xeno-
graft model indicated that KAIl stable expression PANC-1
cell line was feasible, which can function as an in vivo mimick-
ing system to explore specific biomarkers of the pathological

process of cancer (eg, metastasis, drug resistance, and hormone-
secreting factors). With this function, the nude mouse model
allowed us to discover function-oriented biomarkers and identify
PC liver metastasis-related serum metabolites. At the same time,
the nude mouse model provides pure, stable, and reproducible
sample conditions to perform MS analysis, which is a direct suc-
cessor and modification of former biomarker discovery
systems.* Ovarian cancer,>** hepatocellular carcinoma,’” pros-
tate cancer,”® and lung cancer’’*® xenograft nude models have
been constructed to search for serum biomarkers. Current
studies of PC and metabolomics are mostly conducted in patients
with PC and normal controls. However, Coleman et al. utilized
patient-derived tumor xenografts to identify patient tumor
cell-associated proteins.'® The purpose of establishing a nude
mouse xenograft model was to facilitate the discovery of PC
liver metastasis biomarkers. We believe that ongoing animal
model-based research will produce a series of comprehensive,
pathological process-specific, or personalized biomarkers to dis-
tinguish various PC patients, which can meet the increasing clin-
ical needs for precise diagnosis and personalized treatment.
Most cases of PC seem to occur in the head of the gland close
to the bile duct, indicating that bile acid may be closely associated
with PC.?” Another theory includes bile acid reflux into the pan-
creas, leading to pancreatitis and eventually malignant cell
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Figure 10. Kyoto encyclopedia of genes and genomes (KEGG) annotation of purine metabolism.

Table 3. HMDB Differential Enrichment Statistics.

SMPDB pathway N m P Uni compounds

Bile acid biosynthesis 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
Congenital bile acid synthesis defect type III 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
Congenital bile acid synthesis defect type 11 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
Cerebrotendinous xanthomatosis (CTX) 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
Zellweger syndrome 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
27-Hydroxylase deficiency 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
Familial hypercholanemia (FHCA) 219 9 .002 Taurocholic acid; chenodeoxycholic acid; glycine
Xanthine dehydrogenase deficiency (Xanthinuria) 219 14 .010 Guanosine monophosphate; inosine; glycine
AICA-ribosiduria 219 14 .010 Guanosine monophosphate; inosine; glycine
Xanthinuria type I 219 14 .010 Guanosine Monophosphate; Inosine; glycine
Adenosine deaminase deficiency 219 14 .010 Guanosine Monophosphate; Inosine; glycine
Adenylosuccinate lyase deficiency 219 14 .010 Guanosine monophosphate; inosine; glycine
Gout or Kelley-Seegmiller syndrome 219 14 .010 Guanosine monophosphate; inosine; glycine
Molybdenum cofactor deficiency 219 14 .010 Guanosine monophosphate; inosine; glycine
Purine nucleoside phosphorylase deficiency 219 14 .010 Guanosine monophosphate; inosine; glycine
Lesch-Nyhan syndrome (LNS) 219 14 .010 Guanosine monophosphate; inosine; glycine
Myoadenylate deaminase deficiency 219 14 .010 Guanosine monophosphate; inosine; glycine
Mitochondrial DNA depletion syndrome 219 14 .010 Guanosine monophosphate; inosine; glycine
Adenine phosphoribosyltransferase deficiency 219 14 .010 Guanosine monophosphate; inosine; glycine
Purine metabolism 219 14 .010 Guanosine monophosphate; inosine; glycine
Xanthinuria type II 219 14 .010 Guanosine monophosphate; inosine; glycine
Thioguanine action pathway 219 16 .014 Guanosine monophosphate; Inosine; glycine
Mercaptopurine action pathway 219 16 .014 Guanosine monophosphate; inosine; glycine
Azathioprine action pathway 219 16 .014 Guanosine monophosphate; inosine; glycine
tRNA charging: glycine 219 1 .037 glycine

Sarcosine oncometabolite pathway 219 10 .045 D-homocysteine; glycine

Abbreviations: M, the number of metabolites belonging to this pathway in the detected metabolites; N, the number of metabolites annotated by SMPDB primary
pathway in all the metabolites measured; P, P value of hypergeometric distribution; Uni compounds, metabolites that are significantly different and annotated by

SMPDB.



Wang et al

Table 4. Human Diseases Associated with Differential Metabolites.

Compound name KEGG diseases HMDB diseases

Taurocholic acid -

Hepatocellular carcinoma | Cirrhosis | Colorectal cancer | Crohn’s disease | Ulcerative colitis |

Metastatic melanoma | Biliary atresia

Chenodeoxycholic acid -
Glycine -

Cystic fibrosis | Biliary atresia | Cirrhosis | Hepatocellular carcinoma | Primary biliary cirrhosis
D-Glyceric acidemia | Refractory localization-related epilepsy | Juvenile myoclonic epilepsy |

Alzheimer’s disease | D-Glyceric acidura | Early preeclampsia | Pregnancy | Late-onset
preeclampsia | 3-Methyl-crotonyl-glycinuria | Sarcosinemia | N-acetylglutamate synthetase
deficiency | Histidinemia | Obesity | Neu-Laxova Syndrome 1 | Hyperglycinemia, lactic
acidosis, and seizures | Pyridoxamine S-prime-phosphate oxidase deficiency |
Lipoyltransferase 1 Deficiency | Phosphoserine Aminotransferase Deficiency |
Phosphoserine Phosphatase Deficiency | Leukemia | Schizophrenia | Nonketotic
Hyperglycinemia | 3-Phosphoglycerate dehydrogenase deficiency | Epilepsy, early-onset,
vitamin B6-dependent | Irritable bowel syndrome | Ulcerative colitis | Colorectal cancer |
Autism | Crohn’s disease | Diverticular disease | Gout | Perillyl alcohol administration for
cancer treatment | Pancreatic cancer | Periodontal disease | Frontotemporal dementia | Lewy
body disease | Lung Cancer | Carbamoyl Phosphate Synthetase Deficiency | Iminoglycinuria |
Autosomal dominant polycystic kidney disease | Argininosuccinic aciduria | Propionic
acidemia | Tyrosinemia I | Phenylketonuria | Maple syrup urine disease | Eosinophilic
esophagitis | Glucoglycinuria

Prostaglandin E2 -

Vitamin D3 Hypercalcemia
infantile
Guanosine - -
monophosphate
Inosine -

Amyotrophic lateral sclerosis | Hydrocephalus | Meningitis
Anephric patients | Cerebrotendinous xanthomatosis

Critical illnesses | Canavan disease | Kidney disease | Purine nucleoside phosphorylase

deficiency | Thymidine treatment | Septic shock | Xanthinuria type 1 | Degenerative disc
disease | Irritable bowel syndrome | Colorectal cancer | Crohn’s disease | Ulcerative colitis |
Gout | Coronary artery disease | Attachment loss | Periodontal Probing Depth | Tooth Decay |
Eosinophilic esophagitis

transformation. A direct carcinogenic effect of bile acids is also
possible. Bile acids are associated with most risk factors of PC,
including alcohol intake, smoking, high-fat diet, gallstones, long
common channel, chronic pancreatitis, obesity, diabetes, and
hypertriglyceridemia. In addition to systemic effects, bile acids
have local tissue effects, and they directly activate cancer signaling
pathways. Khatun et al.** and Wolf et al.** discovered that tauro-
cholic acid increases the risk of colon cancer. Chenodeoxycholic
acid has been linked to a variety of cancers.*'*® In the present
study, primary bile acid biosynthesis and bile section were not
only enriched significantly, but also had more differential metab-
olites in the KEGG and HMDB pathways, supporting our results
and reasoning. Bile acids are likely to be recognized as signaling
molecules in liver metastasis of PC in the future.*’

Among differentially expressed metabolites, amino acids
were mostly reported.*® Glycine metabolism is thought to be
associated with various cancers,*** including lung cancer,”">*
hepatocellular carcinoma,s'q"55 colorectal canc:er,“"58 and breast
cancer.”” Some studies have investigated amino acid metabolites
in PC.%>? In our study, glycine was discovered to be metaboli-
cally different in the PC and splenic injection liver metastasis
models. In recent years, many studies have shown that glycine
and its related metabolites and enzymes are closely related to
cancer. By observing the changes in the metabolic levels of
more than 200 metabolites in more than 60 cell lines, Nilsson

et al. found that glycine consumption and the expression of
key enzymes in the glycine biosynthesis pathway in the mito-
chondria are related to the proliferation rate of cancer cells.%®
Excessive activation of the serine/glycine biosynthesis pathway
can promote cancer formation. In addition, carbon derivatives
from glucose enter the serine/glycine de novo synthesis
pathway through glycolysis, followed by the serine/glycine
metabolism pathway and folic acid cycle, all of which are
closely related to tumor production. Glycine plays a very impor-
tant role in these pathways. Our analysis results also showed that
glycine is the unique compound in various KEGG and HMDB
enrichment pathways, which are related to various cancers.
KAI1/CDg;, may inhibit the expression of glycine and its metab-
olism to decrease liver metastasis.

As an important inflammatory substance, prostaglandin E2
(PGE2) promotes the occurrence and development of tumors
by remodeling the tumor microenvironment. On the one
hand, PGE2 can act on immune cells, tumor cells, fibroblasts,
and endothelial cells in the microenvironment of PC so as to
better support the growth, invasion, and distant metastasis of
PC. On the other hand, exosomes released by tumor cells
affect the synthesis, release, and uptake of PGE2, improving
its ability to reshape the microenvironment. Angiogenesis
plays an important role in tumor formation and is involved in
tumor energy supply and distant metastasis. Although low
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vascular density and highly fibrotic microenvironment are the
characteristics of PC, a large number of abnormal vascular
endothelial cells are distributed around the tumor in PC
tissues.** Cox-2/PGE2 mediates chemotaxis, growth, and
aggregation of endothelial cells by regulating the production
of proangiogenic factors, such as VEGF, fibroblast growth
factor, MMP-9, and integrin.®>°® PGE2 can amplify KRAS
signal through the positive feedback pathway, both of which
are jointly involved in PC intraepithelial neoplasia and are
closely related to the EGFR pathway. However, the relationship
of PGE2 with KAI1/CDg, remains to be explored.

The relationship between vitamin D and the risk of PC is still
controversial, but vitamin D is widely believed to reduce the
risk of PC and improve its prognosis. After vitamin E3 binds
to its receptor, it can inhibit the growth and proliferation of
cells; induce cell differentiation; promote apoptosis, autophagy,
antioxidant defense, and DNA damage repair; and inhibit the
development of PC by anti-angiogenesis. The 1a-25(OH)-2-d3
system and VDR can inhibit hypoxia induced by the transcrip-
tional activity of sub-1 (HIF-1) and its target genes (eg, VEGF,
ET-1, and Glut-1)*” and VEGF protein expression,”® which
increases the mRNA levels of anti-angiogenesis factors such as
platelet response protein-1° and disrupts the IL-8 signaling
pathway, thereby inhibiting vascular endothelial cell migration
and microvascular formation. However, more research is
needed to confirm the antitumor role of vitamin D and its receptor
in PC. In addition, vitamin D analogue not only has antitumor
activity, but can also overcome the side effects of hypercalcemia.
It is expected to be a promising drug for the treatment of PC.

High ¢cGMP levels in pathological samples suggest a strong
correlation between intracellular cGMP concentration and carci-
noma progression.”® The measurement of urinary cGMP levels
seems to be a valuable tool in the follow-up of patients with
cancer of the uterine cervix,”' ovarian cancer,’*”> gynecological
cancer,’* gingival cancer,”® and colon cancer.”®’” GMP synthe-
tase is an important p53 repression target in liver cancer.”® It
decreases the epithelial markers E-cadherin in breast cancer’’
and mediates lipopolysaccharide-induced synthesis of Kupffer
cell tumor necrosis factor-alpha.®® At present, the signaling
pathway of PC remains to be further explored.

Inosine-5'-phosphate dehydrogenase,®'** inosine monophos-
phate dehydrogenase 2,%®** and inosine 5’-monophosphate
dehydrogenase®®” have a high expression in cancers. Recent
bioinformatic analyses fueled by high-throughput sequencing
revealed that adenosine-to-inosine RNA editing a widespread
modification affecting mostly noncoding repetitive elements in
thousands of genes.®®° Extracellular inosine acts as intermedi-
ary in tumor necrosis factor-o stimulated nitric oxide production
in cultured Sertoli cells.”’ Inosine can suppress the activity of
intracellular lactate dehydrogenase (LDH), thus blocking the
major source of energy supply of cancer cells.””> Some studies
have reported its inhibitory effect on breast cancer,” liver
cancer,”® prostate cancer,®> and colon cancer.”>* Although
few studies have investigated its mechanism and relationship
with PC, inosine is enriched in many metabolic pathways,
which may be a new anticancer drug candidate in the future.

Conclusion

We successfully constructed the KAI1-PLV-EF1a-MCS-IRES-
Puro vector and PANC-1 cell lines stably expressing KAIl for
the first time. A series of differentially expressed metabolites
and pathways was discovered in PC and liver metastasis nude
mouse xenograft models. In agreement with the literature data,
the most significant differences between both groups were found
in the levels of bile acids (taurocholic acid, chenodeoxycholic
acid), glycine, PGE2, vitamin D, GMP, and inosine, as well as
the relevant KEGG or HMDB enriched pathways. These findings
are expected to improve the prognosis of patients with liver metas-
tasis of PC by aiding the early detection of the disease. Based on
the current published literature, we set the sample size as a total of
6. However, the importance of these metabolites on PC liver
metastases remains to be elucidated. Hopefully, UPLC-MS/MS-
based metabolomics may contribute to the early diagnosis, preven-
tion, and/or therapy of PC in the future.
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