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Abstract

Gastric cancer (GC) has high rates of morbidity and mortality, and this phenomenon is
particularly evident in coastal regions where local dietary habits favor the consump-
tion of pickled foods such as salted fish and vegetables. In addition, the diagnosis rate
of GC remains low due to the lack of diagnostic serum biomarkers. Therefore, in this
study, we aimed to identify potential serum GC biomarkers for use in clinical practice.
To identify candidate biomarkers of GC, 88 serum samples were first screened using
a high-throughput protein microarray to measure the levels of 640 proteins. Then,
333 samples were used to validate the potential biomarkers using a custom antibody
chip. ELISA, western blot, and immunohistochemistry were then used to verify the
expression of the target proteins. Finally, logistic regression was performed to se-
lect serum proteins for the diagnostic model. As a result, five specific differentially
expressed proteins, TGFp RIll, LAG-3, carboxypeptidase A2, Decorin and ANGPTLS,

were found to have the ability to distinguish GC. Logistic regression analysis showed

Abbreviations: ACG, atrophic chronic gastritis; AGC, advanced gastric cancer; ANGPTL3, angiopoietin-like proteins 3; AUC, area under the ROC curve; B2M, Beta2-microglobulin; BC,
breast cancer; blIG-H3, Transforming growth Factor-Beta-Induced Protein/TGFBI; BMI, body mass index; CA9, carbonic anhydrase 9; CPA2, carboxypeptidase A2; CCR, colorectal
cancer; DCN, Decorin; DEP, differential expression protein; EGC, early gastric cancer; ErbB2, human epidermal growth factor receptor 2/HER2; EDA-A2, Ectodysplasin A2; FC, fold
change; GH, growth hormone; GDNF, Glial cell-derived neurotrophic factor; GH, Growth Hormone; HC, healthy controls; HCC, hepatocellular carcinoma; IACUC, Institutional Animal
Care and Use Committee; IHC, Immunohistochemistry; iTRAQ, relative and absolute quantitation; LAG-3, lymphocyte activating gene 3; LH, luteinizing hormone; LOX-1, Lectin-like
oxidized low-density lipoprotein receptor-1; MPIF-1, myeloid progenitor inhibitory factor-1; NPV, negative predictive value; PCNA, proliferating cell nuclear antigen; PPV, positive
predictive value; qRT-PCR, quantitative reverse transcription polymerase chain reaction; RGM-B, Repulsive guidance molecule B; ROC, receiver operating characteristic; SAM,
Significance Analysis of Microarrays; TGFp RIIl, transforming growth factor-p receptor Ill; VCAM-1, vascular cellular adhesion molecule-1.
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1 | INTRODUCTION

Gastric cancer (GC) is a malignancy that arises from the epithelial
cells of the gastric mucosa and is the most frequent digestive tract
tumor. It is also a prevalent cancer globally, with high morbidity
and mortality rates.? In coastal areas, the prevalence of GC re-
mains high, but the rate of clinical diagnosis remains low. Presently,
pathological examination based on gastroscopy is the standard for
GC diagnosis.3 However, this invasive procedure is time consuming
and cumbersome.®* In contrast, a serological examination can de-
tect the existence of malignant tumors at an early stage, when the
number of tumor cells is ~10% or the diameter of the tumor body
is ~0.5cm. Furthermore, a serological examination is less invasive,
quicker, and more convenient. It can also dynamically detect quan-
titative changes and is, therefore, easier to use and better accepted
by clinicians and patients.” Currently, there are few convenient and
accurate serum biomarkers available for clinical diagnosis of GC.%7
Therefore, identifying novel serum biomarkers is crucial to improve
the accuracy of GC diagnosis.

In clinical settings, blood samples are often used to initiate the
search and discovery of biomarkers. The levels of proteins associ-
ated with stomach cancer in the blood can vary by several orders
of magnitude.8 To overcome this challenge, antibody-based tech-
nologies are the primary solution, as they offer higher sensitivity.
Planar microarrays, a quantitative array platform technology based
on antibodies, require only small samples and are compatible with
high-throughput analysis.”!° This technology is particularly useful
for detecting cytokines and other serum markers. Therefore, we
propose using protein planar microarrays to identify novel serum
protein markers in coastal populations for the diagnosis of GC.

In this study, we collected serum samples from three hospitals
located on the coast of China and used a novel protein microarray to
screen and quantify 640 serum proteins to identify potential serum
biomarkers of GC. In total, 28 differentially expressed proteins were
identified, and we validated these using a custom protein antibody
chip. Five differentially expressed proteins, LAG-3, TGF{ RIll, CPA2,
DCN and ANGPTL3, showed the ability to distinguish GC from
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that the combination of carboxypeptidase A2 and TGFf RIll had superior potential for
diagnosing GC (area under the ROC curve [AUC]=0.801). The results suggested that
these five proteins alone and the combination of carboxypeptidase A2 and TGF RIII

may be used as serum markers for the diagnosis of GC.

biomarkers, gastric cancer, protein microarray, proteomics, serum

healthy people. We used ELISAs to detect the expression of these
five proteins in the serum of GC mice, and the results were similar to
those obtained from human serum. The expression levels of CPA2,
DCN, ANGPTL3, and TGFp RIll were elevated in the GC group,
whereas LAG-3 expression was decreased. Western blot results in
GC cell lines showed that the expression levels of CPNA2, DCN,
ANGPTL3, and LAG-3 were elevated, while TGFp RIIl expression
decreased. We performed IHC detection of these five proteins in
an orthotopic transplantation mouse model of an implanted human
GC cell line, and the expression levels of the proteins in the tumor
tissues were confirmed to be different. Logistic regression analysis
of the five proteins indicated that the combination of all five showed
the greatest specificity for diagnosing GC, with an AUC of 0.828.
The combination of CPA2 and TGFp RIll showed sufficient sensitiv-
ity for diagnosing GC, with an AUC of 0.801. Therefore, we believe
that these five proteins alone or the combination of CPA2 and TGFf

RIIl can be used as serum markers for the diagnosis of GC.

2 | MATERIALS AND METHODS

2.1 | Patientinformation, sample collection and
sample preparation

Samples were obtained from three independent subject cohorts for
this study: a 640-protein array screening cohort with 88 samples, a
validation cohort with, in total, 333 subjects, and a 31-sample IHC
cohort. All subjects signed informed consent forms prior to their in-
clusion in this study. Blood samples were acquired from the Second
Affiliated Hospital and Yuying Children's Hospital of Wenzhou
Medical University, the First Affiliated Hospital of Wenzhou Medical
University, and the Taizhou Hospital of Zhejiang Province. The study
was approved by the Institutional Review Board of the Second
Affiliated Hospital and Yuying Children's Hospital of Wenzhou
Medical University, the First Affiliated Hospital of Wenzhou Medical
University, and Taizhou Hospital of Zhejiang Province. Patients who
had received previous treatment were excluded from this study.
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During the sample collection visits from 2020 to 2022, subjects
were examined, and data related to age, sex, height, weight, BMI,
tumor markers (AFP, CEA, CA125, CA153, and CA199, CA724), CBC,
coagulation function, liver and kidney function, and pathology (his-
tological type, depth of invasion, TNM) were recorded.

After registration, 5mL of whole blood were collected from each
subject into a Vacutainer vacuum blood collection tube (Becton,
Dickinson and Co., Franklin Lakes, NJ, USA) without anticoagulants,
preservatives, or separating agents. The tubes were centrifuged at
1000xg for 10min, placed in a-20°C freezer for 30min, and then
transferred to -80°C for storage.

2.2 | Protein chips and custom antibody
chip screening

A 640 human-protein chip (catalog number QAH-CAA-640,
RayBiotech Inc., Peachtree Corners, Georgia, USA) was acquired
from RayBiotech. QAH-CAA-640 is a high-throughput antibody chip
containing 640 proteins, including inflammation, chemotaxis, growth,
angiogenesis, apoptosis, and cycle proteins. For marker screening,
high-throughput non-targeted detection was more advantageous.
From the protein chip screening, differentially expressed proteins
were selected, and biomarkers meeting the following screening cri-
teria were identified as differentially expressed: log2FC>log2(1.2),
adjusted p-value<0.05, mean fluorescence signal value per group
>150, and SAM analysis bias greater than predefined (default 1.2).
According to the above criteria, in total, 28 proteins were identified.

For the validation cohort, we designed a custom antibody chip
(catalog number QAH-CUST, RayBiotech Inc.) targeting the 28 pro-
teins identified in the primary screening. Each protein was analyzed
in quadruplicate on each array. Sera from 333 subjects were analyzed
using the custom antibody chips. This group included 39 healthy
subjects, 128 cases of early cancer, 80 subjects with advanced GC,
13 cases of gastritis, 22 subjects with liver cancer, 32 patients with
colorectal cancer, and 19 cases of breast cancer (Table 1).

Array processing was performed according to the manufactur-
er's instructions. Briefly, serum samples were diluted 1:100 in Tris-
buffered saline containing 0.1% Tween 20 detergent. The protein
array was incubated with diluted serum overnight at 4°C. A biotin-
labeled antibody was added and incubated for 2h after extensive
washing, and then Alexa Fluor 555-conjugated streptavidin was
added to each well for 1h at room temperature. Wells were washed
with Wash Buffer Il. The spot intensities of the slides were ana-
lyzed using a InnoScan 300 Scanner (Innopsys, Carbonne, France).
Q-Analyzer Software (RayBiotech, Inc.) was used to perform data
visualization and obtain the protein content of each serum sample.

2.3 | Data processing and figure generation

The data obtained from the protein array screening assay were uti-
lized to create a heatmap that clustered proteins together based on

YIET AL,
TABLE 1 Validation cohort for custom antibody chips.

n Male Female Ages
HC 39 25 14 51.4+14.8
EGC 128 90 38 63.9+9.6
AGC 80 62 18 69.3+10.1
HCC 22 18 4 60+11.3
CCR 32 19 13 61.8+11.7
BC 19 0 19 52.7+12.4
ACG 13 6 -

Note: Ages are expressed as the means+SDs.

Abbreviations: ACG, atrophic chronic gastritis; AGC, advanced gastric
cancer; BC, breast cancer; CCR, colorectal cancer; EGC, early gastric
cancer; HC, healthy controls; HCC, hepatocellular carcinoma.

their expression patterns. The clustering analysis and heatmap gen-
eration data were imported into R for analysis.

After testing and analyzing the significantly differentially expressed
proteins, a volcano plot was created with log FC as the abscissa and the
negative logarithm of adjusted p-values (adj.p.Val) or p-value as the or-
dinate. The R.5.5 Comparison plotting function “ggplot2” and the data
package ggfortify were used for comparison across groups.

2.4 | Cellculture

Three GC cell lines, BGC-823, MKN-45, and AGS, and one human
gastric epithelial cell line (GES-1), were used in this study. The
cells were cultured in DMEM (HyClone, Thermo Fisher Scientific,
Waltham, MA, USA) or RPMI-1640 (HyClone, Thermo Fisher
Scientific) containing 10% FBS (Gibco-Invitrogen Corp.) at 37°C in
an atmosphere with 5% CO,,.

2.5 | Western blotting

To measure the expression of TGFp RIIl, LAG-3, CPA2, DCN and
ANGPTLS3, cells were washed with PBS, and total proteins were
isolated from cell lines using RIPA buffer (Beyotime). A sample of
total proteins (~30ug) extracted from each cell line was boiled at
100°C for 5min and then separated using SDS-PAGE on a 12%
polyacrylamide gel. The separated protein bands were transferred
onto a PVDF membrane (Millipore) that was subsequently blocked
with Quickblock Blocking Buffer (Beyotime; Cat#P0252). The mem-
brane was then incubated overnight with primary antibodies at 4°C.
After incubation, the membrane was washed three times with TBST
buffer and then incubated with an HRP-conjugated secondary anti-
body (1:5000 dilution; Beyotime) for 2h at room temperature. The
membrane was then washed three more times with TBST buffer, and
the protein blots were visualized using ECL-Plus reagent (Millipore).
GAPDH was used as a loading control in all western blot studies. The
antibodies used for the western blot studies were as follows: anti-
ANGPTL3 (1:1000 dilution; Proteintech; Cat#11964-1-AP), anti-DCN
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(1:1000 dilution; ABclonal; Cat#A1669), anti-CPA2 (1:1000 dilution;
Santa Cruz; Cat#sc-515,450), anti-TGFp RIII (1:1000 dilution; Santa
Cruz; Cat#sc-74,511), anti-LAG-3 (1:1000 dilution; Proteintech;
Cat#80867-1-RR), and anti-GAPDH (1:1000 dilution; Proteintech;
Cat#60004-1-1g).

2.6 | Gastric cancer models

All animal experiments were conducted in accordance with the
guidelines of the IACUC. The Institutional Animal Care and Use
Committee of Zhejiang Laboratory Animal Center approved all ex-
periments involving animals. Nude mice were divided randomly into
two groups: GC and healthy, with seven animals per group. The mi-
dabdominal line was opened to expose the stomach, and the filling
site was chosen as the part of the greater curvature of the stomach
with fewer blood vessels. Micro-shearing was used to create a cavity
of ~2mm, into which BGC-823 cells were tamped. The opening was
closed, and the abdomen was closed layer by layer. The entire wound
was disinfected. Healthy mice were treated with 3% pentobarbital
sodium. During the 7-day experimental period, mice were fed with
normal mouse chow. At 1 week after surgery, tumor growth was
monitored using in vivo fluorescence imaging. Tumor tissue speci-
mens were collected from mice for use in IHC assays, and mouse

sera were collected for use in ELISA validation.

2.7 | IHC analysis of tissue samples

After the GC specimens were harvested, they were fixed in formalin
for 48h at 4°C. The collected specimens were wrapped in paraffin
and fixed, and then cut into 5-um thick slices. The slide-mounted
tissue specimens were incubated in xylene for 5min, washed twice
in 100% ethanol for 10min and then washed in 95% ethanol for
10min. Antigen unmasking was performed, and the slides were then
blocked with 3% hydrogen peroxide for 30min at room tempera-
ture. Subsequently, the sections were incubated overnight with the
primary antibody against proliferating cell nuclear antigen (PCNA) at
4°C. Finally, the tissue sections were stained with DAB chromogen,
and the cell nucleus was stained with hematoxylin. LAG-3, TGFp RIll,
ANGPTL3, DCN, and CPA2 were detected following a standard H&E
protocol. Visualization of stained nuclei was performed using DAB
staining and the slides were digitally scanned using an Olympus IX51

microscope (Olympus, Tokyo, Japan).

2.8 | Gastric cancer tissue microarrays

Gastric cancer-specific tissue microarrays (TMAs) containing 31 dif-
ferent paired samples (GC tissues and paracancerous tissues) were
used in this study. The tissue samples in this study were all collected
from the Second Affiliated Hospital and Yuying Children's Hospital
of Wenzhou Medical University. All patients signed informed
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consent forms and the collection of tissue samples for research was

approved by the ethics committee.

2.9 | ELISA validation

To verify the serum expression results of TGFf RIll, LAG-3, CPA2,
DCN and ANGPTL3, serum samples from GC mice were analyzed
using a TGFB RIIl, LAG-3, CPA2, DCN and ANGPTLS3 detection kit.
Briefly, the serum was diluted two-fold and incubated overnight on
ELISA plates at 4°C. After washing the plate, the 80-fold diluted anti-
body was added to the device and mixed with the serum, which was
then incubated for 1h at room temperature. After another washing,
HRP-streptavidin was added to the plate wells, and the reaction was
stopped by adding sulfuric acid. The optical density was measured
using a microplate reader (Biotek, Winooski, VT, USA, ELx800NB), and
the concentration value was calculated using SigmaPlot 12.0 software.

2.10 | Statistics

All data in the present study were plotted and analyzed using
GraphPad Prism 9, Microsoft Excel or R, and. moderated t-statistics
were used to analyze the data. SAM was used to identify differen-
tially expressed biomarkers or genes. SAM compares a t-like sta-
tistic, di, observed across groups with an estimate obtained from
randomized permutations of the samples. Biomarkers with devia-
tions larger than the predefined threshold (default 1.2) were identi-
fied as differentially expressed. SAM analysis was performed using
the R programming language V3.6.3 and implemented using R pack-
age siggenes 1.60.0. Sensitivity, specificity, and AUC were calculated
using easyROC software.!* To reflect the diagnostic value of dif-
ferent differential expression protein (DEP) combinations, we per-

formed logistic regression models on the AUC.

3 | RESULTS
3.1 | Study design

In the present study, we performed an integrated analysis of the pro-
teome in the serum of GC patients (Figure 1). Protein chip screening
was performed using 640-human-protein chips to analyze 88 serum
samples to identify serum proteins expressed differentially between
GC patients and healthy controls. In total, 28 target proteins were
identified in the microarray. Subsequently, a customized antibody chip
was used to validate the 28 candidate proteins, and the results showed
five proteins that were expressed differentially in the serum samples.
ELISA validation was performed to verify the GC mouse serum expres-
sion results of these five proteins. Western blotting studies were con-
ducted to determine the expression of TGFp RIll, LAG-3, CPA2, DCN,
and ANGPTLS in different cell lines. IHC was used to confirm the po-
tential clinical relevance of the relationship between serum protein
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levels and the protein levels in tissues. Logistic regression analysis was
performed to design satisfactory diagnostic models, and the combina-
tion of CPA2 and TGF RIll showed potential for diagnosing GC.

3.2 | Serum proteomic analysis of GC patients

For the primary screening of candidate biomarkers, serum sam-
ples from 88 subjects were analyzed using 640-human proteins
chips. This sample group, acquired from the Second Affiliated

Hospital and Yuying Children's Hospital of Wenzhou Medical
University, included 33 HCs, 26 cases of early GC and 29 cases
of advanced GC. Overall, 64% of the subjects were male and
36% female. Their ages ranged from 20 to 86 years (Table 2). The
results of the 88 samples for 640 proteins were used to build
the principal component analysis (PCA) plots to show the differ-
ences between HC, patients with EGC, and patients with AGC
(Figure 2A). As expected, there were differences in protein ex-
pression among the three groups. Then expression screening
of the proteins using moderated t-statistics yielded the protein
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TABLE 2 Gastric cancer cohort used for protein array screening.

HC EGC AGC

Variables n=33 n=26 n=29
Sex, n (%)

Male 20 (22.7%) 16 (18.2%) 22 (25.0%)

Female 13 (14.8%) 10 (11.4%) 7 (8.0%)
Age

Range 49.33+13.39 63.04+9.64 65.48+11.76
BMI

Underweight 0 2 1

Normal 21 15 17

Overweight 12 9 11

Note: The normal range of BMI for males is 18.5-24, with lower than
18.5 being underweight and higher than 24 being overweight. The
BMI normal range for females is 17.5-23.5, with lower than 17.5
being underweight and higher than 23.5 being overweight. Ages are
expressed as means +SDs.

Abbreviations: AGC, advanced gastric cancer; BMI, body mass index;
EGC, early gastric cancer; HC, healthy controls.

concentration multiples and adj.p.Val of the GC and HC, which
were used to build a volcano plot (Figure 2B,C). Differentially ex-
pressed proteins were defined as [log,FC|>0.263 and an adj.p.
Val <0.05. The results showed that there were nine differentially
expressed proteins between EGC and HC, and 354 differentially
expressed proteins between AGC and HC.

Next, we used more stringent criteria to determine which serum
proteins should be selected to produce custom chips for further
validation. We conducted a more comprehensive statistical analy-
sis of the results to eliminate errors and exclude differentially ex-
pressed proteins with poor effect. Using SAM, a permutation-based
analysis method, we compared HC with EGC and AGC, as shown in
Figure 2D,E. In total, 28 target proteins were identified through sta-
tistical comparison and SAM analysis (Table 3), including 25 EGC tar-
gets and 15 AGC targets (Tables S1 and S2), with 12 identical target
proteins. These 28 target proteins were then subjected to further

validation with a larger sample size.

3.3 | Selection of protein candidates using a
customized antibody chip

We customized specific antibody arrays to evaluate the reliability
of the 28 novel biomarkers obtained from the initial screening. Sera
from 333 subjects, including 39 healthy subjects, 128 cases of early
GC, 80 subjects with advanced GC, 13 cases of gastritis, 22 sub-
jects with liver cancer, 32 patients with colorectal cancer, and 19
cases of breast cancer, were analyzed using the custom antibody
chips. Serum samples from 11 early GC patients and 40 advanced
GC patients were collected at the Taizhou Hospital of Zhejiang
Province, while serum samples from 26 early GC patients and 18

= 3401
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advanced GC patients were collected at the First Affiliated Hospital
of Wenzhou Medical University. The remaining serum samples
were obtained from the Second Affiliated Hospital and Yuying
Children's Hospital of Wenzhou Medical University (Table 1). The
results of protein expression detection were analyzed using mod-
erated t-statistics and were plotted as volcano plots (Figure 3A,B).
The protein expression results were plotted as PCA plots and heat-
maps (Figure 3C-F). The results showed that increasing the sample
size yielded results similar to those of the first screening, but with

clearer intergroup differences.

3.4 | Identification of potential biomarkers for GC

In the validation using customized antibody chips, we simultane-
ously tested serum samples from patients with HCC, BC, CCR, and
ACG (Figure S1, Table S3). After significance analysis of the data, we
drew an UpSet diagram (Figure 4A) to summarize the experimental
results, which clearly showed the comparison between the results
of different proteins in each group. Three proteins, RGM-B, LAG-3,
and TGFp RIIl, showed heterogeneity in AGC. Three proteins, CPA2,
DCN, and ANGPTL3, showed heterogeneity in GC (Figure 4B-
F). After correlation analyses of the data from two protein arrays,
RGM-B showed an opposite trend and was excluded from the study.
The AUC values (Table 4) obtained using ROC analysis for the re-
maining five proteins also reflected the high specificity and sensitiv-
ity of these proteins. Therefore, we believe that these five proteins

can be used as potential biomarkers for GC.

3.5 | Validation of the five potential biomarkers
using ELISA

To verify the results of the protein array, we established a gastric or-
thotopic transplantation model in nude mice with GC and collected
their serum for analysis using ELISA kits for the five potential bio-
markers. The results showed that the expression levels of LAG-3,
TGFp RIIl, CPA2, DCN, and ANGPTL3 were similar to those obtained
from the protein microarray, and the differences were statistically

significant (p <0.05; Figure 5).

3.6 | The target proteins were expressed
differently in cell lines

To determine the expression of TGFp RIll, LAG-3, CPA2, DCN and
ANGPTLS3 in cell lines, proteins were isolated from GC cell lines
(BGC-823, MKN-45 and AGS) and one human gastric epithelial cell
line (GES-1). The western blot results showed that the expression
levels of CPA2, DCN and ANGPTL3, LAG-3 were elevated in GC cell
lines, while TGFf RIIl expression was downregulated. Expression

levels of five proteins were similar to the IHC results (Figure 6).
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FIGURE 2 A-E, The screening results of the 640-serum protein array of the patients with GC and HC.

3.7 | The expressions of TGFp RIll, LAG-3, CPA2,
DCN and ANGPTL3 in tumor tissues

Immunohistochemical analysis was performed on GC tissues to ex-
amine the potential clinical relevance of the relationship between
serum protein levels and the protein levels in tissues. We established
a gastric orthotopic transplantation model in nude mice with GC,

and obtained orthotopic tumor tissues, on which IHC was performed
(Figure 7A,B,D) to detect the expression of LAG-3, TGF RIIl, CPA2,
DCN and ANGPTLS. The results of CPA2, DCN and ANGPTL3 were
similar to their expression in serum, as these proteins showed higher
expression levels in GC tissues than in healthy tissues. However,
the expression levels of TGFp RIll and LAG-3 in tumor tissues were
contrary to the serum results. At the same time, IHC analysis was
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TABLE 3 Expression trend results of 28 differentially expressed
proteins in the primary screening and validation cohorts.

AGCvs. HC Log FC
Primary Validation
Protein screening cohorts
ErbB2 (human epidermal growth factor -0.351 -1.066
receptor 2)
LAG-3 -2.949 -4.755
LH (luteinzing hormone) -0.300 0.492

LOX-1 (lectin-like oxidized low-density -0.251 -4.410
lipoprotein receptor-1)

MPIF-1 (myeloid progenitor inhibitory -0.500 0.918
factor-1)

ANGPTL3 (angiopoietin-like 1.050 1.367
protein 3)

B2M (beta2-microglobulin) 0.011 1.207

blG-H3 (transforming growth factor- 0.128 1.002
beta-induced protein/ TGFBI)

CA9 (carbonic anhydrase 9) 1.372 1.770

Cathepsin B 0.416 2.125

Cystatin B 0.158 0.344

Decorin 0.386 0.302

EDA-A2 (ectodysplasin A2) 0.954 1.260

GDNF (glial cell-derived neurotrophic 0.023 -2.862
factor)

P-Cadherin 0.028 0.485

RGM-B (repulsive guidance molecule B) 2.229 -0.648

TGFB RIll (transforming growth factor-f 1.298 1.823
receptor Ill)

Trappin-2 0.135 1.062

VCAM-1 1.277 2.032

Abbreviations: AGC, advanced gastric cancer; FC, fold change; HC,
healthy control; ErbB2, human epidermal growth factor receptor 2/
HER2; LAG-3, lymphocyte activating gene 3; LH, luteinzing hormone;
LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; MPIF-1,
myeloid progenitor inhibitory factor-1; ANGPTL3, angiopoietin-like
protein 3; B2M, beta2-microglobulin; bIG-H3, transforming growth
factor-beta-induced protein/TGFBI; CA9, carbonic anhydrase 9; EDA-
A2, ectodysplasin A2; GDNF, glial cell-derived neurotrophic factor;
RGM-B, repulsive guidance molecule B; TGF RIIl, transforming growth
factor-B receptor lll; VCAM-1, vascular cellular adhesion molecule-1.

performed on the GC microchips. The results for LAG-3, TGFp RIII,
CPA2, DCN and ANGPTL3 were similar to the results for mouse

tumor tissues (Figure 7C,E).

3.8 | The combination of TGFp RIIl, LAG-3, CPA2,
DCN and ANGPTL3 exhibits sufficient sensitivity for
diagnosing GC

ROC curves were drawn using TGFp RIIl, LAG-3, CPA2, DCN and
ANGPTL3 (Figure S3). Among them, CPA2 showed the highest
AUC (0.775; Figure 8A). We then combined multiple proteins into

= 3403
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panels to evaluate if any combination of blood proteins exhib-
ited further improvement in diagnostic potential. Using logistic
regression analysis, we found that a combination of five proteins
had the highest diagnostic specificity (AUC=0.828) in distin-
guishing GC from HC. The combination of CPA2 and TGFp RIII
showed sufficient sensitivity for diagnosing GC, with an AUC of
0.801 (Figure 8B-F). The results of other combinations are shown

in Figure S3.

4 | DISCUSSION

Epidemiological studies had shown that Zhejiang, a seaside capital
in China, has a high morbidity rate for GC.}?>'3 Currently, the main
method for GC screening is upper gastrointestinal endoscopy, which
requires advanced instruments and specialized operators, mak-
ing it unsuitable for repeated examinations and population-wide
screenings. Other screening methods, such as Helicobacter pylori
detection, serum pepsinogen detection, and gastrin detection, have
high false-positive rates and low sensitivity, necessitating further
research. Also, there have been recent studies on the detection
of GC biomarkers with different technologies. For instance, Shao
et al. used circ-RNA microarray and found the AUC of circ-RNA hsa_
circ_0000190 for GC diagnosis was 0.799.%* In addition, Wang et al.
identified serum-circulating exosomes using gRT-PCR and the ROC
analyses yielded the AUC values of 0.786 for miR-106a-5p and 0.769
for miR—19b—3p.15 Lee et al. reported an AUC of 0.797 for DEK using
isobaric tags for iTRAQ.Y® Serological examination is less harmful,
faster, and more convenient. In this study, we used protein arrays to
detect serum proteins from a seaside population and found that the
diagnosis rate was improved by multibiomarker joint analysis, with
an AUC value of 0.801.

At the initial screening stage, we used this platform to screen
the serum of GC patients and identified 28 differentially expressed
proteins. In the validation set, we custom-built a special glass-
based antibody array capable of detecting all 28 proteins simulta-
neously, based on the primary screening results. Five biomarkers
obtained by custom antibody chip, CPA2, ANGPTL3, TGF RIII,
DCN and LAG-3, exhibited the best AUC values of 0.775, 0.747,
0.717, 0.639, and 0.618, respectively. Among the five targets, we
could not find any literature related to GC for TGFp RIIl or CPA2
proteins. Finally, we used logistic regression analysis to combine
multiple proteins into panels, and the combination of CPA2 and
TGFp RIII showed sufficient sensitivity for diagnosing GC, with an
AUC value of 0.801.

Lymphocyte activating gene 3 (LAG3) is a membrane glycopro-
tein that belongs to the immunoglobulin (Ig) superfamily and func-
tions as an immune checkpoint receptor. Soluble LAG3 (sLAG3)
is most likely to be derived from proteolytic cleavage of surface
LAG3, as reported in previous studies.*”*8 It has been reported that
non-cleavable LAG-3 has a potent inhibitory effect on T-cell prolif-
eration and cytokine production, and cell surface cleavage serves
as an important negative feedback mechanism to moderate its
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FIGURE 3 A-F, A custom antibody chip was used to validate 28 differentially expressed proteins.

function.’” We speculate that GC tumors may produce more non-
cleavable LAG-3, resulting in lower levels of sSLAG3 in the serum,
although further research is needed to confirm this hypothesis. Lv
et al. reported that, compared with peritumoral tissues, tumor tis-
sues contained more intensive LAG-3" cell infiltration than peritu-
moral tissues in each subtype of GC patients,19 which is consistent
with our results for tumor tissues.

Transforming growth factor-f receptor Ill is encoded by the TGFj
RIIl gene on chromosome 1p31-32. Previous studies have shown
that the role of TGFf RIIl in tumors is complex and varies depend-
ing on the type and stage of the cancer. TGFf RIll has two different
forms: dissolved in body fluids and expressed on cell membranes.
When it is on the cell membrane, it mainly assists in activating the
TGFp 1 signaling pathway to inhibit tumor growth and metastasis,

and acts as a tumor suppressor gene. When it is dissolved in body
fluids, it mainly stimulates tumor growth and metastasis, and has the
effect of promoting oncogenes. For example, TGF RIIl has tumor-
suppressive effects in breast cancer, and has tumor-promoting ef-
fects in colorectal cancer and glioma.?°-?2 This may be the reason
for the different expression of TGFp RIIl in serum and tissues of GC.

CPA2 is a secreted pancreatic procarboxypeptidase that cleaves
C-terminal amide or ester bonds of peptides with free terminal car-
boxyl groups. It has been reported that CPA2 is downregulated in
pancreatic cancer and plays a fundamental role in the pathogenesis
of acute or chronic pancreatitis. In addition, inflammation in acute
pancreatitis could upregulate and activate CPA2.28

DCN is a prototype member of the small leucine-rich proteogly-
can (SLRP) family, which is expressed in various tissues and found in
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the matrix of various cancers. Originally identified as a natural inhib-
itor of TGFp, DCN is also an receptor tyrosine kinase (RTK) inhibitor.
It triggers cell cycle arrest and apoptosis, as well as antimetastasis

and antiangiogenesis processes.24

Basak et al. reported that DCN

was an effective inhibitor of the TGFp pathway and was negatively

correlated with the GC stage.?®
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FIGURE 6 A-F, Expression levels of five target proteins in gastric cell lines.

ANGPTLproteinsareaseriesofsecretedglycoproteinswithstructures
similar to angiopoietin. ANGPTL3 has been reported to be significantly
upregulated in cell lines derived from oral squamous cell carcinoma
(OSCC) compared with normal tissues. 2 The expressionand serum levels
of ANGPTL3 may be promising non-invasive biomarkers in the diagnosis
of chronic hepatitis and HCC.?” High expression of ANGPTL3 has

been found to be associated with shorter overall survival time in
GC patients.28

These targets have great prospects as tumor markers of GC.
One or a combination of several proteins may have higher sensi-
tivity and specificity than current tumor markers for the diagnosis
of GC.
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GC from HC.

Interestingly, we also screened two proteins, B2M and biG-H3,
which showed differences only in HCC (Figure S2C). They may be
serum biomarkers for liver cancer diagnosis. We also found that
LH was expressed differently in EGC and HCC compared with HC,
and GH was expressed differently in EGC and CCR (Figure S2A,B).
There is a possibility that these proteins will be used in the diagno-
sis of GC in the future.

In the present study, we identified several serum proteins pre-
viously reported to be related to GC in our GC patient sample. This
result provides independent support for the effectiveness of our
screening method.

There are, however, some limitations to this study. The an-
tibody chip is based on the principle of antigen-antibody specific
binding. Therefore, using this array, only proteins for which corre-
sponding antibodies are available can be detected. Furthermore,
the 640-protein array we used only included secretory proteins or
secretory protein receptors, which were limited and pre-selected,
potentially excluding some promising biomarker candidates from the
study onset.

In this study, we utilized an independent case cohort and dif-
ferent types of control groups, such as other stomach diseases
and tumors, to verify the reliability of the biomarkers. However,
the number of serum samples from patients with other stomach

diseases and tumors was small, which may have influenced the de-
tection results. In addition, the samples were collected only from
three hospitals along the coast of China, which could be influ-
enced by ethnicity and region. Furthermore, a prospective study
is valuable for further evaluation of the diagnostic/screening value
of protein combinations. The significant increase or decrease in
the levels of some serum proteins after surgery can clarify the
role of these proteins in the progression of GC. Finally, in the re-
gression model, we did not choose the five protein aggregation
models because we believed that the combination of two proteins
considered both diagnostic accuracy and the economic burden on
clinical patients.

Despite the aforementioned limitations, the results of this study
may contribute to a breakthrough in serum biomarkers of GC and

provide new ideas for the diagnosis of the disease.
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