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Summary
Background Early detection of gastric cancer (GC) remains challenging. We aimed to examine urine proteomic
signatures and identify protein biomarkers that predict the progression of gastric lesions and risk of GC.

Methods A case–control study was initially designed, covering subjects with GC and gastric lesions of different stages.
Subjects were aged 40–69 years, without prior diagnosis of renal or urological diseases. We enrolled a total of 255
subjects, with 123 in the discovery stage from Linqu, China, a high-risk area for GC and 132 in the validation
stage from Linqu and Beijing. A prospective study was further designed for a subset of 60 subjects with gastric
lesions, which were followed for 297–857 days.

Findings We identified 43 differentially expressed urine proteins in subjects with GC vs. mild or advanced gastric
lesions. Baseline urinary levels of ANXA11, CDC42, NAPA and SLC25A4 were further positively associated with risk
of gastric lesion progression. Three of them, except for SLC25A4, also had higher expression in GC than non-GC
tissues. Integrating these four proteins showed outstanding performance in predicting the progression of gastric
lesions (AUC (95% CI): 0.92 (0.83–1.00)) and risk of GC (AUC (95% CI): 0.81 (0.73–0.89) and 0.84 (0.77–0.92) for
GC vs. mild or advanced gastric lesions respectively).

Interpretation This study revealed distinct urine proteomic profiles and a panel of proteins that may predict the
progression of gastric lesions and risk of GC. These biomarkers in a non-invasive approach may have translational
significance for defining high-risk populations of GC and its early detection.
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Research in context

Evidence before this study
Gastric cancer remains a major public health threat
worldwide. Gastric cancer develops through a long-term
process in a stepwise manner. Molecular biomarkers aiding
the identification of high-risk population and early detection
of gastric cancer are highly needed. Urine contains circulating
molecules that carry information from abnormal cells and
sensitively provides a globe view of individual’s health status,
thus may provide a non-invasive approach for exploring
biomarkers for gastric cancer.

Added value of this study
Our two-stage study with a prospective follow-up for a subset
of subjects revealed distinct urine proteomic profiles and a
panel of urine protein biomarkers (ANXA11, CDC42, NAPA
and SLC25A4) that may predict the progression of gastric

lesions and risk of GC. Integrating the protein score of four
urine proteins materially improved the ability to predict the
risk of gastric lesion progression to malignancies. Among
them, ANXA11, CDC42, and NAPA had higher expression in
gastric cancer than non-cancer tissues.

Implications of all the available evidence
This study portrayed urine proteomic landscape and
explored urine proteomic signatures for different gastric
lesions along the progression continuum to gastric cancer.
The non-invasive detection of urine biomarkers may have
translational significance for fine discrimination of high-
risk population subgroups for the progression of gastric
lesions to gastric cancer and its early detection, advancing
the approaches to its precision prevention and
management.
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Introduction
Gastric cancer (GC) is the fourth leading cause of
cancer-related deaths worldwide.1 Majority of GC
patients are diagnosed at advanced stages with poor
survival.2 Identifying populations with markedly
increased risk for developing GC, as well as detecting
GC at an early stage, is crucial to increase the chance of
survival and improve overall quality of life.3,4 Although
endoscopic screening has shown its benefit for the early
detection of GC,5,6 the screening procedure is invasive,
expensive, time-intensive, and difficult for gross medical
institutions.7

GC, particularly of the prevalent intestinal subtype,
develops through a long-term process in a stepwise
manner.8 Studies on subjects spanning the cascade of
premalignant and malignant GC, particularly with
prospective follow-up on the progression of gastric
lesions, are warranted to uncover prediagnostic molec-
ular signatures underlying the development of GC,
which is of critical needs for population risk stratifica-
tion and early diagnosis of GC, enabling efficient
prevention and management endeavors.

Compared with other biospecimens, the collection of
urine is non-invasive and easily accessible in large
quantities, allowing for biomarker detection in large-
scale population screening.9 Circulating molecules in
urine can sensitively provide a global view of in-
dividual’s health status. Indeed, the malignant,
apoptotic and necrotic cells can release proteins into the
microenvironment and blood, which are then filtered
and reabsorbed by kidneys and eventually enter the
urine. Urine contains stable peptides and some low
abundant but functionally important proteins that can
be reliably measured.10,11 Especially, about 9% of iden-
tified urine proteins from health individuals are
involved in immune response.12 These may be linked
with observed immune response and evasion in
premalignant lesions, which were associated with key
somatic genomic alterations.13,14 Together, changes in
urinary proteins may reflect early biological events
during GC carcinogenesis. Detecting urine proteins
may serve as a promising approach for exploring bio-
markers for progression of gastric lesions and risk of
early GC.

Using urine as a liquid biopsy, we conducted prote-
omic profiling in two stages among a total of 255
individuals involving gastric lesions of different stages
and GC. We portrayed the urine proteomic fingerprint
and developed urine proteomic signatures associated
with the progression of gastric lesions and risk of GC.
We also deciphered the immune contexture from pro-
teomic profiles and examined the highlighted proteins
integrating our available data on tissue proteomics.
Methods
Study population
A case–control study was initially designed with a total
of 255 subjects in two stages, which defined subjects
with GC as the case group and had subjects with the
well-recognized mild (superficial gastritis (SG) or
chronic atrophic gastritis (CAG)) and advanced gastric
lesions (intestinal metaplasia (IM) or low-grade intra-
epithelial neoplasia (LGIN)) as two control groups. All
controls in two stages and cases of the discovery stage
were enrolled from Linqu County, Shandong Province
of China, a rural area that has one of the highest GC
mortality worldwide,15 based on residents attending na-
tional Upper Gastrointestinal Cancer Early Detection
(UGCED) Program. For selection of controls, among
those eligible Linqu residents invited through the
household registration system, the respondents agreed
www.thelancet.com Vol 86 December, 2022
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to undertake the first gastroscopy in the UGCED pro-
gram and provided urine samples; a response rate of
72.4% has been reached.

Details of the UGCED program have been published
elsewhere.6,16 Briefly, UGCED program investigators
randomly select villages in Linqu and eligible village
residents aged 40–69 years undergo endoscopic
screening for early diagnosis of GC free of charge. In-
formation on age and sex was documented based on the
identity card of China. Eligibility exclusions include
refusal to provide informed consent, ages outside the
range of 40–69 years, previous diagnosis of cancer
(except nonmelanoma skin cancer), bleeding disorder,
heart failure, renal or urological disease, liver disease,
emphysema, or other life-threatening illness. In the
program, HGIN and invasive GC are collectively defined
as GC. In addition to those undergoing the first
endoscopy, individuals diagnosed with severe CAG, IM,
or LGIN would be invited to take repeated examination
the following year.

The discovery stage had 123 subjects, including 109
subjects with gastric lesions at different stages
(“controls”) and 14 with GC (“cases”, 5 high-grade
intraepithelial neoplasias (HGINs) and 9 invasive
GCs). From November 22, 2018 to December 07, 2018,
231 agreed to undertake the first gastroscopy in the
UGCED program. Along with the gastric biopsies for
pathological diagnosis, urine sample and an extra biopsy
from lesser curvature of antrum was additionally
collected for each participant. Of them, 111 participants
were deemed as eligible for the gastric tissue proteomics
assay (with the findings published in 202116), which had
the most severe gastric histology at lesser curvature of
antrum, so that any systemic effect on proteomic pro-
files caused by severer gastric lesions at other gastric
mucosa sites can be minimized. Among 111 in-
dividuals, 109 provided sufficient mid-stream urine
samples in the morning and were included as controls
in the discovery stage of present study (51 with SG/CAG
and 58 with IM/LGIN, two control groups). As we did
not identify GCs among 231 residents, we further
included all newly diagnosed GCs (n = 14) among those
attending repeated endoscopic examination in the
UGCED program between November and December of
2018, and defined them as cases in the discovery stage.
For each case, 15 ml of mid-stream urine in the
morning was collected.

For validation purposes, an independent validation
set involved 132 subjects, with the same inclusion and
exclusion criteria as the discovery set. To test the
robustness of findings and improve the potential
extrapolation to other populations, we sought to enroll
the validation set subjects from Beijing (with a relatively
low risk for GC) and Linqu simultaneously. The controls
were randomly selected from participants who attended
the UGCED program and provided sufficient mid-
stream urine samples in the morning between
www.thelancet.com Vol 86 December, 2022
October, 2020 and March, 2021, including 114 subjects
with precancerous gastric lesions at different stages.
Cases were enrolled from Peking University Cancer
Hospital clinics, including 18 subjects with GC
(5 HGINs and 13 invasive GCs) (Fig. 1; Table S1).

Applying a normal approximation method17 for
power calculation in the discovery and validation set
respectively, at α = 0.05, we found the current sample
size would lead to the statistical power greater than 80%
to detect an OR of 1.90 per 2-SD change of the protein
expression levels for all comparisons between GC and
gastric lesions (SG/CAG or IM/LGIN). The sample size
also meets the empirical requirements of current pro-
teomic techniques to detect enough number of proteins.

We prospectively followed the evolution trajectories
of gastric lesions for a subset of 60 subjects with pre-
cancerous gastric lesions who volunteered to attend the
endoscopic follow-up (297–857 days). Subjects with GC
(HGIN and invasive GC) were not prospectively
followed.

All gastroendoscopies were conducted by board-
certified gastroenterologists using video endoscopes
(Olympus), with detailed photographic documentation
throughout the examinations. Biopsies were taken at
five standardized mucosa sites. All biopsies involved in
the present study were assessed independently by two
experienced pathologists (initially by Dr. Xiu-Zhen Wu
in Linqu County’s Hospital and then reviewed by
Dr. Zhou-Wu Li in Peking University Cancer Hospital).
The final diagnoses were determined after discussion
for any disputed histopathologic classification, following
the criteria proposed by the Updated Sydney System18

and Chinese Association of Gastric Cancer.19 Each
subject was given a global diagnosis of normal, SG,
CAG, IM, LGIN, HGIN (pathologically including severe
dysplasia and GC in situ) or invasive GC, defined as the
most severe gastric histopathology among all biopsies.
Representative images of these gastric lesions are
shown in Fig. S1. Gastroendoscopy was conducted again
at the endpoint and the evolution of gastric lesions
during follow-up was assessed for each subject. A sub-
ject was classified to have progression of gastric lesions
if the endpoint severity score of gastric lesions was
higher than the baseline.
Ethics
The study was approved by the Institutional Review
Boards of Peking University Cancer Hospital (approval
No. 2018KT117). All participants provided written
informed consent.
Sample preparation, proteomic profiling, data
processing and protein quantification
For all subjects, collection, transportation and storage of
urine samples followed standard protocol to minimize
3
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Fig. 1: The schematic diagram of study design and work flow. CAG, chronic atrophic gastritis; GC, gastric cancer; HGIN, high-grade
intraepithelial neoplasia; IM, intestinal metaplasia; LGIN, low-grade intraepithelial neoplasia; OPLS-DA, Orthogonal partial least squares
discrimination analysis; SG, superficial gastritis.
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preanalytical variations. Approximately 15 ml of
mid-stream urine was collected in the morning before
endoscopy for each subject. Urine samples were
immediately dispensed into 5 ml cryogenic vials con-
taining boric acid tablets after collection and stored
at −80 ◦C until testing. The urine sample was centri-
fuged at 200,000g for 70 min. After ultracentrifugation,
pellet was reduced with DTT to remove uromodulin.

After heating at 65 ◦C for 30 min, the pellet was
washed with wash buffer (10 mM TEA, 100 mM NaCl,
pH 7.4) twice and ultra-centrifuged for 30 min. The
pellet was dissolved in SDS buffer (1% SDS, 50 mM
Tris, pH 8.5) and resolved on an SDS-PAGE gel. Gel was
cut into six pieces and then subjected to in-gel trypsin
digestion. The tryptic peptide was separated on a
Homemade capillary column filled with C18 particles
and analyzed by the Thermo Fisher Orbitrap mass
spectrometer combined with the online Easy-nLC 1000
nano-HPLC system (Thermo Fisher Scientific). To
ensure the reproducibility of LC-MS/MS runs, tryptic
digests of 293T cell lysates were routinely used as quality
control (QC) samples and a total of 18 QC samples were
during our sample measurement timespan for proteo-
mic profiling assays.20

LC-MS/MS data were processed in Proteome
Discoverer 1.4 (Thermo Fisher Scientific), and searched
against the NCBI Human Refseq protein database
(released on July 4, 2013) using Mascot search engine
(Matrix Science 2.3). Peptides with up to 2 missed
cleavages and a false discovery rate of less than 1% were
considered acceptable. The peptides had average length
of 13 amino acids (range 7–66). For the screening of
high-confidence proteins, a peptide that only exist in one
protein in the complete theoretical digested peptide
library of human proteome is defined as a unique pep-
tide, and a peptide with Mascot ion scores of 20 or more
is defined as a strict peptide. We only used proteins that
were detected with at least 1 unique strict peptide and
www.thelancet.com Vol 86 December, 2022
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2 strict peptides or at least 3 strict peptides in the
analysis, which were deemed to have high reliability
(n = 3540 proteins). This QC policy ensures that we map
the right protein by identified peptides. A label-free
intensity based absolute quantification (iBAQ) algo-
rithm was used to quantify protein abundance.21 For
comparisons between batches, the iBAQ was converted
to intensity-based fraction of total (iFOT), which was
calculated as the iBAQ value of each protein divided by
the sum of the iBAQ values of all proteins in the sample,
and then multiplied by 105 to ease the visualization of
low abundant proteins.22

Bioinformatics and statistical analysis
All analyses were conducted using R (V.4.0.2) unless
otherwise noted. Considering the histopathology nature
of gastric lesions and sample size, subjects were cate-
gorized to three groups (mild gastric lesions (SG or
CAG), advanced gastric lesions (IM or LGIN), and GC).
All analyses were restricted to proteins that were iden-
tified in at least 1/2 samples of each comparison group.
Missing values were imputed by using 1/10 of the
lowest iFOT value of all proteins in each sample. Pair-
wise Spearman’s correlation coefficients were calculated
for the proteomic data of all 18 QC runs to evaluate the
stability and reliability of experimental method. The
normalized and log10 transformed iFOTs were plotted
for all samples to display the stability of data quality.

Partial least squares discrimination analysis (PLS-
DA) was used to display an overview of the urine pro-
teomic profiles in the groups of mild gastric lesions,
advanced gastric lesions and GC. At the individual
protein level, orthogonal partial least squares discrimi-
nation analysis (OPLS-DA) was used to calculate variable
importance for the projection (VIP) score between the
comparison groups. Proteins with VIP >1 in the dis-
covery set were further analyzed using OPLS-DA in the
validation set. We exerted additional measures to
minimize the concern on multiple testing and only
focused on proteins with VIP >1 in the comparison
between GC and gastric lesions in both discovery and
validation sets for below individual protein-level ana-
lyses. We fitted the changing trajectories from mild
gastric lesions (SG or CAG) to advanced gastric lesions
(IM or LGIN) and then to GC through locally estimated
scatterplot smoothing (LOESS) regression. Proteins
with similar trajectories were divided into groups
through hierarchical clustering. KEGG pathway enrich-
ment analysis was then applied to explore the biological
functions of proteins, with FDR <0.05 considered as
significant pathways.23

To calculate the odds ratios (ORs) and 95% confi-
dence intervals (CIs) for the associations of each indi-
vidual protein (the independent variable) with the risk of
GC, two binary logistic regression models were
conducted (GC vs. SG/CAG and GC vs. IM/GLIN
respectively as the dependent variable), adjusting for age
www.thelancet.com Vol 86 December, 2022
and sex.24 We were not able to adjust for Helicobacter
pylori infection and smoking status,25 as the information
on these variables were not available for GC cases. For
proteins with VIP >1, those satisfying logistic regression
P < 0.05 in the discovery set and P < 0.05 in the vali-
dation set between comparison groups (GC vs. SG/CAG
or GC vs. IM/LGIN) were defined as differentially
expressed proteins (DEPs). For identified DEPs,
protein–protein interactions (PPI) enrichment analysis
was carried out with STRING database. CytoHubba
plug-in was applied to identify densely connected
network components and find the top 15 core hub
proteins of PPI network based on the Maximal Clique
Centrality algorithm through Cytoscape software.26

Among DEPs defined above, we further identified
proteins associated with the progression of gastric le-
sions (progression vs. non-progression) using logistic
regression analysis adjusting for age, sex and baseline
gastric lesions. Urine proteins with P < 0.05 were
considered statistically significant. Based on the derived
four key proteins (ANXA11, CDC42, NAPA and
SLC25A4), a protein score was developed by summing
the weighted iFOT values of proteins, calculated as the
standardized expression of each protein multiplied by
the regression coefficient (β) obtained from logistic
regression models containing all highlighted proteins,
using the below function:

Protein score = β1*ANXA11 + β2*CDC42 +
β3*NAPA + β4*SLC25A4.

After calculating the score for each subject, we eval-
uated the association between the protein score and risk
of gastric lesion progression and GC.

We had recently completed the gastric tissue prote-
omic profiling for subjects of the discovery set, as pub-
lished recently.16 Integrating the tissue proteomic
profiling data, we explored the association of the tissue
expression of key individual proteins with the risk of GC
and progression of gastric lesions using logistic
regression models.

We constructed prediction models for the risk of
GC and gastric lesion progression using extreme
gradient boosting (XGBoost) algorithm,27 integrating
protein signatures with age, sex, and baseline gastric
histology (for gastric lesion progression only). To fully
capture the protein features, the prediction model
integrated the protein score of ANXA11, CDC42,
NAPA and SLC25A4 as a continuous feature and also
utilized the pairwise second-order interaction features
of four proteins to train the XGBoost models.28 The
performance of prediction models was assessed by
leave-one-out cross validation and displayed by area
under the receiver operating characteristic (ROC)
curve (AUC). Delong’s test was used to compare the
performance of the prediction model integrating uri-
nary protein signatures vs. the model only including
age, sex, and baseline gastric histology (for gastric
lesion progression).
5
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Fig. 2: Urine proteomic profiles and differentially expressed proteins for GC and precancerous gastric lesions. a. PLS-DA plot for the overview
of urine proteomic profile. b. Protein clusters with similar trajectories from mild (SG/CAG) to advanced (IM/LGIN) gastric lesions and then to GC.
For 139 proteins with VIP score >1 in the comparison between GC and gastric lesions in both discovery and validation sets, the changing
trajectories of proteins were analyzed through locally estimated scatterplot smoothing (LOESS) regression. Proteins with similar trajectories
were divided into groups through hierarchical clustering. c. Top 15 enriched pathway of proteins. KEGG pathway enrichment analysis was
conducted for with VIP score >1 in the comparison between GC and gastric lesions in both discovery and validation sets. Rich factor is the ratio
of the differentially expressed gene number (e.g., the gene that we submitted for the KEGG pathway analysis) to the total gene number in a
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Deconvolution of immune cell proportions and
immune subtyping using urine proteomic profiles
Recent studies have highlighted that urinary protein
composition could be an appropriate mirror of global
immune status.29,30 Although we did not measure
peripheral blood leukocytes directly in our study, we
sought to decipher the global immune contexture by
deconvolution analysis using urine proteomic profiles.
Our analysis took advantage of a protein signature
matrix for 26 human immune cell types developed by
CIBERSORT,31 using a reference proteome dataset for
individual cell type from Rieckmann et al.,32 in which
peripheral blood of four healthy donors were sorted by
flow cytometry followed by MS profiling. As unquanti-
fied immune cell markers had a substantial impact on
the performance of deconvolution analysis using prote-
omic profiles, we developed an in-house analysis pipe-
line NUWAms (manuscript in submission) to address
this issue. NUWAms was applied to the urine proteomic
profiles to infer the abundance of missing immune
markers in the protein signature matrix. The NUWAms-
inferred proteomic profiles was then applied to estimate
the relative proportions of 26 major immune cell types
by CIBERSORT (v1.04) analysis using the developed
proteomic signature. The estimated relative proportions
was further grouped into ten major immune cell types
(B, B.plasma, CD4+ T, CD8+ T, NK, monocytes/macro-
phages, dendritic cells, neutrophils, basophils and eo-
sinophils cells) for clustering analysis.

Based on the estimated immune cell fractions of
255 urine samples, R package cola (1.6.0)33 was
employed to identify immune clusters of samples using
the following parameters: spherical k-means clustering
(skmeans), minK = 2, maxK = 6, partition repeat = 50,
p_sampling = 1.

Spearman’s and Pearson’s correlation analyses were
performed for the association between the estimated
relative abundance of immune cells and key individual
urine proteins. Wilcoxon rank-sum test was used for the
differences of immune clusters and immune cell subsets
across subjects with gastric lesions and GC. The immune
clusters associated with highlighted individual proteins
were also examined using Wilcoxon rank-sum test.
Role of funders
The funders had no role in study design, data collection
and analysis, results interpretation, decision to publish,
or preparation of the manuscript.
certain KEGG-defined pathway. d. A total of 43 differentially expressed pro
(left) or IM/LGIN (right) as the reference respectively. P values and ORs
associated with GC (OR > 1) are shown in red and proteins inversely associ
DEPs between GC and gastric lesions. For proteins with VIP >1 in the disco
in both sets between comparison groups (GC vs. SG/CAG or GC vs. IM/L
gastric lesions. Among 43 DEPs, the top 15 core hub proteins were define
CAG, chronic atrophic gastritis; GC, gastric cancer; IM, intestinal metaplas

www.thelancet.com Vol 86 December, 2022
Results
Subject characteristics and urine protein detection
The study schematic diagram is shown in Fig. 1. A total
of 3540 highly reliable urinary proteins were identified
(Fig. S2a), of which 688 proteins were detected in more
than 50% of samples in each gastric lesion and GC. The
Spearman’s correlation coefficients of quality control
samples ranged from 0.80 to 0.91, indicating high batch-
to-batch instrument reproducibility of LC-MS/MS runs
(Fig. S2b). In addition, all samples showed good con-
sistency in quantification of urine proteome, supporting
its stability and reliability (Fig. S2c).
Urine differentially expressed proteins (DEPs)
between GC and gastric lesions
Distinct urinary protein profiles were observed between
subjects with GC and gastric lesions in partial least
squares discrimination analysis (Fig. 2a). We identified
139 proteins with VIP score >1 comparing GC and
gastric lesions (SG/CAG or IM/LGIN) in both discovery
and validation sets, but none were identified for the
comparisons between mild and advanced gastric
lesions. To explore the changing trajectory of urinary
protein levels among different gastric lesions and GC,
six clusters of these 139 urine proteins that displayed
dynamic changes from precancerous lesions to GC were
defined through unsupervised hierarchical clustering
(Fig. 2b). Significantly enriched pathways for 139
proteins and their aggregated clusters are shown in
Fig. 2c. The top 2 enriched pathways were aggregated
in Cluster-2 (carbon metabolism pathway,
FDR = 1.33 × 10−12) and Cluster-1 (starch and sucrose
metabolism pathway, FDR = 1.16 × 10−6) respectively.
Cluster-2 had the largest protein assembly, the protein
expression in which did not change apparently in mild
and advanced gastric lesions but had soared in GC
tremendously. In contrast, cluster 1 proteins had
declined expression in GC. The proteins of cluster-3
showed consistent decrease with the progression of
gastric lesions to GC, of which 6 proteins were enriched
in the lysosomal pathway. Other protein clusters were
modest in size.

The ORs for the associations between 139 pro-
teins with VIP >1 and risk of GC were calculated
using logistic regression models. Of them, 82 pro-
teins were significantly associated with the risk of
GC (P < 0.05, logistic regression analysis) in the
discovery stage, with 43 of them replicated as DEPs
teins (DEPs) significantly associated with GC compared with SG/CAG
were calculated based on the combined datasets. Proteins positively
ated with GC (OR < 1) are shown in blue. e. Pearson correlation of 43
very and validation sets, those satisfying logistic regression P < 0.05
GIN) were defined as DEPs. f. PPI network of DEPs between GC and
d based on the Maximal Clique Centrality algorithm using Cytoscape.
ia; LGIN, low-grade intraepithelial neoplasia; SG, superficial gastritis.
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for the risk of GC in the validation set (28 up-
regulated and 15 down-regulated) (Table S2),
involving 32 significant proteins for GC vs. SG/CAG
and 30 proteins for GC vs. IM/LGIN (Fig. 2d). The
four tissue protein markers that we recently re-
ported, including DDT, HPX, PGC, and APOA1BP,16

were not significantly associated with GC risk at
urine level (Table S3).

We visualized the protein clusters and network for
these 43 DEPs. Many DEPs were positively correlated
(Fig. 2e). The protein–protein interactions (PPI) network
contains 43 nodes and 87 edges with an average node
degree of 4.05 and a PPI enrichment P < 1.0 × 10−16.
The top 15 potential core proteins were obtained
(Fig. 2f).
Key proteins associated with the progression of
gastric lesions and risk of GC
Using prospectively followed subjects (n = 60), we
further examined whether 43 DEPs identified above
were associated with the progression of gastric lesions.
During follow-up, 18 subjects had their gastric lesions
progressing to severer levels, with 2 of them developing
GC. Four up-regulated urine proteins in GC across the
discovery and validation sets were further significantly
associated with an increased risk for gastric lesion pro-
gression (P < 0.05, logistic regression analysis),
including ANXA11, CDC42, NAPA and SLC25A4
(Fig. 3a and b; Table 1). All four proteins were aggre-
gated in cluster-2 and enriched in the pathways of
endocytosis (CDC42), cGMP-PKG signaling (SLC25A4)
and synaptic vesicle cycle (NAPA) (Fig. 2c). SLC25A4
was also displayed as a core protein in PPI network
analysis (Fig. 2f). Stratified analysis found consistently
higher level of these four proteins in progressed sub-
jects either in the baseline mild (SG/CAG) or advanced
gastric lesion group (IM/LGIN).
Protein scores and prediction models integrating
protein biomarkers
We calculated a protein score integrating four key urine
proteins. Given the correlations of highlighted proteins.
The protein score was independently associated with the
risk of GC compared with mild (SG/CAG) or advanced
gastric lesions (IM/LGIN) as the reference, with ORs
(95% CI) of 2.13 (1.38–3.28) and 2.43 (1.50–3.95)
respectively, per one SD increase of the score. In addi-
tion, the protein score was significantly associated with
the risk of gastric lesion progression (OR = 3.63, 95%
CI: 1.49–8.81) (Fig. 3c).

Compared with the model including age, sex and
baseline pathology (for the prediction of progression
risk), integrating the protein score significantly
improved the ability to predict the risk of GC (AUC
(95% CI): 0.81 (0.73–0.89) vs. 0.63 (0.51–0.76), Delong’s
P = 0.0024 for GC vs. SG/CAG; 0.84 (0.77–0.92) vs. 0.63
(0.51–0.76), Delong’s P = 0.0007 for GC vs. IM/LGIN)
and progression of gastric lesions (AUC (95% CI): 0.92
(0.83–1) vs. 0.62 (0.46–0.77), Delong’s P = 1.99 × 10−10)
(Fig. 3d–f).
DEPs at tissue level and risk of GC and gastric lesion
progression
Taking advantage of the tissue proteomics dataset of our
group, we found that 34 out of 43 urine DEPs as iden-
tified above were also detected in gastric tissue samples.
We then compared their tissue expression between GC
and non-GC tissues. Of them, the association for 21
tissue proteins went to the same direction with that at
the urine level, although statistically significant findings
were yielded for 13 tissue proteins only (Fig. 4). For four
key urine proteins associated with the risk of gastric
lesion progression and GC, we found significantly
elevated level of three tissue proteins (ANXA11, CDC42
and NAPA) in GC, in line with the findings based on
urine samples. These three proteins also had higher
expression in gastric tissues at baseline for progressed
than non-progressed subjects, although a limited sam-
ple size restricted the statistical power to yield signifi-
cant associations (Table S4).
Immunocyte classification and immune subtyping
based on urinary proteomic data
Urine proteomic profiles were utilized to estimate rela-
tive proportions of 10 major immune cell types for each
subject, using the NUWA pipeline we developed for
proteomics deconvolution analysis. Spearman correla-
tion analysis showed the urine levels of two key proteins
(CDC42, SLC25A4) and the protein score were statisti-
cally significantly associated with CD8+ T and NK cell
proportions, but the correlation coefficients only
demonstrated weak-to-moderate correlations (Fig. 5a,
Table S5). Pearson correlation analysis reached similar
findings (Table S5).

Based on the estimated proportions of immune cells
for each subject, three immune clusters (ICs) were then
derived (Fig. S3a). Statistically significant difference was
found for all 10 major immune cell abundance across
three immune clusters, with neutrophil having the
lowest P value (Fig. S3b, Wilcoxon rank-sum test). We
observed distinguished characteristics in immune cell
types in three immune clusters, with IC1 featured high
proportions of CD4+ T, and dendritic cells, IC2 featured
abundant eosinophil and neutrophils, and IC3 featured
abundant CD8+ T, NK cells and B cells (Fig. 5b,
Fig. S3b). Furthermore, subjects with GC tended to be
enriched in IC3 (Fig. 5c, P = 0.013, Wilcoxon rank-sum
test) with up-regulated CD8+ T and NK cells (Fig. 5d),
which can be further divided into six cell subsets,
leading to identification of significantly up-regulated
www.thelancet.com Vol 86 December, 2022
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CD8+ effector memory cells re-expressing CD45RA
(CD8+ TEMRA), CD56dim and CD56bright NK cells in GC
than subjects of precancerous gastric lesions (Fig. 5e).
www.thelancet.com Vol 86 December, 2022
Discussion
In this urine proteomics study with subjects along a
spectrum ranging from premalignancy to malignant
9
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GC, a distinct urine proteomic profile was found for GC
from gastric lesions. A total of 43 urine proteins were
validated for the risk of GC. Four proteins, including
ANXA11, CDC42, NAPA and SLC25A4, were further
positively associated with the risk of gastric lesion pro-
gression based on prospective follow-up of a subset of
subjects. Among them, ANXA11, CDC42, and NAPA
had higher expression in GC than non-GC tissues.
Based on deconvolution analysis of urine proteomic
profiles, subjects with GC were aggregated in an im-
mune cluster of subjects characterized by abundant
CD8+ T and NK cells.

Precision prevention and management of GC,
requiring high-risk population identification and its
early detection, remains quite challenging all over the
world. Several blood biomarkers of GC, such as
pepsinogen, gastrin-17, and H. pylori antibodies, have
been proposed, but controversy remains either for sin-
gle molecule or their combinations in the real-world
settings.7 Development of biomarkers denoting the
progression of gastric lesions to GC is highly needed,
particularly in a non-invasive approach.

No past evidence on NAPA and GC is available. In
contrast, there have been reports linking other three
proteins with carcinogenesis and biological processes of
GC. Annexin A11 (ANXA11) is a member of the
annexins family involved in cell division, differentiation,
apoptosis, signal transduction, and vesicle trafficking.34

The down-regulation of ANXA11 was shown to inhibit
the proliferation, invasion and migration of GC cells
through the AKT/GSK-3β pathway.35 Cell division con-
trol protein 42 (CDC42) is a member of the Rho small
GTPase family which regulates the cell differentiation,
progression and metastasis of cancer cells,36–38 and was
found to be involved in immune escape of cancer.39

Knockdown of CDC42 gene significantly inhibited the
migration and invasion of GC cells.40 SLC25A4 (ADP/
ATP translocase 1) is an ATP/ADP carrier that acts as a
master regulator of mitochondrial energy output by
maintaining a delicate balance between ATP production
and thermogenesis.41 The overexpression of SLC25A4
reflects mitochondrial dysfunction, which may play an
important role in cancer development.42,43 SLC25A4 in-
volves in the cGMP/PKG pathway, the activation of
which is crucial to promote proliferation, metastasis,
and chemoresistance of GC cells.44 In our study, these
four urine proteins stood out to be significantly associ-
ated with gastric lesion progression and risk of GC,
supporting them as possible biomarkers for defining
high-risk populations and early detection of GC.

In parallel with what we observed in urine samples,
three intracellular proteins, including ANXA11 (located
in nucleoplasm and cytosol), CDC42 (located in micro-
tubules) and NAPA (located in cytosol) had consistently
higher levels in GC than non-GC tissues. SLC25A4, one
membrane protein located in mitochondria, did not
present such expression pattern. Urinary proteins are
www.thelancet.com Vol 86 December, 2022
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primarily derived from plasma filtration and urinary
tract system secretion.45 While tissue proteins directly
imply the state and function of gastric mucosa, urine
proteins could well indicate global health status for cases
without primary renal or urological diseases.46 As cancer
www.thelancet.com Vol 86 December, 2022
is a systemic disease, subtle changes in protein expres-
sion during carcinogenesis process may not be observed
in tissues but can be captured in urine, accommodating
small and early changes that may demonstrate the sys-
temic status of human body. Thus, it is conceivable that
changes revealed in urine and tissue proteomics may
provide complementary information on systemic
changes during GC progression.

Indeed, none of the four recently reported GC-
associated tissue proteins (DDT, HPX, PGC, and
APOA1BP) were differentially expressed in urine be-
tween GC and precancerous gastric lesions. Tissue
proteins undergo a series of physiological processes
before entering the blood and only a small proportion of
most proteins can reach the blood circulation. For
example, only 1% of PGC remains in a stable form
through gastric mucosal capillaries.47 Proteins then pass
through the glomerular filtration barrier, and finally get
excreted in urine. The consequences of all these physi-
ological processes may be complicated for GC cases and
subjects with gastric lesions, partly helping explaining
the non-differential levels of these four proteins in urine
between subjects with GC and precancerous gastric
lesions.

We conducted an exploratory analysis utilizing pro-
teomic profiles to infer the global immune contexture,
as urinary protein composition may be a mirror of
general immunity.29,30 Based on the deconvolution
analysis, we attempted to establish a connection be-
tween urine protein levels and the estimated immune
activities and characterized an immune cluster featuring
high abundance of CD8+ T and NK cells. Particularly,
significant up-regulation of CD8+ TEMRA cells, CD56dim

and CD56bright NK cells was found in GC subjects. CD8+

T and NK cells are both cytotoxic and can kill tumor
cells. Previous studies have found significantly higher
proportions of NK cells in GC serums than those of
healthy controls, consistent with our results in urine
samples.48 Changes in the proportion of CD8+ T cells in
GC patients compared with gastric lesions patients or
health subjects have not been reported. As CD8+ TEMRA

cells are effector memory T cells carrying the largest
amount of perforin and appear only late during the
immune response,49 the estimated upregulation of CD8+

TEMRA cells in GC may indicate an active immune
surveillance within these subjects, which were possibly
escaped during the progression of gastric lesions by
various means. We also found that score of the high-
lighted proteins was moderately positively associated
with CD8+ T and NK cell abundance, implying a po-
tential link between highlighted proteins and immune
activities. The results demonstrated that some proteins
may be directly or indirectly involved in the role that
immunity played in GC development,50 which warrants
further investigation of functional mechanisms.

While the current study reflected our endeavors to
strengthen the precision prevention and control of GC,
11
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we lacked wet lab-based explorations of mechanistic
insights underlying the associations and cannot neces-
sarily speak to cause and effect. Our primary goal was to
identify non-invasive protein signatures associated with
the progression of gastric lesions and risk of early GC.
Priority was therefore placed on yielding robust associ-
ations between urine protein biomarkers and gastric
lesion progression. Urine is a body fluid that is excreted
www.thelancet.com Vol 86 December, 2022
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after filtering by kidney, and its composition reflects the
overall state of all tissues and organs of the entire body.
With the current approach, it is then difficult to pinpoint
which tissue/organ is the main source of changes in
protein abundance. Nevertheless, we tried to integrate
with the tissue proteomics data and found significantly
elevated level of three tissue proteins (ANXA11, CDC42
and NAPA) in GC, in line with the findings based on
urine samples. Despite so, with a proper model,
mechanistic study should be a future direction in
revealing the roles of these proteins in GC progression.

Our study involved in-depth urine proteomics in two
stages with reasonable sample size of different gastric
lesions and GC. We attempted to conduct a prospective
study of urine proteomics for GC and were able to
integrate the analysis of individual proteins at urine and
gastric tissue samples. However, only part of the
research participants had longitudinal follow-up. A
large-scale prospective study with prolonged follow-up,
ideally involving external multi-centers, is warranted to
further validate the prediction of identified urine pro-
teins for the progression of gastric lesions to GC. We are
aware of other limitations. First, we did not collect urine
samples during the endoscopic follow-up so were not
able to investigate the dynamic changes of urine protein
levels with the evolution of gastric lesions. Second, as
the study priority was on the urine proteomic signatures
along the cascade of gastric lesion progression to GC,
we did not enroll GC cases at different clinical stages
and were underpowered to examine the associations of
highlighted proteins with therapeutic options or GC
prognosis. Third, we attempted to infer immune activ-
ities based on deconvolution analysis of urine proteomic
profiles in an exploratory analysis. The estimated im-
mune profiles by deconvolution analysis could only to
some extent reflect the global immune contexture,
which should be directly measured by blood assays.
Therefore, interpretation of the results should be
cautious and further mechanistic studies are required.
Fourth, the validation stage used a mixed subject set
from Beijing (low-risk area) and Linqu (high-risk area).
However, all GC cases in the validation stage were from
Beijing and we were able to replicate key urine proteins
associated with GC risk, corroborating the robustness of
our findings. Despite so, further large-scale validation
studies are warranted before translation of potential
biomarkers in the real-world setting.

In conclusion, our in-depth urine proteomics study
sheds lights on widely divergent proteomic landscape
between precancerous gastric lesions and GC and
established a panel of urine proteins that may potentially
predict the progression of gastric lesions and risk of GC
occurrence. Detection of biomarkers based on a non-
invasive approach may have translational significance
for fine discrimination of high-risk exposure phenotypes
and concentration of high-risk population subgroups for
the progression of gastric lesions to GC, advancing the
www.thelancet.com Vol 86 December, 2022
transition to precision prevention mode for GC in the
future.
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