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Abstract

Background Currently utilized serum tumor markers and
fecal immunochemical tests do not have sufficient diagnostic
power for colorectal cancer (CRC) due to their low sensitivi-
ties. To establish non-invasive urinary protein biomarkers
for early CRC diagnosis, we performed stepwise analyses
employing urine samples from CRCs and healthy controls
(HCs).

Methods Among 474 urine samples, 363 age- and sex-
matched participants (188 HCs, 175 stage O-III CRCs)
were randomly divided into discovery (16 HCs, 16 CRCs),
training (110 HCs, 110 CRCs), and validation (62 HCs, 49
CRCs) cohorts.

Results  Of the 23 urinary protein candidates comprehen-
sively identified from mass spectrometry in the discovery
cohort, urinary levels of dipeptidase 1 (uDPEP1) and Trefoil
factorl (uTFF1) were the two most significant diagnostic
biomarkers for CRC in both training and validation cohorts
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using enzyme-linked immunosorbent assays. A urinary bio-
marker panel comprising uDPEP1 and uTFF1 significantly
distinguished CRCs from HCs, showing area under the
curves of 0.825-0.956 for stage O—III CRC and 0.792-0.852
for stage 0/I CRC. uDPEP1 and uTFF1 also significantly
distinguished colorectal adenoma (CRA) patients from HCs,
with uDPEP1 and uTFF1 increasing significantly in the
order of HCs, CRA patients, and CRC patients. Moreover,
expression levels of DPEP1 and TFF1 were also significantly
higher in the serum and tumor tissues of CRC, compared to
HCs and normal tissues, respectively.

Conclusions This study established a promising and non-
invasive urinary protein biomarker panel, which enables the
early detection of CRC with high sensitivity.

Keywords Biomarker - Colorectal cancer - DPEP1 -
TFF1 - Urine

Introduction

In 2020, more than 1.9 million new colorectal cancer (CRC)
cases were estimated to have developed worldwide [1].
Despite advances in diagnosis and treatment, CRC ranked as
the second leading cause of cancer-related mortality, with an
estimated 935,000 deaths [1]. Early detection of CRC is cru-
cial to providing effective treatment and improving patient
prognosis, but remains challenging due to the asymptomatic
nature of early-stage disease. The 5-year survival rate for
CRC ranges from 90% for patients with localized disease to
14% for those with distant metastasis [2].

Colonoscopy with biopsy is considered the gold stand-
ard for CRC diagnosis, but is unsuitable for mass screen-
ing because the procedure is highly invasive and costly. The
fecal immunochemical test (FIT) has been widely used for


http://orcid.org/0000-0002-6048-0021
http://crossmark.crossref.org/dialog/?doi=10.1007/s00535-024-02110-1&domain=pdf
https://doi.org/10.1007/s00535-024-02110-1
https://doi.org/10.1007/s00535-024-02110-1

J Gastroenterol (2024) 59:572-585

573

CRC screening due to its relative simplicity and cost-effec-
tiveness and has helped to reduce CRC-related mortality
[3]. However, because the FIT detects occult blood in the
feces, false-positive results can be caused by a multitude of
non-cancerous lesions. Furthermore, false-negative results
from the FIT due to low sensitivity, especially with early-
stage CRC [4-6], may lead to delayed diagnosis and missed
opportunities for timely intervention. Currently utilized
serum tumor markers for CRC, such as carcinoembryonic
antigen (CEA) and carbohydrate antigen (CA)19-9, lack suf-
ficient sensitivity and specificity for early detection of CRC
[7]. Therefore, there is a crucial need for more sensitive,
specific, and non-invasive biomarkers for CRC.

Urine-based tests are non-invasive, convenient, and
highly suitable for mass screening. Urine-based tests thus
have the potential to increase the participation rate in mass
screening. Urinary proteins mainly comprise filtered plasma
proteins and proteins secreted from the urinary tract. While
approximately 40% of urinary proteins are filtered plasma
proteins, the colon represented one of the organs with the
highest presence of tissue-derived proteins in urine [8].
Urine may thus offer a promising sample for biomarkers of
CRC. However, no urinary biomarkers are currently used for
the diagnosis of CRC.

We have previously reported on the usefulness of uri-
nary biomarkers for diagnosing esophageal cancer [9], gas-
tric cancer [10-13], and CRC [14, 15], and have established
methods for handling urine samples. In this study, we con-
ducted a stepwise analysis from comprehensive identifica-
tion of urinary protein biomarkers by mass spectrometry
(MS) to the establishment of novel biomarkers for the early
diagnosis of CRC by enzyme-linked immunosorbent assay
(ELISA).

Methods
Patients and study design

We collected urine and serum samples from September 2012
to June 2020 at two Japanese institutions (Nagoya City Uni-
versity Hospital and Okazaki Public Health Center). Men
and women between 20 and 90 years old were enrolled in
the study. The CRC group included patients who had been
histologically confirmed as having CRC using endoscopic
biopsy and who had not received treatment prior to sam-
ple collection. Patients with recurrent CRC, a history of
neoplasms of any type within the preceding 5 years, and/
or multiple neoplasms were excluded. The healthy control
(HC) group consisted of individuals who were asymptomatic
and showed no evidence of neoplasms during their medical
check-ups.

This study complied with both the REMARK guide-
lines [16] and STROBE statement [17] to ensure that this
case—control biomarker study was accurately and compre-
hensively reported. Our study protocol (no. 45-12-0013)
was approved by the ethics committees at each institution
(Nagoya City University Hospital Institutional Review
Board and Okazaki Public Health Center Ethical Commit-
tee), and conformed to the ethical guidelines of the 1975
Declaration of Helsinki (6th revision, 2008). Each patient
provided written, informed consent before study entry.

Samples and definition

Urine and serum samples were collected before any CRC
treatment. These samples were immediately frozen and
stored at —80 °C until analysis, as previously reported
[9-15]. The disease stage of CRC was determined based on
the final pathologic diagnosis after resection according to
the 7th edition of the Union for International Cancer Control
TNM classification [18].

Preparation of urine samples for mass spectrometry
analysis

An independent pool of urine samples from patients
with CRC and HCs was created. Each pool of urine sam-
ples was filtered through 0.45-pm filters (#SLHAR33SB;
Merck, Burlington, MA, USA) and immediately mixed
with a protease inhibitor cocktail (#5056489001; Roche,
Basel, Switzerland). Reduction with 25 mM dithiothreitol
(#209-19861; FUJIFILM Wako, Osaka, Japan) followed by
alkylation with 50 mM iodoacetamide (#19302-54; Nacalai
Tesque, Kyoto, Japan) was then performed. Samples were
mixed with Sera-Mag SpeedBead carboxylate-modified
magnetic particles (#45152105050250, #65152105050250;
GE Healthcare, Chicago, IL, USA), and the urinary pro-
teins were precipitated in 50% ethanol. Protein aggregates
were washed three times with 80% ethanol and eluted into
50 mM ammonium bicarbonate buffer (#017-02875; FUJI-
FILM Wako) supplemented with trypsin (protein weight,
1/50, #3708969001; Roche). After overnight incubation at
37 °C, digestion was quenched by adding 1% trifluoroacetic
acid (#204-02743; FUJIFILM Wako). Tryptic peptides were
desalted using a C'® stage-tip [19] and labeled with tandem
mass tags (TMT) 10-plex reagent (#90110; ThermoFisher
Scientific, Waltham, MA, USA) according to the protocol
from the manufacturer. The mixture of labeled peptides was
separated into 32 fractions with an off-line reversed-phase
liquid chromatography (RPLC) system (LC-20AB system;
Shimadzu, Kyoto, Japan), on an L-column3 c® analytical
column (5 mm particles, #862020; Nikkyo Technos Co.,
Tokyo, Japan) using a 22-min gradient from 19 to 37% B
solution (90% acetonitrile, pH 10) at a flow rate of 0.2 mL/
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min with the mobile phase A solution (2% acetonitrile, pH
10) and B solution. These fractions were subsequently com-
bined into 15 non-contiguous fractions for liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) analysis.

LC-MS/MS analysis

Fractions were individually analyzed by LC-MS/MS in a Q
Exactive mass spectrometer (ThermoFisher Scientific) cou-
pled to an UltiMate3000 nano LC system (ThermoFisher
Scientific) with an electrospray ionization capillary column,
150 mm x 75 pm i.d. (Nikkyo Technos Co.) via a nano-
electrospray ion source. Low-pH RPLC was performed at
a flow rate of 300 nl/min using a linear gradient [0 min, 5%
solvent B (95% acetonitrile with 0.1% formic acid); 100 min,
40% solvent B] by mixing with solvent A (2% acetonitrile
with 0.1% formic acid) and solvent B. Each precursor ion
was measured with a mass-to-charge ratio (m/z) range of
400-1600. MS2 scans were obtained for the 20 most intense
peaks from each MS1 scan.

Protein identification and quantification was performed
using MaxQuant version 1.5.1.2 software (http://maxquant.
org), supported by Andromeda. MS spectra were searched
against the UniProt human database (release 2019_04)
(https://www.uniprot.org/) and 262 common contaminants
using the following parameters. Enzyme specificity was
set to trypsin/P. Missed cleavage sites were tolerated up to
two. Carbamidomethylation of cysteine residues was set as
a fixed modification. Methionine oxidation and deamidation
of asparagine and glutamine residues were set as variable
modifications. The false discovery rate for protein groups,
peptide groups, and peptide spectrum matches was less than
0.01. Quantitative data for each protein group were median-
normalized and log,-transformed.

ELISA

We measured urinary and serum protein concentrations
using mono-specific ELISA kits according to the instruc-
tions from the manufacturers (Supplementary Table S1).

Database analysis

The GSE223119 dataset was downloaded from the Gene
Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/
geo/) database to compare expressions of DPEP1 and TFF1
between CRC tissues (n=20) and normal tissues (n=20)
using RNA sequencing data. The Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) data were
analyzed by GEPIA (http://gepia.cancer-pku.cn/) to inves-
tigate gene expressions of DPEP1 and TFF1 between colon
cancer (CC) tissues (n=275) and normal tissues (n=2349)
or between rectal cancer (RC) tissues (n=92) and normal
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tissues (n=318). Normal tissues were matched with TCGA
adjacent tissues and GTEx normal tissues. Kaplan—-Meier
estimates of overall survival for CRC were explored via the
cBioPortal database (https://www.cbioportal.org/) including
588 patients (Colorectal Adenocarcinoma, TCGA, PanCan-
cer Atlas).

Statistical analysis

The propensity score (PS), including age and sex, was
estimated using a logistic regression model. We randomly
matched participants with a case-to-control ratio of 1:1,
using the nearest-neighbor method within a caliper of width
0.2 of the standard deviation of the logit of the PS. Quantita-
tive variables are described using median and interquartile
range (IQR) and were analyzed using the Mann—Whitney
U test. Categorical variables were analyzed using the chi-
square test or Fisher’s exact probability test, as appropri-
ate. In the multivariate analysis, logistic regression mod-
eling was used to estimate the odds ratio (OR) with 95%
confidence interval (CI). Correlations were evaluated using
the Spearman rank method with a coefficient (r). The area
under the curve (AUC) for each biomarker was calculated
by receiver operating characteristic (ROC) curve analysis,
and the representative value was shown as the AUC with a
95% CI. The sensitivity and specificity of each biomarker
were determined from the optimal cutoff value. All statistics
were calculated using the SPSS Statistics version 25 (IBM,
Tokyo, Japan) and R software (https://www.r-project.org/).
Two-sided values of P <0.05 were considered statistically
significant.

Results
Patients

A total of 474 participants (299 HCs, 175 CRCs) were
enrolled in this study of urinary biomarkers for CRC. After
PS matching, 363 individuals (188 HCs, 175 CRCs) were
finally selected as the study cohort. This entire cohort was
randomly divided into three sub-cohorts: 32 individuals
(16 HCs, 16 CRCs) as the discovery cohort, 220 individu-
als (110 HCs, 110 CRCs) as the training cohort, and 111
individuals (62 HCs, 49 CRCs) as the validation cohort
(Fig. 1a). In the discovery cohort, LC-MS/MS analysis was
performed to identify candidate urinary biomarkers for CRC
diagnosis. ELISA analysis was then used to establish unique
urinary protein biomarkers in the training cohort. Finally,
these established biomarkers were confirmed in the inde-
pendent validation cohort. We also examined the detectabil-
ity of patients with colorectal adenoma (CRA) (n=31) using
the established urinary biomarkers. In addition, age- and
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[Urine sample collection] Stage Gender Donor Age Protein Ag:ver:gr:tein
HC: n=299 vs. CRC: n=175 ID (years) (pg/mL) (years) (ug/mL)
Male CRC Stage 0/1 0 Male CRC1 61 142
1 Male CRC2 66 132
1 Male CRC3 72 157 66 1478
Propensity score matching with age and sex 1 Male CRC4 64 160
Male CRC Stage I 2C Male CRC5 59 109
2A Male CRC6 68 116
2A  Male CRC7 72 138 1295
2A Male CRC8 61 155
[Whole cohort for analysis] Male HC HC ~ Male HC1 61 145
HC: n=188 vs. CRC: n=175 HC ~ Male HC2 70 129 66 148.0
HC Male HC3 66 155 ’
HC Male HC4 65 163
Male HC HC Male HC5 57 110
HC Male HC6 68 116
Randomization HC Male HC7 72 135 65 1288
HC Male HC8 61 154
Female CRC Stage 0/I 0 Female CRC 9 69 172
1 Female CRC10 71 82
1 Female CRC11 73 128 69 140.5
[1. Discovery cohort] [2. Training cohort] [3. Validation cohort] 1 Female CRC12 64 180
n=32 n=220 n=111 Female CRC Stage Il 2A  Female CRC13 74 92
A - - . 2A  Female CRC14 73 101
Discovery of biomarker Establishment of Validation of 2A  Female CRC15 60 108 67 102.5
candidates by comprehensive urinary diagnostic urinary diagnostic 2B Female CRC16 60 109
quantitative MS analysis. biomarker by ELISA. biomarker by ELISA Female HC HC  Female HC 9 69 178
HC: n=16 vs. CRC: n=16 HC: n=110 vs. CRC: n=110 HC: n=62 vs. CRC: n=49 HC F
emale HC10 71 82 70 1403
HC Female HC11 74 123 ’
o T HC _Female HC12 65 178
[Additional analysis ] Female HC HC Female HC13 75 94
1. Colorectal adenoma cohort (HC: n=172, CRA: n=31, CRC, n= 159) HC Female HC14 72 102 67 1053
2. Serum cohort (HC: n=68, CRC, n=68) HC Female HC15 62 110 ’
3. Database analysis HC _Female HC16 60 115
c d
Stage 0/1 Stage Il Stage 0/1 Stage Il
CRC CRE CRC CRC (I‘Ill‘aclze) (eriatl;e) (Fel:ncale) (Fe}vincale) Color Key
(Male) (Male) (Female) (Female) Low expression
R 2N SR 2N J. 2. InGRC:
T T A 2 T PP\ A PP PP AP . 32 proteins
Urine sample concentrating/ Protein reduction/ Alkylation/ Digestion H
N e s R A AR RN AN RN R AR RN R EA RN RRn R arannn ;24012
* * + * Value
™T ™T ™T ™T ™T T™T T™T T™T
10-126 10-127N 10-127C 10-128N 10-128C 10-129N 10-129C 10-130N High expression
\ J in CRC:
|l 46 proteins
High pH RP-HPLC
Separation
+ Stage 0/ 11 0/l 1l Matched control
Low pH nano LC-
MS/MS Male Female Male Female
* CRC HC
(N=16) (N=16)

I Data Analysis |

Fig. 1 Study flowchart and quantitative mass spectrometry. a Con-
sort diagram. b Individual donor information and sample pooling. ¢
High-throughput quantitative proteomics platform for cancer bio-
marker discovery. d Heat map of the differentially expressed urinary

sex-matched serum samples (68 HCs, 68 CRCs) were used
to further validate the diagnostic potential of serum expres-
sions of the established urinary proteins for CRC diagnosis
in the serum cohort. Database analysis was performed to
validate the expressions of established biomarkers in CRC
and normal tissues.

Comprehensive analysis with quantitative proteomics
analysis

In the discovery cohort, we conducted a comprehen-
sive proteomics analysis using LC-MS/MS analysis to

proteins for quantitative mass spectrometry between HC and CRC
groups. HC, healthy control; CRC, colorectal cancer; MS, mass spec-
trometry; ELISA, enzyme-linked immunosorbent assay; CRA, colo-
rectal adenoma; TMT, tandem mass tag

compare urinary protein expression levels between CRCs
and matched HCs. We prepared eight pooled urine samples
from the four individuals (Fig. 1b). We then tagged these
samples with 8-plex tandem mass tags (TMT) and com-
bined them (Fig. 1c). Among the 765 proteins quantified
in the LC-MS/MS analysis, 78 urinary proteins (46 up-
regulated and 32 down-regulated proteins) were differen-
tially expressed between groups (absolute fold change >2.0)
and stably expressed in each pool (Fig. 1d). Subsequently,
we selected 23 urinary protein candidates among these for
further analysis based on the following selection criteria.
These criteria were based on information from previous
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reports and The Human Protein Atlas (https://www.prote
inatlas.org). Specifically, we focused on proteins with small
molecular weight, those identified as cancer-specific pro-
teins, or those preferentially expressed in the gastrointestinal
system, including the colon and rectum.

Establishment and validation of protein biomarkers
using ELISA

Table 1 shows overall patient characteristics. Baseline char-
acteristics were well balanced between the HC and CRC
groups in both the training and validation cohorts. Stage 0/1
was found in 40.0% and 44.9% of CRCs in the respective
cohorts.

Next, to establish urinary protein biomarkers, uri-
nary levels of 23 proteins identified in the discovery
cohort were analyzed with ELISA in the training cohort.

Table 1 Characteristics of the study cohort

Among these, 15 proteins with levels normalized to uri-
nary creatinine levels were significantly higher in the
CRC group than in the HC group (Table 2). In the multi-
variate analysis of 8 urinary proteins normalized to uri-
nary creatinine levels, uDPEP1/uCr (OR 1.010, 95%CI
1.003-1.016; P=0.004) and uTFF1/uCr (OR 1.027,
95%CI 1.014-1.041; P <0.001) were independent bio-
markers for CRC diagnosis in the training cohort. The post
hoc achieve powers for significant biomarkers in the train-
ing cohort were larger than 85%. Based on these results,
we established a diagnostic biomarker panel for CRC
consisting of urinary uDPEP1/uCr and uTFF1/uCr using
logistic regression modeling. ROC analyses of the top four
urinary protein biomarkers (uUDPEP1/uCr, uTFF1/uCer,
uANPEP/uCr, and uLGALS3/uCr) allowed HC and CRC
groups to be distinguished in the training cohort (uDPEP1/
uCr, AUC=0.802; uTFF1/uCr, AUC=0.751; uANPEP/

Training cohort P value Validation cohort P value
HC (n=110) CRC (n=110) HC (n=62) CRC (n=49)
Median age [IQR] (years) 70 [64-75] 72 [64-78] 0.327° 68 [63-73] 69 [63-76] 0.1447
Sex 0.404* >0.999*
Female 38 (34.5%) 45 (40.9%) 23 (37.1%) 19 (38.8%)
Male 72 (65.5%) 65 (59.1%) 39 (62.9%) 30 (61.2%)
Median serum Cr [IQR] (mg/dl)  0.79 [0.67-0.90]  0.74 [0.60-0.89]  0.075° 0.78 [0.65-0.87]  0.76 [0.63-0.92]  0.995

Tumor location

Cecum 10 9.1%) 2 (4.1%)
Ascending colon 14 (12.7%) 10 (20.4%)
Transverse colon 13 (11.8%) 3(6.1%)
Descending colon 3(2.7%) 1(2.0%)
Sigmoid colon 35 (31.8%) 21 (42.9%)
Rectum 35 (31.8%) 12 (24.5%)
TNM Stage
0 18 (16.4%) 11 (22.4%)
I 26 (23.6%) 11 (22.4%)
1T 29 (26.4%) 10 (20.4%)
I 37 (33.6%) 17 (34.7%)
Histologic type
Differentiated 100 (90.9%) 43 (87.8%)
Undifferentiated 10 9.1%) 6 (12.2%)
T stage
Tis 17 (15.5%) 11 (22.4%)
T1 19 (17.3%) 10 (20.4%)
T2 11 (10.0%) 5 (10.2%)
T3 43 (39.1%) 11 (22.4%)
T4 20 (18.2%) 12 24.5%)

HC healthy control, CRC colorectal cancer, IQR interquartile range, Cr creatinine, Differentiated well to moderately differentiated adenocarci-
noma, Undifferentiated poorly differentiated adenocarcinoma

TMann-Whitney U test
*The 4 test
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Table 2 Urinary protein levels normalized to urinary creatinine levels

Training cohort (n=220) Univariate analysis P value Multivariate analysis P value
HC median [IQR] CRC median [IQR] QOdds ratio [95% CI]

uDPEP1/uCr (ng/g.Cr) 49.3 [30.5-78.6] 118.6 [77.7-193.9] <0.001 1.010 [1.003-1.016] 0.004

uTFF1/uCr (pg/g.Cr) 1.2 [0.7-1.9] 3.5[1.7-5.8] <0.001 1.027 [1.014-1.041] <0.001

uANPEP/uCr (pg/g.Cr) 41.6 [26.9-67.0] 71.5 [48.8-106.1] <0.001 0.999 [0.998-1.000] 0.185

uLGALS3/uCr (ng/g.Cr) 563.9 [306.3-1012.9] 1132.1 [592.6-2276.7] <0.001 1.000 [1.000-1.001] 0.179

uPRG4/uCr (ng/g.Cr) 93.7 [61.9-139.4] 164.0 [87.9-329.8] <0.001 1.003 [1.000-1.006] 0.087

uCDH17/uCr (ng/g.Cr) 361.8 [230.1-538.6] 624.0 [363.8-1277.7] <0.001 1.000 [0.999-1.000] 0.064

uPIGR/uCr (pg/g.Cr) 15.9[11.0-23.0] 27.2[13.6-46.4] <0.001 1.002 [0.999-1.004] 0.157

uTNFRSF10C/uCr (pg/g.Cr) 8.2[6.5-11.0] 10.1 [7.7-13.0] 0.002 0.960 [0.887-1.039] 0.308

uMME/uCr (ng/g.Cr) 33.4[19.7-57.0] 54.9[27.9-93.2] <0.001

uLRG1/uCr (pg/g.Cr) 11.6 [4.6-18.9] 16.8 [9.3-30.7] 0.001

uLGALS3BP/uCr (pg/g.Cr) 115.4 [63.9-224.6] 197.9 [98.2-313.1] 0.001

uS100A11/uCr (ng/g.Cr) 585.5 [275.5-1276.6] 928.6 [445.5-1906.5] 0.008

uAPOA1/uCr (pg/g.Cr) 5.1[1.6-11.4] 8.3 [2.7-26.4] 0.012

uENPEP/uCr (ng/g.Cr) 137.3 [96.6-228.0] 216.1 [101.3-340.6] 0.032

uMEP1a/uCr (pg/g.Cr) 7.2 [5.8-9.9] 9.2 [5.4-14.9] 0.032

uCTSC/uCr (ng/g.Cr) 147.3 [97.3-252.8] 248.7 [103.2-356.8] 0.072

uGC/uCr (pg/g.Cr) 24.6 [15.0-40.9] 21.1[9.1-45.2] 0.258

uACP2/uCr (pg/g.Cr) 2.1[1.7-3.1] 2.6 [1.5-3.7] 0.287

uDDAH1/uCr (ng/g.Cr) 683.4 [264.5-1357.2] 791.4 [260.3-1903.4] 0.564

uSPP1/uCr (pg/g.Cr) 999.5 [692.8-1263.0] 834.2 [392.2-1150.1] 0.230

uANXA7/uCr (ng/g.Cr) 219.1 [153.7-382.9] 311.1[174.5-445.5] 0.245

uORM1/uCr (pg/g.Cr) 186.4 [138.8-286.4] 191.5 [122.4-383.5] 0.683

uORM?2/uCr (mg/g.Cr) 1.8 [0.6-4.4] 3.2[0.5-7.8] 0.187

Validation cohort Univariate analysis P value Multivariate analysis

n=111

( ) HC median [IQR] CRC median [IQR] QOdds ratio [95% CI] P value

uDPEP1/uCr (ng/g.  54.0 [26.6-83.7] 160.1 [65.8-400.6]  <0.001 1.010 [1.003-1.016] 0.003
Cr)

uTFF1/uCr (pg/g.Cr) 1.1[0.6-2.0] 2.9[1.4-55] <0.001 1.012 [0.997-1.028] 0.115

uANPEP/uCr (pg/g.  40.2 [25.3-70.0] 76.5 [44.9-100.3] <0.001 1.001 [0.999-1.002] 0.435
Cr)

uLGALS3/uCr 642.8 [359.1- 1179.5 [669.6— <0.001 1.000 [1.000-1.001] 0.177
(ng/g.Cr) 1018.6] 1622.1]

uPRG4/uCr (ng/g. 105.5 [55.1-142.5]  124.4[63.5-227.2] 0.146 1.000 [0.998-1.002] 0.875
Cr)

uCDH17/uCr (ng/g. 389.0 [249.0-718.8] 378.0[176.3-610.2] 0.324 1.000 [1.000-1.000] 0.169
Cr)

uPIGR/uCr (pg/g. 15.8 [7.7-26.5] 17.6 [10.0-30.7] 0.282 1.001 [0.997-1.004] 0.765
Cr)

uTNFRSF10C/uCr 8.5 [6.9-10.0] 9.4 [7.8-12.4] 0.020 0.981 [0.843-1.142] 0.802
(ng/g.Cr)

HC healthy control, CRC colorectal cancer, IQR interquartile range

uCr, AUC=0.714; uLGALS3/uCr, AUC=0.712). The
urinary protein biomarker panel comprising uDPEP1/
uCr and uTFF1/uCr showed good power to distinguish
patients with CRCs from HCs, with an AUC of 0.840
(95%C1 0.787-0.893; Fig. 2a). We also analyzed absolute
values of each urinary protein level because biomarker

tests using absolute values are more readily applicable
to practical use. Absolute values of 11 urinary proteins
were significantly higher in the CRC group than in the
HC group (Supplementary Table S2). In multivariate
analysis with 8 absolute urinary protein values, uDPEP1
(OR 1.015, 95%CI 1.007-1.023; P <0.001), uTFF1 (OR
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1.000, 95%CI 1.000-1.000; P=0.011), uPRG4 (OR 1.005,
95%CI 1.000-1.009; P=0.030), and uTNFRSF10C (OR
0.904, 95%CI 0.848-0.963; P=0.002) were independ-
ent biomarkers for CRC diagnosis in the training cohort.
ROC analyses of the top four urinary protein biomarkers
(uDPEP1, uTFF1, uANPEP, and uLGALS3) showed sig-
nificant differentiation between HCs and CRCs in the train-
ing cohort (uDPEP1, AUC=0.799; uTFF1, AUC=0.697;
uANPEP, AUC =0.698; uLGALS3, AUC =0.623). The
biomarker panel comprising uDPEP1 and uTFF1 could
distinguish between CRCs and HCs with a good AUC of
0.825 (95%CI 0.770-0.879; Fig. 2b).

Next, we confirmed the diagnostic performance of 8
established urinary protein biomarkers in the independ-
ent validation cohort. For urinary protein biomarkers
normalized to urinary creatinine levels, uDPEP1/uCr (P
< 0.001), uTFF1/uCr (P < 0.001), uANPEP/uCr (P <
0.001), uLGALS3/uCr (P < 0.001), and uTNFRSF10C/
uCr (P = 0.020) were significantly higher in the CRC
group than in the HC group (Table 2). ROC analysis of the
top four urinary protein biomarkers (uDPEP1/uCr, uTFF1/
uCr, uANPEP/uCr, and uLGALS3/uCr) in the validation
cohort also showed significant differentiations between
HCs and CRCs (uDPEP1/uCr, AUC = 0.809; uTFF1/uCr,
AUC = 0.731; uANPEP/uCr, AUC = 0.741; uLGALS3/
uCr, AUC = 0.724). The urinary protein biomarker panel
comprising uDPEP1/uCr and uTFF1/uCr showed good
performance for CRC diagnosis with an AUC of 0.855
(95%CI 0.786-0.925; Fig. 2¢). Similarly, absolute values
of uDPEP1 (P < 0.001), uTFF1 (P < 0.001), uANPEP (P
< 0.001), uLGALS3, (P < 0.001), uPRG4 (P = 0.004),
uPIGR (P = 0.029), and uTNFRSF10C (P = 0.003) were
significantly higher in the CRC group than in the HC group
(Supplementary Table S2). ROC analysis of the top four
urinary protein biomarkers (uDPEP1, uTFF1, uANPEP,
and uLGALS3) in the validation cohort also allowed sig-
nificant differentiation between HCs and CRCs (uDPEP1,
AUC = 0.930; uTFF1, AUC = 0.747; uANPEP, AUC =
0.846; uLGALS3, AUC = 0.716). Notably, the biomarker
panel comprising uDPEP1 and uTFF1 showed extremely
high diagnostic power for CRC with an AUC of 0.956
(95%C1 0.923-0.988; Fig. 2d).

Table 3 summarizes the sensitivities and specificities of
our established urinary protein biomarkers and serum lev-
els of CEA and CA19-9 in the whole cohort. The urinary
protein biomarker panel comprising uDPEP1 and uTFF1
showed 91.1% and 94.3% sensitivity and 62.8% and 63.4%
specificity for stage O-III CRC diagnosis using urinary
creatinine-normalized values and absolute values, respec-
tively. The sensitivities of these urinary protein biomark-
ers were clearly superior to the currently utilized serum
tumor markers for CRC diagnosis (CEA: 33.1%; CA19-9:
16.9%).
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Urinary protein biomarkers for early-stage
and precancerous lesions

Importantly, the urinary protein biomarkers established here
showed significantly higher levels even in the stage 0/ CRC
group, compared to the HC group, for both urinary creati-
nine-normalized levels (Supplementary Figure S1) and uri-
nary absolute values (Supplementary Fig. S2). In contrast,
urinary levels of these protein biomarkers were not associ-
ated with disease progression including stage II and III.

These urinary biomarkers also significantly distinguished
stage 0/ CRCs from HCs, using both urinary creatinine-
normalized levels (Fig. 3a) and absolute urinary values
(Fig. 3b). The urinary protein biomarker panel comprising
uDPEP1/uCr and uTFF1/uCr, using values normalized to
urinary creatinine, showed good diagnostic performance for
stage 0/ stage CRC with an AUC of 0.792, 83.1% sensitiv-
ity, and 62.8% specificity. The urinary protein biomarker
panel comprising absolute values of uDPEP1 and uTFF1
also showed good diagnostic performance for stage 0/1 stage
CRC with an AUC of 0.852, 93.8% sensitivity, and 63.4%
specificity (Fig. 3a, 3b; Table 3). In comparison, the sensi-
tivities of currently used serum tumor markers for stage 0/1
CRC were very low, at 8.2% for CEA and 11.5% for CA19-9.
These findings indicate that the urinary protein biomarker
panel established here holds promise as a non-invasive
screening tool for the early detection of CRC.

We also investigated the diagnostic performance of our
established urinary protein biomarkers in CRA patients. The
characteristics of the CRA cohort are shown in Supplemen-
tary Table S3. Surprisingly, urinary normalized levels of
DPEP1 and TFF1, as the top two urinary protein biomark-
ers, were significantly higher in the CRA group than in the
HC group, and were significantly higher in the CRC group
than in the CRA group (Fig. 4a, b). Accordingly, uDPEP1/
uCr and uTFF1/uCr significantly distinguished CRA patients
from HCs (Supplementary Fig. S3a). Similarly, absolute uri-
nary values of DPEP1 and TFF1 were significantly increased
in the order of HCs, CRA patients, and CRC patients, reflect-
ing disease burden (Fig. 4c, d). Urinary absolute values also
distinguished between CRA patients and HCs (Supplemen-
tary Fig. S3b).

Additional validation analysis

We also analyzed serum samples from 68 CRC patients
and 68 age- and sex-matched HCs. The frequency of Stage
0/1 was 44.1% among CRCs in the serum cohort (Supple-
mentary Table S4). Serum levels of DPEP1 (sDPEP1) and
TFF1 (sTFF1) were significantly higher in the CRC group
than in the HC group (serum DPEP1, P = 0.023; serum
TFF1, P < 0.001) (Supplementary Fig. S4a), and could
significantly distinguish between HCs and CRCs with
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«Fig. 2 Receiver operating characteristic curves. a, b Training cohort.
¢, d Validation cohort. Receiver operating characteristic curves were
obtained from urinary protein levels normalized to urinary creatinine
levels (a, ¢) and absolute urinary protein values (b, d) to distinguish
CRC patients from healthy controls. AUC, area under the curve;
95%CI, 95% confidence interval

AUCs of 0.613 and 0.709, respectively (Supplementary
Fig. S4b). Serum levels of DPEP1 and TFF1 also distin-
guished between HCs and stage 0/ CRCs with AUCs of
0.617 and 0.661, respectively (Supplementary Fig. S4c).
However, the diagnostic performance of uDPEP1 and
uTFF1 was superior to that of SDPEP1 and sTFF1 in terms
of CRC diagnosis.

We further validated the expression status of DPEP1 and
TFF1 in CRC tissues using the GEO and TCGA databases.
RNA sequencing data for 20 pairs of CRC and adjacent nor-
mal tissues were identified from the GEO database using
the GSE223119 dataset. Expression levels of these genes
were significantly higher in CRC tissues than in normal tis-
sues (DPEP1, P <0.001; TFF1, P=0.042) (Supplementary
Fig. S5a, b). We also confirmed expressions by the TCGA
and GTEx databases via the GEPIA platform and found
that DPEP1 (CC, P <0.05; RC, P<0.05) and TFF1 (CC,
P <0.05; RC, P<0.05) were significantly higher in CRC
tissue than in normal tissues (Supplementary Fig. S5c, d).
Using the database, we also compared the expression levels
of the four established biomarkers in gastrointestinal can-
cer tissues with those in the corresponding normal tissues,
including CC, gastric cancer, and esophageal squamous car-
cinoma. DPEP1 showed significantly higher expression in
only CC among gastrointestinal cancers (Supplementary Fig.
S6). Finally, we evaluated the association between DPEP1
and TFF1 expressions in CRC tissues and prognosis using
the cBioPortal database and found no association between
their expressions and prognosis (Supplementary Fig. S7).

Discussion

The present study was conducted using comprehensive
stepwise analyses to identify possible urinary biomarkers
for the diagnosis of CRC in a large cohort. We identified
candidate urinary biomarkers using LC-MS/MS and finally
established a novel urinary biomarker panel for CRC diag-
nosis comprising DPEP1 and TFF1 using ELISA. This panel
was validated in an independent cohort, showing outstand-
ing diagnostic power with AUCs > 0.85. Notably, this panel
enabled early detection of CRC with high power. Moreover,
urinary DPEP1 and TFF1 could also significantly distin-
guish CRA patients from HCs. These urinary biomarkers
showed prominently superior potential for the early detection
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of CRC compared to currently used tumor markers, sug-
gesting a potential contribution to improving the curability
of CRC.

In recent decades, biomarker studies have employed vari-
ous omics techniques to identify specific biomolecules in
body fluids. Among these biomolecules, proteins are clini-
cally attractive targets due to the relatively simple detection
using antigen—antibody reactions. This simplified procedure
not only facilitates testing, but also reduces the variability
that may arise during each step from extraction to quantita-
tion, enabling greater accuracy of measurement. Moreover,
the simplicity of the current biomarker panel comprising
only two proteins might contribute to easy application in
clinical settings at low cost.

Based on DPEP1 and TFF1 expressions in CRC tissues
and serum, these protein biomarkers likely originate from
CRC cells and enter the urine through the bloodstream.
While serum DPEP1 and TFF1 also serve as diagnostic
biomarkers for CRC, urinary DPEP1 and TFF1 exhibited
even better diagnostic potential than serum levels. The exact
reason for the advantages of urine remain unclear, but lower
background protein content through glomerular filtration
might facilitate biomarker detection due to reduced back-
ground noise.

Urine samples exhibit variability due to several factors,
including hydration, diet, and health conditions. In prot-
eomic studies using spot urine samples, protein-to-creatinine
ratio has been considered a potential normalization method
[20]. This study established urinary biomarkers primarily
using urinary creatinine normalization and confirmed their
ability to distinguish CRCs from HCs. Notably, these bio-
markers also exhibited excellent diagnostic performance for
CRC even with absolute urinary values, which offers huge
advantages for the future development of simple screening
kits.

Three reports have examined urinary protein biomark-
ers for CRC diagnosis. One study using MS analysis iden-
tified urinary fragments of fibrinogen, hepcidin-20, and
f2-microglobulin as discriminative between CRCs and
HCs [21]. The second study was our previous investigation
revealing that the combination of urinary cysteine-rich pro-
tein 61 and trefoil factor 3 served as a diagnostic biomarker
for CRC with an AUC of 0.75 using ELISA [15]. The third
study established a diagnostic biomarker panel for CRC
comprising urinary CORO1C, ARPC5, and RAD23B using
MS analysis, and immunoassay verification showed AUCs
of 0.787-0.846 among 154 HCs and 103 CRCs [22]. This
study also utilized LC-MS/MS to identify candidate bio-
markers. However, the proteins identified by LC-MS/MS
in this study were different from those previously identified.
Comprehensive MS analyses often yield inconsistent results
across various biomarker studies, likely due to various fac-
tors including instrument models of MS, handling of urine
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Table 3 Diagnostic power of biomarkers

Stage 0-I11 Cut-off value

Sensitivity

Specificity

Normalized to urinary creatinine

80.4% (127/158)
74.7% (118/158)
91.1% (144/158)

85.4% (135/158)
72.2% (114/158)
94.3% (149/158)

33.1% (51/154)
16.9% (26/154)

64.5% (111/172)
67.4% (116/172)
62.8% (108/172)

64.5% (111/172)
64.0% (110/172)
63.4% (109/172)

88.1% (89/101)
88.0% (81/92)

uDPEP1/uCr (ng/g.Cr) >64.0

uTFF1/uCr (pg/g.Cr) >1.68

uDPEP1/uCr+uTFF1/uCr’ >0.310
Absolute urinary value

uDPEP1 (pg/ml) >70.1

uTFF1 (pg/ml) >1811.0

uDPEP1 +uTFF1* >0.2931
Serum tumor marker

CEA (ng/mL) >5.0

CA19-9 (U/mL) >37.0
Stage 0-1 Cut-off value

Sensitivity

Specificity

Normalized to urinary creatinine

uDPEP1/uCr (ng/g.Cr) >64.0

uTFF1/uCr (pg/g.Cr) >1.68

uDPEP1/uCr +uTFF1/uCr’ >0.310
Absolute urinary value

uDPEP1 (pg/ml) >70.1

uTFF1 (pg/ml) >1811.0

uDPEP1 +uTFF1* >0.2931
Serum tumor marker

CEA (ng/mL) >5.0

CA19-9 (U/mL) >37.0

80.0% (52/65)
63.1% (41/65)
83.1% (54/65)

64.5% (111/172)
67.4% (116/172)
62.8% (108/172)

86.2% (56/65)
61.5% (40/65)
93.8% (61/65)

64.5% (111/172)
64.0% (110/172)
63.4% (109/172)

8.2% (5/61) 88.1% (89/101)
11.5% (7/61) 88.0% (81/92)

CRC colorectal cancer, AUC area under the curve, 95% CI 95% confidence interval

70.010 * uDPEP1/uCr (ng/g.Cr)+0.236 * uTFF1/uCr (pg/g.Cr) — 1.854

£,0.020 * uDPEP1 (pg/ml)+0.146 * uTFF1 (ng/ml)—-2.556

samples, and CRC stages. Therefore, we validated the identi-
fied protein biomarkers by ELISA in training and validation
cohorts following LC-MS/MS analysis. Furthermore, we
focused primarily on proteins expressed in the gastrointes-
tinal tract, which may have contributed to the establishment
of biomarkers different from previous reports. The urinary
biomarker panel established in this study showed diagnostic
performance comparable to previous studies for all-stage
CRC. Notably, approximately 40% of tumors in the present
study were early stage (stage 0 and I), and a urinary bio-
marker panel comprising uDPEP1 and uTFF1 achieved an
excellent AUC of 0.852 even for stage 0/ CRC, representing
unprecedented utility as a urinary biomarker for CRC.
DPEPI1 is a zinc-dependent metalloproteinase involved
in glutathione and leukotriene metabolism [23]. Despite
some reports that this protein acts as a tumor suppressor
for certain cancers [24], DPEP1 is highly expressed in CRC
tissues [23, 25, 26] and cell lines [25, 27], promoting CRC
cell proliferation and invasion [23, 26, 28]. DPEP1 enhances
E-cadherin expression and mediates transforming growth
factor-f-induced epithelial to mesenchymal transition [26],

and also boosts CRC cell proliferation/stemness via MYC
and Achaete scute-like 2 [23, 28]. DPEP1 has been identified
as a biomarker for disseminated tumor cells in intra-perito-
neal lavage and blood samples [25] and also one of the can-
didate genes for fecal RNA-based CRC screening [27]. This
study is the first to establish urinary DPEPI as a diagnostic
biomarker for CRC. Urinary DPEP1 levels have already
been shown to be elevated in early-stage CRC, making this
a suitable early diagnostic biomarker. The exact mechanism
by which urinary expression of DPEP1 does not correlate
with stage progression remains unclear. However, the fact
that DPEP1 expression in CRC tissues is not associated with
prognosis is consistent with the urinary expression pattern
of DPEP1. These results suggest that DPEP]I is involved in
the early stages of carcinogenesis.

TFF1, as another independent biomarker for CRC
diagnosis in this study, is a small peptide expressed and
secreted by mucus-secreting cells. TFF1 is predominantly
expressed in the stomach and colon, acting to protect
against and repair mucosal damage [29]. While TFF1
acts as a tumor suppressor in gastric cancer [30], TFF1
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Fig. 3 Receiver operating characteristic curves for early detection of
stage 0/I CRC. Receiver operating characteristic curves were obtained
from urinary protein levels normalized to urinary creatinine levels (a)

showed higher expression in CRC tissues [29] and pro-
moted invasion and adenoma-carcinoma transition for
CRC [31]. Serum TFF1 levels were significantly higher
in metastatic CRCs than in HCs with an AUC of 0.72 and
decreased after primary tumor resection [32]. Meanwhile,
TFF1 expression did not correlate with clinicopathological
parameters or prognosis for CRC [29]. Similar to DPEP1,
TFF1 seems to be involved in CRC development rather
than progression. We have previously identified urinary
TFF1 as an early diagnostic biomarker for gastric cancer
[13], but the present study demonstrates higher diagnostic
value for TFF1 in CRC than in gastric cancer.

ANPEP, which showed the third highest diagnostic
performance in this study, is a membrane dimeric metal-
lopeptidase involved in cancer development. Elevated
ANPEP expression has been correlated with adverse clini-
cal outcomes in several cancers [33]. ANPEP gene expres-
sions were lower in CRC tissues and cell lines [34, 35], but
were associated with drug resistance [36]. Interestingly, high
ANPEP activity in CRC tissues correlated with better over-
all survival, while high ANPEP activity in plasma showed
worse overall survival [34]. Further validation of ANPEP
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and absolute urinary protein values (b) to distinguish stage 0/ CRC
patients from healthy controls in the whole cohort. AUC, area under
the curve; 95%CI, 95% confidence interval

expression in each sample for CRC patients is therefore
required.

LGALS3, the fourth top CRC diagnostic biomarker in
this study, belongs to the galectin family, playing a role in
cellular adhesion, cell growth, and apoptosis [37]. LGALS3
expressions were higher in CRC tissues and correlated with
clinicopathological parameters [37] and shorter disease-free
survival [38]. Plasma LGALS3 levels were also significantly
higher in CRCs than in HCs, with an AUC of 0.59 for CRC
diagnosis [39]. These findings are consistent with our result
that urinary LGALS3 serves as a promising biomarker for
CRC diagnosis.

This study had the following limitations. Since this study
did not include data from the FIT, we could not directly
compare diagnostic performance between FIT and the cur-
rent urinary protein biomarkers. However, since the sensitiv-
ity of FIT for early-stage CRC has been reported as 33-68%
for stage I CRC and 39-52% for T1 CRC [4-6], our urinary
biomarker clearly showed superior sensitivity for early-
stage CRC. To address this limitation, we plan to conduct
a prospective cohort study with industry collaboration for
future clinical applications. Furthermore, although uDPEP1
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«Fig. 4 Urinary DPEP1 and TFF1 levels according to colorectal ade-
noma and cancer. Healthy controls (HCs) and patients with colorec-
tal adenoma (CRA) and colorectal cancer (CRC) (HC, n=172; CRA,
n=31; CRC, n=159) were used for analyses related to urinary levels
of DPEP1 (a, ¢) and TFF1 (b, d). Urinary protein levels normalized
to urinary creatinine levels (a, b) and absolute urinary protein val-
ues (c, d). Each comparison between groups was analyzed using the
Mann—Whitney U test. Correlations were analyzed using Spearman
rank correlations. HC, healthy control; CRA, colorectal adenoma;
CRC, colorectal cancer

and uTFF1 are independent CRC diagnostic biomarkers
with an excellent AUC, their combination effect is not as
pronounced. The future prospective cohort study will also
address whether the combination biomarker of uDPEP1 and
uTFF1 is better than the single biomarker of uDPEP1 alone.
In addition, since the mechanisms underlying established
biomarkers are not fully understood, further investigation
will be necessary in future.

In conclusion, this study established a novel, reliable,
non-invasive urinary protein biomarker panel that enables
early detection of CRC. With its promising nature for future
clinical utilization, we plan to undertake a prospective study
to further validate its potential.
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