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Abstract

BACKGROUND

Colorectal cancer (CRC) is the second leading cause of cancer-related death, with
high morbidity worldwide. There is an urgent need to find reliable diagnostic
biomarkers of CRC and explore the underlying molecular mechanisms. Exosomes
are involved in intercellular communication and participate in multiple
pathological processes, serving as an important part of the tumor microenvir-
onment.

AIM
To investigate the proteomic characteristics of CRC tumor-derived exosomes and
to identify candidate exosomal protein markers for CRC.

METHODS

In this study, 10 patients over 50 years old who were diagnosed with moderately
differentiated adenocarcinoma were recruited. We paired CRC tissues and
adjacent normal intestinal tissues (> 5 cm) to form the experimental and control
groups. Purified exosomes were extracted separately from each tissue sample.
Data-independent acquisition mass spectrometry was implemented in 8 matched
samples of exosomes to explore the proteomic expression profiles, and differen-
tially expressed proteins (DEPs) were screened by bioinformatics analysis.
Promising exosomal proteins were verified using parallel reaction monitoring
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(PRM) analysis in 10 matched exosome samples.

RESULTS

A total of 1393 proteins were identified in the CRC tissue group, 1304 proteins were identified in the adjacent tissue
group, and 283 proteins were significantly differentially expressed between them. Enrichment analysis revealed
that DEPs were involved in multiple biological processes related to cytoskeleton construction, cell movement and
migration, immune response, tumor growth and telomere metabolism, as well as ECM-receptor interaction, focal
adhesion and mTOR signaling pathways. Six differentially expressed exosomal proteins (NHP2, OLFM4, TOP1,
SAMP, TAGL and TRIM28) were validated by PRM analysis and evaluated by receiver operating characteristic
curve (ROC) analysis. The area under the ROC curve was 0.93, 0.96, 0.97, 0.78, 0.75, and 0.88 (P < 0.05) for NHP2,
OLFM4, TOP1, SAMP, TAGL, and TRIM2S, respectively, indicating their good ability to distinguish CRC tissues
from adjacent intestinal tissues.

CONCLUSION

In our study, comprehensive proteomic profiles were obtained for CRC tissue exosomes. Six exosomal proteins,
NHP2, OLFM4, TOP1, SAMP, TAGL and TRIM28, may be promising diagnostic markers and effective therapeutic
targets for CRC, but further experimental investigation is needed.
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Core Tip: We innovatively combined high-throughput quantitative proteomics analysis with colorectal cancer (CRC) tissue-
originated exosomes. The comprehensive proteomic signature of CRC tissue exosomes was described using data-
independent acquisition mass spectrometry, which revealed a mass of differentially expressed exosomal proteins. Six
promising exosomal proteins, NHP2, OLFM4, TOP1, SAMP, TAGL and TRIM28, were verified by parallel reaction
monitoring analysis and receiver operating characteristic curve analysis. The results indicated that these exosomal proteins
could become potential diagnostic markers and effective therapeutic targets for CRC.
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INTRODUCTION

Malignant tumors have become the leading cause of death in China[1], and over 4.8 million new cancer cases and approx-
imately 3.2 million cancer deaths occurred in 2022[2]. Colorectal cancer (CRC) is among the most common malignant
tumors and is a serious threat to human health[3]. In China, CRC is common among both sexes and has caused a great
burden, with the incidence rate and mortality rate showing significant upward trends in recent years[4,5]. Statistics from
2020 revealed that the number of CRC cases in China accounted for 28.8% of the total newly diagnosed CRC cases and
30.6% of CRC-related deaths worldwide. The 5-year survival rate for CRC patients is closely associated with the stage of
the tumor at initial diagnosis, more than 90% for patients diagnosed in the early stage and lower than 10% for patients
diagnosed in the advanced stage[6]. Early detection of CRC is critical. The earlier the diagnosis is, the greater the
treatment benefits for the patient. Moreover, it is essential to thoroughly elucidate the malignant biological mechanism of
CRC so that novel therapeutic targets for individualized treatment can be identified.

Liquid biopsy is an emerging and booming technology that has been applied for early cancer screening, stratified
therapy and posttreatment recurrence monitoring and can broadly be categorized by the ability to analyze circulating
tumor cells, circulating tumor DNA, or extracellular vesicles (EVs)[7]. Exosomes are a subclass of extracellular vesicles
with a relatively small size (30-150 nm in diameter) that are rich in a variety of nucleic acids (RNA, DNA), proteins and
lipids[8]. In contrast to the other two types, exosomes can be actively released into body fluids by tumor cells at any stage
of tumor development. Exosomes were initially recognized as cellular waste expelled outside the cell. With the rapid
development of exosome extraction technology and in-depth research, researchers have found that exosomes are an
important component of the tumor microenvironment. Exosomes play a critical role in intercellular communication and
widely participate in the pathological processes of tumors, including the induction of proliferation, stimulation of
angiogenesis, promotion of migration, and suppression of apoptosis and immune escape. Therefore, exosomes could be
further developed as promising biomarkers for tumor diagnosis, treatment and prognostic assessment[9].

Based on a search of domestic and international literature, among the contents of exosomes, researchers have shown
great interest in proteins and miRNAs. Proteins are the basis of life activity, and various pathological states of the body
are often accompanied by protein dysfunction. Benefitting from the advancement in high-throughput liquid chromato-
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graphy coupled with tandem mass spectrometry (LC-MS/MS) and the construction of related instruments to measure
proteins, proteomics has become an indispensable and important tool for studying biological processes at the protein
level[10]. In this study, we aimed to find potential novel biomarkers for the diagnosis and treatment of CRC. A total of 10
CRC patients were recruited, and exosomes from CRC tissues and paired healthy tissues adjacent to CRC tumors were
isolated. We implemented data-independent acquisition (DIA) MS to obtain quantitative data, screened for significant
differential proteins using bioinformatics analysis, and utilized parallel reaction monitoring (PRM) for further validation.
In summary, our research comprehensively compared the protein profiles of exosomes from CRC tissues and adjacent
normal tissues and identified differentially expressed exosomal proteins that might contribute to the further development
of diagnostic and therapeutic strategies for CRC in the future.

MATERIALS AND METHODS

Ethics and clinical sample collection

This research was approved by the Clinical Research Ethics Committee of China-Japan Friendship Hospital. Written
informed consent forms were signed by all patients. Patients over 50 years old who were pathologically diagnosed with
moderately differentiated adenocarcinoma at the Department of General Surgery, China-Japan Friendship Hospital from
January 2021 to October 2021 were recruited; five male patients and five female patients were eventually selected.
Primary CRC tumor tissues and healthy tissues 5 cm adjacent to the cancer foci were collected simultaneously; the former
was defined as group CT, and the latter was defined as group NT. All tissue specimens were rapidly frozen in liquid
nitrogen after removal and stored at -80 °C for subsequent study. The patient information is summarized in
Supplementary Table 1.

Exosome isolation by size-exclusion chromatography

The protocols for exosome extraction from tissues were modified and optimized based on the methodology by Vella et al
[11]. Tissues were sectioned into small slices, dissociated and then filtered through a 70 pm filter to remove the residues,
producing original tissue homogenates. Next, we performed differential centrifugation to isolate EVs. In brief, tissue
homogenates were centrifuged at 4 °C at 300 x g for 10 min, 2000 x g for 10 min, and 10000 x g for 20 min in sequence.
The collected supernatants were filtered slowly and gently through a 0.22 pm filter to further remove cell debris before
centrifugation at 4 °C at 150000 x g for 2 h. The exosome pellet was resuspended in PBS and further purified with
Exosupur columns (Echobiotech, China). Fractions were concentrated using Amicon 100 kDa ultrafiltration tubes (Merck,
Germany) to obtain purified exosomes, which were stored at -80 °C.

Nanoparticle tracking analysis

The nanoparticle size and exosome concentration were measured with a ZetaView PMX 110 (Particle Metrix, Germany).
A video was recorded with time duration of 90 s, and the rate of frames per second was 30. A laser source with a
wavelength of 405 nm was used to irradiate the exosome suspension at 25 °C. The scattered light of the nanoparticles was
detected, and the concentration was calculated by counting the scattered nanoparticles. Moreover, by tracking the
Brownian motion trajectory of the nanoparticles, the mean-square displacement of the nanoparticles per unit time was
acquired; as a result, the nanoparticle size distribution could be determined.

Transmission electron microscopy

Purified exosomes (10 pL) were placed onto carbon-coated copper grids, incubated at room temperature for 10 min,
washed with sterile distilled water and then negatively stained with 10 pL of 2% uranyl acetate for 1 min. Samples were
observed and imaged under an H-7650 electron microscope (Hitachi, Japan).

Western blot analysis

Proteins were extracted from the exosomes, and the protein concentration was determined using a Pierce BCA protein
assay kit (Thermo Scientific, United States). Next, we denatured the proteins by adding 5 x SDS loading buffer to the
protein solution. For Western blotting, the protein samples were loaded into 10% SDS-PAGE gels for electrophoretic
protein separation and then transferred to a nitrocellulose (NC) membrane at 300 mA for 2 h. Cell lysate was set as the
positive control, and 10 pg of total protein from the control was used to detect each signature marker. For exosome
samples, 30 pg of total protein was loaded to detect each signature marker. The membrane was blocked in 3% BSA-TBST
at room temperature for 30 min and further incubated overnight at 4 °C with the following primary antibodies: anti-
mouse CD9 (1:1000), anti-mouse CD63 (1:200), anti-rabbit HSP70 (1:1000), anti-rabbit TSG101 (1:1000) and anti-rabbit
calnexin (1:500). We then incubated the membrane with the following secondary antibodies: anti-rabbit HRP-conjugated
(1:10000) or anti-mouse HRP-conjugated (1:10000) for 40 min at room temperature. The protein immunolabels were
visualized and captured with a Tanon4600 automated chemiluminescence image analysis system (Tanon, China).

Peptide preparation for mass spectrometry
The purified exosome samples were ground into powders with liquid nitrogen and lysed in lysis buffer, followed by
intermittent sonication with a metal probe on ice. After sufficient lysis, the lysate mixture was centrifuged at 12000 x g for
15 min at 4 °C. We collected the supernatant and quantified the protein concentration using a BCA protein assay kit
according to the manufacturer's instructions.
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Protein samples were reduced with 5 mmol/L DTT at 37 °C for 1 h and then alkylated with 10 mmol/L iodoacetamide
at room temperature in the dark for 45 min. The protein samples were diluted with 25 mmol/L NH,HCO, and then
treated with trypsin at a ratio of 1:50 (trypsin:protein) overnight at 37 °C. The enzymatic digestion reaction was
terminated by adding formic acid to adjust the pH to less than 3.0. We desalinated the digested peptides with C18
desalting columns, which were activated by 100% acetonitrile and equilibrated with 0.1% formic acid. The samples were
loaded onto the desalting columns, washed with 0.1% formic acid to remove impurities, and eluted with 70% acetonitrile.
Finally, we collected the eluates and freeze-dried the desalted samples for storage.

LC-MS/MS analysis

Equal amounts of peptides were taken from each sample and mixed. The mixed sample was fractionated on a Rigol L3000
HPLC system using a C18 column and monitored at a UV wavelength of 214 nm. Buffer A (2% acetonitrile, ammonium
hydroxide, pH 10.0) and buffer B (98% acetonitrile, ammonium hydroxide, pH 10.0) were used as mobile phases with
gradient elution at a flow rate of 0.7 mL/min. The eluates were collected in tubes at one-minute intervals and combined
into 6 fractions, which were then vacuum dried and stored for further analysis.

LC-MS/MS analysis was performed using the EASY-nLC 1200 Liquid chromatography system (Thermo Scientific,
United States) coupled with the Orbitrap Eclipse mass spectrometer (Thermo Scientific, United States) and a Nanospray
Flex ion source. Buffer A (0.1% formic acid in water) and buffer B (80% acetonitrile, 0.1% formic acid) were used as mobile
phases. The dried fraction samples and peptide samples were redissolved in 10 pL of buffer A, mixed with 0.2 pL of
standard peptides (iRT kit, Biognosys, Switzerland), and then loaded onto a C18 nanotrap column. Peptide separation
was performed with an analytical column eluted with the following gradient program: the starting conditions (6% buffer
B) were held for 8 min. Then, the content of buffer B was increased from 6%-12% in 8 min, 12%-30% in 55 min, 30%-40%
in 12 min, and 40%-95% in 1 min, then held at 95% buffer B for 10 min. Lastly, the concentration of buffer B was decreased
from 95%-6% in 1 min.

Data-dependent acquisition (DDA) mode was used to build a spectral library. The MS full scan ranged from m/z 350
to 1500 at a resolution of 120000. Automatic gain control (AGC) was set to 4e’, and the maximum injection time was 50
ms. Precursor ions were fragmented using high-energy collision cleavage (HCD). MS/MS scans were conducted in top
speed mode with an AGC of 5e*, a maximum injection time of 22 ms and a normalized collision energy of 30%. For DIA
acquisition, the MS full scan ranged from m/z 350 to 1500 at a resolution of 120000. The maximum injection time was set
to 50 ms. The MS/MS scan was conducted in top speed mode with AGC in standard mode and the maximum injection
time set in auto mode. The normalized collision energy was 30%[12,13].

The DDA and DIA raw data files were imported directly into Spectronaut software for spectral library construction
and subsequent data extraction. The search parameters were set as follows: trypsin/P was used as the cleavage enzyme,
the maximum number of missed cleavage sites was set as 2, carbamidomethyl on cysteine was selected as the fixed
modification, and oxidation on methionine and acetyl was selected as the variable modification. Identified proteins were
filtered with a false discovery rate (FDR) < 1%.

Bioinformatics analysis

Data visualization was achieved based on R software (version 3.6). A Venn diagram was constructed using
VennDiagram. Principal component analysis (PCA) was performed to assess the distribution and variation of the
samples, generated using ggbiplot. Differentially expressed proteins (DEPs) were visualized with a column chart and
volcano map using ggplot2. The clustering heatmap of DEPs was generated using pheatmap. The Clusters of Orthologous
Groups (COG) database was used for protein classification. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment was performed for protein functional annotation and analysis. COG and
enrichment analyses were visualized with ggplot2. Receiver operating characteristic curves (ROC) and the area under the
ROC curve (AUC) were used to assess and measure the diagnostic power of the candidate proteins in distinguishing CRC
tissues from normal intestinal tissues, and plots were created using pROC.

PRM

The DEPs screened from the previous LC-MS/MS analysis were further validated using PRM analysis to eliminate false-
positive proteins[14]. The procedures of protein extraction, enzymatic digestion and desalination were the same as those
for DDA /DIA. Gradient elution was performed at a flow rate of 0.7 mL/min, then fractions were collected and combined
into three fractions. PRM analysis was performed using an Orbitrap Q Exactive HFX mass spectrometer (Thermo
Scientific, United States) at a flow rate of 600 nL/min. The gradient was 8%-12% buffer B in 5 min, 12%-30% in 30 min,
30%-40% in 9 min, and 40%-95% in 1 min and holding at 95% buffer B for 15 min. The MS full scan ranged from m/z 350
to 1500 at a resolution of 120000 with an AGC of 3e® and a maximum injection time of 80 ms. The MS/MS scan was
conducted at a resolution of 15000 with an AGC of 5e* and a maximum injection time of 45 ms. The normalized collision
energy of fragmentation was set to 27%. The raw data were assessed by Skyline software for the qualitative and
quantitative analysis of candidate peptides.

Statistical analysis

The data obtained from LC-MS/MS analysis were processed by median normalization (MDN). A paired ¢ test was used
to compare the data and identify DEPs between the CRC group and the control group. Fold change (FC) cutoffs > 1.2 or <
1/1.2 were applied for screening. A two-sided P value < 0.05 was defined as statistically significant. Statistical analysis
was processed by SPSS software (Version 26.0).
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Survival analysis

GEPIA2 (http:/ /gepia2.cancer-pku.cn/#index) was applied to analyze patient survival based on gene expression. The
median gene expression was selected as the group cutoff to separate the high expression cohort and low expression
cohort. The log-rank test was used to compare survival times between the two cohorts mentioned above, and
Kaplan-Meier plots were applied to show the differences in overall survival (OS) and disease free survival (DFS) between
the cohorts.

RESULTS
Study strategy

We performed DIA analysis to explore promising biomarkers and PRM analysis to verify candidate proteins. Due to the
limitation of tissue sampling, a total of 10 patients were recruited for the research. We paired CRC tissues (n = 10) and
corresponding normal tissues 5 cm apart (n = 10), forming the experimental and control groups. General information and
detailed clinical data, including the TNM stage, are listed in Supplementary Table 1. DIA analysis was performed for 8 of
the 10 patients, and data from all 10 were used for PRM validation. Exosomes from both groups were isolated and
enriched. Then, after exosome lysis and protein digestion, peptides were obtained and analyzed using DIA mass
spectrometry. Following bioinformatics analysis of the proteomic data, the screened DEPs between the CRC group and
control group were further validated by PRM.

Characterization of the tissue exosomes

Exosomes were isolated from paired CRC tissues and adjacent healthy intestinal tissues. We determined the size distri-
bution and particle concentration by nanoparticle tracking analysis (NTA) analysis. The particle concentrations of the
exosomes from the cancer tissues and adjacent tissues were 1.0E+11/mL and 1.1E+11/mL, respectively, with a very slight
difference, as shown in Figure 1A. The results showed that exosomes derived from CRC tissues exhibited a mean size of
144.5 nm, and the mean size of the exosomes from the adjacent tissues was 148.3 nm (Figure 1A), which is consistent with
the exosome size distribution. The morphology of the exosomes was visualized by transmission electron microscopy
(TEM, Figure 1B). The exosomes appeared cup- or round-like in shape by TEM, in accordance with typical exosome
structures. Then, we detected the exosome-specific marker proteins TSG101, HSP70, CD9, CD63 and calnexin by Western
blot analysis. A mixed cell lysate was used as a positive control. Figure 1C indicates that TSG101, HSP70, CD9 and CD63
exhibit high expression and that calnexin is absent, verifying the exosome isolation and concentration procedures.
Characterization by NTA, TEM and Western blot analysis validated that the materials we extracted from the cancer
tissues and adjacent tissues were of exosomal origin.

Proteomic features of CRC tissue exosomes

We performed label-free quantitative proteomics analysis with 8 paired samples to measure protein abundance and
quantify protein expression. A total of 8425 peptides and 1565 proteins were initially screened in 8 CRC tissues and 8
paired normal intestinal tissues, and 1437 proteins were finally quantitatively detected. A total of 1393 proteins were
identified in the CRC tissue group, 1304 proteins were identified in the adjacent healthy tissue group, and 1260 proteins
were shared (Figure 2A). To better determine the connections and distinctions in all tissue samples, we performed global
cluster analysis and PCA, as shown in Figure 2B. The protein expression profile of group CT was clearly distinguished
from that of group NT. These results suggested that CRC tissue exosomes exhibit unique proteomic characteristics.

To compare the DEPs between the CRC tissue group and adjacent normal intestinal tissue group, the screening criteria
were set as follows: cutoff value of FC value larger than 1.2 or less than 1/1.2 and ¢ test P value < 0.05. There were 283
proteins significantly differentially expressed in group CT samples compared to group NT samples, with 128 proteins
significantly upregulated and 155 significantly downregulated (Figure 2C). The volcano plot in Figure 2D shows the
overall differential exosomal protein expression profile between the CT samples and NT samples (FC > 1.2 or FC <1/1.2,
P value < 0.05). The 283 DEPs obtained from the two groups were subjected to cluster analysis (Figure 2E).

The COG database identified vertical homologous proteins and divided numerous proteins into a total of 26 different
categories according to the similarity of the protein sequences. Each COG category represents a class of homologous
proteins that descend from an ancestor and carry out the same function. In the current study, all the detected exosomal
proteins constituted 25 COG categories, illustrated in detail with a bar chart in Figure 2F. Among all basic functions,
posttranslational modification, protein turnover, chaperones, signal transduction mechanisms, intracellular trafficking,
secretion, and vesicular transport occupy a large proportion.

To further clarify the biological functions of the DEPs between CRC tissue exosomes and normal intestinal exosomes,
GO annotation and enrichment analysis were performed at three levels, including molecular function (MF), cellular
component (CC), and biological process (BP), for all 283 DEPs. Bubble diagrams were used to display partial significantly
enriched pathways for the exosomal DEPs (P < 0.05, Figure 2G). Among them, the significantly enriched biological
processes of the DEPs were extracellular matrix organization, angiogenesis, rRNA processing, platelet activation, tissue
development, positive regulation of telomerase RNA localization to Cajal body, positive regulation of epithelial cell
migration, basement membrane assembly, positive regulation of actin filament bundle assembly, and T cell costimulation.
The clustered BP terms were principally related to the processes of cytoskeleton construction, cell movement and
migration, immune response, tumor growth and telomere metabolism.
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Figure 1 Characteristics of tissue exosomes. A: Nanoparticle tracking analysis of colorectal cancer tissue exosomes and normal intestinal tissue exosomes;
B: Transmission electron microscopy of normal intestinal exosomes observed at the scales of 0.5 um and 200 ym; C: Western blot analysis of colorectal cancer tissue
exosomes and normal intestinal tissue exosomes, compared with the positive control. CT: Colorectal cancer tissues; NT: Normal intestinal tissues; Cont: Control.

KEGG pathway enrichment analysis was then performed to further characterize the functional enrichment of DEPs.
The results revealed that the pathways in which the DEPs between group CT and group NT were significantly enriched
included those of ECM-receptor interaction, focal adhesion, mTOR signaling pathway, proteoglycans in cancer, ribosome,
pancreatic secretion, gap junctions, renin secretion, aldosterone synthesis and secretion, and metabolism of xenobiotics by
cytochrome P450. The pathway of ECM-receptor interactions is of particular interest to our research, given the nature of
exosomes in the tumor microenvironment[15]. Additionally, other pathways[16,17] that were found to be significant in
our analysis are also relevant to the initiation and progression of CRC tumors.

PRM validation of candidate proteins

To evaluate the authenticity of the DIA MS data, PRM was carried out with ten paired samples of CRC tissue and normal
intestinal tissue (8 of which were identical to the DIA samples with an additional 2 new pairs). To screen candidate
proteins for PRM validation, the filtration strategy was set as follows: the P value was screened from small to large; ROC
analysis of DEPs was performed in 8 paired samples, and the AUC value needed to be greater than 80% (ROC analysis of
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Figure 2 Quantitative proteomic signature and bioinformatic analysis of colorectal cancer. A: The Venn diagram shows detected proteins in
colorectal cancer tissue exosomes and normal intestinal tissue exosomes; B: Principal component analysis of colorectal cancer tissue exosomes and normal
intestinal tissue exosomes; C: The bar chart shows 128 significantly upregulated proteins and 155 significantly downregulated proteins between colorectal cancer
tissue exosomes and normal intestinal tissue exosomes; D: The volcano plot shows differentially expressed proteins between colorectal cancer tissue exosomes and
normal intestinal tissue exosomes; E: The heat map shows differentially expressed proteins between colorectal cancer tissue exosomes and normal intestinal tissue
exosomes; F: Clusters of Orthologous Groups analysis shows 25 categories constituted by all the detected exosomal proteins; G: Gene ontology analysis shows that
differentially expressed proteins are involved in biological processes, cellular components, and molecular functions; Kyoto encyclopedia of genes and genomes
analysis shows that differentially expressed proteins are clustered in multiple pathways. CT: Colorectal cancer tissues; NT: Normal intestinal tissues; PC: Principal
component; NotSig: COG: Clusters of Orthologous Groups; GO: Gene ontology; KEGG: Kyoto encyclopedia of genes and genomes; ECM: Extracellular matrix.

candidates seen in Supplementary Figure 1). In addition, tumor-related literature in recent years was reviewed. Based on
the above strategy and a brief literature review[18-20], we selected six DEPs of interest for qualification and validation.
These proteins were as follows: H/ ACA ribonucleoprotein complex subunit 2 (NHP2), olfactomedin-4 (OLFM4), DNA
topoisomerase 1 (TOP1), serum amyloid P-component (SAMP), transgelin (TAGL), and tripartite motif-containing protein
28 (TRIM28). The expression levels of these proteins showed significant differences by PRM analysis, and the differential
expression results from PRM were consistent with those from DIA. These data revealed that the following proteins were
significantly upregulated in group CT compared to group NT: NHP2 (P = 0.007), OLFM4 (P = 0.034), TOP1 (P = 0.007),
and TRIM28 (P = 0.007). In addition, the following proteins were significantly downregulated: SAMP (P = 0.006) and
TAGL (P = 0.04) (Figure 3A).

Subsequently, we assessed the diagnostic power of these candidate proteins using ROC curves for all 10 paired
samples. The AUC values of the six candidate proteins were NHP2 (AUC = 0.93), OLFM4 (AUC = 0.96), TOP1 (AUC =
0.97), SAMP (AUC = 0.78), TAGL (AUC = 0.75), and TRIM28 (AUC = 0.88). This result indicated that all candidates could
easily distinguish CRC tissues from healthy tissues (Figure 3B).

Survival analysis

To investigate the relationship between candidate proteins and patient prognosis, OS and DFS were analyzed in the
expression of genes corresponding to candidate proteins using GEPIA2. Except for the SAMP gene, prognosis-related
data for the other five genes were found in the TCGA and GTEx databases. Survival analysis was carried out in the
cohorts of a total of 270 CRC patients (Supplementary Figures 2-11). The analysis revealed that patients with high TAGL
gene expression exhibited significantly decreased OS (P = 0.014) and significantly decreased DFS (P = 0.046), while
patients with low TAGL gene expression showed a relatively good prognosis. The results for OS and DFS for the NHP2,
OLFM4, TOP1 and TRIM28 genes showed no statistical significance (P > 0.05).

DISCUSSION

The high morbidity and mortality of CRC are of concern. Early diagnosis of CRC can significantly improve patient
prognosis and prolong survival time. Although there have been a number of studies focused on CRC, the exact molecular
mechanisms remain elusive. Recently, the search for cancer biomarkers and exploration of pathogenesis have entered the
era of multiomics, including genomics, transcriptomics, metabolomics and proteomics[21]. Benefitting from objective and
unbiased biomarker screening, high-throughput omics technologies provide a new perspective on the diagnosis,
treatment and prognosis of CRC. Proteomics is the best way to determine the physiological state of an organism. Through
comprehensive protein and related functional profiling, proteomics clearly presents epigenetic information on and
posttranslational modifications in CRC[22] and provides highly sensitive approaches for early tumor detection. Hundreds
of clinical cohorts[23,24] have detected different proteomic signatures of CRC at different stages. With the support of the
LC-MS/MS technique, DEPs are easy to identify and can serve as promising biomarkers for in-depth study as well as
clinical application.
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Figure 3 Verification of candidate exosomal proteins. A: Parallel reaction monitoring analysis shows the upregulation of NHP2 (P = 0.007), OLFM4 (P =
0.034), TOP1 (P =0.007), TRIM28 (P = 0.007), and the downregulation of SAMP (P = 0.006), TAGL(p=0.04) between colorectal cancer tissue exosomes and normal
intestinal tissue exosomes; B: Receiver operating characteristic curve analysis shows that the area under curve of NHP2, OLFM4, TOP1, SAMP, TAGL, and TRIM28
are 0.93, 0.96, 0.97, 0.78, 0.75, 0.88, respectively (P < 0.05). CT: Colorectal cancer tissues; NT: Normal intestinal tissues; ROC: Receiver operating characteristic
curve; AUC: Area under ROC curve; NHP2: H/ACA ribonucleoprotein complex subunit 2; OLFM4: Olfactomedin-4; TOP1: DNA topoisomerase 1; SAMP: Serum
amyloid P-component; TAGL: Transgelin; TRIM28: Tripartite motif-containing protein 28.
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Proteomics has been carried out in different kinds of biological samples, such as serum, plasma, tissue, and feces;
however, only a few studies have concentrated on the exosome level. Multiple studies have suggested that exosomes are
closely related to the occurrence and development of tumors and play an important role in the tumor microenvironment.
Tumor-derived exosomes can escape immune surveillance and mediate immune suppression[25], such as by carrying and
releasing PD-L1 into the lymphatic system[26]. In addition, exosomes participate in cancer metastasis by regulating
epithelial-mesenchymal transition (EMT), tumor angiogenesis and extracellular matrix (ECM) remodeling[27,28]. The
contents and biological functions of exosomes remain to be explored, revealing a new direction to search for novel
biomarkers and mechanisms of CRC at the exosome level. The strategy in our study was to directly obtain tissue
specimens of CRC, rather than serum or plasma specimens, to acquire exosomes of definite tumor origin. Further
experiments and analysis of CRC tissue-derived exosomes may provide a clearer understanding of CRC tumors.

In the present study, we identified 283 DEPs in CRC tissue exosomes compared to normal tissue exosomes and found
that quite a few DEPs were involved in extracellular matrix organization. Moreover, focal adhesion and ECM-receptor
interaction pathways were activated. These results suggest that exosomes may play a crucial role through the
extracellular matrix. The ECM participates in the formation of the tumor microenvironment and regulates the processes
of cell proliferation, differentiation, migration and invasion, as well as tissue morphogenesis[29]. As described in the
results, the enrichment of DEPs involved in angiogenesis and tissue development apparently promoted tumor
progression. The mTOR signaling pathway has been regarded as a significant regulatory mechanism of CRC. Other
significantly enriched functions and pathways shown in this study are responsible for tumor development to a certain
extent, which was consistent with what others have reported. Overexpression or activation of telomerase gives most
cancer cells the ability to proliferate indefinitely, and telomerase activity is a key indicator for the early diagnosis of CRC
and prognosis assessment[30]. Regulation of the abnormal immune response in CRC may become a potential target for
immunotherapy[31]. In addition, we noticed that renin secretion as well as aldosterone synthesis and secretion were
clustered in KEGG, which might be a clue regarding the activation of the renin-angiotensin system. Disorder of the latter
is associated with poor prognosis of CRC, and accumulating evidence has demonstrated the therapeutic potential of these
inhibitors in CRC[32].

Based on quantitative LC-MS/MS analysis, subsequent PRM verification and ROC measurements, NHP2, OLFM4,
TOP1, SAMP, TAGL and TRIM28 were recognized as critical cancer-promoting factors or cancer-suppressing factors with
excellent diagnostic performance, making them promising diagnostic biomarkers and therapeutic targets of CRC.
TRIM28, which is also known as KRAB-associated protein 1 (KAP1) or transcription intermediary factor 1-beta (TIF1B), is
a member of the tripartite motif (TRIM) family. TRIM28 has been reported to be aberrantly expressed in multiple types of
cancer, such as lung, prostate, ovarian, breast, gastric and liver cancers, with its elevation in expression level typically
correlated with aggressive clinical manifestation and poor OS[33-35]. Considered an oncogenic factor, TRIM28 plays an
important role in tumorigenesis and progression[36]. Nevertheless, its expression level and pathogenesis in CRC remain
unclear. In our study, TRIM28 was overexpressed in CRC tissue exosomes compared to adjacent healthy tissue exosomes.
However, unfortunately, the expression level of the TRIM28 gene did not show prognostic relevance. Therefore, TRIM28
could be a potential target, although further experiments and perhaps larger samples are needed to explore its role in
CRC. NHP2 is an indispensable component of the telomerase complex[37]. A previous study on CRC[18] reported that
NHP2 expression was significantly associated with age, with high expression suggesting poor prognosis, and downregu-
lating NHP2 inhibited the proliferation of CRC cells. OLFM4, also called GW112 or hGC-1, is highly expressed in the
gastrointestinal tract as a marker of intestinal stem cells. Previous studies have revealed that OLFM4 is upregulated in
inflammatory bowel disease, gastric cancer, CRC, pancreatic cancer and gallbladder cancer[38]. This result suggested that
OLFM4 is involved in anti-inflammation, cell adhesion, proliferation and apoptosis. TOP1 is a subclass of DNA
topoisomerase enzymes that play a role in tumor pathogenesis by promoting DNA replication and cell division. TOP1
serves as an important target for anticancer therapy[39]. The TOP1 inhibitor irinotecan was developed years ago and has
been among the first-line drugs in the treatment of advanced CRC. In addition to the above 4 upregulated proteins, there
were two downregulated proteins in group CT vs group NT in the present study, namely, SAMP and TAGL. SAMP
belongs to the pentraxin protein family and has been applied as a marker for the diagnosis of inflammatory bowel
diseases. Recent research has implicated its good diagnostic efficacy in distinguishing Crohn's disease from ulcerative
colitis[40]. A preceding proteomic analysis[20] revealed that TAGL is downregulated in colon cancer tissues, similar to
our results. However, other studies[41,42] have revealed that TAGL promotes tumor progression and invasion and is
closely connected to a worse prognosis in advanced CRC, which is consistent with the present study. There is no definite
evidence regarding TAGL at the exosome level, so its role in CRC tumorigenesis and development remains unclear,
which provides a new area for further exploration.

In our study, high-throughput quantitative proteomics analysis and tissue-originated exosomes were innovatively
combined. We comprehensively supplied valuable information on the proteomic characteristics of CRC tissue exosomes.
The results provide a new and feasible perspective for future research on tissue exosomes. In vitro and in vivo experiments
should be carried out to verify and further explore the definite mechanisms of tumor exosomal proteins that can be
gradually translated to clinical applications from these laboratory data. Due to limitations caused by technical complexity
and high costs, only 10 pairs of tissues were analyzed in this study. In the future, more matched samples and even single-
cell omics could be included to reduce the impact of tumor heterogeneity and obtain more precise and valuable protein
information.

WJGO | https://www.wjgnet.com 1237 July 15,2023 | Volume15 | Issue7 |

Jaishideng®



Zhou GY] et al. Proteomic profiles and exosomal candidates

CONCLUSION

In summary, comprehensive proteomic profiles of CRC tissues were described compared to normal tissues. The study
provided proteomic evidence at the level of tissue exosomes as well as a foundation and direction for future research. Six
exosomal proteins, NHP2, OLFM4, TOP1, SAMP, TAGL and TRIM28, were screened and identified and may be
promising diagnostic biomarkers and effective therapeutic targets for CRC.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) is the third most common malignancy in the world and has the second highest mortality rate.
Early diagnosis can improve the prognosis of patients, so the search for biomarkers for CRC diagnosis is of clinical
importance. Oncology research has entered the era of omics, in which proteomics is closely linked to the patho-
physiological state of the human body, providing clear epigenetic information.

Research motivation

Although many studies have focused on CRC, the means of diagnosis and treatment have not improved significantly,
and the specific molecular mechanisms of CRC remain unclear. Exploring the proteomic profile of CRC and searching for
potential diagnostic biomarkers and therapeutic targets is essential.

Research objectives
To comprehensively characterize the exosomal proteomic profile of CRC tissue and to search for promising exosomal
proteins as diagnostic biomarkers for CRC.

Research methods

Exosomes were extracted from paired CRC tissues and paracancerous tissues for data-independent acquisition mass
spectrometry. Differentially expressed exosomal proteins were screened by bioinformatics analysis and validated by
parallel reaction monitoring analysis. Receiver operating characteristic analysis and survival analysis were performed to
detect the diagnostic ability and prognostic relevance of the candidate exosomal proteins.

Research results

The study identified 128 upregulated proteins and 155 downregulated proteins between CRC tissue exosomes and
paracancerous tissue exosomes. Functional enrichment of proteins is closely associated with the extracellular matrix. The
candidate exosomal proteins TRIM28, NHP2, OLFM4, TOP1, SAMP and TAGL could distinguish CRC tissues well from
paracancerous tissues and are potential diagnostic biomarkers for CRC.

Research conclusions
This study provides a comprehensive exosomal proteomic characterization of CRC. The exosomal proteins TRIM28,
NHP2, OLFM4, TOP1, SAMP and TAGL have the potential to be diagnostic biomarkers for CRC.

Research perspectives

Mining novel diagnostic biomarkers for CRC at the level of exosomes and proteomics to improve the detection rate of
CRC.
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