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Colorectal cancer (CRC) is a major cause of cancer-related death worldwide and an effective screening
strategy for diagnosis of early-stage CRC is highly desired. Although extracellular vesicles (EVs) are
expected to become some of the most promising tools for liquid biopsy of early disease diagnosis, the
existing EV-based proteomics methods for practical application in clinical samples are limited by
technical challenges in high-throughput isolation and detection of EVs. In the current study, we have
developed a simplified and efficient EV-based proteomics strategy for early diagnosis of CRC. DSPE-
functionalized beads were specifically designed that enabled direct capture of EVs from plasma samples
in 10 minutes with good reproducibility and comprehensive proteome coverage. The single-pot, solid-
phase-enhanced sample-preparation (SP3) technology was then combined with data-independent
acquisition mass spectrometry (DIA-MS) for in-depth analysis and quantification of EV proteomes. From
a cohort with 30 individuals including 11 healthy controls, 8 patients with adenomatous polyp and 11
patients with early-stage CRC, our streamlined workflow reproducibly quantified over 800 proteins from
their plasma-derived EV samples, from which dysregulated protein signatures for molecular diagnosis of

CRC were revealed. We selected a panel of 10 protein markers to train a machine learning (ML) model,
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Accepted 8th October 2024 which resulted in accurate prediction of polyp and early-stage CRC in an independent and single-blind

validation cohort with excellent diagnostic ability of 89.3% accuracy. Our simplified and efficient clinical
DOI- 10.1039/d4sc055189 proteomic strategy will serve as a valuable tool for fast, accurate, and cost-effective diagnosis of CRC

rsc.li/chemical-science that can be easily extended to other disease samples for discovery of unique EV-based biomarkers.

with the initial development from a normal epithelium to mild
adenomatous polyp and finally progressing to invasive carci-

Introduction

Colorectal cancer (CRC) represents the most common gastroin-
testinal tumor, with 1.8 million new cases (10% of the world's
cancer total) and 940 000 deaths (9.4% of the world's cancer total)
annually, which poses a great threat to human health worldwide.*
CRC carcinogenesis is a multistep and slow process that begins

“Beijing National Laboratory for Molecular Sciences, Key Laboratory of Bioorganic
Chemistry and Molecular Engineering of Ministry of Education, College of
Chemistry and Molecular Engineering, Peking University, Beijing, China. E-mail:
chuwang@pku.edu.cn

*Department of Gastrointestinal Surgery, Peking University Shougang Hospital,
Beijing, China. E-mail: zIgujin@126.com

‘Center for Precision Diagnosis and Treatment of Colorectal Cancer and
Inflammatory Disease, Peking University Health Science Center, Beijing, China
‘Peking  University  Chengdu Advanced
Biotechnologies, Chengdu, China

Academy  for Interdisciplinary

‘Department of Gastroenterology, Peking University Shougang Hospital, Beijing,
China
/Center for Health Care Management, Peking University Shougang Hospital, Beijing,
China

© 2024 The Author(s). Published by the Royal Society of Chemistry

noma, and a lengthy period was needed for the malignant
transformation, which offers significant opportunities for the
early diagnosis of CRC.” If the disease can be diagnosed early at
the stage of precancerous lesions (polyp) or early CRCs, curative
treatments with endoscopic resection or surgical intervention
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can be applied resulting in improved prognosis and long-term
survival.** On the other hand, the best opportunity for treat-
ment will be missed after the tumors already developed distant
metastases, leading to a poor survival rate.® Therefore, it is critical
and highly desired to develop effective screening strategies for
detecting precancerous polyp and early CRC.

Currently, colonoscopy combined with histopathology
remains the gold standard and the most widely used method in
clinical practice, however, it involves a highly invasive procedure,
costly expenses and potential complications, resulting in poor
patient compliance and limited resource availability for patients.*
Molecular diagnostics aims at the discovery of specific molecular
phenotype changes with disease in biological fluids when there
are no obvious pathological symptoms, which allows more
accurate screening, diagnosis, prognosis and disease moni-
toring.” In principle, it can serve as a less invasive, safe, and
affordable strategy for molecular screening of CRC at the early
stages. For example, enzyme-linked immunosorbent assay
(ELISA),® secretomics® and gene expression profile analysis'® have
been performed to discover various biomarkers for CRC,
however, their diagnostic power still needs to be improved.

Extracellular vesicles (EVs) are lipid bilayer-enclosed bioactive
vesicles of endocytic origin that are secreted by various types of
cells and present in almost all biological fluids.** Their cargo
includes proteins, nucleic acids and metabolites, which are
involved in intercellular communication processes and associ-
ated with disease progression.'> As the pathophysiological roles
of EVs are increasingly recognized, EV-based proteomics have
become popular tools for liquid biopsy of early disease diag-
nosis.”>"* Recently, Melo et al. reported that glypican-1 enriched
on plasma-derived EVs could serve as a screening biomarker to
detect the early stages of pancreatic cancer with 100% accuracy
and sensitivity.”® Moreover, it was demonstrated that distinct
protein expression patterns in tumor-derived EVs determine the
organ sites of future metastasis. Specifically for CRC, Zheng and
coworkers' have introduced a DIA-based diagnostic tool and
identified FGA in EVs as an early diagnostic biomarker of CRC
with satisfactory accuracy, however, the ultracentrifugation
method used for isolation of EVs is time-consuming, limiting its
high-throughput application in clinical cohort samples.

Several approaches have been developed to isolate EVs with
good specificity including ultracentrifugation (UC), size exclusion
chromatography (SEC), polymer-based precipitation, immuno-
precipitation (IP) and microfluidic chips.”® Nevertheless, they
either require time-consuming operations, or are associated with
high reagent costs, which are not generally compatible with large-
scale clinical applications.”*?" A supramolecular exosome array
has been reported by Tao and colleagues, which enables efficient
capture and high-throughput analysis of exosomes.”” In partic-
ular, they introduced an amphiphile-dendrimer supramolecular
probe (ADSP) onto magnetic beads or nitrocellulose membranes
and captured exosomes from trace amounts of clinical samples
for biomarker validation in hepatocellular carcinoma (HCC)
patients. More recently, the same group combined the func-
tionalized beads with phosphoproteomics to analyze EVs in
cerebrospinal fluid (CSF) for monitoring the outcome of
chemotherapy of primary central nervous system lymphoma
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(PCNSL), further demonstrating the potential of EV-based pro-
teomics for clinical applications.>

Inspired by the aforementioned studies, we herein reported
the development of a simplified and highly efficient EV-based
proteomics strategy for early diagnosis of CRC (Fig. 1). By func-
tionalizing beads with EV-targeting chemical moieties, we were
able to isolate EVs from the plasma samples of patients and
healthy controls in only a few minutes. The samples were then
prepared by an optimized single-pot, solid phase-enhanced
sample-preparation (SP3) technology and analyzed by DIA-MS.
A machine learning model was developed based on a panel of
protein biomarkers and was able to differentiate healthy indi-
viduals, polyp patients and early-stage CRC patients with good
accuracy. The predictive model was subsequently evaluated using
an independent and single-blind cohort to demonstrate its
generality. Our streamlined protocol provides a robust tool to
discover significantly differentiated protein markers for a quick,
accurate and cost-effective diagnosis of CRC.

Results and discussion

The design, synthesis and characterization of DSPE-
functionalized beads

To facilitate a rapid and high-throughput workflow for the
isolation of EVs, we developed a special agarose resin
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Fig.1 A general framework for clinical biomarker discovery based on
EV proteomics for early diagnosis of CRC. A high-throughput, EV-
based proteomics strategy was used to profile plasma samples from
a cohort with individuals including healthy controls, patients with pre-
malignant adenomas (polyp) and patients with early-stage CRC. Dys-
regulated EV proteomes were screened to identify stage-relevant
protein signatures. A machine learning model was built to differentiate
polyp and the early stages of CRC. Lastly, the model performance was
validated in a single-blind and independent cohort.
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functionalized with 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine (DSPE) (Fig. 2A), which has been shown to capture EVs
through inserting its hydrophobic structure of fatty acid esters
into the lipid bilayer of EVs.** By covalent conjugation of the EV-
targeting probe DSPE onto agarose beads, we could generate
a “multivalent interface” on the surface of the agarose resins to
accomplish a streamlined enrichment of a substantial quantity
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of EVs within less than 10 minutes, circumventing the
requirement for costly equipment and reagents. The DSPE-
functionalized beads were conveniently synthesized utilizing
a one-step coupling reaction between NHS ester-modified beads
and NH,-PEGy0o-DSPE (Fig. 2B). To examine whether DSPE-
functionalized beads can effectively separate EVs from
plasma, we systematically characterized the isolated EVs by
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Fig. 2 The design, synthesis and characterization of DSPE-functionalized beads. (A) Purification principle of EVs captured by DSPE-function-
alized beads. (B) The DSPE-functionalized beads were synthesized by one-step coupling of DSPE-PEG2000-NH, with NHS ester coated beads.
(C) Western-blot analysis of well-known marker proteins from plasma, EV-depleted plasma and plasma EVs isolated by DSPE-functionalized
beads. (D) The SEM image of prepared DSPE-functionalized beads and EVs captured on beads. (E) Enrichment of Cy5 fluorophore-conjugated
EVs using DSPE-functionalized beads. Only tubes with the Cy5 fluorophore-conjugated EVs (tube 3) displayed bright fluorescence while no
background fluorescence was observed in the control tubes (right). (F) Silver staining of gel-based protein profiles for plasma and plasma-derived
EVs isolated by ultracentrifugation methods (“UC"), polymer precipitation (“Kit"), DSPE-functionalized beads (“Beads”) and size-exclusion

chromatography ("SEC").
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common standards and features as reported in the litera-
ture."?* Firstly, we evaluated the presence of the commonly
used EV biomarkers including CD63, TSG101, HSP70 and Alix
and the absence of exclusion marker Calnexin by western
blotting. As expected, we observed that EVs derived from plasma
isolated by DSPE-Beads exhibited positivity for these EV
biomarkers while demonstrating negative existence of Cal-
nexin. These results confirmed the efficacy of our isolation
protocol and the purity of the EV preparations, effectively ruling
out contamination (Fig. 2C, loading controls for these western
blots are provided in Fig. S1}). Additionally, we employed
scanning electron microscopy (SEM) to visualize the beads’
surface after EV isolation. Representative SEM images showed
a smooth surface on the blank beads (without incubation with
plasma) while the beads after EV capture could be clearly
observed with uniform distribution of nanoparticles with a size
of about 100 nm in diameter, which was consistent with the
regular size of EVs (Fig. 2D).

To validate the method specificity, we spiked plasma
samples with Cy5-labeled EVs or Cy5-labeled antibodies, while
using regular plasma as a negative control. These samples were
subjected to a DSPE-functionalized bead-based enrichment
protocol. The results showed that Cy5-labeled EVs, but not Cy5-
labeled antibodies, were successfully enriched from plasma,
suggesting that our beads had low non-specific binding toward
free proteins existing in biological fluids (Fig. 2E). To assess the
versatility of our method, we extended this assay to other bio-
logical fluids, including urine and saliva. Similar results were
obtained across all tested matrices, demonstrating the broad
applicability of our DSPE-functionalized beads for EV isolation
from various biological fluids (Fig. S2+).

To further evaluate our method, we conducted a comparative
analysis of EV isolation techniques. We extracted EVs from
plasma samples using four distinct methods: our DSPE-
functionalized bead-based approach, ultracentrifugation (UC),
a polymer-based precipitation kit (Kit), and size-exclusion
chromatography (SEC). Subsequently, we performed a system-
atic characterization of the isolated EVs (Fig. S371). Interestingly,
the in-gel silver staining revealed that EVs extracted by the
DSPE-functionalized beads contain diverse proteins compared
to total plasma and EVs isolated by the other three methods
(Fig. 2F), which will greatly facilitate subsequent proteomic
studies.

Proteome composition of EVs isolated by DSPE-functionalized
beads

The above-mentioned observations motivated us to explore the
potential advantages of our method over conventional
approaches at the proteomic level. We next performed a label-
free quantitative proteomic analysis using DIA to compare the
proteome compositions of EVs isolated by the DSPE-
functionalized beads versus other common methods. Firstly,
EVs were isolated from 200 pL of plasma from healthy donors at
Peking University Shougang Hospital by the DSPE-
functionalized beads, UC, Kit and SEC, and the BCA assay
indicated that they contained 40, 40, 3000 and 20 pg protein per
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200 pL of plasma, respectively (Fig. S47). After normalization, 1
ug of each sample was subjected to proteomic analysis by mass
spectrometry and the EV samples enriched with the DSPE-beads
exhibited the greatest number of proteins on average compared
with those prepared by the other three methods (Fig. 3A, Table
S1 and S2%). Furthermore, the quantified proteins displayed
a broad dynamic range (Fig. S51). Notably, the proteomic profile
of EVs enriched using our DSPE-functionalized beads encom-
passed over 85% of the proteins identified by all other methods
(Fig. 3B). This extensive overlap, coupled with the detection of
additional unique proteins, demonstrated that our DSPE-bead-
based method achieved superior depth of proteome coverage.
Concurrent with its superior protein identification capabilities,
our DSPE-functionalized bead-based method also demon-
strated excellent quantitative reproducibility. Label-free quan-
tification analysis across three independently prepared and
enriched samples revealed that over 80% of the total identified
proteins exhibited a coefficient of variation (CV) below 20%
(Fig. 3C). This high level of quantitative stability is comparable
to that observed with the other three well-established EV
isolation methods. Moreover, we utilized the top 100 EV
proteins  from the Vesiclepedia database (http:/
www.microvesicles.org/) as a benchmark, and assessed the
detection rate of these well-known EV proteins across all four
isolation methods. Our DSPE-functionalized bead-based
approach demonstrated superior performance, identifying
more canonical EV proteins compared to the other three
methods (Fig. 3D). Building upon recent advancements in EV
protein profiling, we assessed the ability of each isolation
method to identify the 22 novel EV proteins that were recently
reported as universally enriched across various cell types.** Our
method consistently identified 8 of these EV markers across all
replicates, which are comparable to UC and SEC (both identi-
fying 7). All three methods significantly outperformed the
commercial kit, which identified only 1 (Fig. 3E). Meanwhile,
the abundance of the top 100 high-abundance proteins in
human plasma was much lower and not even detected in EVs
isolated by the DSPE-functionalized beads as compared to those
by UC, SEC and Kit isolation (Fig. 3F). However, due to the
specific molecular structure of DSPE, our method inevitably
enriched the family of lipoproteins from plasma as revealed by
quantitative proteomics (Fig. 3F and S6t). Nevertheless, the
cellular compartment analysis of the bead-enriched proteome
dataset showed that the identified proteins are still predomi-
nantly localized in the extracellular exosomes, extracellular
region, or extracellular space (Fig. 3G), consistent with the
profiles observed for EVs isolated by the other three methods
(Fig. S71). Moreover, we conducted a functional enrichment
analysis of the proteins identified by each method, focusing on
the top 3 enriched molecular pathways. While the other three
methods have primarily enriched proteins related to immune
pathways, our DSPE-bead method uniquely showed significant
enrichment in both immune-related and proteolysis-related
pathways (Fig. S8t), which suggests that our method effec-
tively captures EVs with more diverse functional properties.
Collectively, these results demonstrated that the DSPE-
functionalized beads have robust performance, high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Performance evaluation of DSPE-functionalized beads to isolate EVs. (A) The number of proteins identified by the label-free MS from EVs
isolated by different techniques. (B) Venn diagram analysis revealed a substantial overlap in the proteins identified by the different isolation
techniques. (C) Distribution of coefficient of variation (CV) for proteins quantified from EVs isolated by different techniques. (D) Number of top
100 EV marker proteins (as defined in the Vesiclepedia database) identified from EVs isolated by different methods. (E) Heatmap of MS intensities
of commonly identified EV markers by different methods from the dataset reported by Kugeratski F. G. et al.?* (F) Heatmap of the abundance level
of the top 100 high-abundance plasma proteins identified from EV samples isolated by different methods. (G) Gene ontology of cellular
components’ annotations for the identified proteins in EV samples isolated by the DSPE-functionalized beads.

specificity and reproducibility in isolating EV samples from
plasma, which offers a more comprehensive and accurate
representation of the proteomic profile of EVs for potential
disease biomarker discovery.

In addition, we also compared our one-step method with the
previously reported two-step method which utilized the DSPE-
biotin for EV labeling followed by neutravidin bead-mediated
enrichment.> Our method showed significant improvements
in protein identification, quantification stability, missing value
reduction, and non-specific binding reduction (Fig. S9 and
Table S3t). Moreover, our approach led to a considerable
reduction in the per-sample cost from about $10 to $0.28,
thereby substantially cutting down the overall assay expenses
for clinical applications. Furthermore, it shortened the total

© 2024 The Author(s). Published by the Royal Society of Chemistry

analysis time to 10 minutes, consequently augmenting both
efficiency and productivity.

Optimization of DIA-based plasma EVs' proteome profiling

We next applied the DSPE-functionalized beads together with
the data-independent acquisition (DIA) strategy*® aiming to
establish a robust and high-throughput MS-based proteomics
workflow for CRC biomarker discovery based on the EV pro-
teome profiling (Fig. 1). DIA has become prevalent in large-scale
clinical proteomic studies***” due to its capability of recording
fragment ion information for all precursors within the
sequential isolation window and allowing accurate and retro-
spective proteome quantification. Our approach was thoroughly
optimized at all steps from sample preparation to data

Chem. Sci., 2024, 15, 18419-18430 | 18423


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05518g

Open Access Article. Published on 15 October 2024. Downloaded on 8/1/2025 8:49:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

¢ CRC vs HC

View Article Online

Edge Article

CRC vs Polyp
10 i 20 ° 154 proteins. 93 proteins
=
i CRC 10
[}
£ 8 Polyp Type
o g o = CRC
w a < HC
=] 6 -10 Polyp
>
5
. -20
T T T T
200 400 600 800 30 =0 0 10 20 . _
Protiens abundance ranking PC1 HCVVVs i:’olyp
40 proteins
D E . wie S
HC Polyp CRC Up-regulation in diseased group
- ~ = positive regulation of monocyte chemotaxis .
-
= - E peptide hormone processing C
= e = - cell-cell adhesion L
=] = positive regulation of angiogenesis ® Count
— " > . 2
- - dentinogenesis ®
|
.- - blood coagulation, intrinsic pathway ] ®s
= 2 - 8
7 - proteolysis G : 10
- 7". = acute-phase response [ J
L C p.value
“H - complement activation, classical pathway [ ] 020
= =
=] i | complement activation o 0.015
B | 4 proteolysis o010
- = - 0.005
B el acute—phase response
- CE - 2
= - - = complement activation, classical pathway
— S O
= - = - - . § 0 complement activation, alternative pathway
= ! . )l -2 complement activation
-
- - o= O O &
|
- = - = & &
- - - -4 N & »©
“ Q @)
R Qo\\ NS
F Down-regulation in diseased group G H
response to nitrosative stress . 6x10° e 10
é ns W ke 5
sequestering of zinc ion . 2 — 2 8
w @
4x10°% =
2]
autophagy @ Count = LI " % o
; ; .2 2 ? 4
neutrophil aggregation . O 2x105 5
e 3 = A =
peptidyl-cysteine S—-nitrosylation e @ % - @ % 2
® s 0 T T 0 T T
cholesterol efflux ® o HC Polyp CRC Normal  Tumor
regulation of intestinal cholesterol absorption [ ] @ 1
8
integrin-mediated signaling pathway [ J . 1.00
toxin transport ® p.value
protein catabolic process ® o.0675 E 0.75
0.0050 =
toxin transport "a‘ NOTCH3
) 0.0025 =050 = High level
telomere maintenance via telomerase © = Low level
)
telomerase RNA localization to Cajal body 6 0.25 |
’ p=0.042 1
protein localization to Cajal body f
protein localization to telomere 0.00 e —
0123456738 9101112
OQ.O qu S Time(years)
045 © @
J I

Fig. 4 EV-based proteomic profiling from a clinical CRC cohort. (A) Dynamic ranges of the EV proteomes of the three groups in terms of the
average protein label-free quantification (LFQ) intensity. (B) Principal component analysis (PCA) of EV proteomes among the healthy controls
(HC), pre-malignant polyp (polyp) and early-stage colorectal cancer (CRC). (C) Venn diagram showing the number of potential protein
biomarkers with abundance changes in different subgroups. (D) Supervised cluster analysis of proteins dysregulated (VIP >1, p < 0.05, AUC >0.85)
in EV proteomes across the different groups during disease progression. (E and F) KEGG pathway analysis of proteins that showed significantly
increased (E) and decreased (F) abundances in EV proteomic profiling. (G and H) Distribution of the expression levels of NOTCH3 in plasma
derived EVs (G) and tissues (H) from the TCGA colon adenocarcinoma cohort, respectively. The Mann—-Whitney U test was used to define
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acquisition. Firstly, different lysis and extraction buffers were
tested, including RIPA, 1% SDS, 8 M urea and 0.1% RapiGest SF.
The results showed that RIPA yielded the best performance with
over 600 unique proteins quantified (Fig. S10At). Secondly,
since the high-throughput proteolytic digestion of samples is
indispensable for clinical proteomics, we also compared two
common techniques for rapid sample preparation, including
the filter aided sample preparation (FASP)*® method and the
single-pot, solid phase-enhanced sample-preparation (SP3)*
technology. The results demonstrated that SP3 serves as a better
choice (Fig. S10Bt), which not only identified more proteins but
also enabled a streamlined sample preparation process within
a single tube. In addition, we employed the 40 min LC gradient
for minimizing the analysis time without compromising
protein identification capabilities (Fig. S10Ct). Lastly, we
further compared the performance of two pieces of DIA data
analysis software and found that DIA-NN*° resulted in much
more protein identification than Spectronaut with better
reproducibility (Fig. S10Dt).

Plasma EV proteome profiling of patients with early CRC

We then applied the DIA-based plasma EV proteome profiling
for biomarker discovery in the diagnosis of early CRC. We
collected plasma samples from an early CRC cohort consisting
of subjects diagnosed with pre-malignant polyp (polyp, n = 8) or
early-stage (stage I and II) colorectal cancer (CRC, n = 11) and
healthy controls (HC, n = 11). The demographic information of
these 30 cases is summarized in Table S4f. We extracted EVs
from these plasma samples using the DSPE-functionalized
beads and subjected them to the proteomic workflow as
mentioned above. In total, 826 EV proteins were accurately
quantified by DIA-MS across all 30 samples (Table S57). The
label-free quantification (LFQ) intensity of proteins identified in
three groups spanned near six orders of magnitude (Fig. 4A),
suggesting a wide range of protein abundance within and across
the groups. For these samples, we first investigated the overall
variance using the unsupervised principal component analysis
(PCA) and found clear cluster separation between early-stage
CRC patients and non-cancer population (HC and polyp),
however, the distinction between the polyp and HC groups was
not obvious (Fig. 4B). To further explore the potential markers
between different groups, orthogonal partial least-squares
discriminant analysis (OPLS-DA), receiver operating character-
istic curve (ROC) analysis and Mann-Whitney U tests (MWU)
were employed to search for those significantly altered proteins
(OPLS-DA, VIP >1; ROC, AUC >0.85; MWU, P < 0.05) that
contributed more substantially to differentiate HC, polyp and
CRC. Such a differential analysis revealed 219 unique proteins,
accounting for 27% of the total quantified EV proteomes.
Among them, 40 proteins exhibited differential expression
between HC and polyp, 154 proteins between HC and CRC, and
93 proteins between polyp and CRC (Fig. 4C), demonstrating
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significant abundance changes across various stages of disease
progression (Fig. 4D and Table S61).

Among these discovered targets, there were several previ-
ously reported protein markers, such as inflammation-
associated C-reactive protein (CRP),® latent-transforming
growth factor beta-binding protein 1 (LTBP1),” fibronectin
(FN1),** and matrix metalloproteinase-9 (MMP9),** all of which
were dysregulated during disease progression (Fig. S111), sup-
porting the reliability of our EV proteomics-based approach in
biomarker discovery. Gene ontology (GO) analysis revealed the
top 5 significantly upregulated and downregulated biological
pathways across the different groups (Fig. 4E and F), from which
we observed distinct and shared dysfunctions arising from
intestinal lesions. For example, we found consistent and
significant upregulation of complement activation, acute-phase
response and proteolysis in both HC vs. CRC and polyp vs. CRC
(Fig. 4E). Furthermore, we identified certain pathways that were
uniquely downregulated in the HC vs. CRC group, such as those
governing the localization of proteins or RNAs to telomere or
Cajal body (Fig. 4F).

Among our identified indicators, we observed a significant
downregulation of NOTCH3 in the CRC group relative to the
non-cancer group (Fig. 4G). Intriguingly, the expression pattern
of NOTCHj; in tumor tissues exhibited an inverse trend to that
observed in normal tissues, as supported by data from The
Cancer Genome Atlas database (https://portal.gdc.cancer.gov/)
(Fig. 4H). We reasoned that these differences could be
attributed to many complex factors. For example, the
increased uptake of tumor cells in the cancer tissue might
affect the level of plasma-derived EVs. Furthermore, we found
a close association between the expression level of NOTCH3 and
CRC patient survival, indicating its potential as a prognostic
biomarker in CRC (Fig. 4I). Collectively, our analysis provides
a comprehensive plasma EV proteome profile of patients with
early intestinal malignant transformation and identified
hundreds of altered EV proteins that might serve as potential
biomarkers to effectively predict disease development at the
early stages.

EV biomarker discovery for patients with early CRC

For the purpose of distinguishing pre-malignant polyp and early
CRC, we measured the classification performance of each
protein using the random forest algorithm and ROC analysis
(Fig. S12 and Table S7t), and finally selected a panel of ten
protein markers (Fig. 5A). Among the 10 unique proteins
(Fig. 5B), apolipoprotein A-IV  (APOA4), alpha-1-
antichymotrypsin (SERPINA3) and glutathione peroxidase 3
(GPX3) were previously identified as candidate markers for the
CRC diagnosis.**~** Notably, the expression levels of both alpha-
synuclein (SNCA) and synaptobrevin homolog YKT6 (YKT6)
displayed a progressive decline in association with the exacer-
bation of intestinal malignant transformation, representing
promising CRC marker candidates due to their roles in the

statistical significance (p < 0.01 (**), p < 0.001 (***), p < 0.0001 (***%*)). () Overall survival (OS) analyses of CRC patients with high or low
expression levels of NOTCH3 (according to The Cancer Genome Atlas database, https://portal.gdc.cancer.gov/).
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Fig. 5 SVM-based machine learning classification for differentiating HC, polyp, and CRC. (A) The random forest algorithm was employed to
prioritize the features based on their Gini coefficient. (B) Distribution of the expression levels of ten protein markers with considerable contri-
bution to classification in different groups. Mann—Whitney U tests were used to define statistical significance (p < 0.01 (**), p < 0.001 (***), p <
0.0001 (***%)). (C) Multiple strategies have been employed to assess the generalization capability of our developed model. (D—F) Confusion
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number of samples identified is noted in each box.

regulation of tumor apoptosis and autophagy processes®”** and
disease stage-dependent change in the circulation. Additionally,
the GTP-binding nuclear protein Ran (RAN) and the ectonu-
cleotide pyrophosphatase/phosphodiesterase family member 2
(ENPP2) also exhibited significant downregulation in the
disease groups compared to healthy controls. Interestingly,
these two proteins were previously proposed as predictive
biomarkers for CRC progression to hepatic metastasis,*

18426 | Chem. Sci, 2024, 15, 18419-18430

however, their functional roles and the specific molecular
mechanisms contributing to CRC pathogenesis and metastasis
remain poorly defined. Both anthrax toxin receptor 1 (ANTXR1)
and thrombospondin-4 (THBS4) exhibited obviously decreased
abundance during malignant progression from HC to CRC,
which seemingly contradicts with existing literature reporting
that they play contributing roles in tumor cell attachment and
migration.*>*' The remaining protein, secreted phosphoprotein

© 2024 The Author(s). Published by the Royal Society of Chemistry
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24 (SPP2), has not been reported to be associated with CRC and
could serve as a novel biomarker for early screening for the
disease. For SNCA and GPX3, a high degree of correlation was
observed between the protein expression level in the plasma-
derived EVs and the mRNA transcript level within the
cancerous and adjacent non-cancerous regions of tumor tissues
(according to The Cancer Genome Atlas database, https://
portal.gdc.cancer.gov/), suggesting that the detected
differences may originate from the tumors themselves
(Fig. S137). To validate our findings, we selected ANTXR1 as
a representative marker for further verification. Western blot
analysis was performed on 12 samples across the spectrum of
colorectal malignancy. The results demonstrated a gradual
downregulation of ANTXR1 in DSPE-bead-enriched EV
samples as colorectal malignant transformation progressed
(Fig. S14A%). This trend strongly correlated with our MS data
(Pearson correlation coefficient » = 0.73) (Fig. S14B¥), con-
firming both the proteomics results and the reliability of our EV
enrichment workflow. Intriguingly, analysis of the whole
plasma sample from three healthy individuals revealed that
only 5 out of 10 identified biomarkers were detectable without
EV isolation (Fig. S157). This result emphasizes the critical role
of EV enrichment in uncovering proteins with higher diagnostic
value, which might be overlooked in whole plasma analysis.

CRC stage classification based on EV biomarkers using
machine learning

To facilitate potential clinical application of our findings, we
sought to develop a predictive model based on the 10-protein
biomarker panel (Fig. 5B). Concerning the machine learning
(ML) model investigation, we systematically assessed the
performance of several classification algorithms, including
Classification Tree, K-Nearest Neighbors (KNN), Random
Forest, Naive Bayes, Support Vector Machine (SVM) and Back-
propagation Neural Network. We split the entire dataset into the
training set (70%) and the validation set (30%), and the model
performance was evaluated using both training and validation
datasets, with accuracy as the primary metric. Notably, the
Naive Bayes, SVM, and Random Forest models achieved 100%
accuracy in both training and validation sets (Table S8f7).
Considering our relatively small sample size, we selected SVM
for our final model, as it typically demonstrates more robust
performance on smaller datasets. The SVM model demon-
strated a perfect classification with 100% accuracy in our
internal validation set as illustrated by the confusion matrix
(Fig. 5C and D). Additionally, Receiver Operating Characteristic
(ROC) analysis revealed a remarkable discriminatory capability
of the SVM classifier in distinguishing between HC, polyp, and
CRC groups, achieving an Area Under the Curve (AUC) of 1.0
(Fig. S16%).

While these results were highly promising, we recognized
the importance of rigorous external validation to assess the true
translational potential of our biomarker panel. We performed
a single-blind test using an independent cohort, which included
another 28 plasma samples consisting of healthy controls (HC,
n = 10), polyp (n = 8), and CRC (n = 10) (Table S91 and Fig. 5C).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We conducted high-throughput EV proteomic analysis of these
samples without the knowledge of their specific disease diag-
nosis and patient demographic information (“single blind-
ness”), and applied our established machine learning model for
predictions. The 10-protein biomarker panel was able to accu-
rately predict 25 out of these 28 cases, achieving an effective
accuracy of 89.3% (Fig. 5E). Among them, all HC samples were
predicted with 100% accuracy without any misclassification.
For the disease (polyp and CRC) groups, our predictive model
achieved an accuracy of 94.4% with only one patient mis-
classified as healthy. Furthermore, our prediction model also
exhibited satisfactory performance in distinguishing the polyp
and CRC groups. The AUC values from the ROC curves that
differentiate polyp from HC, CRC from HC, and CRC from polyp
were 1, 0.97 and 0.94, respectively (Fig. S171). These data
demonstrated that the prediction model can be effectively and
generally applicable to new patients and achieve desirable
accuracy without overfitting.

Owing to the unbiased recording of all precursor and frag-
ment ions, DIA-MS holds a unique advantage of seamlessly
integrating datasets from different batches of clinical samples
together for retrospective analysis, which may reveal more
“previously hidden” biomarkers. To preliminarily explore this
direction, we combined these two batches of clinical cohort
samples and subjected them to the data processing workflow as
described above (Table S10t and Fig. 5C). The results showed
that, in comparison to our initial model, the new model
established with the integrated data could achieve a perfect
classification accuracy (100%) with only seven biomarkers
(Fig. S181 and 5F). Projecting forward, we will continue to
increase the sample size in future to obtain more sensitive and
robust biomarkers.

Conclusions

In this work, we have developed a simplified, fast and efficient
EV-based proteomics strategy to enable biomarker discovery for
early diagnosis of CRC. By covalent conjugation of an EV-
targeting probe, DSPE, to agarose beads, we achieved one-step
enrichment of EVs from plasma fluids in 10 minutes without
requirement of expensive equipment and reagents, demon-
strating its potential and compatibility in clinical applications.
Furthermore, to facilitate large-scale clinical screening, the
samples were then prepared by the optimized SP3 pipeline and
analyzed by DIA-MS for in-depth, robust and reproducible
proteomic analysis of plasma-derived EVs. We applied the
method to investigate the changes of plasma-derived EV pro-
teomes associated with intestinal pathology, and discovered
circulating protein markers of diagnostic value in detection of
polyp and early CRC. By employing a feature selection algo-
rithm, we selected a panel of 10 protein markers to construct an
ML model, which can effectively predict pre-malignant polyp or
early-stage CRC with an excellent diagnostic ability (89.3%
accuracy) from an independent and single-blind validation
cohort. Inherently, DIA-MS technology holds the advantage of
retrospective protein quantification, which allows data inte-
gration from different batches or even multi-center studies to
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reveal more robust biomarkers. Moreover, a well-trained ML
model will give automatic feedback that can practically aid
bedside diagnosis. We envisioned that the reported simplified
EV-based proteomic strategy should be readily applicable to
biomarker discovery for other malignant tumorigenesis and
diseases.
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