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Abstract. Cervical cancer (CC) is a malignancy characterized 
by persistent human papillomavirus (HPV) infection, immune 
evasion and tumor microenvironment remodeling. Due to its 
high invasiveness and drug resistance, effective diagnosis and 
treatment remain challenging. The present study employed 
multi‑omics analysis to explore the molecular characteris‑
tics of plasma extracellular vesicles (EVs) in CC. EVs were 
isolated from the plasma of 3 patients with CC and 3 healthy 
controls via ultracentrifugation, and validated by nanoparticle 
tracking analysis, transmission electron microscopy and 
western blotting. MicroRNA (miRNA or miR) sequencing 
identified 22 differentially expressed miRNAs, the target 
genes of which were enriched in HPV infection, p53, PI3K‑Akt 
and Wnt signaling pathways. Proteomic analysis revealed 49 
differentially expressed proteins associated with complement 
activation, cholesterol metabolism and coagulation. Integrated 
analysis highlighted key miRNA‑protein interaction networks, 
identifying hsa‑miR‑1‑3p and LRP1 as potential diagnostic 
biomarkers, and their differential expression was further 
confirmed by reverse transcription‑quantitative PCR. These 
findings provide novel insights into the role of EVs in CC 
pathogenesis and offer promising potential targets for early 
diagnosis and therapeutic intervention.

Introduction

Cervical cancer (CC), one of the most prevalent malignancies 
of the female reproductive system worldwide, is primarily 
driven by persistent infection with high‑risk human papil‑
lomavirus (HPV)  (1). It is noteworthy that increasing 
evidence indicates that a subset of CC progresses through 
HPV‑independent mechanisms, a process intricately linked 
to dynamic changes in the tumor microenvironment (TME) 
and complex intercellular communication (2,3). Currently, 
CC continues to pose important challenges in terms of drug 
resistance, precise diagnosis and effective treatment. Previous 
studies have shown that tumor heterogeneity and genomic 
instability can lead to resistance to chemotherapy and 
radiotherapy (4,5). Meanwhile, the infiltration of immunosup‑
pressive cells, impaired T‑cell function and upregulation of 
immune checkpoint molecules within the CC microenviron‑
ment collectively promote tumor immune evasion, thereby 
limiting the efficacy of immunotherapy (6,7). Furthermore, 
beyond anti‑angiogenic agents, there remains a lack of effec‑
tive targeted treatment strategies for metastatic or recurrent CC 
in clinical practice (8). However, current screening strategies 
and biomarker research for CC remain predominantly focused 
on HPV testing and cytological abnormalities. Although 
these methods can, to certain extent, predict disease progres‑
sion and monitor treatment response, they exhibit notable 
limitations in accurately identifying precancerous lesions, 
addressing HPV‑independent carcinogenic mechanisms, and 
monitoring treatment response and recurrence in patients 
with advanced‑stage disease. Therefore, developing reliable 
biomarkers that can reflect TME alterations and disease evolu‑
tion, and building more effective treatment strategies based 
on such biomarkers, has become a critical issue that urgently 
needs to be addressed in the clinical management of CC.

Extracellular vesicles (EV) have emerged as promising 
tools in liquid biopsy and tumor mechanism research due 
to their ability to carry various bioactive molecules such 
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as nucleic acids, proteins and metabolites (9). As a class of 
endogenous nanoparticles, EVs possess inherent character‑
istics, including low immunogenicity, high stability, and an 
exceptional ability to cross biological barriers, that make them 
ideal, universal platforms for cancer research and clinical 
application, far beyond a single cancer type (10). This broad 
utility is particularly evidenced in the field of biomarker 
discovery, where EV‑based analyses have demonstrated 
significant diagnostic and prognostic value across a spec‑
trum of malignancies, including breast, pancreatic and lung 
cancers (11,12). EVs are widely present in multiple biological 
fluids such as blood, saliva and urine (13‑15). Among these, 
plasma holds particular value in EV research due to its easy 
accessibility, abundant availability, and capacity to rapidly 
and systematically reflect the body's pathophysiological status. 
EVs in plasma originate from tissues and organs throughout 
the body, including tumor tissues from different anatomical 
sites, enabling them to comprehensively reflect the body's 
tumor burden and heterogeneity (16,17). Building upon this 
universal potential of plasma EVs, their role in CC was investi‑
gated. During the development and progression of CC, plasma 
EVs are specifically regulated by the pathological state of CC 
cells, and their molecular composition carries disease‑specific 
biological information (18). Therefore, analyzing the specific 
molecular characteristics of plasma EVs in the context of CC 
not only provides new perspectives for understanding the 
biological mechanisms of the disease, but also offers powerful 
tools for developing non‑invasive diagnostic strategies.

At the molecular mechanism level, transcriptomics 
microRNA (miRNA or miR) sequencing has become a 
widely used approach for investigating cellular phenotypes 
and functions by deciphering upstream regulatory networks 
of gene expression (19,20). Specifically, miRNAs carried by 
EVs are not only protected from degradation but also func‑
tionally contribute to investigating the cause of disease, thus 
classifying cancer subtypes or acting as carriers targeting 
different target cells  (12). They play important roles in a 
variety of cancer types and inflammatory diseases, including 
CC (21). However, transcriptomic analyses alone often fail 
to capture the multidimensional regulatory complexity of 
the disease due to inherent limitations in resolution and 
functional annotation. To overcome these limitations, 
proteomics offers a complementary and indispensable 
layer of information. As a downstream executor of gene 
expression, proteomic analysis provides detailed insights 
into post‑translational modifications and functional protein 
interaction networks (22). This downstream perspective is 
critical for revealing the functional molecular mechanisms of 
diseases, identifying new biomarkers, and advancing person‑
alized medicine. Building on the strengths of both fields, an 
integrated multi‑omics strategy has emerged as a powerful 
paradigm. Indeed, previous studies have shown that inte‑
grating transcriptomics and corresponding proteomics data 
from EV samples cannot only reveal the association between 
genes and proteins, and explore the potential mechanisms of 
molecular networks, but also significantly enhance the identi‑
fication of potential biomarkers for disease diagnosis (23,24). 
Consequently, monitoring circulating EV‑derived miRNAs 
and proteins in body fluids offers a promising strategy 
for accurate, non‑invasive and rapid disease diagnosis. 

Therefore, it was hypothesized that concurrently monitoring 
EV‑derived miRNAs and proteins in plasma could provide a 
more accurate, non‑invasive and comprehensive strategy for 
understanding CC pathogenesis and identifying diagnostic 
signatures.

In the present study, the aforementioned integrated 
multi‑omics approach was employed to systematically reveal 
the molecular features and regulatory networks of plasma 
EV in CC progression. Combined analysis of EV miRNA 
transcriptomics and proteomics identified 22 differentially 
expressed miRNAs (DEMs) and 49 differentially expressed 
proteins (DEPs). These molecules were co‑enriched in core 
pathways implicated in CC, including HPV infection, p53 
signaling, PI3K‑Akt pathway and complement/coagulation 
cascades. Notably, through multi‑omics integration, the Homo 
sapiens (hsa)‑miR‑1‑3p‑LRP1 axis was identified and experi‑
mentally validated as a potential key regulatory target in CC. 
The present findings not only provide biological evidence 
supporting the use of plasma EVs as disease biomarkers, 
but also reveal novel signature molecules involved in CC 
onset and progression, thereby outlining a viable pathway for 
EV‑mediated liquid biopsy and the development of targeted 
therapeutic strategies.

Materials and methods

Clinical samples. All participants were recruited from the 
Department of Gynecology, Qinghai University Affiliated 
Hospital (Qinghai, China). The cohort included 3  female 
patients with CC and 3 female healthy controls (HCs). The 
ages of the patients with CC were 44, 47 and 69 years (median: 
53 years; range: 44‑69 years), while the HCs were 58, 61, and 
61 years old (median: 61 years; range: 58‑61 years). This 
sample size aligns with standard practices for exploratory 
analysis using omics technologies and meets the requirements 
for methodological reproducibility (25,26). The present study 
was approved by the Institutional Review Board of Qinghai 
University Affiliated Hospital (approval no. P‑SL‑202157) 
in compliance with ethical standards, and written informed 
consent was obtained from all participants prior to enroll‑
ment. CC diagnoses were pathologically confirmed according 
to the International Federation of Gynecology and Obstetrics 
(FIGO) staging system (2018)  (27). Venous blood samples 
were collected immediately after admission. Plasma was 
separated by centrifugation at 4˚C and 1,000 x g for 15 min 
(cat. no. HT165; Cence; https://www.xiangyilxj.com/) and 
stored at ‑80˚C until further analysis.

EV preparation. EV were isolated from 2 ml plasma using a 
standardized ultracentrifugation (UC) protocol (28). Briefly, 
plasma samples were diluted 10‑fold with PBS (cat. no. G4202; 
Wuhan Servicebio Technology Co., Ltd.) to a final volume of 
20 ml. Sequential centrifugation steps were then performed 
at 2,000 x g for 10 min at 4˚C to eliminate cellular debris 
and at 10,000 x g for 20 min at 4˚C to pellet larger apoptotic 
bodies, and filtered through a 0.22‑µm pore‑size membrane 
filter (cat. no. SLGP033R; MilliporeSigma) to remove large 
particulate contaminants. The supernatant was subse‑
quently ultracentrifuged at 120,000 x g for 120 min at 4˚C 
(cat. no. OPTIMA L100XP; Beckman Coulter, Inc.) to obtain 
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purified EV pellets, which were resuspended in 400 µl sterile 
PBS and stored at ‑80˚C until further analysis.

Nanoparticle tracking analysis (NTA). NTA was performed 
using a NanoSight NS300 system (Malvern Panalytical, Ltd.) 
equipped with a 488‑nm laser and a high‑sensitivity sCMOS 
(scientific complementary metal‑oxide‑semiconductor) 
camera, according to the manufacturer's instructions. The 
samples were then diluted with PBS to achieve an optimal 
concentration for accurate particle counting and sizing, 
resulting in a final concentration of 30‑50 particles per frame. 
The particles per frame value was 30‑60, with a camera detec‑
tion threshold of 15 and an automated injection flow rate of 
30 µl/min.

Transmission electron microscope (TEM) analysis. After 
fixation with an equal volume of 4% paraformaldehyde 
(cat. no. BL539A; Biosharp Life Sciences) at 4˚C for 30 min, 
the EV suspension was deposited onto Formvar/carbon‑coated 
copper grids (cat.  no.  BZ11032b; Henan Zhongjingkeyi 
Technology Co., Ltd.) and allowed to adsorb for 30 min at 
room temperature (RT). The grids were then washed twice 
with PBS, followed by post‑fixation with 1% glutaralde‑
hyde for 5 min. After two washes with ultrapure water, the 
samples were negatively stained with 2% uranyl acetate 
(cat. no. GZ02625, Tianjin Ruixin Technology Co., Ltd.) at 
RT for 40 sec. Morphological observation was ultimately 
performed using a Talos L120C G2 TEM (Thermo Fisher 
Scientific, Inc.) operated at 120 kV.

Western blot (WB) analysis. Purified EVs were quanti‑
fied using a the Bicinchoninic Acid Assay Kit (BCA; 
cat.  no.  P0011; Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. Deformed 
EV proteins (loaded with 20 µg of protein per lane) were 
separated by 10% SDS‑PAGE using the One‑Step PAGE Gel 
Rapid Preparation Kit (cat. no. PG212; Shanghai Epizyme 
Biopharmaceutical Technology Co., Ltd.; Ipsen Pharma) 
and transferred to a PVDF membrane (cat. no. ISEQ00010; 
MilliporeSigma). Membranes were blocked with 5% (w/v) 
non‑fat milk (cat. no. 232100; Sangon Biotech Co., Ltd.) in 
PBS containing 0.1% Tween‑20 (cat. no. 30189380; Shanghai 
HUSHI, Ltd.) for 1 h at RT and subsequently incubated over‑
night at 4˚C with the following primary antibodies diluted 
in blocking buffer: Anti‑Alix (1:1,000; cat.  no.  18269; 
Cell Signaling Technology, Inc.), anti‑Flotillin‑1 (1:1,000; 
cat. no. 610820; BD Biosciences) and anti‑CD63 (1:1,000; 
cat.  no.  ab68418; Abcam). After five washes with PBS, 
membranes were incubated with a horseradish peroxi‑
dase conjugated goat anti‑rabbit IgG secondary antibody 
(1:3,000; cat.  no.  7074; Cell Signaling Technology, Inc.) 
for 1  h at RT. Protein bands were visualized using a 
ChemiDoc Imaging System (Clinx Science Instruments, 
Co., Ltd.) with an enhanced chemiluminescence substrate 
(cat. no. WBKLS0500; MilliporeSigma).

miRNA sequencing and bioinformatic analysis. Total RNA 
was extracted from purified EV using RNAiso for miRNA 
reagent (cat. no. 9753A, Takara Bio, Inc.), a specialized reagent 
designed for the simultaneous isolation of both large and small 

RNAs. RNA concentration and purity were assessed using 
a NanoDrop One spectrophotometer (cat. no. 840‑317400; 
NanoDrop Technologies; Thermo Fisher Scientific, Inc.). 
Briefly, EV samples were thoroughly mixed with 140  µl 
chloroform (cat.  no.  C2432; MilliporeSigma) and centri‑
fuged at 12,000 x g for 15 min at 4˚C. The aqueous phase 
was collected and combined with 1.5 vol absolute ethanol. 
The mixture was transferred to RNeasy purification columns 
(cat. no. 74104; Qiagen GmbH) for RNA purification. Small 
RNA libraries were constructed from 1 µg of total RNA per 
sample. Subsequently, 4 µl miRNA was subjected to 18 cycles 
of microamplification using the SMARTer® Starfish Total 
RNA‑seq Kit (cat.  no.  634413; Takara Bio, Inc.), and the 
amplified products were purified with AMPure XP beads 
(cat.  no.  A63881; Beckman Coulter, Inc.). Libraries were 
then constructed from 1 ng complementary DNA (cDNA) 
using the Transpose DNA Library Prep Kit for Illumina, Inc. 
(cat. no. K0012; LifeInt) with 14 amplification cycles. The 
final libraries were quality‑controlled on an Agilent 2100 
Bioanalyzer (cat. no. G2939A; Agilent Technologies, Inc.) to 
ensure a peak distribution between 140‑160 bp, corresponding 
to miRNA inserts, and sequenced on an Illumina NovaSeq 
6000 platform (Illumina, Inc.), generating paired‑end 150‑bp 
reads from six samples.

For bioinformatic analysis, raw sequencing data were 
processed with Trim Galore (v0.6.7; The Babraham Institute) 
to remove adapter sequences and low‑quality reads (Phred 
quality score <30). High‑quality reads were aligned to the 
human reference genome GRCh38/hg38 using Bowtie2 
(v2.4.5). miRNA expression quantification was performed with 
miRDeep2 (v2.0.1.3) to calculate read counts, and miRNAs 
with null expression in ≥50% of samples were filtered out. 
DEMs were identified using DESeq2 (v1.32.0) with thresholds 
of fold‑change (FC) >1.2 and adjusted P<0.05. miRNA target 
genes were predicted based on the miRTarBase database 
(v9.0; https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTar‑
Base_2022/php/index.php). Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses were conducted using ClusterProfiler 
(v4.2.2)  (29), which is available from Bioconductor 
(https://bioconductor.org/packages/clusterProfiler/). A 
significance threshold of P<0.05 was applied. The results were 
visualized with ggplot2 (v3.3.5).

Proteomic profiling and bioinformatic analysis. EV 
samples were thawed at ‑80˚C and lysed on ice with 1% (v/v) 
protease inhibitor cocktail using ultrasonication. The lysate 
was centrifuged at 12,000 x g for 10 min at 4˚C to remove 
cellular debris, and the supernatant was transferred to fresh 
microcentrifuge tubes. Protein concentration was quantified 
using a BCA assay kit (cat. no. P0011; Beyotime Institute 
of Biotechnology). For each sample, 50 µg EV protein was 
adjusted to 100 µl with lysis buffer. Proteins were reduced with 
5 mM dithiothreitol (cat. no. 43815; MilliporeSigma) at 56˚C 
for 30 min, followed by alkylation with 11 mM iodoacetamide 
(cat. no. I1149; MilliporeSigma) in the dark at RT for 15 min. 
Urea concentration was diluted to <2 M using tetraethylam‑
monium bromide. Sequential tryptic digestion was performed 
with trypsin. Peptides were reconstituted in 0.1% formic 
acid (FA: cat.  no.  94318; MilliporeSigma) and separated 
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on an EASY‑nLC 1200 UHPLC system (Thermo Fisher 
Scientific, Inc.). The mobile phases consisted of 0.1% FA + 
2% acetonitrile (ACN; phase A) and 0.1% FA + 90% ACN 
(phase B). The gradient program was: 0‑68 min (6‑23% B), 
68‑82 min (23‑32% B), 82‑86 min (32‑80% B) and 86‑90 min 
(80% B) at a flow rate of 500 nl/min. Peptides were ionized 
via a nano‑electrospray ionization source and analyzed on an 
Orbitrap Exploris™ 480 mass spectrometer. The ion source 
voltage was set to 2.3 kV. FAIMS compensation voltages 
were configured at 45 and ‑65 V. High‑resolution Orbitrap 
detection was applied for both precursor (400‑1,200  m/z; 
60,000 resolution) and fragment ions (fixed start at 110 m/z; 
15,000 resolution), with TurboTMT disabled. Data‑dependent 
acquisition mode was used to select the top 25 most intense 
precursors per cycle for fragmentation (AGC target 100%, 
signal threshold 5x104  ions/sec). Raw data were processed 
through Proteome Discoverer (v2.4.1.15) against the UniProt 
human proteome database (Homo_SP_20201214.fasta; 20,395 
sequences). Screening thresholds for differential proteins were 
as follows: FC>1.5 and P<0.05. Protein‑protein interaction 
(PPI) networks were analyzed using the STRING database 
(v11.5; https://cn.string‑db.org/; confidence level >0.9) and 
visualized using Cytoscape (v3.10.3). Functional enrich‑
ment analysis was conducted using ClusterProfiler (v4.2.2), 
and the results were visualized with ggplot2 (v3.3.5). Tissue 
localization of EV proteins was inferred by mapping expres‑
sion profiles to immunohistochemical data from the Human 
Protein Atlas (https://www.proteinatlas.org).

Integrative analysis of DEMs and proteomics. The 
co‑expression associations between DEMs and DEPs were 
evaluated using Spearman's correlation coefficient, and 
were visualized via heatmaps (v1.0.12). By integrating 
KEGG pathway annotations of DEM target genes and 
DEPs, pathways significantly enriched in both omics 
datasets were identified. Overlapping pathways were illus‑
trated using Venn diagrams (v1.6.20), available on CRAN 
(https://cran.r‑project.org/package=VennDiagram)  (30). 
Functional prioritization of shared pathways was performed 
based on enrichment factor and gene/protein coverage. From 
the miRNA‑protein co‑expression network, highly dense 
functional modules were extracted using the MCODE plugin 
(Cytoscape, v2.0.0; https://apps.cytoscape.org/apps/mcode). 
Core regulatory hubs were identified via the Degree algo‑
rithm in the CytoHubba plugin (Cytoscape, v0.1), which 

were defined as molecules with the highest topological 
centrality.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
Following plasma EV extraction from the HC and CC groups, 
total RNA was isolated according to the manufacturer's 
protocol of TRIzol™ reagent (cat. no. 15596026; Invitrogen; 
Thermo Fisher Scientific, Inc.). The key steps included lysing 
the sample in TRIzol™, followed by 5‑min incubation at RT, 
addition of chloroform (cat.  no.  C2432; MilliporeSigma), 
centrifugation to separate the phases, collection of the aqueous 
phase, precipitation of RNA with isopropanol (cat. no. 34863; 
MilliporeSigma), two washes with 75% ethanol, air‑drying and 
resuspension of the RNA pellet in DEPC‑treated water. RNA 
concentration and purity were assessed using a NanoDrop spec‑
trophotometer. For RT, LRP1 mRNA was transcribed using 
the PrimeScript™ RT Kit (cat. no. RR047; Takara Bio, Inc.) 
with 1 µg total RNA as a template, and the product was diluted 
5‑fold for later use. To ensure specific detection of mature 
hsa‑miR‑1‑3p, a targeted stem‑loop RT primer was used for 
RT. qPCR was then performed using the SYBR Green Premix 
(cat. no. AG11701; Hunan Accurate Bio‑Medical Technology 
Co., Ltd.), which was selected for its cost‑effectiveness and 
compatibility with simultaneous detection of both miRNA and 
mRNA targets, with a reaction volume of 20 µl, including 2 µl 
diluted cDNA, 0.8 µl forward and reverse primers (10 µM), 
10 µl pre‑mixed SYBR Green Premix, and 6.4 µl ddH2O. The 
program was set to 95˚C pre‑denaturation for 1 min, followed 
by 45 cycles of 94˚C for 20 sec and 58˚C for 30 sec. Melting 
curve analysis was systematically performed to verify amplifi‑
cation specificity (LineGene 9600 Plus; Hangzhou Bioer Co., 
Ltd.). All samples were analyzed in triplicate wells with blank 
controls, and relative expression levels were calculated using 
the 2‑ΔΔCq method (31). The internal references were GAPDH 
(for LRP1) and U6 (for miR‑1‑3p). The primer sequences are 
shown in Table I.

Statistical analysis. Graphical and statistical analyses were 
performed using the ggplot2 package (v3.3.5), GraphPad 
Prism (v8.0.12; GraphPad; Dotmatics) and Cytoscape soft‑
ware (v3.10.2). Data from three independent experiments 
are presented as the mean ± standard deviation. Statistical 
comparisons between the HC and CC groups were performed 
using an unpaired, two‑tailed Student's t‑test. P<0.05 was 
considered to indicate a statistically significant difference.

Table I. Primer sequences.

Primer	 Sequence (5'‑3')	 Note

hsa‑miR‑1‑3p	 F: TGGAATGTAAAGAAGTATGTAT	 Targets the mature miR‑1‑3p sequence
	 R: GTGCAGGGTCCGAGGT	 Universal reverse primer
LRP1	 F: CTATCGACGCCCCTAAGACTT	
	 R: CATCGCTGGGCCTTACTCT	
GAPDH	 TGTGGGCATCAATGGATTTGG	
	 ACACCATGTATTCCGGGTCAAT	

F, forward; R, reverse; miR, microRNA.
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Results and Discussion

EV isolation and characterization from plasma samples. The 
present study included a total of 6 plasma samples, comprising 
3 patients with CC and 3 HCs. CC diagnosis was confirmed 
according to the 2018 FIGO staging criteria (32), supplemented 
by imaging, molecular pathology, and histopathological biopsy 
results. The overall experimental workflow is revealed in 
Fig. 1A, while the analytical pipeline for miRNA transcrip‑
tomics, proteomics and multi‑omics integration is outlined 
in Fig. 1B. EVs were isolated from plasma using UC. NTA 
showed EV sizes predominantly ranging from 50‑200 nm, 
with peak sizes of 105 nm (CC) and 111 nm (HC) (Fig. 1C). 
No significant intergroup differences were observed in particle 
size distribution or concentration (~1.5x1010  particles/ml). 
TEM imaging demonstrated EV exhibiting typical cup‑shaped 
or biconcave discoid morphology (Fig. 1D). Following the 
MISEV2018 guidelines  (33), WB analysis confirmed EV' 
purity, demonstrating consistent expression of positive 
markers (Alix, Flotillin‑1 and CD63) and absence of calnexin 

contamination (20 µg protein load; Fig. 1E). Semi‑quantitative 
analysis showed stable marker expression without significant 
differences between the HC and CC groups (Fig. S1A‑C).

Differential expression and functional implications of 
EV‑derived miRNAs in CC. miRNA sequencing identified 
2,656 miRNAs, with 22 DEMs (9 upregulated and 13 down‑
regulated in CC) using DESeq2 (FC >1.2, P<0.05; Fig. 2A). 
Hierarchical clustering showed distinct disease‑specific 
expression profiles (Fig.  2B). To further investigate the 
biological functions of these DEMs, their target genes were 
predicted using the miRTarBase database. These predicted 
targets were then subjected to KEGG and GO enrichment 
analyses. KEGG analysis showed that DEM targets were 
significantly enriched in several key cancer‑related pathways, 
including the p53 signaling pathway, PI3K‑Akt signaling 
pathway, Wnt signaling pathway, focal adhesion and HPV 
infection (Fig. 2C). These pathways are critically involved in 
HPV‑associated oncogenesis, immune evasion mechanisms, 
chemoresistance and TME signaling (34,35). GO enrichment 

Figure 1. Isolation and characterization of plasma‑derived EVs from patients with CC and HC. (A) Overall experimental design for CC plasma EV isolation. 
(B) Workflow of analytical strategies for miRNA sequencing, proteomics and multi‑omics integration. (C) Nanoparticle tracking analysis revealed the size 
distribution of plasma EV. (D) Transmission of EV electron microscopy images. (E) Western blot validation of EV markers. EVs, extracellular vesicles; CC, 
cervical cancer; HC, healthy controls; miR or miRNA, microRNA; LC‑MS, Liquid chromatography‑mass spectrometry.
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analysis further revealed that these miRNAs were involved in 
biological processes such as regulation of miRNA transcrip‑
tion, canonical Wnt signaling pathway, vesicle organization, 
regulation of autophagy and positive regulation of the cell cycle 
(Fig. 2D). Collectively, these findings suggest that EV‑derived 
miRNAs may contribute to CC progression through multiple 
functional modules, including HPV‑induced cell cycle dysreg‑
ulation, EV‑mediated tumor‑stroma communication and stress 
response regulation (36,37).

Specific miRNA‑pathway interactions were further 
investigated. The target genes of miR‑221‑3p and miR‑182‑5p 
were significantly enriched in HPV infection and PI3K‑Akt 
signaling, while hsa‑miR‑30a‑3p and hsa‑miR‑194‑5p were 

enriched in p53 signaling. This suggests that EV‑derived 
miRNAs may synergize with viral oncoproteins to remodel 
oncogenic signaling networks and promote chemoresistance. 
For example, miR‑30a‑3p may enhance chemoresistance by 
inhibiting downstream targets of p53  (38). This indicates 
that EV miRNAs may act as amplifiers of HPV oncogen‑
esis and promote tumor heterogeneity through intercellular 
communication; thus, targeting these miRNAs may reverse 
chemoresistance. Furthermore, the enrichment of DEM 
target genes in positive regulation of the cell cycle, vesicle 
organization, miRNA transcription and regulation of actin 
cytoskeleton organization pathways likely contributes to 
CC proliferation and invasion. Specifically, hsa‑miR‑221‑3p 

Figure 2. Differential expression and functional enrichment analysis of extracellular vesicle‑derived miRNAs in CC. (A) Volcano plot showing DEMs between 
patients with CC and HC. (B) Heatmap and corresponding bar chart of DEMs in CC and HC groups. (C) KEGG pathway enrichment analysis of predicted 
target genes of DEMs. (D) GO enrichment analysis of DEMs target genes. miR or miRNA, microRNA; CC, cervical cancer; DEMs, differentially expressed 
miRNAs; HC, healthy controls; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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and hsa‑miR‑30d‑5p both target CASP3, a key regulator 
of apoptosis and tumor cytotoxicity (39), which may influ‑
ence apoptotic processes. Additionally, hsa‑miR‑221‑3p may 
affect transcription factor activity  (40). hsa‑miR‑9‑5p and 
hsa‑miR‑93‑5p were associated with miRNA transcription, 
suggesting their potential involvement in epigenetic feedback 
loops that drive tumor heterogeneity (41,42).

Proteomic profiling of EV reveals immune, metabolic and 
coagulation signatures in CC. Proteomic analysis identified 
363 EV‑associated proteins, with 49 DEPs (29 upregulated and 
20 downregulated) using limma (FC >1.5, P<0.05; Fig. 3A). 
Hierarchical clustering revealed disease‑specific protein 
signatures (Fig.  3B). Tissue origin analysis indicated that 

DEPs were primarily derived from the liver, gallbladder, 
female reproductive organs and gastrointestinal tract 
(Fig. 3C). This tissue‑specific distribution highlights EVs as 
promising biomarkers for reflecting pathophysiological altera‑
tions, particularly in reproductive and digestive system‑related 
malignancies. To explore the functional roles of these DEPs, 
GO and KEGG enrichment analyses were conducted. KEGG 
pathway analysis showed significant enrichment of DEPs in 
the complement and coagulation cascades, regulation of actin 
cytoskeleton, and cholesterol metabolism pathways (Fig. 3D). 
GO enrichment further identified DEP involvement in 
complement activation, the alternative complement pathway, 
blood coagulation and lipopolysaccharide (LPS)‑mediated 
signaling (Fig. 3E). These pathways may collectively drive CC 

Figure 3. Proteomic profiling and functional enrichment analysis of plasma‑derived extracellular vesicles in CC. (A) Volcano plot of DEPs between HC and 
patients with CC. (B) Heatmap and corresponding bar plot of DEPs in CC and HC groups. (C) Tissue and organ distribution of EV‑derived DEPs. (D) KEGG 
pathway enrichment analysis of DEPs. (E) GO pathway enrichment analysis of DEPs. CC, cervical cancer; DEPs, differentially expressed proteins; HC, 
healthy controls; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

https://www.spandidos-publications.com/10.3892/mco.2025.2922


BAO et al:  PLASMA EV miR‑1‑3p/LRP1 IN CERVICAL CANCER8

progression by modulating immunosuppressive TMEs, thus 
enhancing cell motility and invasion, and facilitating HPV 
genome integration.

Previous studies have shown that HPV‑infection tumor 
cells can escape immune escape by inhibiting the activity of 
natural killer and T cells (43). The present findings further 
support this mechanism, as multiple complement‑related 
proteins (including C5, C7, C8A/B, C9 and CFB) were 
significantly upregulated in CC‑EV and enriched in the 
alternative complement activation pathway  (44,45). These 
observations align with previous research suggesting that 
EV contribute to immunosuppressive environments via 
complement system modulation (46). Additionally, inflam‑
matory mediators such as CRP and SAA1/2 were highly 
expressed and mapped to pathways related to LPS signaling 
and acute inflammatory responses  (47,48). These proteins 
may contribute to an inflammatory microenvironment that 
supports persistent HPV infection and tumor progression. EVs 
also carry elevated levels of antioxidant enzymes, including 
catalase and peroxiredoxin‑2, which are known to neutralize 
reactive oxygen species and maintain redox balance, thereby 
preserving tumor cell viability under oxidative stress (49,50). 
Lipid metabolism‑related proteins, such as APOE, APOB 
and APOC1, were significantly enriched in the cholesterol 
metabolism pathway, while pattern recognition receptors such 
as TLR4 were involved in activating the NF‑κB pathway. For 
example, overexpression of APOE in EVs may enhance CC 
cell invasion via the PI3K‑Akt signaling pathway (51). This 
suggests that EV act as molecular hubs integrating metabolic 
reprogramming and inflammatory signaling to support a 
tumor‑permissive microenvironment and sustain malignant 
transformation. In the current study, aberrant expression of 
F5, F13A1 and F13B was observed. These coagulation factors, 
which are involved in pathways such as blood coagulation and 
platelet activation, may be associated with CC angiogenesis 
and metastasis. Collectively, these specific protein signatures 
offer promising targets for EV‑based liquid biopsy, and may 
provide new avenues for mechanistic studies and therapeutic 
intervention in CC.

Integrated multi‑omics analysis reveals a key miRNA‑protein 
regulatory axis in CC‑EV. To systematically dissect the molec‑
ular regulatory network mediated by EV in CC, an integrative 
analysis combining EV‑derived miRNA expression profiles 
and proteomic data was performed. This multidimensional 
approach aimed to identify key regulatory axes and diagnostic 
biomarkers. Spearman correlation analysis revealed signifi‑
cant positive and negative associations between DEMs and 
DEPs, suggesting that EV‑contained miRNAs may regulate 
downstream protein expression via direct targeting (Fig. 4A). 
Pathway enrichment analysis of co‑expressed DEMs and DEPs 
demonstrated convergence in three major biological pathways, 
namely regulation of the actin cytoskeleton, prion disease and 
coronavirus disease‑19 (Fig. 4B). These results suggested that 
dysregulated EV‑derived miRNAs may modulate cytoskeletal 
remodeling, influence viral or misfolded protein handling, 
and shape inflammatory responses within the TME. Notably, 
targeting of the actin cytoskeleton regulator LRP1 by EV 
miRNAs suggests a mechanistic link to enhanced CC cell 
motility and invasiveness (52,53).

To further investigate protein‑level regulatory hubs, PPI 
network analysis identified APOE, CRP and APOB, which 
are lipid metabolism‑related proteins, as central nodes among 
DEPs (Fig.  4C), thus highlighting lipid metabolic repro‑
gramming as a major driver of CC‑associated EV signaling. 
Cross‑referencing this network with miRNA‑protein inter‑
actions revealed that hsa‑miR‑1‑3p was the only miRNA 
directly connected to multiple hub proteins, including LRP1, 
FN1, C8A and PDLIM7 (Fig. 4D). Notably, tissue‑specific 
expression analysis showed that LRP1 was highly expressed 
in female reproductive tissues, including the endometrium, 
ovary and breast (Fig. 4E), thus underscoring its relevance 
in gynecological malignancies. Previous research has shown 
that hsa‑miR‑1‑3p promotes non‑small cell lung cancer 
progression by participating in mechanosensitive mitotic 
processes  (54), while activation of LRP1 fucosylation 
suppresses epithelial‑mesenchymal transition (EMT) and 
metastasis in CC (55). In the present study, hsa‑miR‑1‑3p 
was significantly upregulated in EV from patients with CC, 
whereas LRP1 was significantly downregulated (Fig. 4F), 
suggesting that this miRNA may inhibit LRP1 expression 
to drive CC pathogenesis. These findings indicate that 
elevated hsa‑miR‑1‑3p in EV may inhibit LRP1‑mediated 
inflammatory chemotaxis, increase oxidative stress within 
the TME, and activate Wnt/β‑catenin signaling to promote 
EMT. Such a mechanism aligns with previously described 
roles of EV‑carried miRNAs in tumor metastasis, and 
highlights the hsa‑miR‑1‑3p‑LRP1 axis as a potential 
diagnostic and therapeutic target  (56). In summary, this 
integrative multi‑omics analysis uncovered a key EV‑derived 
miRNA‑protein regulatory circuit in CC, providing novel 
insights into disease progression and supporting the clinical 
utility of hsa‑miR‑1‑3p and LRP1 as candidate biomarkers 
for EV‑based liquid biopsy in CC.

Through integrated analysis of miRNA transcriptomics 
and proteomics from plasma EV of HCs and patients with CC, 
the present study unveiled a complex molecular regulatory 
network during CC progression, which not only confirmed the 
potential of EV as disease biomarkers, but, more importantly, 
revealed that upregulated hsa‑miR‑1‑3p in CC may participate 
in disease progression by suppressing LRP1 expression.

The current study has demonstrated that plasma‑derived 
EV from patients with CC undergo marked alterations 
in both miRNA and protein composition. The identified 
DEMs and their predicted target genes were significantly 
enriched in classical CC‑related pathways such as p53 and 
PI3K‑Akt (57,58). Notably, through multi‑omics integration 
analysis of plasma EV, it was identified that activity changes 
in these pathways could be carried and transmitted by EV. 
For instance, miR‑221‑3p and miR‑182‑5p may simultane‑
ously affect both HPV infection and the PI3K‑Akt signaling 
pathway, indicating that EV miRNAs may serve as ‘regulatory 
nodes’ coordinating the cross‑talk between different carci‑
nogenic pathways, thereby amplifying the oncogenic effects 
of HPV viral oncoproteins (59‑62). At the protein level, the 
present study revealed significant enrichment of complement 
and coagulation cascades, suggesting that tumor‑derived EV 
may shape an immunosuppressive TME by modulating the 
innate immune and coagulation systems, thus promoting 
immune escape and angiogenesis  (63,64). Meanwhile, the 
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dysregulation of cholesterol metabolism‑related proteins 
(such as APOE and APOB) coexists with the upregulation 
of inflammatory mediators (such as CRP and SAA1/2), 
revealing a vicious cycle where metabolic reprogramming 
and chronic inflammation mutually promote each other in 
CC, with EVs serving as important carriers for transmitting 
these signals (65,66). Importantly, the current study found 
that EV‑derived hsa‑miR‑1‑3p may suppress LRP1 expres‑
sion, disrupt cytoskeletal stability and subsequently activate 
pro‑invasive signaling pathways such as Wnt/β‑catenin, 
ultimately accelerating CC metastasis. The present research 

strategy connecting upstream regulatory molecules with 
downstream functional proteins was able to construct a 
complete signaling cascade from cause to effect, providing a 
new explanatory framework for understanding the molecular 
mechanisms of CC.

In summary, the present study has systematically delin‑
eated the molecular landscape of plasma EVs in CC through an 
integrated multi‑omics strategy and has proposed for the first 
time that hsa‑miR‑1‑3p‑LRP1 is a key regulatory axis involved 
in disease progression. This finding not only deepens the 
current understanding of CC molecular mechanisms, but also 

Figure 4. Integrated analysis of EV‑derived miRNA and proteomic data reveals a key hsa‑miR‑1‑3p‑LRP1 regulatory axis in CC. (A) Heatmap showing 
Spearman correlation between differentially expressed miRNAs and proteins (red: positive correlation; blue: negative correlation). (B) Differential miRNA 
target gene enrichment pathway and differential protein enrichment pathway and their shared metabolic pathways. (C) Protein‑protein interaction network 
of DEPs. (D) Interaction network map of differentially expressed miRNAs and DEPs. (E) Tissue‑specific expression profile of LRP1. (F) Reverse transcrip‑
tion‑quantitative PCR validation of EV‑derived hsa‑miR‑1‑3p (left) and LRP1 (right) expression levels in HC and patients with CC (n=3) *P<0.05 and **P<0.01. 
EV, extracellular vesicle; miR or miRNA, microRNA; CC, cervical cancer; DEPs, differentially expressed proteins; HC, healthy controls; KEGG, Kyoto 
Encyclopedia of Genes and Genomes.
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lays a solid theoretical foundation for developing EV‑based 
non‑invasive diagnostic biomarkers and targeted therapeutic 
strategies.

Despite the aforementioned findings, the present study 
has several limitations. First, the relatively small sample size 
makes it difficult to accurately evaluate the dynamic changes 
of the hsa‑miR‑1‑3p‑LRP1 axis during CC initiation and 
progression, requiring validation through longitudinal studies 
in larger cohorts. Second, the current study primarily provides 
correlative evidence at the bioinformatics level; whether 
hsa‑miR‑1‑3p directly targets, and regulates LRP1 and its 
specific biological functions need verification through func‑
tional experiments such as luciferase reporter assays or gene 
knockdown/overexpression. Furthermore, the mechanism 
of this regulatory axis in HPV‑independent carcinogenesis 
remains to be further explored through future in vitro and 
in vivo models, which would be crucial for elucidating its 
specific value in different CC subtypes.
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