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Analysis of exosomal competing
endogenous RNA network
response to paclitaxel treatment
reveals key genes in advanced
gastric cancer

Jun Lei1†, Guifeng Zhang2†, Deyu Li2, Jiangming Zhong2,
Qiao Chen2, Li Lin2 and Zhenhua Liu2*

1Department of Pathology, Cangshan Hospital of the 900 Hospital of Joint Logistics Support Force,
Fuzhou, Fujian, China, 2Department of Oncology, Shengli Clinical Medical College of Fujian Medical
University, Fujian Provincial Hospital, Fuzhou, Fujian, China
Background: Exosome is an important component of the tumor immune

microenvironment and plays critical role in cancer pathogenesis. The

exosome transcriptome of gastric cancer (GC) response to paclitaxel

chemotherapy has not been investigated in the past.

Methods: ceRNA microarrays were performed in exosomes from six advanced

GC patients before and after paclitaxel treatment. Bioinformatics tools were

used to identify differential expressing genes and construct competing

endogenous RNA (ceRNA) networks. The importance of hub genes in the

ceRNA network was confirmed by survival analysis and functional analysis.

Results: A total of 213 differential mRNAs, 370 lncRNAs, and 376 circRNAs were

identified, and hub genes in ceRNA networks were screened. The differential

genes were associated with GO terms SNAP complex, gap junction, protein

transporter activity, cytokine receptor, and KEGG pathways synaptic vesicle

cycle, propanoate metabolism, Epstein–Barr virus infection, heparin, and

steroid biosynthesis, and beta-alanine metabolism. ULK2, CYP2R1, BTLA, and

miR-105-5p are prognostic genes for overall survival. Paclitaxel may target

ULK2 which is involved in mitosis and cell cycle. miR-105-5p may target ULK2

3’UTR.

Conclusion: The work for the first time identified exosomal RNA biomarkers

and constructed a ceRNA network in GC response to paclitaxel, revealed novel

molecular mechanisms of GC, and provided new candidates for GC diagnosis

and treatment.
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Introduction

Gastric cancer (GC) is the fifth most common cancer and

ranks as the third leading cause of cancer−associated death

worldwide (1). Due to its frequently advanced stage at

diagnosis, the majority of patients lose the opportunity of

radical surgery, and chemotherapy remains the main strategy

(1). With the development of modern biology techniques,

molecular targets were discovered and applied in the

diagnosis, treatment, and prognosis of tumors (2). As yet, it is

difficult to predict whether targeted therapy will be effective for

GC, and the underlying mechanisms of the diseases and drugs

remain a mystery. To better understand the pathogenesis of GC

and drug mechanisms of action (MoA), it is crucial to explore

novel mechanisms of ant i -GC drugs and provide

new biomarkers.

Most eukaryotic cells secrete exosomes as extracellular

vesicles that facilitate communication between them (3).

Exosomes contain proteins, DNA, microRNAs, long

noncoding RNAs, circular RNAs, etc., which are crucial for

regulating tumor growth, metastasis, and angiogenesis during

the cancer development process, and can serve as prognostic

markers and/or grading bases for patients with tumors (3).

RNAs longer than 200 nucleotides, referred to as long non-

coding RNA (lncRNAs) are extensively transcribed from the

genome but do not function as functional proteins. The

lncRNAs are involved in multiple processes, including

chromatin remodeling, genome integrity, RNA stabilization,

and transcriptional regulation (4). The circular RNA family

(circRNAs) are a type of noncoding RNA with a circular

structure that regulates RNA transcription, interacts with

proteins, acts as microRNA sponges, and sometimes can be

translated into proteins (5). Small RNAs (miRNAs) bind to

complementary sequences in the target mRNA and either inhibit

translation or trigger degradation (6). mRNA translation may be

controlled by competing endogenous RNAs (ceRNAs) such as

lncRNAs and circRNAs. ceRNAs network contains interaction

between lncRNAs, circRNAs, miRNAs, and mRNAs, and

provides insight into the molecular pathogenesis of GC as well

as a new direction for therapeutic approaches (7). This makes

exosomes an ideal model for studying ceRNA networks and

crosstalk among RNAs (8). However, the expression profiles of

GC-derived exosomal ceRNAs and their potential functions

have been largely unexplored. Hence, it is worth exploring the

underlying molecular mechanisms and ceRNA targets for GC

diagnosis and treatment.

Paclitaxel (Taxol) is a chemotherapy drug that has been used

for the treatment of many different types of cancer (9).

Microtubule-stabilizing drugs like paclitaxel have been

approved by the Food and Drug Administration to treat

ovarian, breast, and lung cancers, as well as Kaposi’s sarcoma

(9). Paclitaxel monotherapy produced considerable

improvement in tumor response and prognosis in GC (10).
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Depending on its structure and chemical properties, paclitaxel

may have different mechanisms of action. Recently, paclitaxel

has been repurposed for the treatment of renal interstitial

fibrosis (11). Inhibition of STAT3 nucleus translocation by

paclitaxel was demonstrated by disrupting STAT3’s interaction

with tubulin (11). However, the transcriptome alteration and

ceRNA network are not investigated in the paclitaxel-treated GC

exosomes. Due to limited research, the anti−tumor effect and

mechanisms of action (MoA) of paclitaxel in GC exosomes have

remained elusive.

We also used bioinformatics methods to characterize the

relationships among lncRNAs, circRNAs, miRNAs, and

mRNAs. The differential expression profiles were detected by

using microarray analysis. A ceRNA network was constructed.

We identified hub genes, some of which were immune and cell

cycle-related genes that are associated with patient survival.

Furthermore, we infer the potential disease mechanism and

paclitaxel MoA. Our research suggests that lncRNA/circRNA

plays a key role in paclitaxel-induced exosome transcriptome

alteration, and may provide a panel of key genes as targets for

developing related therapeutic drugs in the future.
Materials and methods

Clinical specimens

A total of 12 plasma (2 mL) specimens were collected in this

research. Overall, 6 plasma samples were derived from advanced

GC patients (4 female and 2 male) with metastasis admitted to

the Shengli Clinical Medical College of Fujian Medical

University, Fujian Provincial Hospital, China from June to

December in 2019. The average age of the patient was 61.5 ±

11.5. None of the patients had undergone radiotherapy,

endocrine therapy, chemotherapy, or surgery before blood

sample collection. Tissue biopsies were performed for

histological confirmation. Additional 6 human plasma samples

were derived from the same patients after two weeks of paclitaxel

treatment. Written consent was provided by all the patients, and

the Ethics Committee of Fujian Provincial Hospital approved all

aspects of this study (ethics review number: K2022_03_101).
Exosome isolation, RNA isolation, and
transcriptome profiling

Plasma exosomes were collected using ExoQuick kit (System

Biosciences Inc., CA, USA) following the manufacturer’s

protocol. Briefly, ExoQuick Solution was added to plasma, and

samples were incubated at 4°C overnight. The mixture was then

centrifuged at 1,500 g for 30 min and the supernatant was

removed by aspiration. Exosome pellets were collected for

downstream analysis.
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Total RNA was extracted with Trizol (Invitrogen) reagent

and was quantified using a NanoDrop ND-2000 (Thermo

Scientific), and was checked for RNA integrity by an Agilent

Bioanalyzer 2100 (Agilent Technologies). The purity of total

RNA will affect the labeling efficiency of probes and the results of

chip hybridization, so total RNA was purified using QIAGEN

RNeasy Kit. Take 250 ng of purified Total RNA for labeling and

amplification. First, the AffinityScript-RT kit and Promoter

Primer were used to reverse-transcribe RNA into the first

strand of cDNA, then Anti-sense Promoter was used to

generate the second strand of cDNA, T7 RNA polymerase was

added, and the second strand of cDNA was amplified to generate

cRNA. It was then labeled with the fluorescent dye Cyanine-3-

CTP (Cy3) and purified using the QIAGEN RNeasy Kit. Finally,

rolling hybridization was performed on SBC human ceRNA

array V1.0 (Agilent Technologies) at 65° C for 17 h, and the

original image was obtained by scanning with an Agilent

Scanner G5761A (Agilent Technologies) after elution.

Therefore, a total of 12 individual exosome samples were used

for ceRNA array analysis.
Differential RNAs screening and
functional enrichment analysis

Feature Extraction (v10.7, Agilent Technologies) was used to

extract expression data from raw chip images, followed by

quantile normalization and differential analysis in the

Genespring (v4.8, Agilent Technologies). Data was filtered

after normalization, and only genes with at least 50% detection

in all samples were kept for downstream analysis. The

clusterProfiler package was used for enrichment analysis of the

gene list (12). Gene Ontology (GO), Kyoto Encyclopedia of

Genes and Genomes (KEGG), and Medical Subject Headings

(MeSH) are used to map genes to known functional information

sources. The overrepresentation of a term is defined as a P value

with an adjustment for multiple testing.
ceRNA network construction and hub
genes identification

According to the hypothesis of the ceRNA mechanism, the

over-lapped regions of the miRNA seed sequence binding sites

both on differential lncRNAs/differential circRNAs (DEL/DEC)

and differential mRNAs (DEM) were searched to predict DEL/

DEC-miRNAs-DEM interactions with the software miRanda

(version 3.3a, http://www.microrna.org) and miRDB (http://

mirdb.org/) (13, 14). The regulatory network was visualized by

Cytoscape (15). Hub genes of the ceRNA network were

identified by the plugin NetworkAnalyzer.
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Survival analysis

Survival analysis was conducted in R 4.0.3 with survival and

survminer packages (16). For NCBI GEO and TCGA datasets

(17, 18), log-rank tests were used to analyze survival differences

between patient groups with high/low hub gene expression or

immune cell proportion. A significant difference in survival time

was set at P <0.05.
Protein-ligand docking analysis

The molecule structure for ULK2 was downloaded from the

protein data bank (PDB) under the accession 6QAU. Paclitaxel

structure was downloaded from the PDB Ligands database under

the accession TA1. Protein-ligand docking was performed by

SwissDock (19, 20). Protein-ligand complex hydrogen was

predicted by Protein Plus (21). PoseView was used to generate two-

dimensional diagramsof complexes tovisualizehydrogenbonds (22).
Statistical analysis

One-way ANOVA was used to detect the difference in means

among groups. Paired Student’s t-test was used to compare the

means of gene expression before and after drug treatment.

Statistical significance was set at 0.05 unless otherwise specified.

The correlation analysis for two genes was performed by

calculating the Pearson correlation coefficient.
Results

Differentially expressed exosomal
lncRNAs, circRNAs, and mRNAs in
advanced gastric cancer patients treated
with paclitaxel

To fully understand the mechanism of paclitaxel, we

simultaneously analyzed the profiles of DEL, DEC, and DEM

through microarray. RNA expression boxplot and global gene

expression correlation analysis across samples indicated the quality

of our data is good (Figures 1A,B).Geneswith |fold change|≥1.5 and

P < 0.05 are defined as differentially expressed genes. A total of 961

differential geneswere identifiedwithdifferentGOterms (Figures1C,

D). In the paclitaxel treatment group, 215mRNAs (184 up-regulated

and 31 down-regulated), 370 lncRNAs (315 up-regulated and 55

down-regulated), and376circRNAs(280up-regulatedand96down-

regulated) were identified with significantly differential expression

(Figure 2A). The volcano map and hierarchical cluster analysis of

lncRNA, circRNA, and mRNA showed significant differences of
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exosomal genes between the control group and paclitaxel treatment

group (Figure 2B).
Functional enrichment analysis of
differentially expressed RNAs

The functions of DELs, DEMs, and DECs were analyzed by GO

and KEGG. The GO terms in DEMs are related to SNAP complex,

gap junction, and cytokine receptor. KEGG analysis revealed the

potential mechanism of DEMs in paclitaxel treatment, including

synaptic vesicle cycle, propanoate metabolism, and beta-Alanine

metabolism. The GO terms in DELs target genes are mainly

related to protein transporter activity. The GO analysis of DECs

showed that the functional predictions of target genes were mainly

enriched in Epstein–Barr virus infection, heparin, and steroid

biosynthesis (Figure 3). KEGG analysis suggested the potential

mechanism of DECs in paclitaxel treatment (Figure 3). DECs

participates in the inflammatory response, monocyte aggregation,

and mesonephric epithelium development.

Correlation analysis of lncRNA–mRNA
pairs

There are a variety of ways in which lncRNA regulates

biological processes. Direct interaction with mRNA can
Frontiers in Oncology 04
change chromatin’s spatial conformation, which, in turn,

influences the expression level of mRNA. Thus, we performed

expression correlation analysis to identify potential regulatory

relationships. We analyzed those lncRNA-mRNA pairs with

high correlation values (|R|>0.8) and found that the lncRNA

target genes were enriched with nuclear replication fork

(P =0.04), suggesting the potential mechanism of lncRNA in

regulating mRNA expression. Some of the differential pairs are

shown in Figure 4. Interestingly, the association of lnc-KIF26A

and ASPG phenotype has been reported in GWAS Catalog data

as integrated in the GeneCards database (23).
Construction of the lncRNA/circRNA–
miRNA–mRNA regulatory network

The ceRNA network can be affected by regulatory molecules.

To predict the functions of DELs and DEMs, we constructed a

lncRNA/circRNA-miRNA-mRNA ceRNA network with miRNA

as the middle regulatory molecule. The network involves 33

lncRNAs/circRNA, 11 mRNAs, and 12 miRNAs (Figure 5).

Differentially expressed genes can be associated with multiple

miRNAs. For example, hsa-miR-105-5p, hsa-miR-7c-5p, and hsa-

miR-7b-5p were the top 3 highly connected miRs. ULK2,

CYP2R1, and BTLA were the top 3 highly connected mRNAs.
B

C D

A

FIGURE 1

Quality control for microarray data and overview of the differential genes. (A) RNA expression boxplot. (B) Global gene expression correlation
analysis across samples. (C) The number of differential genes in mRNA, lncRNA, and circRNA. (D) Differential gene count in different GO
categories.
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hsa_circ_0023664, hsa_circ_0076010, and hsa_circ_0074028 were

the top 3 highly connected circRNAs. ENST00000422374 was the

highest connected lncRNA. This ceRNA network suggests that

lncRNAs and circRNAs can act together as miRNA sponges to

influence downstream gene expression and be involved in the

development and occurrence of GCs.
Clinical relevance of ceRNA network hub
genes

To test if the hub genes in the ceRNA network are clinically

relevant, we collected GC datasets from public databases and

performed survival analysis. Results showed that both ULK2 and

CYP2R1 could separate patients with long and short overall

survival time, while BTLA only prognosis Lauren diffuse

subtype GC (Figure 6A). Higher ULK2 indicates shorter

survival, while higher CYP2R1 and BTLA indicate longer

survival. However, these genes show no significant difference at

different GC stages (Figure 6B). Paclitaxel treatment could down-

regulate ULK2 and up-regulate CYP2R1. As immunotherapy has

been applied to many cancer types, we also checked if the hub

genes can prognosis patients with anti-PD-1 treatment. Results
Frontiers in Oncology 05
showed that all three genes can separate patients with long and

short survival time (Figure 7A), indicating the potential as

prognosis biomarkers. The tumor immune microenvironment

plays a key role in disease development, therefore, we also

analyzed the expression of ULK2 in different tumor immune

cell types. Among the 22 CIBERSORT cell types, plasma cell and

macrophage had significant differences (P <0.01/22) in abundance

when comparing ULK2 between normal and tumor tissues from

TCGA dataset. Macrophages had the highest significance

(Figure 7B), indicating the variation source of ULK2 expression.

Furthermore, immune cell-level survival analysis detected M0 and

M1 macrophages were negatively correlated with relapse-free

survival in GC from TCGA dataset (Figure S1).
Docking analysis of ULK2 and paclitaxel

To understand the mechanisms of ULK2 in paclitaxel

treatment, we performed gene correlation analysis and molecule

docking. Here, we only chose ULK2 as it had the most significant

P value in the previous survival analysis. The top 30 most highly

correlated genes with ULK2 were retrieved by Pearson correlation

and submitted to clusterProfile for functional enrichment analysis.
BA

FIGURE 2

Volcano plots and clustering heat map for significantly differential genes response to paclitaxel treatment. (A) Volcano maps for significant
mRNA, lncRNA, and circRNA. (B) Heat map for significant mRNA, lncRNA, and circRNA.
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FIGURE 4

Scatter plots for the top 4 highly correlated lncRNA–mRNA pairs by correlation analysis.
FIGURE 3

GO and KEGG analysis revealed the potential mechanism of DEMs, DELs, and DECs in paclitaxel treatment.
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B

A

FIGURE 6

ceRNA network hub genes ULK2, CYP2R1, and BTLA are prognostic in TCGA GC cohort. (A) The three genes can separate patients with long
and short survival time in GC patients. (B) the 3 genes show no significant difference at different GC stages.
FIGURE 5

A ceRNA network based on differential genes was constructed which involves 33 lncRNAs/circRNA, 11 mRNAs, and 12 miRNAs.
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We found that ULK2 similar genes were significantly involved in

mitosis and cell cycle (Figure 8A). Thus, paclitaxel may inhibit

these pathways through interaction with ULK2. Furthermore,

Protein-ligand docking analysis revealed that ULK2 forms a

pocket region, 3 hydrogen bonds, and 1 ionic bond for

interaction with paclitaxel (Figure 8B).
Discussion

Exosomes are membrane microvesicles derived from

endosomes. They carry proteins, lipids, and genetic materials

specific to a particular cell. Exosomes may also play an

important role in reprogramming recipient cells and in forming

disease microenvironments in addition to transferring RNA

information (3). Identifying exosomal RNA biomarkers and

understanding their functions in exosomes is therefore crucial

for understanding diseases. Using ceRNA microarrays, we

identified for the first time GC-associated exosomal lncRNAs,

circRNAs, and mRNAs response to chemotherapy. As a result of

these findings, we have gained new insights into ceRNA networks

within exosomes, which can be utilized to identify biomarkers and

develop possible therapeutic targets for GC.
Frontiers in Oncology 08
Currently, few studies focused on exosomal transcriptome

alteration after chemotherapy. In this study, 961 differential RNAs

were identified in plasma exosomes in GC patients treated with

paclitaxel. Further functional enrichment analysis revealed

potential mechanisms of exosomes in paclitaxel treatment. The

construction of the ceRNA network suggested the complex

regulatory relationships between different RNA molecules. Our

study identified hub genes that are involved in disease survival and

drug mechanisms. Exosomal mRNA biomarkers in our study,

including ULK2, CYP2R1, and BTLA, were also hub mRNAs

involved in the responses of GC to paclitaxel. The three genes were

all differentially expressed, which were confirmed in TCGA gastric

cancer dataset (Figure S2).

ULK2 is an upstream autophagy inducer. However, there are

contradictory results about the role of ULK2 in cancers.

Knockdown of ULK2 expression could significantly induce

autophagy, EMT, and migration but suppress proliferation and

lung tumor growth in a xenotransplantation model (24). In lung

cancer, tumor suppressor miR-137 can reduce the expression of

some oncogenic target genes including ULK2 (25). In prostate

cancer cells, miR-26b can inhibit autophagy by targeting ULK2,

while ULK2 is found not essential for autophagy induction in

adult hippocampal neural stem cells following insulin
B

A

FIGURE 7

ceRNA network hub genes ULK2, CYP2R1, and BTLA are prognostic in the immunotherapy cohort. (A) The three genes can separate patients
with long and short survival time from patients with anti-PD-1 treatment. (B) Macrophages have significant differential expression when
comparing ULK2 between normal and tumor tissues.
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withdrawal (26, 27). In a pan-cancer analysis, different changes

in the ULK2 transcript were observed depending on the cancer

types (28). ULK2 can be silenced by methylation, which may

induce epithelial-mesenchymal transition and transformation to

poorly differentiated status in a gastric cancer cell line (29).

Using the TCGA dataset, we found SETDB2 might be the

upstream regulator of ULK2, which causes dysregulated

histone methylation. Our results indicated that ULK2 was

down-regulated by paclitaxel, which could be a potential

mechanism of action. The contradictory findings identified in

studies may be due to its cell-type specific role, diverse roles and

loss the context of microenvironment (30, 31). In our findings,

ULK2 was not only differentially expressed on cancer cell but

also macrophage and plasma cell. What’s more, we had some

novel discoveries of the hub mRNAs in exosomes, such as

CYP2R1 and BTLA, that haven’t been reported in exosomes

but have important functions. CYP2R1 are crucial components

of vitamin D-metabolizing enzymes (32). Recent results

suggested that high vitamin D concentration was associated

with a lower odds ratio of GC in Korean adults (33). In TCGA

dataset, CYP2R1 was down-regulated. Our results indicated that

CYP2R1 was up-regulated by paclitaxel, and patients with higher

CYP2R1 expression had longer survival. Thus, CYP2R1 can be a

promising biomarker for prognosis. BTLA is found to be

expressed in tumor-infiltrating lymphocytes (TILs) and is

often associated with impaired anti-tumor immune response

(34). High expression of BTLA was significantly associated with
Frontiers in Oncology 09
lymph node metastasis and poor prognosis (35). In our results,

high BTLA was associated with shorter survival but not

significant. Paclitaxel could down-regulate BTLA in exosomes,

thus, it is a promising biomarker for prognosis.

In addition, protein-ligand docking was conducted for

mechanism research. A complex model with the highest

negative minimum DG value (-8.24 kcal/mol) among all the

studied complexes can be the best possible model. Therefore, the

four residues located in the Serine/Threonine kinase catalytic

domain of ULK2 may play important role in the chemotherapy

response. Further expression correlation analysis confirmed that

ULK2 was involved in cell cycle and meiosis, indicating the

importance of ULK2 in disease progression as exosomal ULK2

may exert pro-proliferation function when transported to target

cells. However, pancreatic cancer derived exosomes cannot

induce changes in distant organ metastases in in vivo models,

but alter early murine gut microbiome (36). The detailed

mechanism of ULK2 should be verified experimentally in future.

In the lncRNA/circRNA-miRNA-mRNA network, predicted

target miRNAs served as a bridge between lncRNA/circRNA and

mRNA. The findings of our study may reveal a new mechanism

for EMs. For example, lnc-ETAA1-17:1 and several circRNA

could promote the expression of ULK2 by competing with

shared target miR-105-5p in exosome, thus may lead to the

release of more ULK2 to the receipt cells. It was shown that miR-

105-5p overexpression can counter immune escape caused by

PD-L1 upregulation in gastric cancer cells (37). Survival analysis
BA

FIGURE 8

ULK2 functional annotation and docking analysis. (A) GO biological process enrichment and KEGG pathway analysis of the top 30 ULK2 similar
genes by Pearson correlation analysis. (B) Paclitaxel interacts with ULK2 at residues Ser40, Ser80, Lys11, and Gln273.
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also showed that low expression of miR-105-5p was associated

with longer OS in TCGA GC patients with a high mutation

burden and TCGA immunotherapy cohort (Figure S3). Thus,

miR-105-5p is a promising biomarker in GC. Further analysis

revealed that miR-105-5p could regulate ULK2 by

complementary pairings at 3’UTR with an energy -21.9

(Figure S4). Besides, genome-wide mutation analysis in the

TCGA GC dataset revealed the association between candidate

regulatory genes and ULK2 expression (Figure S5). The most

significant mutation is SETDB2 which is a histone

methyltransferase, indicating the possible mechanism of ULK2

in GC. Higher ULK2 expression in GC may be associated with

lower histone methylation caused by SETDB2 mutation. Finally,

we identified some lncRNA-mRNA pairs most of which are still

not reported. Therefore, the study investigates the potential

diagnostic and therapeutic benefits of exosomal ceRNA

networks by examining the crosstalk between exosome RNAs.

The mechanism of the key gene ULK2 was also implicated.
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