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ABSTRACT
Extracellular vesicles (EVs) long RNAs (exLRs) have been shown to be indicators for the diagnosis 
and prognosis of colorectal cancer (CRC); however, the dynamic changes of exLRs during perio-
perative period and their cellular sources in CRC remains largely unknown. In this study, exLR 
sequencing (exLR-seq) was performed on plasma samples from three CRC patients at four time 
points (before surgery [T0], after extubation [T1], 1 day after surgery [T2], and 3 days after surgery 
[T3]). Bioinformatics approaches were used to investigate the profile and biofunctions of exLRs 
and their cellular sources. Greater than 12,000 mRNAs and 2,000 lncRNAs were reliably detected in 
each exLR-seq sample. Compared with T0, there were 110 differentially expressed genes (DEGs) in 
T1, 60 DEGs in T2, and 50 DEGs in T3. A total of 11 DEGs were found at all three time points and 
were related to membrane potential. In addition, compared to T0, 22 differentially expressed 
lncRNAs (DELRs) were found in T1, 19 DELRs in T2, and 38 DELRs in T3. Moreover, only three DELRs 
were detected at all three time points. Interestingly, EVs from CD8 + T cells, CD4+ memory T cells 
and NK cells decreased after surgery and the absolute quantity of EVs from immune cells were 
reduced as well. In summary, this study was the first to characterize the dynamic changes of exLRs 
during perioperative period and the cellular sources. These findings established the foundation for 
further studies involving the effects of these dynamically changed exLRs on CRC.
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Introduction

Colorectal cancer (CRC) is one of the most com-
mon malignancies worldwide [1,2]. According to 
the 2020 global cancer statistics, there are approxi-
mately 1.9 million newly diagnosed CRC patients 
and 935,000 CRC-related mortalities, accounting 
for 10% of global cancer cases and 9.4% of cancer- 
related deaths [3]. Despite the rapid development 
of advanced chemotherapy, targeted therapy and 

immunotherapy for tumors during the past dec-
ades, surgical resection remains the major treat-
ment for CRC [4–7]. However, previous studies 
have demonstrated that surgical trauma causes 
long-term oncologic outcome by facilitating 
metastasis and recurrence of tumors [8,9]. 
During the perioperative period, a variety of fac-
tors participate in the metastasis and recurrence of 
primary tumors, such as dissemination of tumor 
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cells, drugs used in anesthetic and analgesic pro-
cedures, destruction of the extracellular matrix, 
release of vascular endothelial growth factor 
(VEGF), post-operative immunosuppression [10]. 
Therefore, there is an urgent need to identify bio-
markers involved in the postoperative metastasis 
and recurrence of tumors and evaluate the 
dynamic changes and biofunctions of them.

Extracellular vesicles (EVs) are lipid bilayer- 
enclosed, nanosized endocytic vesicles which 
could be secreted by most cell types [11,12]. EVs 
can modify the function of recipient cells by var-
ious bioactive contents, such as proteins (enzymes, 
extracellular matrix proteins, transcription factors, 
and receptors), DNAs, RNAs, and lipids [13]. It 
has been shown that EV long RNAs (exLRs), 
including circular RNA (circRNA), long non-cod-
ing RNA (lncRNA), and messenger RNA (mRNA), 
are abundant in human plasma [14–18]. ExLRs are 
considered to be valuable and functional [18,19] 
and play an important role in the progression of 
tumor development [20–22]. For example, Nabet 
et al. reported that an unshielded exosome RNA 
(RN7SL1) could act as a damage-associated mole-
cular pattern (DAMP) to activate the pattern 
recognition receptor (PRR) RIG-I, driving anti- 
viral signaling when transferred to recipient breast 
cancer cells via an exosome, and ultimately leads 
to tumor growth and therapy resistance [16]. The 
CD274 mRNA in plasma-derived EVs is related to 
the response to anti-PD-1 antibodies in melanoma 
and non-small cell lung cancer [17]. In CRC, cir-
culating EV microRNAs and lncRNAs are consid-
ered to be potential diagnostic biomarkers and 
related to mitomycin resistance [23–27]. These 
results showed that ExLRs could act as the cell- 
to-cell mediators of human cancers and promoted 
the progression of cancers. However, the dynamic 
changes of ExLRs during perioperative period and 
their biofunctions in the progression of CRC 
remains largely unknown.

In the current study, we first evaluated the expres-
sion profile of exLRs during the perioperative period. 
ExLRs sequencing (exLR-seq) was performed on 
plasma samples collected from three CRC patients 
at four specific timepoints (before surgery [T0], after 
extubation [T1], 1 day after surgery [T2], and 3 days 
after surgery [T3]) to detect the effects of surgical 

stress on the exLR expression profile. In addition, the 
biofunctions of the changed exLRs were also inves-
tigated to assess the effects of exLRs on CRC pro-
gression. Moreover, tracking the cellular source of 
circulating EVs provides biological information 
about the origin and the functional states [28]. 
However, the cellular origin of dynamic changes in 
circulating EVs during the post-operative period has 
not been thoroughly investigated. In this study, we 
also explored and compared the distinct cellular 
origins from plasma EV samples during the post- 
operative period.

Our study first evaluated the dynamic changes 
of exLRs during the perioperative period and their 
biological functions to find out appropriate bio-
markers involved in the postoperative metastasis 
and recurrence of CRC. We also track the cellular 
sources of those dynamically changed exLRs to 
figure out the origin and functional states of 
these exLRs.

Material and methods

Patient specimens and clinical assessments

The present study recruited three CRC patients, all 
of whom underwent right hemicolectomy at 
Fudan University Shanghai Cancer Center by the 
same surgeon. All the participants were histologi-
cally confirmed to have colorectal adenocarcinoma 
(stage II) by two pathologists. Tumor staging was 
determined according to the AJCC Cancer Staging 
Manual. None of the patients received any other 
forms of therapy on the time of enrollment. This 
study was approved by the Ethics Committee of 
Fudan University Shanghai Cancer Center and 
informed written consent was obtained from all 
patients.

Isolation of plasma from blood

Peripheral blood samples were collected from 
three CRC patients at four times (before surgery, 
after extubation, 1 day after surgery, and 3 days 
after surgery) in 10-mL EDTA-coated vacutainer 
tubes. Plasma was then separated by centrifugation 
at 3000 rpm (~800 × g) for 10 min at 25°C within 
2 h after blood collection. Then, samples were 
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centrifuged at 13,000 rpm (~16,000 × g) for 
10 min at 4°C to remove debris. The plasma sam-
ples were then stored at – 80°C until use, accord-
ing to a previous publication [18].

Isolation of EVs and EV RNA

For every patient, 1 mL of plasma was used. EVs 
were isolated by affinity-based binding to spin 
columns via an exoRNeasy Serum/Plasma Kit 
(Qiagen, Hilden, Germany) according to the man-
ufacturer’s instructions. Briefly, melted plasma was 
mixed with binding buffer and added to the 
exoEasy membrane affinity spin column. Samples 
were subjected to ultrafiltration using an Amicon 
Ultra-0.5 Centrifugal Filter 10 kDa (Merck 
Millipore, Germany) to reduce the eluate volume 
to 50 µL and exchange the buffer with phosphate 
buffer saline (PBS). For transmission electron 
microscopy (TEM), the size distribution measure-
ment, and western blotting, the EVs were eluted 
with 400 μL of XE elution buffer, according to 
previous publications [29]. For TEM, ultrathin 
sections (100 nm) were cut using a LeicaUC6 
ultra-microtome and post-stained with uranyl 
acetate for 10 min and with lead citrate for 
5 min at room temperature before observation in 
a FEI Tecnai T20 TEM, operated at 120 kV. For 
EV RNA isolation, EVs were lysed on the column 
using QIAzol (Qiagen), and total RNA was then 
eluted and purified, as per other publications [30].

ExLR-seq analysis

The strategy for exLR-seq analysis includes plasma 
preparation, isolation of EV and EV RNAs, RNA- 
seq library construction, sequencing, and data ana-
lysis. Briefly, to remove DNA, total EV RNA isolated 
from 1 mL of plasma was treated with DNase I 
(NEB; Ipswich, Massachusetts, USA). RNA-seq 
libraries were generated using SMART technology 
(Clontech). ExLR-seq was performed on an Illumina 
sequencing platform (San Diego, California, USA) 
with 150 bp paired-end run metrics. Gene expres-
sion levels were calculated in transcripts per kilobase 

million (TPM). Annotations of mRNAs and 
lncRNAs were retrieved from the GENCODE data-
base, according to previous publications [20,31]. 

Identification of differentially expressed mRNAs 
and lncRNAs

Transcriptional profiles of EVs from the plasma of 
three CRC patients were evaluated during the peri-
operative period (before surgery [T0], after extuba-
tion [T1], 1 day after surgery [T2], and 3 days after 
surgery [T3]). Significantly differentially expressed 
genes (DEGs) and differentially-expressed lncRNAs 
(DELRs) were identified using the Limma R package 
(version 3.6.3) with a |logFC| > 1 and p < 0.1. 

Functional enrichment analysis of DEGs and 
DELRs

The intersective hub genes during the perioperative 
period were selected for further analyses using a 
Venn diagram. A protein–protein interaction (PPI) 
network of hub genes was constructed using 
GeneMANIA (http://genemania.org/). Biological 
processes, cellular components, and molecular func-
tion of gene ontology (GO) functional analysis and 
Kyoto encyclopedia genes and genomes (KEGG) 
pathway were predicted using the Web-based Gene 
seT AnaLysis Toolkit (WebGestalt [http://www.web 
gestalt.org/]) and visualized using R software. In the 
functional analyses, the input parameters including 
gene names of all the DEGs, gene ontology (GO) 
and Kyoto encyclopedia genes and genomes 
(KEGG) pathways and the results can change 
depending on the query/input information. 

Western blot analysis

Fifty milligrams of exosomes were extracted using 
2X SDS lysis buffer, separated by 4%–12% SDS- 
PAGE, transferred to a PVDF membrane, blocked 
with 5% BSA in TBST, and probed with specific 
primary antibodies against Calnexin (1:1000 dilu-
tion; Abcam, Cambridge, UK), CD63 (1:1000 dilu-
tion; Abcam), and TSG101 (1:1500 dilution; 
Abcam). β-actin (1:5000 dilution; Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA) was 
used as a loading control. The chemiluminescent 
signals were detected with a chemiluminescence 
imaging system and quantified by Image J software 
(v1.37). 

Data and statistical analyses

All statistical analyses were two-sided. A |logFC| > 1 
and p < 0.05 were considered statistically significant. 
The following R software packages were used in this 
study: e1071, glmnet, varSelRF, pROC, and caret. 
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Nonparametric T test was used in Limma Package 
and the comparison of immune cells producing EVs 
before and after surgery. Hypergeometric test was 
used in the functional enrichment analysis. 
Spearman’s rank correlation coefficient was utilized 
in the correlation analysis of different types of 
immune cells. 

Results

Firstly, we evaluated the dynamic changes of 
mRNAs and lncRNAs during the perioperative 
period via ExLR-seq. Then, we detected the biolo-
gical functions of these DEGs to find out appro-
priate biomarkers involved in the postoperative 
metastasis and recurrence of CRC. Finally, we 
track the cellular sources of those dynamically 

changed exLRs to figure out the origin and func-
tional states of these exLRs.

Isolation and identification of EVs
To evaluate the integrity of isolated EVs from 
plasma, EV morphology was inspected by elec-
tron microscopy. As shown in Figure 1, the 
isolated vesicles in plasma were cup-shaped, 
rounded, and double membrane-bound vesicle- 
like (Figure 1a). Furthermore, flow cytometry 
exhibited a heterogeneous population of sphe-
rical nanoparticles, with abundant peaks ran-
ging from 50 to 200 nm (Figure 1b). In 
addition, western blot analysis revealed charac-
teristic exosomal marker (CD63 and TSG101) 
expression in isolated vesicles, but not in 

Figure 1. Human blood EVs confirmation. EVs were isolated and purified from plasma using membrane affinity spin columns. (a) 
Electron microscopy image of isolated vesicles. (b) Size distribution measurements of isolated vesicles. (c) Western blots of calnexin, 
which can be detected in PBMCs, but not in isolated vesicles, was used as a control. EV markers TSG101 and CD63 in isolated vesicles 
were detected in EVs, but not in PBMCs.
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peripheral blood mononuclear cells (PBMCs). 
Calnexin, which is an intracellularly enriched 
protein in PBMCs and often used as a nega-
tive-control protein marker for EV identifica-
tion, was detected in PBMCs, but not in 
isolated vesicles (Figure 1c). These data indi-
cated that the isolated vesicles were composed 
mostly of exosomes.

Dynamic changes of mRNAs in EVs before and 
after surgery
ExLR-seq was conducted using plasma samples from 
three CRC patients at four timepoints. Approximately 
12,924 mRNAs were reliably detected in each sample. 
Dynamic changes were observed in the expression 
profiles of mRNAs in EVs during the postoperative 
period. Briefly, as shown in Figures 2A, 110 DEGs in 

Figure 2. Comprehensive mRNAs in extracellular vesicles and functional annotations before and after surgery. (a-c) 
Significant DEGs in extracellular vesicles were screened and identified using the ‘Limma’ R package between samples before surgery 
and after extubation (Fig. A), or 1 day after surgery (Fig. B), or 3 days after surgery (Fig. C). (d) A total of 11 common DEGs were 
obtained in extracellular vesicles before and different time points after surgery using a Venn diagram.
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T1 were compared with those in T0. In addition, 
compared with T0, there were 60 DEGs in T2 
(Figure 2b) and 50 DEGs in T3 (Figure 2c). Taking 
the intersection of DEGs in the three groups revealed 
that a total of 11 DEGs (hub DEGs), including DGKI, 
GRB14, KIAA1549, WT1, ACKR4, PLXNB3, KCNH8, 
TCTEX1D1, ILDR2, DYTN and CHRNA2, changed at 
all three timepoints compared to T0 (Figure 2d). 
Although it did not reach significance owing to the 
sample size, there existed an obvious trend (logFC| > 1 
and p < 0.1) and details are shown in table 1 (Table 1, 
Fig S1).

Functional annotations of mRNAs in EVs

Next, functional annotations of 11 altered mRNAs 
in EVs were determined. With respect to the biolo-
gical process, nine of the 11 DEGs were involved in 

the biological regulation process and seven DEGs 
participated in the localization process and stimulus 
response. For the cellular component, nine DEGs 
were membrane components. In addition, molecu-
lar function analysis showed that six DEGs were 
protein-binding mRNAs (Figure 3a). To further 
determine the interactions among the 11 DEGs, 
the protein–protein interaction network was used 
(Figure 3b). Moreover, GO function analysis 
showed that the 11 hub DEGs most significantly 
involved in the regulation of membrane potential, 
cell chemotaxis, chemical synaptic transmission, 
and mesenchymal-epithelial transition (Figure 3c). 
KEGG pathway analysis revealed that the hub 
DEGs were enriched for some pathways, such as 
nicotinic acetylcholine receptors activities, Tie2 sig-
naling, other semaphoring interactions, and choline 
and glycerolipid metabolism (Figure 3d).

Figure 3. The functional annotations of mRNAs in EVs. (a) Biological processes, cellular components, and molecular function 
analysis from GO items of 11 hub genes were evaluated. (b) The protein–protein interaction network was used, showing direct 
interactions and potential associations between proteins. (c) The 11 hub genes most significantly involved in changed GO functions. 
(d) Significantly altered KEGG and Reactome pathways were predicted.
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Dynamic changes of lncRNAs in EVs before and 
after surgery
Except for mRNAs, approximately 2200 lncRNAs 
were detected in each sample. Dynamic changes 
were also observed in the expression profiles of 
lncRNAs in EVs during the post-operative period. 
As shown in Figure 4a, we identified 22 DELRs 

between T0 and T1. In addition, 19 DELRs were 
detected between T0 and T2 (Figure 4b) and 38 
DELRs between T0 and T3 (Figure 4c). 
Furthermore, we found that only three DELRs 
(C15orf54, RP11-446N19.1, and RP11-87H9.4) 
changed at all three timepoints (Figure 4d). 
Although it did not reach significance owing to 

Figure 4. Comprehensive lncRNAs in EVs before and after surgery. (a-c) Significant lncRNAs in EVs were also screened and 
identified using the ‘Limma’ R package between samples before surgery and after extubation (Fig. A), or 1 day after surgery (Fig. B), 
or 3 days after surgery (Fig. C). (d) A total of 3 common DEGs were obtained in EVs before and different time points after surgery 
using a Venn diagram.
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the sample size, there existed an obvious trend 
(logFC| > 1 and p < 0.1) and details are shown 
in table 2 (Table 2, Fig S2).

Cell source analysis of EVs

Because blood EVs are derived from a variety of 
tissues, the xCell tool (http://xcell.ucsf.edu) was 
used to characterize the proportions of cell 
types derived from EVs. xCell is a webtool 
that performs cell-type enrichment analysis 
from gene expression data for 64 immune and 
stroma cell types. xCell is a gene signature- 
based method learned from thousands of pure 
cell types from various sources. xCell applies a 
novel technique for reducing associations 
between closely related cell types. We identified 
67 immune and stroma cell types and evaluated 

the correlation between immune and stroma 
cells (Figure 5a). Dynamic changes of the ori-
gination of EVs during the postoperative period 
were also investigated (Figure 5b). Consensus 
clustering were utilized to explore potential 
clusters and Consensus clustering (or aggre-
gated clustering) is a robust approach that 
relies on multiple iterations of the chosen clus-
tering method on sub-samples of the dataset. 
Specifically, EVs derived from platelets were 
gradually reduced after surgery. Clinically, the 
immunosuppressive microenvironment caused 
by surgery can lead to tumor metastases and 
recurrence and the role of EVs in immune 
regulation has been intensively studied. 
Following infection, the release of EVs carrying 
immunomodulatory molecules by various 
immune cells can influence primary and 

Figure 5. Cell source analysis of EVs. (a) The correlation of immune and stroma cell expression derived from EVs. (b) Dynamic 
changes of cells derived from EVs before and after surgery. (c) Comparison of immune cells producing EVs before and after surgery. * 
p < 0.05, ** p < 0.01, *** p < 0.01 vs before surgery.
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secondary immune responses [32,33]. 
Therefore, we further investigated the changes 
in immune cells derived from EVs before and 
after surgery. As shown in Figure 5c, the total 
number of EVs derived from immune cells 
decreased after surgery. EVs derived from 
CD8 + T, CD4+ memory T, and natural killer 
(NK) cells decreased as well (Figure 5c).

Discussion

Recently, EVs, as a molecular approach to analyze 
tumor diagnosis and progression, has attracted 
more and more attention [31,34]. While studies 
of EVs on cancer development have expanded 
rapidly, few studies have investigated the influence 
of surgical stress on exLRs and the cellular origins 
of exLRs. Our research showed that there are a 
large variety of exLRs in human blood. Given the 
high abundance and heterogeneity of blood exLRs, 
we intended to find the differences of expression 
profile and function in exLRs before and after 
surgery and their influence on CRC progression 
and prognosis.

As the size similarity between exosomes and 
other EVs, including ectosomes and MVs, has 
deeply hindered the development of isolation pro-
cesses. It is critical to pay attention to the isolation 
of plasma, EV purification and preparation of EV 
RNA in order to obtain reliable exLR-seq data. In 
this study EVs were isolated via density gradient 
centrifugation (DG), which was intensively used in 
plasma and cell culture supernatants. Although the 
process is time-consuming and highly instrument- 
dependent, DG is easy to perform and yields exo-
somes with higher purity and size uniformity. The 
proportion of exosomes in the isolated EVs was 
confirmed from the aspect of morphology, particle 
size, and characteristic exosomal markers (CD63 
and TSG101). Rapid development of EV isolation 
technology makes it possible to use EVs and exLRs 
for further cancer-related studies.

In this study, surgical stress caused significant 
changes to the expression profile of exLRs. 11 
mRNAs, including DGKI, GRB14, KIAA1549, 
WT1, ACKR4, PLXNB3, KCNH8, TCTEX1D1, 
ILDR2, DYTN and CHRNA2, have dynamically 
changed at all three timepoints compared with 
T0. Several of these exLRs were associated with 

CRC progression. For example, WT1 expression 
in CRC primary tumors could be a novel indepen-
dent marker for prognosis and tumor progression 
[35,36]. GRB14, which belongs to a small family of 
adapter proteins, could encode a growth factor 
receptor-binding protein that interacts with insu-
lin receptors and insulin-like growth factor recep-
tors (IGF-Rs) [37]. IGF-1 R expression is 
associated with tumor progression and poor prog-
nosis in several cancer types, including gastroin-
testinal malignancies [38]. KIAA1549 belongs to 
the UPF0606 family and is related to oncogenic 
MAPK signaling [39]. ACKR4, which is a receptor 
for C–C type chemokines, has been shown to bind 
T cells and dendritic cell-activated chemokines 
and plays a significant role in controlling the 
migration of immune and cancer cells [40]. 
These findings indicated that mRNAs dynamically 
changed during the peri-operative period may play 
a role in the development of CRC. However, the 
exact effect of these mRNAs and the underlying 
mechanisms require further investigation.

Our data also showed that lncRNAs are 
enriched in EVs; however, only three common 
lncRNAs were detected at three time points com-
pared with T0. This finding may due to our small 
sample size. In a corollary study, we will expand 
our samples to further explore the exact effect of 
surgery on EVs and the underlying mechanism.

Innate immune cells, such as NK cells, neutro-
phils, mast cells (MCs), macrophages, eosinophils 
and adaptive immune cells, including DCs, T cells, 
and B cells, derived from exosomes can directly 
interact with cancer cells and uptake by tumor 
cells inducing different types of immune responses 
[41,42]. Accumulating evidence has shown that 
EVs derived from immune cells can promote 
pro-tumor and anti-tumor immunity, which sug-
gests a complex relationship between the immune 
cell-derived EVs and the immune system [43–46]. 
NK cells that were previously exposed to neuro-
blastoma (NB) can secrete exosomes containing 
NK cell receptors, such as CD56, KIR2DL2, and 
NKG2D receptors, which can subsequently stimu-
late normal NK cells, generating greater and more 
efficient cytotoxicity against NB tumor cells [45]. 
CD8 + T cell-derived exosomes with membrane 
expression of Fas ligand (FasL) can promote inva-
sion and metastasis of Fas+ tumor cells through 
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matrix metalloproteinase-9 (MMP-9)-mediated 
degradation of extracellular matrix proteins [43]. 
In our study, we found that total EVs derived from 
immune cells, especially from CD8 + T cells, CD4 
+ memory T cells and NK cells, decreased after 
surgery. Further studies are warranted to fully 
characterize EVs derived from immune cells, and 
to learn how to precisely engineer exosomes for 
therapeutic antitumor treatment.

In short, this report presented abundant exLRs 
in human plasma and the exLR dynamic changes. 
ExLRs originating from CD8 + T and CD4 
+ memory T cells were reduced during the peri-
operative period. Future studies will focus on the 
specific exLRs dynamically changed during the 
perioperative period and their origins to explore 
the impact on the occurrence and progression of 
CRC and the potential underlying mechanism.

Conclusions

To the best of our knowledge, we investigated the 
effects of surgical stress on the expression profile 
and cellular sources of blood exLR by exLR 
sequencing of CRC patients at four time points 
before and after surgery. In addition, we also 
investigated the function of these changed exLRs 
during the perioperative period. These findings 
open an avenue for the investigation of EVs at 
different time points and lay foundation to find 
out exLRs involved in the postoperative metastasis 
and recurrence of tumors.

Highlights

● Eleven DEGs and three DELRs dynamically 
changed during perioperative period.

● The dynamically changed exLRs were related 
to various biofunctions.

● EVs originating from immune cells decreased 
after surgery.
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