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Exosome-transmitted miRNA-335-5p promotes
colorectal cancer invasion and metastasis
by facilitating EMT via targeting RASA1
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Exosomal microRNA (miRNA) secretion has been character-
ized as a vital factor in intercellular communication among
cancer cells. However, little is known about cancer-secreted
miRNAs specifically involved in metastasis of colorectal cancer
(CRC). Here, we found that exosomes derived from metastatic
CRC cell line SW620 promoted migration, invasion, and
epithelial-mesenchymal transition (EMT) of CRC cells. The
profiling of exosome miRNAs revealed that microRNA
(miR)-335-5p was highly expressed in exosomes from metasta-
tic SW620 cells compared to those derived from primary
SW480 cells. miR-335-5p was transmitted from metastatic
SW620 cells to CRC cells via exosomes and promoted migra-
tion, invasion, and EMT of CRC cells. Moreover, exosome-
transmitted miRNA-335-5p promotes CRC cell invasion and
metastasis by facilitating EMT via targeting RAS p21 protein
activator 1 (RASA1). Overexpression of RASA1 abolished the
promotive effects of exosomal miR-335-5p on CRC cell migra-
tion, invasion, and EMT. Collectively, our data revealed that
exosomal miR-335-5p derived from metastatic CRC cells pro-
motes CRC cell invasion and metastasis by facilitating EMT
via targeting RASA1, whichmay serve as a potential therapeutic
target for CRC metastasis.
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INTRODUCTION
Colorectal cancer (CRC) is prevalent throughout the world, with mor-
talitymostly causedby itsmetastasis to distant critical organs.1,2Metas-
tasis of CRC is correlated with poor prognosis and indicates terminal
stages of cancer.3,4 Approximately one-third of CRC patients will
finally developmetastatic disease andare at high risk of recurrence after
surgery.5,6 Thus, a better understanding of the exact molecular mech-
anisms underlying CRCmetastasis is important to identify novel diag-
nostic biomarkers and develop therapeutic strategies for CRC patients.

Recently, exosomes have emerged as an appreciated fundamental
aspect of cancer metastasis research. These are endosomes distin-
guished by size, ranging from 30 to 100 nm, that are secreted from
the membrane as multivesicular bodies and contain proteins, lipids,
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DNA, mRNA, and microRNAs (miRNAs).7 Interestingly, the major
part of exosomal RNA is constituted of miRNAs, which serve as ge-
netic messengers and play important roles in regulating gene expres-
sion of target cells.8 Exosome secretion has been documented in cancer
cells and has been pronounced responsible for priming the formation
of a pre-metastatic microenvironment that further promotes engraft-
ment and survival of cancer.9,10 Melo et al.11 and Kobayashi et al.12 re-
ported that serum exosomes are reliable markers for early diagnosis of
cancer.

miRNAs are small (about 22 nucleotides) non-coding and single-
stranded RNA molecules found in animals or plants and function
in the post-transcriptional regulation of gene expression.13,14 Func-
tionally, miRNAs may suppress or promote various kinds of cancers,
depending on whether the miRNAs specifically target potential tumor
suppressors or oncogenes.15 Recent studies have revealed miRNAs as
key actors in cancer metastasis.16,17 What’s more, some researchers
have highlighted that miRNAs may have a role in regulating epithe-
lial-to-mesenchymal transition (EMT),18,19 a morphogenetic process
by which cells lose their epithelial properties and gain mesenchymal
characteristics.

Exosomes not only transfer membrane components between cells but
also transfer nucleic acids,20 with miRNAs being a major RNA
component of exosomes.21 Exosomal miRNAs secreted by cancer
cells can be transferred to recipient cells to regulate gene expres-
sion.8,22,23 Recent studies showed that cancer-secreted miRNAs
may play an important role in regulating various cellular components
of the tumor microenvironment to promote metastasis.8,24 However,
little is known about the involvement of cancer-secreted miRNAs in
metastasis.
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Figure 1. Characterization of exosomes derived

from colorectal cancer (CRC) cell lines

(A) Transmission electron microscopy of exosomes iso-

lated from CRC cell lines SW480 and SW620. Scale bars,

200 nm. (B) Size distribution of isolated exosomes. (C)

Western blot analysis of the exosome marker proteins

CD63 and TSG101 in SW480 and SW620 cells and their

exosomes. (D) Presence of PKH67 lipid dye in SW480

cells treated with PKH67-labeled exosomes. Exosomes

were derived from SW480 or SW620 (SW480-exo or

SW620-exo) cells and incubated with SW480 cells for 24

h. SW480 cells without treatment were used as the con-

trol. Scale bars, 20 mm.
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In this study, we found that exosomes derived from metastatic CRC
SW620 cells promoted CRC cell migration, invasion, and EMT
when compared to exosomes derived from primary SW480 cells.
Expression profiling of exosome miRNAs revealed that microRNA
(miR)-335-5pwasmore highly expressed in exosomes frommetastatic
SW620 cells than in those from SW480 cells. Moreover, we revealed
exosome shuttling of miR-335-5p as an underlying regulatory mech-
anism that promotes CRC cell migration, invasion, and EMT through
targeting RAS p21 protein activator 1 (RASA1), a candidate suppres-
sor of RAS function. This discovery could provide a significant basis
for the development of novel therapeutic strategies in CRC patients.
RESULTS
Characterization of exosomes derived from CRC cells

CRC cells shed from their surface a variety of vesicles, some of which
are exosomes (size smaller than 100 nm). We performed electron mi-
croscopy, nanoparticle size potential analysis, and western blot anal-
ysis to characterize vesicles recovered fromCRC conditionedmedium
Molecular T
by differential ultracentrifugation (110,000 � g
for 2 h). As expected, we observed 30�100 nm
vesicles that were morphologically consistent
with exosomes (Figures 1A and 1B). Protein
extraction from exosomes, followed by western
blotting, demonstrated that these vesicles ex-
pressed the exosomal markers CD63 and
TSG101 (Figure 1C). To determine whether
exosomes can be internalized by CRC cells, we
labeled exosomes with the green lipophilic fluo-
rescent dye PKH67 and subsequently co-
cultured them with SW480 cells. We found
that SW480 cells exhibited high uptake effi-
ciency, as indicated by a fluorescent green signal
(Figure 1D). After 24 h incubation with PKH67-
labeled exosomes, more than 90% of SW480
cells were positive for PKH67 fluorescence, sug-
gesting that the exosomes were internalized by
SW480 cells.

Metastatic CRC SW620 cell-secreted

exosomes promotemigration, invasion, and
EMT of CRC cells

We used as experimental models the cell lines SW480 and SW620,
which are derived from primary (SW480) and metastatic (SW620) le-
sions from a single colon cancer patient.13 SW480 cells were incu-
bated with exosomes derived from SW480 or SW620 (SW480-exo
or SW620-exo) cells, and cell viability was determined at 24 h, 48 h,
and 72 h with Cell Counting Kit 8 (CCK-8). The results showed
that SW480-exo or SW620-exo cells had no significant effects on
cell growth (Figure 2A). Also, plate colony-formation assays revealed
no difference in growth between SW480-exo or SW620-exo cells (Fig-
ure 2B). However, exosomes derived from metastatic CRC SW620
cells significantly promoted the migration and invasion of SW480
cells through Transwell assays (Figures 2C and S1). In addition,
SW620-exo improved the wound-healing ability of SW480 cells
when compared with SW480-exo and control (phosphate-buffered
saline [PBS]) groups (Figure 2D). Next, we performed western blot
analysis to determine expression levels of proteins associated with
EMT. The results illustrated that SW620-exo treatment significantly
herapy: Nucleic Acids Vol. 24 June 2021 165
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Figure 2. Exosomes derived from the metastatic

CRC cell line SW620 promote CRC cell migration,

invasion, and epithelial-mesenchymal transition

(EMT)

(A) Viability ofSW480cells treatedwithPBS,SW480-exo, or

SW620-exo for the indicated time; viability was assessed

using a Cell Counting Kit-8 assay. ns, not significant. Data

are presented as mean ± SD (n = 3). (B) Colony-formation

abilities of SW480 cells treated with PBS, SW480-exo, or

SW620-exo, as detected by a colony-forming assay. (C)

Migration and invasion abilities of SW480 cells treated with

PBS, SW480-exo, or SW620-exo, as detected using a

Transwell assay. Representative images from triplicate ex-

periments areshown.Dataarepresentedasmean±SD (n=

3). ***p < 0.001. Scale bars, 100 mm. (D) Wound-healing

assays of SW480 cells treated with PBS, SW480-exo, or

SW620-exo. Data are presented asmean± SD (n = 3). *p <

0.05. Scale bars, 200 mm. (E) Western blot analysis of vi-

mentin and E-cadherin protein expression levels in SW480

cells treated with SW480-exo or SW620-exo. Data are

presented as mean ± SD (n = 3). **p < 0.01, ***p < 0.001.
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increased vimentin, fibronectin, and N-cadherin expression and
decreased E-cadherin expression relative to SW480-exo treatment
(Figures 2E and S2), indicating that exosomes derived frommetastatic
CRC cells induced EMT in SW480 cells.

miR-335-5p is highly expressed in exosomes derived from

metastatic CRC cells

miRNA sequencing was performed to determine miRNA expression
profiles in SW480-exo or SW620-exo. We found SW480-exo and
SW620-exo to have significantly different miRNA expression profiles
(Figure 3A) and identified 77miRNAs as having a fold change greater
than 5 (Figure 3B). Through quantitative PCR, we verified that miR-
335-5p was more highly expressed in SW620-exo than in SW480-exo
166 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
(Figure 3C). We also have profiled the expres-
sion level of miR-335-5p in six CRC cell lines
(SW620, DLD1, SW480, HCT116, HT29, and
Caco-2) through quantitative PCR and showed
the expression level of miR-335-5p was higher
in the SW620 cell line than the SW480 cell
line (Figure S3). With the use of miRNA and
mRNA expression data from The Cancer
Genome Atlas (TCGA), we confirmed that
miR-335-5p was significantly elevated in CRC
relative to normal samples (Figure 3D), and
cases with high expression of miR-335-5p had
a poorer overall survival rate (Figure 3E). We
also analyzed TCGA data and found that the
expression level of miR-335-5p was significantly
elevated in metastatic rectal cancer compared
with non-metastatic patients (p = 0.0297; Fig-
ure S4A). There was also a slightly elevated in
metastatic colon cancer compared with non-metastatic patients,
although there was no significance difference (p = 0.137; Figure S4B).
In addition, to explore the function of miR-335-5p in CRC, we per-
formed gene set enrichment analysis (GSEA) analysis on the
genes expressed in CRC samples having high or low expression of
miR-335-5p. For each gene set, we tested whether the genes were en-
riched in any direction and set the number of rotations to 10,000. We
identified significant enrichment in two biological pathways: Ras pro-
tein signal transduction and regulation of Ras protein signal transduc-
tion (false discovery rate [FDR] < 0.05) (Figures 3F and 3G). These
results indicate that SW620 exosomes have higher levels of miR-
335-5p, and the functions of miR-335-5p in CRC may relate to acti-
vation of the Ras signaling pathway.



Figure 3. Expression of miR-335-5p is significantly

higher in SW620-exo than in SW80-exo

(A) Volcano plot of differentially expressed miRNAs in

SW480-exo and SW620-exo. (B) Heatmap of differentially

expressed miRNAs in SW480-exo and SW620-exo (fold

change R 5.0). (C) Quantitative RT-PCR analysis of miR-

335-5p expression in SW480-exo and SW620-exo. Data

are presented as mean ± SD (n = 3). **p < 0.01. (D)

Expression of miR-335-5p in normal and CRC samples

based on analysis of The Cancer Genome Atlas (TCGA)

data. Data are presented as mean ± SD. p = 1.28e-08. (E)

Survival analysis of CRC patients expressing high and low

levels of miR-335-5p. p = 2.28e-01 (F) Gene-set enrich-

ment analysis (GSEA) analysis showed that the differen-

tially expressed genes associated with miR-335-5p level

in CRC samples were enriched for the Ras protein signal

transduction pathway. p < 0.001. (G) GSEA analysis

showed that the differentially expressed genes associated

with miR-335-5p level in CRC samples were enriched for

the regulation of Ras protein signal transduction pathway.

p = 0.004
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miR-335-5p promotes migration and invasion of CRC cells by

targeting RASA1

The potential target genes of miR-335-5p were predicted by three bio-
informatics algorithms: TargetScan, miRDB, and miRTarBase (Fig-
ure 4A). Interestingly, RASA1, a negative regulator of the Ras
signaling pathway, is one of the potential targets of miR-335-5p.
Analysis of data downloaded from TCGA indicated that expression
of RASA1 was significantly associated with miR-335-5p level in
CRC patients (r =�0.081, p = 0.00472) (Figure 4B). Figure 4C shows
a putative miR-335-5p target site in the 30 UTR of RASA1 identified
by bioinformatic analysis. Luciferase reporter experiments in
Molecular T
SW480 cells using the wild-type (WT) RASA1
30 UTR showed a significant decrease in lucif-
erase activity upon transfection of miR-335-5p
mimics (Figure 4C). In contrast, the luciferase
activity of a reporter incorporating the mutant
(mut) RASA1 sequence was not affected by
miR-335-5p (Figure 4C), suggesting that miR-
335-5p directly targets that specific region of
the 30 UTR of RASA1.

To determine the effects of miR-335-5p on
RASA1, miR-335-5p mimics were transiently
transfected into SW480 and SW620 cells using
Lipofectamine 3000. Evaluation with quantitative
reverse-transcriptase PCR (qRT-PCR) and west-
ernblot showed that themRNAandprotein levels
ofRASA1were significantly downregulated in the
mimic-transfected cells (Figure 4D). In addition,
miR-335-5p transfection increased expression of
Ras protein (Figure 4E). Upregulation of miR-
335-5p may be accompanied by EMT activation,
as evidenced by the increased expression of vi-
mentin and decreased expression of E-cadherin in SW480 and
SW620 cells (Figure 4F). Moreover, we found that an increased level
ofmiR-335-5p significantly promotedmigration and invasion, whereas
inhibitionofmiR-335-5pwith amiR-335-5p inhibitor significantly sup-
pressed migration and invasion of CRC cells (Figures 4G and 4H).

Exosome-transmitted miRNA-335-5p promotes CRC cell

migration, invasion, EMT, and metastasis by targeting RASA1

Herein, we collected exosomes from the conditioned media of
SW480 cells transfected with miR-335-5p mimic or a negative con-
trol (NC). The level of miR-335-5p in these exosomes was detected
herapy: Nucleic Acids Vol. 24 June 2021 167
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Figure 4. miR-335-5p inhibits CRC cell migration, invasion, and EMT by targeting RASA1

(A) Prediction of target genes of miR-335-5p using three computational target prediction algorithms (TargetScan 50, miRDB, and miRTarBase). (B) Correlation analysis of

miR-335-5p and RASA1mRNA expression levels in CRC tissues based on TCGA data. *p < 0.05. (C) Wild-type (WT) and mutant (mut) binding sites of miR-335-5p in the 30

UTR of RASA1 and associated luciferase assay. SW480 cells were co-transfected with either negative control (NC) or miR-335-5p mimics and luciferase reporter plasmids,

including RASA1 30 UTRWT or RASA1 30 UTRmut. Data are presented as mean ± SD (n = 3). *p < 0.05. (D) Expression of RASA1mRNAwas determined by quantitative RT-

PCR in SW480 and SW620 cells transfected with NC or miR-335-5p mimics. **p < 0.01. (E) Western blot analysis of RASA1 and Ras protein expression in SW480 and

SW620 cells transfected with NC or miR-335-5p mimics. (F) Western blot analysis of E-cadherin and vimentin protein expression in SW480 and SW620 cells transfected with

NC or miR-335-5p mimics. (G) Determination of the migration and invasion abilities of SW480 and SW620 cells transfected with NC or miR-335-5p mimics using a Transwell

assay. Data are presented asmean ±SD (n = 3). *p < 0.05, **p < 0.01. Scale bars, 100 mm. (H) Determination of themigration and invasion abilities of SW480 and SW620 cells

transfected with NC or miR-335-5p inhibitor using a Transwell assay. Data are presented as mean ± SD (n = 3). *p < 0.05, **p < 0.01. Scale bars, 100 mm.
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using qRT-PCR. The results showed miR-335-5p to be overex-
pressed in SW480-exo cells transfected with the mimic, indicating
that miR-335-5p could be transferred from cells to their derived
exosomes (Figure S5). We found that exosomes containing the
mimic (miR-335-5p mimic-exo) significantly promoted migration
and invasion of SW480 and SW620 cells (Figures 5A and 5B)
and also decreased RASA1 protein expression and increased Ras
protein expression (Figure 5C). Also, miR-335-5p mimic-exo sup-
pressed EMT, as demonstrated by decreased expression of the
168 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
epithelial marker E-cadherin and increased expression of the
mesenchymal marker vimentin (Figure 5D). Finally, cells treated
with miR-335-5p mimic-exo showed stronger promotion of metas-
tasis in vivo (Figures 5E and 5F), with the number of macroscopic
nodules on the lung surface dramatically increased. These results
suggest that exosome-mediated shuttling of miR-335-5p may accel-
erate CRC cell migration and invasion in vitro and metastasis
in vivo, which are accompanied by activation of Ras signaling
and EMT.



Figure 5. Exosome-transmitted miRNA-335-5p promotes CRC cell invasion, metastasis, and EMT, as well as decreases the level of RASA1

(A) Determination of the migration and invasion abilities of SW480 cells treated with NC-exo (SW480-exo transfected with NC miRNA) or miR-335-5p mimics-exo (SW480-

exo transfectedwithmiR-335-5pmimics) using a Transwell assay. Data are presented asmean ±SD (n = 3). **p < 0.01, ***p < 0.001. Scale bars, 100 mm. (B) Determination of

the migration and invasion abilities of SW620 cells treated with NC-exo or miR-335-5p mimics-exo using a Transwell assay. Data are presented as mean ± SD (n = 3). **p <

0.01. Scale bars, 100 mm. (C) Western blot analysis of RASA1 and Ras protein expression levels in SW480 and SW620 cells treated with NC-exo or miR-335-5p mimics-exo.

(D) Western blot analysis of E-cadherin and vimentin protein expression levels in SW480 and SW620 cells treated with NC-exo or miR-335-5p mimics-exo. (E) Biolumi-

nescence assay evaluating tumor metastases inmice. SW480 cells transduced with a lentiviral vector encoding the firefly luciferase gene (3� 106 cells per mouse, n = 6) were

injected into the tail vein of NOD/SCID mice, and the in vivo bioluminescent signal was quantified at the 9th week. Representative in vivo images of NC-exo or miR-335-5p

mimics-exo treated mice are shown. Data are presented as mean ± SD (n = 6). **p < 0.01. (F) Representative photographs of macroscopic lung appearance. The number of

metastatic tumor nodules for each group is shown on the right panel. Data are presented as mean ± SD (n = 6). **p < 0.01.
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Upregulation of RASA1 eliminated the facilitation of exosomal

miR-335-5p on migration and invasion of CRC cells

To further identify the potential function of RASA1 in CRC cells, we
established a stable SW480 cell line overexpressing RASA1 using lenti-
viral vectors. As shown in Figures 6A and 6B, RASA1mRNA and pro-
tein overexpression were, respectively, verified by real-time PCR and
western blot in SW480 cells transfected with lentiviral vector express-
ing RASA1 (lenti-RASA1; SW480-RASA1). In cells overexpressing
RASA1, protein levels of Ras and vimentin were significantly downre-
gulated, whereas E-cadherin was upregulated (Figure 6C). Also, the
migration and invasion abilities of SW480-RASA1 were significantly
decreased compared with the SW480-vector control (Figure 6D).

Next, we investigated whether RASA1 is involved in the induction of
migration, invasion, and EMT by exosomal miR-335-5p in CRC cells.
Western blot analysis revealed that miR-335-5p mimic-exo increased
the protein levels of Ras and vimentin but decreased the protein levels
of RASA1 and E-cadherin; with RASA1 overexpression, the inverse
expression trends were observed for these proteins (Figure 6E). More-
over,RASA1 overexpression reversedmiR-335-5pmimic-exo-induced
migration and invasion of SW480 cells (Figure 6F). These results sug-
gest that exosomal miR-335-5pmight induce migration, invasion, and
EMT by targeting RASA1.

DISCUSSION
Metastasis and recurrence are the major causes of poor prognosis in
patients suffering from CRC.25,26 Hence, a better understanding of
the underlying mechanism of CRC metastasis and recurrence would
provide a better strategy for suppressing CRC development, along
with discovering novel regulators of these processes. The crosstalk
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 169
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Figure 6. Ectopic expression of RASA1 inhibits CRC

cell migration and invasion and eliminates the

promotive effects of exosomal miR-335-5p on cell

migration and invasion

(A) Quantitative RT-PCR showing an increased mRNA

level of RASA1 in SW480 cells transduced with lentiviral

vector expressing RASA1 (lenti-RASA1). Data are pre-

sented asmean±SD (n = 3). ***p < 0.001. (B)Western blot

showing an increased protein level of RASA1 in SW480

cells transduced with lenti-RASA1. (C) Western blot

showing decreased protein levels of Ras and vimentin and

increased protein level of E-cadherin in SW480 cells

transduced with lenti-RASA1. (D) Transwell migration and

invasion assays of SW480 cells transduced with lenti-

RASA1 or control vector. Representative images from

triplicate experiments are shown. Data are presented as

mean ± SD (n = 3). *p < 0.01. Scale bars, 100 mm. (E)

Western blot analysis of RASA1, Ras, E-cadherin, and vi-

mentin protein expression in SW480 cells treated with NC-

exo, miR-335-5p mimics-exo, or miR-335-5pmimics-exo

and lenti-RASA1. (F) Transwell migration and invasion

assays of SW480 cells treated with NC-exo, miR-335-5p

mimics-exo, or miR-335-5pmimics-exo and lenti-RASA1.

Representative images from triplicate experiments are

shown.Data arepresented asmean±SD (n=3). *p<0.05,

**p < 0.01. Scale bars, 100 mm.
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between cancer cells is responsible for cancer cell metastasis, invasion,
and other oncological behaviors.27,28 Dysregulation of miRNAs and
exosomal shuttling of miRNAs may serve as critical factors in CRC
progression and metastasis.29,30 Exosomes can effectively load and
deliver miRNAs, causing some genes to be partially silenced in recip-
ient cells, which in turn, affects metastasis-promoting tumor cell ac-
tivities.23 In this study, we found that exosomal miR-335-5p derived
from a metastatic CRC cell line (SW620) promotes CRC cell invasion
and metastasis by activating EMT and RAS signaling via its target
gene RASA1.

We extracted exosomes from the CRC cell lines SW480 (from pri-
mary lesions) and SW620 (from metastatic lesions) and evaluated
their potential role in CRC. We showed that exosomes derived
from the metastatic CRC cell line (SW620) promote CRC cell migra-
tion, invasion, and EMT. These findings suggest that the shuttling of
exosomes and their cargo between CRC cells results in metastatic al-
terations, but the underlying mechanism of this process remained to
be determined. Next, exosomal miRNAs from the two CRC cell lines
were sequenced, and the potential miRNAs involved in metastasis in
CRC were evaluated. Expression of miR-335-5p was found to be
significantly increased in SW620-derived exosomes, which was in
line with the qRT-PCR results. In addition, analysis of data down-
170 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
loaded from TCGA showed that high levels of miR-335-5p in CRC
patients were associated with poor prognosis. More interestingly,
GSEA analysis of mRNA profiles from CRC patients grouped accord-
ing to miR-335-5p expression levels revealed that genes involved in
the Ras protein signaling pathway and regulation of the Ras protein
signaling pathway were significantly dysregulated. Notably, Ras
signaling plays a crucial role in CRC progression.31

Previous cancer studies showed that miR-335-5p can be a promising
invasive biomarker for cancer metastasis.32,33 For example, a high
level of hsa-miR-335 was observed in patients with gastric cancer,
who suffer from high-frequency recurrence and poor survival.32

Moreover, miR-335-5p was highly expressed in uterine sarcoma pa-
tients suffering from tumor metastasis and relapse, suggesting this
miRNA can be a potential marker for prognosis and treatment
response of uterine sarcomas.33 Our results revealed that upregulation
of miR-335-5p positively promoted the invasive ability of CRC cells
and its downregulation, the inverse. We additionally investigated
the mechanism by which miR-335-5p mediates CRC cell metastasis.
Luciferase reporter gene assays, qRT-PCR, and western blot analysis
demonstrated that RASA1, a key tumor-suppressor gene, was the
direct target of miR-335-5p. RASA1, which encodes p120 Ras GTPase
activating protein (RasGAP), is known to be a negative regulator of
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the RAS/mitogen-activated protein kinase (MAPK) pathway; for
example, downregulation of RASA1 in lung carcinoma cancer cells
activated signaling downstream of RAS and promoted malignant
transformation.34 As expected, RASA1 expression was significantly
downregulated in CRC cells transfected with miR-335-5p mimics.
Moreover, RASA1 downregulation in CRC cells promoted the expres-
sion of Ras and induced EMT. Furthermore, we also revealed that
exosome-encapsulated miR-335-5p decreased the expression of
RASA1, increased expression of Ras, and induced EMT and metasta-
tic ability in recipient CRC cells. Meanwhile, overexpression of
RASA1 in recipient CRC cells significantly reversed the effects of exo-
somal miR-335-5p. Hence, it is possible that exosomal miR-335-5p
promotes CRC metastasis and activates EMT through directly target-
ing RASA1.

In our study, a total of 16 potential target genes of miR-335-5p were
predicted by three bioinformatics algorithms: TargetScan, miRDB,
and miRTarBase. Of the 16 potential target genes, in addition to
RASA1, multiple target genes of miR-335-5p have been reported.
For example, miR-335-5p has been reported to target Daam1 and
ROCK1 to promote chondrogenesis of mesenchymal stem cells.35

miR-335 has also been reported to exert a metastatic inhibitory effect
by targeting SP1,36 ROCK1,37 and ZEB2.38 However, our results
showed that miR-335-5p promotes CRC metastasis and activates
EMT through directly targeting RASA1. Shu et al.39 reported that
miR-335 promoted growth and invasion by targeting DAAM1 in ma-
lignant astrocytoma cells. Some researchers have defined miR-335-5p
as a tumor suppressor;36,38,40,41,47 however, others argued that miR-
335-5p acted as an accelerator in CRC.42,43 Interestingly, Scarola
et al.44 discovered that miR-335 controls cell proliferation and
neoplastic transformation in a p53-dependent manner. Briefly, over-
expression of miR-335 in tumor cells carrying the p53 WT allele
decreased Rb1 protein and activated the p53 tumor-suppressor
pathway to limit cell proliferation and neoplastic transformation
but increased miR-335-induced hyperproliferation and neoplastic
transformation in the absence of the p53 tumor-suppressor pathway.
The two CRC cell lines (SW480 and SW620) used in this study have
one thing in common: there is a G > A mutation in codon 273 of the
p53 gene, resulting in an Arg > His substitution. We speculated that
the functions of miR-335-5p in CRC cell lines are correlated with the
mutations in the p53 gene. Nevertheless, further studies are needed to
figure out the underlying mechanism and relationship of miR-335-5p
with p53.

Evidence is accumulating that exosomal miRNAs facilitate invasive
phenotypes in a number of cancers via various signaling pathways.
Fang et al.45 revealed that miR-103, transferred by exosomes, can
enhance vascular permeability and promotes metastasis through
directly targeting junction proteins. Ultimately, the exosome-medi-
ated transfer of miRNAs can alter target gene expression through
post-transcriptional regulation and subsequently change the proper-
ties of recipient cells. However, there is no prior report that miRNAs
specifically promote CRC cell metastasis through exosome-mediated
cell-cell communication. Our results showed that miR-335-5p, deliv-
ered by exosomes, could promote CRC cell invasion, migration, and
EMT transition. Moreover, exosomal miR-335-5p significantly
increased the number of lung metastasis nodules in vivo. Based on
these findings, we conclude that exosomalmiR-335-5p could function
as a regulatory factor to stimulate the metastatic potential of CRC cells
in vitro and in vivo.

In summary, this study uncovered a novel function of exosomal miR-
335-5p in CRC metastasis and expounds that exosome-encapsulated
miR-335-5p promotes CRC cell invasion, metastasis, and EMT tran-
sition by directly targeting RASA1. These findings strongly suggest
that exosomal miR-335-5p could be a prognostic biomarker and
lead to valuable therapeutic strategies for addressing CRC metastasis.

MATERIALS AND METHODS
Cell culture

CRC cell lines SW480 and SW620 were purchased from the Chinese
Academy of Sciences (Shanghai, China) and cultured in Leibovitz’s L-
15 medium (Gibco, Carlsbad, CA, USA), supplemented with 10%
fetal bovine serum (FBS) (Gibco). All cell lines were cultured at
37�C and 5% CO2 in a humidified incubator.

Exosome isolation and characterization

Exosomes were isolated from SW480 and SW620 cells. Briefly, cells
were washed and incubated at 37�C and 5% CO2 for 48 h in medium
with exosome-depleted FBS. FBS was depleted of exosomes prior to
use by ultra-centrifugation at 110,000 � g overnight at 4�C. Cell cul-
ture supernatants were collected and centrifuged at 300 � g for
10 min to pellet the cells and then at 10,000 � g for 30 min at 4�C
to further remove cells and debris. The supernatant was filtered
through a 0.22-mm filter to remove micro-vesicles larger than
200 nm, and the filtered supernatant was ultra-centrifuged at
110,000 � g for 70 min at 4�C. To further eliminate contaminating
protein, the raw exosome pellet was resuspended in PBS and another
ultra-centrifugation performed. The exosome-enriched pellets were
resuspended in a small volume of PBS or lysis buffer where indicated.
The lysed sample was used for total protein measurement, and the
intact exosomes in PBS were stored at�80�C for further experiments.

The morphology of SW480-exo and SW620-exo cells was imaged by a
transmission electron microscope (FEI Tecnai Spirit Bio-TWIN). The
size distribution of exosomes was determined using a Malvern Zeta-
sizer Nano ZS90 (Malvern, UK), according to the manufacturer’s in-
structions. The exosomemarkers CD63 and TSG101 were detected by
western blotting.

Western blot analysis

Total proteins of cells or exosomes were extracted using radio immu-
noprecipitation assay (RIPA) lysis buffer, supplemented with a prote-
ase inhibitor, and quantified by the bicinchoninic acid (BCA) protein
assay (Pierce, Rockford, IL,USA).Westernblot analysiswasperformed
as previously described.46 The following primary antibodies were used:
anti-CD63 (cat. #ab217345; Abcam, Cambridge, UK), anti-TSG101
(cat. #ab125011; Abcam), anti-b-actin (cat. #ab179467; Abcam),
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anti-RASA1 (cat. #ab40677;Abcam), anti-Ras (cat. #ab52939;Abcam),
anti-E-cadherin (cat. #610181; BD Biosciences), anti-vimentin (cat.
#550513; BDBiosciences), and anti-glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; cat. #ma5-15738; Thermo Fisher Scientific, Wal-
tham, MA, USA).

Internalization of exosomes

SW480-exo and SW620-exo cells were stained with PKH67 (Sigma),
as previously described.8 The PKH67-labeled exosomes were incu-
bated with SW480 cells in a six-well plate for 24 h. After incubation,
cells were washed with PBS three times and then stained with 10 mM
Dil at 37�C for 20 min. The cells were counterstained with 40-6-dia-
midino-2-phenylindole (DAPI) and analyzed by fluorescent confocal
microscopy (Leica Microsystems, Mannheim, Germany).

Small RNA sequencing

Small RNA sequencing was performed with SW480-exo and SW620-
exo cell lines, according to standard procedures provided by Illumina,
including the preparation of libraries and sequencing experiments.
Small RNA sequencing libraries were first prepared with TruSeq
Small RNA Sample Prep Kits (Illumina, San Diego, CA, USA). The
constructed libraries were sequenced using an Illumina HiSeq 2500
with a sequencing read length of 1� 50 bp. Raw reads were processed
with ACGT101-miR (LC Sciences, Houston, TX, USA) to remove
adaptor dimers, junk, low-complexity sequences, common RNA fam-
ilies (rRNA, tRNA, small nuclear RNA [snRNA], and small nucleolar
RNA [snoRNA]), and repeats. Student’s t test was used to evaluate the
differential expression of miRNAs based on normalized deep-
sequencing counts.

qRT-PCR analysis of miRNA expression

Total RNA of cells or exosomes was isolated using the RNeasy Mini
Kit (QIAGEN; cat. #/ID: 74104), according to the manufacturer’s in-
structions. Total RNA (1 mg) was reverse transcribed into cDNA us-
ing the SuperScript First-Strand Synthesis Kit (Invitrogen, Thermo
Fisher Scientific). Then, the cDNA was used for quantitative real-
time PCR analysis performed on the QuantStudio 5 detection system
(Applied Biosystems, Warrington, UK) using SYBR Premix EX Taq
(Takara, Shiga, Japan) and miRNA-specific primers (Ribobio,
Guangzhou, China). U6 was selected as the reference gene, and all re-
actions were performed in triplicate.

Colony-forming assay

Cells were dissociated and placed in a six-well plate at a density of 500
cells/well and then cultured in medium with 60 mg/mL SW480-exo or
SW620-exo cells for 14 days (the medium was changed every 4 days).
Clone-forming ability was assessed by staining with 0.1% crystal vio-
let. All experiments were performed in triplicate.

Proliferation assay

Cells were dissociated and placed in a 96-well plate at 3 � 103 cells/
well. SW480-exo and SW620-exo, quantified by total protein detec-
tion, were added to the culture medium at a final concentration of
60 mg/mL, and the plates were incubated at 37�C and 5% CO2 for
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the indicated times. Cell viability was assessed using the CCK-8 (Do-
jindo, Japan). All experiments were performed in triplicate.
Migration and invasion assays

Cell migration and invasion assays were performed using 24-well
Transwell chamber inserts with polycarbonate membranes having a
pore size of 8 mm (Corning Costar, Cambridge, MA, USA). The
experiment was carried out according to the manufacturer’s instruc-
tions. Before the assays, cells were incubated with serum-free medium
for 16 h at 37�C and 5% CO2. For the migration assay, 1 � 105 cells
were resuspended in 200 mL serum-free medium and seeded in each
insert and then incubated with 60 mg/mL SW480-exo or SW620-exo
for 24 h. After incubation, cells were immobilized with paraformalde-
hyde for 20min and stained with crystal violet for 25min. The cells on
the upper surface were wiped out with a cotton-tipped swab, and cells
that migrated to the lower surface of the membrane were counted
(five fields each chamber) using a microscope. For the invasion assay,
the membranes were coated with Matrigel (BD Biosciences, the
Netherlands) and dried at room temperature for 1 h before the assay.
Subsequent experiments were similar to the migration assay.
Wound-healing assay

SW480 cells were seeded in a six-well plate and allowed to form
monolayers overnight. A “scratch”was created using a 200-mL pipette
tip, and the debris was removed. The cells were then treated with
60 mg/mL SW480-exo or SW620-exo for 48 h or with PBS as a control.
Images were taken at 0, 24, and 48 h time points through amicroscope
(Leica, Germany) with the plate in the same position. All experiments
were performed in triplicate.
Mining gene-expression data from TCGA

To identify the potential function of hsa-miR-335-5p in CRC, we
downloaded miRNA and mRNA expression data for colon adenocar-
cinoma (COAD) and rectum adenocarcinoma (READ) from TCGA
through the Genomic Data Commons (GDC) Data Transfer Tool.
The miRNA expression data were obtained from 625 samples, con-
sisting of 11 normal samples and 614 tumor samples. There were
608 matched pairs of miRNA and mRNA expression data, all of
which were from tumor samples. The R package DESeq2 was used
to quantify differential expression of miRNAs based on count data;
the Kolmogorov-Smirnov1 test and Mann-Whitney U test were
used to evaluate the degree of difference. K-means clustering was
used to divide tumor samples into groups based on level of hsa-
miR-335-5p expression—either high or low. GSEA was performed
on the two groups.

The TargetScan algorithm (v7.0 context++) was used to predict
miRNA binding sites. Only canonical 7�8 nt 30 UTR sites were
considered. Target sites with a context++ score %�0.4 were consid-
ered as high-confidence binding sites for analysis. Genes that were
both targeted by hsa-miR-335-5p and had significant Spearman cor-
relation coefficient (FDR < 0.05) were used in gene function enrich-
ment analysis with the R package clusterProfiler.
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Luciferase reporter gene assay

The WT or mut 30 UTR of RASA1 was inserted into the psiCHECK-2
luciferase reporter vector (Promega,Madison,WI,USA) using specific
primers (RASA1 30 UTR-forward [F]-XhoI: 50-CCGCTCGAGGATT-
CAGCATGTCCAACA-30, RASA1 30 UTR-reverse [R]-NotI: 50-
ATAAGAATGCGGCCGCTCTGCAATCCAGTTATACAC-30). All
constructed plasmids were verified by sequencing. SW480 cells were
seeded in 24-well plates at a density of 5 � 104 and co-transfected
with the psiCHECK-2 luciferase reporter vector containing RASA1
30 UTR-WT or RASA1 30 UTR-mut, along with a miRNA-335-5p
mimic. Cell lysates were harvested 48 h post-transfection, after which,
Dual-Luciferase Reporter Assay System (Promega) detection was car-
ried out according to the instructions of themanufacturer. All reporter
gene detections were repeated at least three times.

Lentiviral vector construction and transduction

A fragment of the RASA1 gene was amplified by PCR and inserted
into a lentiviral vector as described previously.23 Lentiviral particles
for transduction were produced by co-transfecting the transfer vector
and three packaging vectors (pCMV-VSVG, pMDLg/pRRE, and
pRSV-REV) into HEK293T cells for 48 h. Ultracentrifugation was
subsequently performed to purify the harvested lentiviral particles.
For transduction, 5 � 104 SW480 cells were seeded in a 24-well plate
and transduced with lentivirus as previously described.23 The mRNA
and protein levels of RASA1 were, respectively, detected by quantita-
tive real-time PCR and western blotting.

Metastasis mouse model

A SW480 cell line expressing the luciferase gene was generated by
transduction with a lentiviral vector (pLVX-GFP) encoding firefly
luciferase. Transduction efficiencywas checkedwith afluorescencemi-
croscope at 72 h post-infection. To determine the role of exosomal
miR-335-5p in the metastasis of CRC in vivo, luciferase-labeled
SW480 cells (3 � 106) and 60 mg miR-335-5p mimic-exo or SW480-
exo transfected with NC miRNA (NC-exo) were co-cultured for 24 h
in vitro to achieve chemotactic progression to tumor metastatic cells.
Then, these cells, with another 60 mg exosomes, were co-injected into
mice via the tail vein. Briefly, 6- to 8-week-oldmale non-obese diabetic
(NOD)-severe combined immunodeficiency (SCID) mice were pur-
chased and randomly divided into two groups (six mice per group).
One group was injected with luciferase-labeled SW480 cells, supple-
mented with NC-exo; the other was injected with luciferase-labeled
SW480, supplemented with miR-335-5p mimic-exo. Noninvasive
bioluminescence imaging was performed to detect the metastasis of
CRC cells in vivo at 8 weeks post-injection. Luminescence images
were recorded using an IVIS imaging machine, and the luminescence
photon flux signal was calculated. All animal experiments were
approved by the Animal Experimental Ethics Committee of Wenzhou
Medical University (permit number: wydw2020-0824).

Statistical analysis

GraphPad Prism software (GraphPad Software, San Diego, CA, USA)
was used for statistical analyses. Data are presented as mean ± SD.
Student’s t test or Mann-Whitney test was used to calculate differ-
ences between groups. Survival rates were determined using the Ka-
plan-Meier method and the log-rank test. A p value of less than
0.05 was considered statistically significant.
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