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Abstract. Calcium-dependent activator protein for secre-
tion 1 (CAPS1) has been reported to promote metastasis 
in colorectal cancer (CRC), however, the underlying 
mechanisms have not yet been elucidated. The present study 
revealed that exosomes derived from CAPS1-overexpressing 
CRC cells could enhance the migration of normal colonic 
epithelial FHC cells. GW4869, an inhibitor of exosomes, 
could attenuate the migration of FHC cells. Furthermore, 
liquid chromatography-mass spectrometry (LC-MS) and 
bioinformatics analysis demonstrated that overexpression 
of CAPS1 could alter the expression pattern of exosomal 
proteins involved in cell migration. Bone morphogenetic 
protein 4, which may serve vital roles in the process of 
CAPS1-induced cell migration, was downregulated in the 
exosomes. In summary, the present results demonstrated that 
CAPS1 promotes cell migration by regulating exosomes. 
Inhibiting the secretion of exosomes may be helpful for the 
treatment of patients with metastatic CRC.

Introduction

Colorectal cancer (CRC) is one of the most commonly diag-
nosed cancer types, and it accounts for 10% of all cancer 
cases, with an occurrence of >1.8 million cases every year 
worldwide (1). Treatment strategies involving surgery, chemo-
therapy and radiotherapy have increased the overall survival 
rates for patients with early stage CRC (2,3). However, ~60% 
of patients with CRC develop metastasis, which is the major 
cause of mortality in patients with CRC (4,5). Thus, it is 
important to elucidate the mechanisms underlying the metas-
tasis of CRC, and to investigate new CRC treatments based on 
the discoveries.

The activation of pro-oncogenes KRAS, c‑Src and 
c‑Myc, and inactivation of tumor suppressor genes, such 
as the loss of adenomatous polyposis coli (APC) and tumor 
suppressor p53 (TP53), all contribute to CRC tumorigenesis 
and development (2). Exosomes, as mediators of intercellular 
communication, have been reported to be involved in CRC 
progression (6,7). Exosomes are extracellular vesicles (EVs) 
with a diameter of 30-180 nm, secreted by various cells (8-10). 
A recent study demonstrated that exosomes derived from 
the HCT-8 CRC cell line contributed to the EMT process 
via miR-210 (6). Exosomes derived from CRC cells (HT29, 
SW480 and SW620) were revealed to increase the migration 
and invasion capacities of colonic mesenchymal cells (7,11). 
In addition, drug resistance during tumor treatment could also 
be attributed to exosomes. miR-145 and miR-34a released 
via exosomes are hypothesized to enhance the 5‑fluorouracil 
resistance in DLD-1 cells (12). Epidermal growth factor 
receptor has been identified to be expressed on the surface of 
exosomes and was able to bind to Cetuximab, which reduced 
its therapeutic efficacy in Caco2 and HCT‑116 cells (13).

Exosomes form as intraluminal vesicles (ILVs) by budding 
into early endosomes and multi-vesicular bodies (MVBs). 
Subsequently, MVBs are released upon fusion with the 
plasma membrane (PM) (14,15). The SNARE complex may 
serve a role in the fusion of MVBs with the PM. However, 
the underlying mechanism remains to be fully elucidated (16). 
On the other hand, the intracellular adaptor protein syntenin, 
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endosomal sorting complex required for transport (ESCRT), 
heparanase and tetraspanins demonstrate key roles in the 
loading of exosomes (7). In addition, sumoylation is consid-
ered to be a mechanism involved in the loading of miRNAs 
into exosomes (17).

Ca2+-dependent activator protein for secretion 1 (CAPS1) is 
characterized as a 145-kDa brain protein containing a central 
pleckstrin homology domain, a Munc-13 homology (MH) 
domain, a C-terminal domain, a C-terminal membrane-asso-
ciation domain and a C2 domain (18). As a special regulator 
of the Ca2+-dependent large dense-core vesicle fusion process, 
CAPS1 promotes the assembly of the SNARE complex via the 
MH domain, which regulates vesicle exocytosis (19,20). Our 
previous study demonstrated that CAPS1 was upregulated in 
CRC, and that increased CAPS1 expression was associated 
with frequent metastasis and poor prognosis in patients with 
CRC (18). Furthermore, CAPS1 was revealed to promote 
CRC cell migration and invasion in vitro and facilitate CRC 
liver metastasis in vivo (18). However, whether exosomes are 
required for CAPS1-induced CRC metastasis requires further 
investigation.

BMP4 is a member of bone morphogenetic proteins 
(BMPs), which are multi-functional cytokines belonging to the 
transforming growth factor-β (TGF-β) family (21). Previous 
studies suggest that BMP4 is closely associated with tumori-
genesis (22,23). In CRC, BMP4 was revealed to be frequently 
upregulated due to aberrant activation of Wnt-β-catenin 
signaling, and promoted cell migration and invasion (22,24). 
Knockdown of BMP4 inhibited tumor formation of CRC cells 
in vivo through apoptosis induction (22). The expression of 
BMP4 was significantly increased in hepatocellular carci-
noma (HCC) tissues (25). Increased BMP4 was correlated 
with high metastasis of HCC cells (25). BMP4 facilitated 
HCC cell invasion and metastasis though ID2-mediated EMT 
and promoted HCC cell proliferation via autophagy activa-
tion (23,25). In breast cancer, BMP4 promoted cell migration 
and invasion possibly via induction of MMP-1 and CXCR4 
expression (26). The function of BMP4 appears to be divergent 
but with clear evidence supporting tumor suppressing func-
tions in lung squamous cell carcinoma (SQC). For example, 
decreased BMP4 induced by SOX2 enhanced lung SQC cell 
growth (27). This finding indicated a tissue context specific 
role of BMP4.

The present study revealed that CAPS1 promoted FHC 
cell migration by altering the protein expression profile of 
exosomes derived from CRC cells. GW4869, an exosome 
inhibitor, inhibited CAPS1-induced cell migration.

Materials and methods

Cell culture and conditioned medium preparation. The cell 
lines, HT29, SW480, FHC and 293T, used in the present study 
were purchased from The American Type Culture Collection. 
The cells were cultured in complete DMEM containing 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.), 100 mg/ml penicillin, and 10 mg/ml streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.), at 37˚C and 5% 
CO2. Conditioned medium (CM) was harvested at 48 h from 
confluent cultures with exosome‑depleted medium and centri-
fuged at 1,400 x g for 2 min at 4˚C to remove cellular debris. 

To inhibit exosome secretion, cells were treated with 10 µM 
GW4869 (MedChemExpress) before collecting the CM.

Exosome isolation and characterization. Exosomes were 
isolated from HT29/SW480 CM by serial centrifugation. The 
medium was subjected to ultracentrifugation at 100,000 x g for 
6 h at 4˚C and washed with PBS (100,000 x g for 20 min) (7,28). 
Subsequently, the exosomes were re-suspended in PBS. The 
presence of exosomes was confirmed by particle size with a 
Nanoparticle Tracking Analysis (NTA) system (NTA 3.2 Dev 
Build 3.2.16, Malvern Panalytical Ltd., Malvern, UK), and the 
expression of exosome‑specific markers such as tumor suscep-
tibility gene 101 protein (TSG101) and CD81 was evaluated by 
western blot analysis.

Electron microscopy. For electron microscopy, exosomes were 
fixed with 2% paraformaldehyde and loaded on carbon‑coated 
copper grids. The grids were placed on 2% gelatin for 20 min 
at 37˚C and washed with 0.15 M glycine in PBS. Subsequently, 
the sections were blocked with 1% cold water fish-skin 
gelatin (11,29,30). The grids were viewed under a Philips 
CM120 transmission electron microscope (Philips Research).

Exosome uptake assay. The exosomes were fluorescently 
labeled using an ExoGlow-Protein EV Labeling kit (System 
Biosciences), according to the manufacturer's instructions. 
Approximately 100-500 µg of labeled exosomes were added 
to 1x105 293T/FHC cells. The red fluorescent signal was 
observed at 24 and 48 h.

Cell migration assay. Transwell migration assays were 
performed in 24-well chambers (pore size, 0.8 µm; EMD 
Milipore). FHC cells were treated with HT29 cell-derived 
exosomes, HT29/SW480-CM or HT29/SW480-CM+GW4869 
for 24 h. FHC cells were then re-suspended in FBS-free 
DMEM and added to the upper chamber. DMEM containing 
10% FBS was added to the lower chamber. The cells were 
incubated for 5 days, and subsequently, the cells on the under-
surface of the membrane were fixed by 4% paraformaldehyde 
for 30 min at room temperature and stained with 0.1% crystal 
violet overnight at room temperature. The cells that had 
migrated through the filter were counted in four randomly 
selected regions per filter.

Western blot analysis. The cells or exosomes were homog-
enized in RIPA lysis buffer supplemented with protease 
inhibitors (Roche Diagnostics). The concentration of 
proteins was measured using the BCA Protein assay kit 
(Beyotime Institute of Biotechnology). Western blot analysis 
was performed as previously described (18). A total of 
40 µg proteins per lane were loaded. The cell or exosome 
lysates were immunoblotted with antibodies against CAPS1 
(cat. no. ab32011; Abcam), β-actin (cat. no. ab8227), CD63 
(cat. no. ab59479), CD81 (cat. no. ab35026), TSG101 (cat. 
no. ab133586; all from Abcam) or BMP4 (cat. no. A0425; 
ABclonal).

Quantitative proteomics and bioinformatics analyses of 
exosomal proteins. Proteins were extracted from the isolated 
exosomes, digested with trypsin, and analyzed by LC-MS. The 
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mass spectra were searched against the Swiss-Prot Human 
Proteome database (https://www.uniprot.org/). Gene Ontology 
(GO) (http://www.omicsbean.com:88/) and Ingenuity Pathway 
Analysis (IPA) analysis software were used to analyze differ-
entially expressed proteins.

Statistical analysis. The data are presented as the 
means ± standard deviation. GraphPad Prism 7 software 
(GraphPad Prism, Inc.) was used for statistical analysis. 
Student's t-test was used for comparisons between groups. 
P<0.05 (two-sided) was considered to indicate a statistically 
significant difference.

Results

Ch a ra c t e r i z a t i o n  o f  e x os o m es  i s o l a t e d  f ro m 
CAPS1‑overexpressing CRC cells. Our previous study indi-
cated that CAPS1 was upregulated in CRC, and that increased 
CAPS1 facilitated CRC metastasis (18). The previous study 
generated stable CAPS1-overexpressing HT29 and SW480 
cell lines (CAPS1-HT29 and CAPS1-SW480) by lentiviral 
infection, as well as corresponding control cell lines (18). The 
protein level of CAPS1 was detected in CAPS1-HT29 and 
CAPS1-SW480 cells in the present study (Fig. 1A). In order to 
confirm the role of exosomes in the process of CAPS1‑induced 
CRC metastasis, exosomes were isolated from the CM of 
CAPS1-overexpressing HT29 cells (CAPS1-HT29-CM) and 
control cells (Fig. 1B). The harvested exosomes were detected 
by the presence of exosome‑specific markers, TSG101 and 
CD81, using western blot analysis (Fig. 1C). The morphology 
of the exosomes was characterized by transmission elec-
tron microscopy, which revealed no noticeable differences 
(Fig. 1D). The particles of exosomes were measured by 
NTA system, revealing a diameter range of 30-180 nm. In 
comparison, exosomes derived from CAPS1-overexpressing 
cells exhibited a larger mean diameter. (Fig. 1E). To investi-
gate whether HT29-derived exosomes (HT29-exo) could be 
internalized by target cells, the exosomes were pre-labeled 
fluorescently and co‑cultured with 293T and FHC cells. Red 
fluorescence was observed within target cells at 24 and 48 h, 
indicating that exosomes were endocytosed successfully by 
target cells (Fig. 1F).

Exosomes derived from CAPS1‑overexpressing CRC cells 
enhance FHC migration. To investigate whether CAPS1 
promotes CRC metastasis via exosomes. CAPS1-HT29-derived 
exosomes were co-cultured with FHC cells for 24 h (Fig. 2A). 
The FHC cell line is from normal fetal colonic mucosa, which 
exhibits a tumorigenic phenotype and has a metastatic poten-
tial in vivo (31,32). A Transwell migration assay was performed 
to detect the migration of FHC cells, which demonstrated that 
exosomes derived from CAPS1-overexpressing CRC cells 
(HT29 and SW480) significantly enhanced the migration of 
FHC cells (HT29, P<0.001 SW480, P=0.0067; Fig. 2B).

To further investigate whether CRC cell-derived exosomes 
participate in FHC cell migration, GW4869, an inhibitor of 
exosomes, was used to inhibit exosome secretion in HT29 cells 
(P=0.0038; Fig. 2C). It was determined that GW4869 had no 
effect on HT29 cell viability (P=0.4652; Fig. 2D). FHC cells 
were cultured with CM derived from CAPS1-overexpressing 

CRC cells (HT29 and SW480), as well as control cells, for 24 h. 
CM derived from CAPS1‑overexpressing cells significantly 
increased FHC migration in the Transwell migration assay 
(HT29, P<0.001; SW480, P<0.001), an effect that was attenu-
ated following GW4869-treatment (HT29, P=0.2275; SW480, 
P=0.227; Fig. 2E), which indicated that CAPS1 promoted FHC 
cell migration via exosomes.

Proteomic prof i l ing of  exosomes der ived f rom 
CAPS1‑overexpressing CRC cells. The present study further 
characterized the changes in the exosome protein profile 
induced by CAPS1 overexpression (Fig. 3A). Proteins were 
extracted from exosomes derived from CAPS1-HT29 and 
control cells. LC-MS was applied to assess the proteomics 
of exosomes, and the raw LC‑MS data files were searched 
against the Swiss-Prot Human Proteome database. A total of 
1,024 proteins were identified and quantified (Table SI) (As 
aforementioned a total of 1035 proteins was identified, but 
only 1,024 proteins could be quantified since the intensity 
value of the remaining 11 proteins was extremely low and 
had to be ruled out for further analysis). CAPS1-HT29 and 
control cells had in total 437 exosomal proteins in common, 
while 138 exosomal proteins from CAPS1-HT29 differed 
from 135 proteins from control exosomes (Fig. 3B; Table SII). 
Further analysis revealed that 297 proteins were upregulated 
and 45 proteins were downregulated, with the cut-off threshold 
set at fold-change=1.5 and P<0.05 (Fig. 3C; Table SIII).

GO enrichment analysis and the UniProt-GOA database 
were utilized to further classify the differentially expressed 
proteins (Fig. 3D). The enriched terms were cell adhesion, 
anchoring junction and cell adhesion binding for biological 
processes, cell components and molecular functions, respec-
tively. Using IPA based on the Ingenuity Knowledge Base, p53 
and CXCR3 were identified as the top upstream regulators 
(Fig. 3E).

According to the bioinformatics analysis, the candidate 
proteins that may participate in cell migration were identified 
(Fig. 4A). Previously, it has been reported that BMP4 is involved 
in metastasis in breast cancer, prostate cancer, HCC and 
CRC (24-26,33). Thus, BMP4 may serve vital roles in the process 
of CAPS1-induced cell migration. To investigate the variation 
of BMP4 in the exosomes derived from CAPS1-overexpressing 
CRC cells, western blot analysis was performed. It was revealed 
that BMP4 was downregulated ~0.5-fold compared with Ctrl, 
which was consistent with the LC-MS results (Fig. 4B and C). 
These data indicated that exosomes are required for 
CAPS1-mediated cell migration (Fig. 4D).

Discussion

The present study demonstrated that exosomes derived from 
CAPS1-overexpressing CRC cells can enhance cell migration. 
Overexpression of CAPS1 led to alterations in the expression 
pattern of exosomal proteins, including the downregulation of 
BMP4, which was further confirmed.

CAPS1 is  the ver tebrate  homologue of  the 
Caenorhabditis elegans UNC-31 protein, which is involved in 
vesicle secretion (34). Previously, the essential role of CAPS1 
in the development of cancer was investigated. Our previous 
study revealed that CAPS1 promoted CRC metastasis via the 
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PI3K/Akt/GSK3β/Snail signaling pathway-mediated EMT 
process (18). In addition, it was demonstrated that CAPS1 
serves as a biomarker of HCC, and the expression of CAPS1 is 
decreased in patients with aggressive HCC (35). Further inves-
tigation revealed that CAPS1 likely inhibits HCC development 
via alteration of the exocytosis-associated tumor microenvi-
ronment (36). In addition, decreased CAPS1 expression was 
revealed to be correlated with poor prognosis of patients with 
central nervous system primitive neuro-ectodermal tumors (37).

Metastasis is the predominant pathological reason for the 
mortality of patients with CRC. Notably, increasing evidence 
suggests that exosomes serve as key mediators in tumor 
metastasis (11,38). It was reported that exosomes from highly 
liver metastatic CRC cell lines could significantly enhance the 
migration ability of Caco-2 cells, a CRC cell line with poor 
liver metastatic potential (11). Similarly, the present study 
revealed that exosomes derived from CAPS1-overexpressing 
CRC cells facilitated FHC migration. The function of 

Figure 1. Characterization of exosomes isolated from CAPS1-overexpressing CRC cells. (A) The protein level of CAPS1was assessed in CAPS1-overexpressing 
CRC cells (HT29 and SW480) and normalized to the level of β‑actin. (B) The workflow of exosome isolation and characterization. (C) The exosome markers 
TSG101 and CD81 were identified within the exosome fraction but not in the HT29 total cell fraction. (D) Electron micrograph of exosomes isolated from 
CAPS1-HT29 and control cells, revealing their typical morphology and size. Scale bar, 500 nm. (E) The diameters of the exosomes isolated from CAPS1-HT29 
and control cells were measured by the NTA system. (F) Exosomes isolated from HT29 cells were fluorescently pre‑labeled and incubated with 293T and FHC 
cells. Images were captured at 24 and 48 h after the addition of exosomes. Scale bar, 50 µm. CAPS1, calcium-dependent activator protein for secretion 1; CRC, 
colorectal cancer; TSG101, tumor susceptibility gene 101 protein; NTA, Nanoparticle Tracking Analysis.
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exosomes in tumors predominantly depends on their 
communication between cells. For example, exosomes can 
transfer oncogenes, such as lncRNA H19 and miR-193a, to 
CRC, which promotes cancer progression (39,40). Exosomes 
isolated from the serum of CRC patients were revealed to 
transfer malignant traits and confer the same phenotype of 
the primary tumor cells to the target cells (41). Exosomes, as 
a communication media for genetic exchange between cells, 
likely contribute to the process of metastasis mediated by 
CAPS1 in CRC.

CAPS1 is multi-domain protein. Among these domains, 
MH domain drives trans-SNARE complex formation and medi-
ates membrane fusion through syntaxin interactions (42,43). 
Notably, SNARE complex protein YKT6 has been identified 
to potentially be involved in the fusion of MVBs with the PM 
during the biogenesis of exosomes (16). Whether CAPS1 regu-
lates the secretion and loading of exosomes via the SNARE 
complex in CRC requires further investigation.

Bioinformatics strategies have frequently been used to 
evaluate the function of exosomes (35,44). In the present bioin-

Figure 2. Exosomes from CAPS1‑overexpressing CRC cells enhance FHC migration. (A) The workflow of FHC cells treated with HT29/SW480‑derived 
exosomes. (B) Exosomes derived from CAPS1-HT29/SW480 promoted FHC migration as determined by a Transwell migration assay. (C) GW4869 inhibited 
the secretion of exosomes in HT29 cells. (D) The viability of HT29 cells pretreated with GW4869 was not affected in the CCK-8 assay. (E) GW4869 attenuated 
the migration of FHC cells. Scale bar, 50 µm (left panel). The number of cells that migrated to the underside of the membrane was counted in four randomly 
selected regions per filter (right panel). Results of the Transwell migration assay are presented as the means ± standard deviation (n=3). Magnification, x100. 
**P<0.01 and ***P<0.001. CAPS1, calcium-dependent activator protein for secretion 1; CRC, colorectal cancer.
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formatics analysis, the differentially expressed exosomal 
proteins involved in MAPK, Wnt, TGF-β, PI3K-AKT, or 
RAS signaling, which were frequently dysregulated in CRC 
and were associated with CRC metastasis (45-50), were all 
considered as candidate proteins involved in cell migration 
induced by CAPS1 (Fig. 4A). In view of the role of BMP4 
in metastasis, the present study examined the expression 
level of BMP4 in the exosomes, and the downregulation 
of BMP4 was further confirmed by western blot analysis 

(Fig. 4B and C). However, the role of BMP4 in the process 
of CAPS1-induced cell migration should be further inves-
tigated. Furthermore, p53 and CXCR3 were identified as 
upstream regulators. p53 is activated by stress stimuli, and in 
turn, it governs a complex anti-proliferative transcriptional 
program to serve a tumor suppressive role (51,52). However, 
TP53 is highly mutated and loses its function in CRC (53). 
CXCR3 is a G protein-coupled receptor that binds to chemo-
kines to mediate leukocyte trafficking, integrin activation, 

Figure 3. LC‑MS and bioinformatics analysis of the differentially expressed exosomal proteins. (A) The workflow of LC‑MS and bioinformatics analysis of dif-
ferentially expressed exosomal proteins. (B) Venn diagram revealing the differentially expressed proteins identified in CAPS1‑HT29 and control cell‑derived 
exosomes. (C) The exosomal protein profile was altered by CAPS1‑overexpression. In total, 297 proteins were significantly upregulated and 45 proteins were 
significantly downregulated. (D) GO analysis of differentially expressed exosomal proteins. (E) The upstream regulators of differentially expressed exosomal 
proteins in the IPA analysis. LC-MS, liquid chromatography-mass spectrometry; CAPS1, calcium-dependent activator protein for secretion 1; GO, Gene 
Ontology; IPA, Ingenuity Pathway Analysis.
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cytoskeletal changes and chemotactic migration (54). A 
previous study reported that CXCR3 was upregulated in 
CRC and facilitated tumor metastasis via lymph nodes (55). 
Fibronectin 1 (FN1), which was downregulated in the 
present LC-MS analysis, is a target molecule of CXCR3. 

Furthermore, FN1 has been revealed to regulate numerous 
molecules that are involved in cytoskeletal organization 
and integrin signaling during tumor progression and metas-
tasis (56). Thrombospondin-1 (THBS-1), a target gene of 
p53, is an endogenous inhibitor of angiogenesis and was also 

Figure 4. Candidate exosomal proteins that contribute to FHC cell migration. (A) Representative heatmap of the differentially expressed genes. The genes and 
samples are presented in the rows and columns, respectively. Red and green indicates upregulated and downregulated genes, respectively. The color scale bar 
indicates the log10 ratio of the intensities. (B) BMP4 protein level was assessed in exosomes derived from CAPS1-HT29 and control cells, and normalized to the 
level of CD63. (C) Quantification of the western blots was performed using ImageJ software and presented as the mean ± standard deviation (n=3). **P<0.01. 
(D) A proposed working model for exosomes derived from CAPS1-overexpressing CRC cells in the promotion of cell migration. CAPS1, calcium-dependent 
activator protein for secretion 1; BMP4, bone morphogenetic protein 4.
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downregulated in the current LC-MS analysis (57). BMP4, 
FN1 and THBS-1 transferred by exosomes may serve an 
essential role in the process of CAPS1-induced CRC cell 
migration.

CAPS1 had an effect on the diameter of the exosomes 
according to the analysis of mean diameter by NTA detection. 
The exosomes derived from CAPS1-HT29 cells exhibited a higher 
mean diameter. Similarly, the majority of CAPS1-HT29-derived 
exosomes presented with a diameter of 153 nm, whereas those 
from control cells exhibited a diameter of 103 nm (Fig. 1E).

In summary, the present study demonstrated that CAPS1 
promoted cell migration by remodeling the protein profile 
of exosomes. Furthermore, several candidate proteins were 
identified that may participate in the process of CRC metas-
tasis mediated by CAPS1. However, the RNA profile of 
CAPS1-CRC-derived exosomes, and the proteomics and tran-
scriptomic profiles of target cells require further analysis. The 
present data may improve understanding of a new target for 
the treatment of patients with CRC metastasis via the inhibi-
tion of exosome secretion.
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