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Background. Treating advanced colon cancer remains challenging in clinical settings because of the development of drug resistance
and distant metastasis. Mechanisms underlying the metastasis of colon cancer are complex and unclear. Methods. Computational
analysis was performed to determine genes associated with the exosomal long noncoding (lncRNA) plasmacytoma variant
translocation 1 (PVT1)/vascular endothelial growth factor A (VEGFA) axis in patients with colon cancer. The biological
importance of the exosomal lncRNA PVT1/VEGFA axis was examined in vitro by using HCT116 and LoVo cell lines and in vivo
by using a patient-derived xenograft (PDX) mouse model through knockdown (by silencing of PVT1) and overexpression (by
adding serum exosomes isolated from patients with distant metastasis (M-exo)). Results. The in silico analysis demonstrated that
PVT1 overexpression was associated with poor prognosis and increased expression of metastatic markers such as VEGFA and
epidermal growth factor receptor (EGFR). This finding was further validated in a small cohort of patients with colon cancer in
whom increased PVT1 expression was correlated with colon cancer incidence, disease recurrence, and distant metastasis. M-exo
were enriched with PVT1 and VEGFA, and both migratory and invasive abilities of colon cancer cell lines increased when they
were cocultured with M-exo. The metastasis-promoting effect was accompanied by increased expression of Twist1, vimentin, and
MMP2. M-exo promoted metastasis in PDX mice. In vitro silencing of PVT1 reduced colon tumorigenic properties including
migratory, invasive, colony forming, and tumorsphere generation abilities. Further analysis revealed that PVT1, VEGFA, and
EGFR interact with and are regulated by miR-152-3p. Increased miR-152-3p expression reduced tumorigenesis, where increased
tumorigenesis was observed when miR-152-3p expression was downregulated. Conclusion. Exosomal PVT1 promotes colon cancer
metastasis through its association with EGFR and VEGFA expression. miR-152-3p targets both PVT1 and VEGFA, and this
regulatory pathway can be explored for drug development and as a prognostic biomarker.
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1. Introduction

Colon cancer is one of the most prevalent malignancies glob-
ally and has consistently ranked in the top three leading
causes of cancer-associated death [1]. Treating distant metas-
tasis is one of the most challenging tasks in clinical practice.
The liver (approximately 20%–30%) and lungs are the most
frequently observed metastatic sites in patients with colon
cancer [2]. Despite advancements in the development of che-
motherapeutic and targeted therapeutic agents over the past
decade, the treatment of metastatic colon cancer remains
highly difficult. Therefore, obtaining a better understanding
of the molecular and signaling mechanisms involved in the
metastatic progression of colon cancer, especially epithelial-
to-mesenchymal transition (EMT), can help in designing
and developing effective therapeutic agents.

Exosomes or extracellular vesicles are nanosized (30–150
nm) cargos produced by cells for intracellular communica-
tion [3]. Because of the presence of proteins, lipids, and
nucleic acids in exosomes [3] and the functional attributes
of exosomes in tumorigenesis, they have received increasing
attention. Accumulating evidence suggests that cancer cells
secrete exosomes enriched with various signaling molecules
to promote tumor initiation, angiogenesis, distant metastasis,
and the development of drug resistance [3]. Various studies
have confirmed that noncoding RNAs (ncRNAs) are
involved in the development of various cancers through reg-
ulation of cell differentiation, proliferation, apoptosis, necro-
sis, and autophagy [4]. In the past few decades, six ncRNAs
have been determined to possess no significant protein-
coding potential. Two main members of the ncRNA family,
long ncRNA (lncRNA) and microRNA (miRNA), were iden-
tified to play key roles in regulating the physiology and path-
ophysiology of cancer [5]. The structure of lncRNA is similar
to that of mRNA except that it contains >200 nucleotides;
additionally, some lncRNAs have poly(A) tails. As a miRNA
sponge, lncRNAs can negatively regulate miRNA expression
through sequence-specific binding. By contrast, miRNAs can
also negatively regulate the expression of lncRNAs [6]. A
recent study revealed that colon cancer cells secrete exosomes
containing an ncRNA, namely, miR-193a, which interacts
with major vault protein to promote cancer progression [7].
Moreover, these exosomes can be detected in serum, thus
making them ideal prognostic markers. Furthermore,
although ncRNA molecules were once considered to be evo-
lutionary remnants, they are now understood to play vital
roles in every aspect of cellular activity by performing crucial
regulatory functions and providing specificity in gene expres-
sion. In this study, we examined plasmacytoma variant trans-
location 1 (PVT1), an lncRNA locus, which has been
identified as a candidate oncogene in several types of tumor,
including colon cancer tumors [8]. The abnormal prolifera-
tion of tumor cells is a crucial feature that distinguishes
tumor tissue from normal tissues. Abnormal proliferation
of cells is characterized by cell cycle changes, apoptosis inhi-
bition, and disrupted energy metabolism. PVT1, as a poten-
tial oncogene, can promote tumor proliferation [9]. PVT1
is a crucial oncogenic lncRNA that is highly expressed in can-
cer cells. Multiple miRNA response elements have been

found on PVT1, and PVT1 can bind to specific miRNAs,
thereby silencing them and upregulating the expression of
certain proteins, ultimately affecting tumor cell proliferation,
invasion, and drug resistance [10, 11]. At present, the carci-
nogenic effect of PVT1 has been confirmed in various cancers
such as gallbladder, non-small-cell lung, and colon cancers
[12–14]. Therefore, the invasive and metastatic abilities of
cancer cells are assessed for cancer staging and prognosis. A
study reported that PVT1 is involved in the EMT and distant
metastasis of cancer cells as follows [15]. First, the adhesion
between tumor cells and surrounding tissues changes and
affects the cells and leads to the primary detachment of cells.
Then, the degradation of the extracellular matrix occurs. Fur-
thermore, modification of the cytoskeleton enhances the
motility of cancer cells, thereby promoting angiogenesis in
tumor tissues. In addition, PVT1 acts as a molecular sponge
for miRNAs, which can be trimmed and processed into mul-
tiple miRNAs (miR-1204, 1205, 1206, 1207-3p, 1207-5p, and
1208) [10]. These miRNAs can regulate tumor development.
For example, overexpression of miR-1207-5p reduces the
expression of signal transducers and activators of transcrip-
tion, thereby activating cyclin-dependent kinase inhibitors
(CDKN)1A and CDKN1B that regulate the cell cycle and
promote tumor cell proliferation [16].

An adequate understanding of the role of EMT and reg-
ulatory mechanisms through which EMT promotes distant
metastasis in colon cancer remains elusive. EMT has been
confirmed to result in distant metastasis and to cause cancer
stemness [17, 18]. Therefore, characterizing key molecular
players involved in EMT can provide insights into this pro-
cess and its mechanisms. Notably, numerous EMT markers
have been proposed, all of which converge toward angiogen-
esis, with vascular endothelial growth factor- (VEGF-) asso-
ciated signaling playing a crucial role in enabling cancer
cells to migrate from their primary niche to a secondary site
[19]. In addition, EMT has been associated with the emer-
gence of cancer stemness, the initiation of tumors, and the
generation of drug-resistant clones [19–21]. Hence, identify-
ing mechanisms or agents that inhibit the members of the
VEGF-associated pathway may represent a means to reduce
the incidence of distant metastasis. By using the sequencing
technology, researchers have classified and sequenced more
than 400 tumors based on microarray data obtained from a
public data set [22]. These findings can help us analyze the
clinical characteristics of colorectal cancer (such as the
expression or inhibition of key genes and their effect on over-
all survival) and identify crucial prognostic markers.

In the present study, we first collected tissues from both
healthy individuals and patients with distant metastatic colon
cancer and determined that PVT1 expression was signifi-
cantly increased in patients with metastatic colon cancer. In
addition, by analyzing public databases, we determined that
exosomes obtained from patients with metastatic colon can-
cer and patients with disease recurrence contained increased
PVT1. Furthermore, we examined the potential of PVT1 to
promote cancer development. We observed that PVT1 loss
of function resulted in the suppression of colon tumorigenic
and metastatic potential, evident in the suppression of colony
formation, cell invasion, sphere formation, and related
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protein expression in vitro. First, we demonstrated that exo-
somes obtained from patients with metastasis significantly
enhanced the migratory and invasive abilities of human
colon cancer cell lines HCT116 and LoVo in association with
the increased expression of vascular endothelial growth fac-
tor A (VEGFA), vimentin, and MMP2. Notably, exosomes
isolated from patients with metastatic colon cancer promoted
metastasis in patient-derived in vivo xenograft mice (with
nonmetastatic tumors). In vitro results indicated that
PVT1-silenced HCT116 and LoVo cells exhibited signifi-
cantly decreased tumorigenic and oncogenic properties,
including decreased colony- and tumorsphere-forming abili-
ties, as well as migratory and invasive potential. Finally, we
explored the possible regulatory mechanism of PVT1 and
observed that miR-152-3p, a tumor suppressor, contains
binding sites at the 3′-UTR of PVT1 and VEGFA. We
observed that the regulatory mechanism of the miR-152-
3p/PVT1/VEGFA axis causes metastasis in colon cancer
through the overexpression and inhibition of miR-152-3p
in colon cells. Therefore, targeting this signaling axis can help
in developing effective therapeutic agents against metastatic
colon cancer.

2. Materials and Methods

2.1. Clinical Sample Collection and Preparation. Written
informed consent for the collection of clinical samples was
obtained from all participants, and this study was approved
by the Medical Ethics Committee of Taipei Medical
University-Joint Institutional Review Board (N202104054;
Taipei, Taiwan). Serum samples were collected from healthy
individuals (control) and patients with treatment-naive pri-
mary (P) or metastatic (M) colon cancer based on histologi-
cal examinations (Table 1). Fresh tissues (tumor, adjacent
nontumor, and colon metastasis) obtained from patients
with colon cancer were processed within 20min after resec-
tion. The samples were then analyzed and confirmed by
two independent pathologists. Venous blood samples from
patients were collected, and cell-free serum was isolated
using a previously established protocol, which involves initial
centrifugation at 1600 × g for 10min, followed by repeat cen-
trifugation at 16000 × g for 10min at 4°C. Samples were
either used for exosome isolation immediately or were stored
at −80°C.

2.2. Cell Culture. The human colon cancer cell lines HCT116
(characteristics: derived from the primary colon ascendens
tumor, TGFβ1+/TGFβ2+, suitable transfection host, and
tumorigenic in nude/immunodeficient mice) and LoVo
(characteristics: derived from metastatic colon cancer,
Dukes’ type C, grade IV, colorectal adenocarcinoma, MYC
+/KRAS+/HRAS+/NRAS+, suitable transfection host, and
tumorigenic in immunodeficient mice) were obtained from
the American Type Culture Collection (Manassas, VA,
USA). The cells were recently authenticated through short
tandem repeat profiling. Both the cell lines were maintained
and passaged in RPMI-1640 medium (Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (Gibco)
in a 5% CO2 humidified incubator at 37°C until 90% conflu-

ence. Supernatants were collected and centrifuged at 1600
× g for 10min, followed by repeat centrifugation at 16000
× g for 10min at 4°C, and then stored at −80°C until exo-
some extraction.

2.3. Isolation of Exosomes. The serum and culture medium
samples were first filtered through a 0.45μm pore polyvinyli-
dene fluoride filter (Millipore, Darmstadt, Germany). Exo-
Quick solution (System Biosciences, Palo Alto, CA) was
added to the serum samples and incubated at room temper-
ature for 30min, and ExoQuick-TC solution was added to
the culture medium samples and incubated at 4°C for 12 h.
Exosomes were sedimented and collected through centrifu-
gation (1500 × g, 30min). The resultant exosome pellets were
resuspended in 25μL of phosphate-buffered saline (PBS).

2.4. Transmission Electron Microscopy. Exosomes were
diluted to a final concentration of 0.5mg/mL by using PBS.
Exosomes were spotted onto a glow-discharged copper grid
and then dried. The samples were stained with a drop of
1% phosphotungstic acid for 5min and then dried. Morpho-
logical analysis of exosomes was performed using a transmis-
sion electron microscope (FEI Tecnai, Hillsboro, Oregon) at
200 keV.

2.5. RNA Preparation. Total RNA was isolated from the sam-
ples (tumor chunks and cell lines) by using TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) and quantified using
NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA).
RNA from exosomes was extracted using an miRNeasy
micro kit (QIAGEN, Hilden, Germany). In brief, the exo-
some suspension (20μL) was mixed with QIAzol lysis buffer

Table 1: Clinical table of metastatic patients that increased PVT1
expression and related information.

Clinicopathological variables No.
PVT1

X2 p value
High Low

Age, years

≤55 17 8 9 0.051 0.822

>55 23 10 13

Gender

Male 28 15 13 1.380 0.240

Female 12 4 8

Tumor differentiation

Well/moderately 19 9 10 3.536 0.060

Poorly 21 16 5

Lymph node metastasis

N0 15 5 10 2.667 0.102

N1–N2 25 15 10

Distant metastasis

M0 18 8 10 4.552 0.033

M1 22 17 5

Primary stage

I + II 13 6 7 4.000 0.045

III + IV 27 21 6
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(700μL) and processed according to the manufacturer’s pro-
tocol. The RNA samples were subsequently eluted with 25μL
of RNase-free water (repeated twice with the same 25μL of
RNase-free water to concentrate the samples). The RNA con-
centration in the samples was again determined using
NanoDrop.

2.6. Real-Time Quantitative Reverse-Transcription
Polymerase Chain Reaction. Reverse transcription of miR-
NAs and real-time quantitative reverse-transcription poly-
merase chain reaction- (qRT-PCR-) based quantification of
miRNA levels were performed using the miDETECT A
Track miRNA qRT-PCR Starter Kit (RiboBio, Tokyo, Japan).
For PVT1 gene expression analysis, the first strand of cDNA
was generated using a PrimeScript first-strand cDNA synthe-
sis kit (TaKaRa, Tokyo, Japan). qRT-PCR was performed
using the SYBR Premix Ex Taq II kit (Takara, Tokyo, Japan)
on a CFX96 real-time PCR detection system (Bio-Rad, Her-
cules, CA). The qPCR primers used in this study are listed
in Supplementary Table 1.

2.7. Migration and Invasion Assays. Colon cancer cells were
seeded and cultured in six-well plates for 24 h. The cells were
incubated with mitomycin (10μg/mL) for 1 h. A linear
scratch was created through the cell monolayer by using a
200μL pipette tip. Cellular debris was removed, and the cells
were allowed to migrate for 24–48h. Gap healing was deter-
mined from micrographs taken before and after the wound
creation under a microscope (Nikon, Japan). Migration dis-
tance was measured from images (three random fields)
obtained at indicated time points. The gap size was subse-
quently analyzed using ImageJ software. The invasion assay
was performed according to a previously established proto-
col. In brief, 3 × 105 colon cancer cells were seeded onto
Matrigel (BD Biosciences, San Jose, CA, USA) in culture
plate inserts (pore size: 8μm, Corning) in a serum-free
medium. Three independent and random fields per well were
photographed, and the number of cells in each field was
counted. An average of three determinations was obtained
for each chamber. Each invasion assay was performed a min-
imum of three times.

2.8. Tumor Spheroid Formation Assay. Colon cancer cells
were transferred into serum-free low-adhesion culture plates
containing Dulbecco’s modified Eagle’s medium/F-12 with
N2 supplement (Invitrogen), 20 ng/mL of EGF, and 20
ng/mL of basic-FGF (stem cell medium; PeproTech, Rocky
Hill, NJ, USA) for 2 weeks to allow tumorsphere formation.
The spheres were counted under a microscope. The tumor
ball formation efficiency was calculated as the ratio of the
number of balls to the number of implanted cells.

2.9. Cell Transfection. Colon cancer cells (cell lines or clinical
samples) were cultured and maintained as described in previ-
ous sections. Gene manipulation experiments, namely, PVT1
silencing experiments, were performed using the siRNA
technique (Academia Sinica, Taiwan) according to the man-
ufacturer’s instructions. Reagents for the miR-152-3p mimic,
inhibitor (oligonucleotides), si-PVT1, and their negative con-
trols (si-NC) were purchased from RiboBio (Academia

Sinica, Taiwan), and transfection procedures were performed
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The transfected
cells were maintained in RPMI-1640 medium (Gibco, Carls-
bad, CA, USA) supplemented with 10% fetal bovine serum
(Gibco) in a 5% CO2-humidified incubator at 37°C. The cells
were washed three times in PBS (pH7.4) before transfection
to remove the culture medium and serum.

2.10. Western Blot. Total cellular protein lysates from colon
cancer cells were extracted using RIPA buffer (Millipore,
Darmstadt, Germany), and the lysate concentration was
determined using a BCA protein assay kit (Pierce, Rockford,
IL, USA). Thirty micrograms of protein were dissolved in
SDS-PAGE and transferred onto a PVDF membrane (Milli-
pore, Darmstadt, Germany). After blocking at 37°C for 1 h,
the membranes were immunoblotted with different antibod-
ies at 4°C overnight. All antibodies were purchased from Cell
Signaling Technology (Danvers, MA) unless otherwise spec-
ified. Epidermal growth factor receptor (EGFR) (#2232, 1 :
400), MMP2 (#13667, 1 : 300), vimentin (#5741, 1 : 500),
Twist1 (#46702, 1 : 400), GAPDH (#D16H11, 1 : 2000),
VEGFA (ab52917, 1 : 500, Abcam, USA), and exosomal
markers CD9 (5G6, 1 : 200) and MCT1 (P14612, 1 : 500, Invi-
trogen, USA) were purchased from Novus Biologicals (Cen-
tennial, CO, USA).

2.11. In vivo Mouse Studies. Six 8-week-old female nonobese
diabetic (NOD)/severe combined immunodeficient (SCID)
mice obtained from BioLASCO Taiwan Co. Ltd. (Taipei, Tai-
wan) were bred under standard experimental pathogen-free
conditions. All animal experiments were performed accord-
ing to protocols approved by the experimental animal welfare
committee of our institute (approval number: LAC-2020-
0535). For the patient-derived xenograft experiment, pieces
of tumor mass (approximately 0.05 cm3 each, obtained from
a patient diagnosed as having colon cancer, and nonmeta-
static) were subcutaneously implanted into NOD/SCIDmice.
Tumor growth (until the tumor became palpable) was
allowed in tumor-bearing mice, and exosomes isolated from
patients with lung metastasis (M-exo) or primary colon can-
cer (nonmetastatic, P-exo) were systematically injected
through the lateral tail vein (20μg/mouse, 3 times/week, for
4 weeks); each group contained 10 mice. Tumor growth
was monitored and measured using a standard caliper
weekly. The tumor volume was determined using the follow-
ing formula: tumor volume = ðwidthÞ2 × length/2. Animals
were humanely sacrificed following experiments, and their
tumor and tissue samples were collected for further analyses.

2.12. Statistical Analysis. SPSS (version 13.0; SPSS Inc., Chi-
cago, IL) was used to perform all statistical analyses. Each
experiment was performed three times. All data in figures
are expressed as the mean ± standard deviation (SD). Com-
parisons between two groups were performed using the t
-test. All statistical tests were two-sided, and p < 0:05 was
considered significant. Continuous data were analyzed using
the paired samples t-test or the Wilcoxon rank test. Categor-
ical data were analyzed using the chi-square test or Fisher’s
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exact test. Survival analysis was estimated using the Kaplan–
Meier method along with the log-rank test to calculate differ-
ences between the curves.

3. Results

3.1. PVT1 Is Highly Expressed in Colon Cancer Cells and
Affects the Survival Rate. Recent studies have revealed
PVT1 to be an oncogenic marker for multiple cancer types.
Our analysis of a pan-cancer cohort from the Cancer
Genome Atlas (TCGA) public cancer database showed that
patients with colorectal cancer exhibited a higher PVT1
expression level (Figure 1(a)). We found that patients with
colon cancer (GSE17537) with higher PVT1 expression had
significantly shorter overall and disease-free survival dura-
tions (Figure 1(b)). Further analysis indicated that the
expression of PVT1 in advanced colorectal cancer was more
significant (Figure 1(c)). Because advanced colorectal cancer
can be defined as colorectal cancer that metastasizes when it
appears or recurs, we analyzed the difference in PVT1
expression between primary and metastatic tumors from
the GSE49355 dataset. The results revealed that the expres-
sion level of PVT1 was higher in metastatic tumors
(Figure 1(d)). Finally, we performed a correlation analysis
between PVT1 and VEGFA data from the database of TCGA.
The results indicated that PVT1 was positively correlated
with VEGFA and the exosome biomarker MCT-1
(Figure 1(e)). These results suggest a relationship between
the exosomal lncRNA PVT1/VEGFA axis and metastatic
colorectal cancer. We investigated the effect of confounding
factors such as age, sex, tumor size, and tumor stage on sur-
vival by using the GSE17537 dataset. The results revealed that
age (X2 = 2:229, p = 0:135) and primary tumor stage
(X2 = 0:900, p = 0:343) were not significantly associated with
PVT1 expression; however, female patients demonstrated
higher PVT1 expression than male patients (X2 = 5:238, p
= 0:022; Supplementary Table 2).

3.2. Serum Exosomes Isolated from Patients with Metastatic
Colon Cancer Promoted Metastatic Potential in
Nonmetastatic Colon Cancer Cells. Table 1 shows the relevant
clinicopathological information, including age, sex, and clin-
ical stage, of patients with treatment-I primary or metastatic
colon cancer. The results showed that distant metastasis
(X2 = 4:552, p = 0:033) and primary stage (X2 = 4:000, p =
0:045) were significantly associated with PVT1 expression.
Because we noted an increased PVT1 level in the tissue or
serum samples of patients with colon cancer, we analyzed
serum exosomes isolated from these patients. In the repre-
sentative micrographs, P-exo and M-exo denote exosomes
isolated from primary (nonmetastatic) and metastatic sam-
ples, respectively. Serum exosomes isolated from normal
healthy people were included as the control (normal (N)).
The average size of exosomes ranged from 100 to 200nm.
In addition, we detected the expression levels of three
tumor-specific biomarkers, namely, CD9, MCT1, and cyclin
D1, in exosomes. Western blot results indicated increased
expression of CD9 and MCT1 (exosome markers) in the
serum samples of patients with metastatic colon cancer com-

pared with those of patients with primary tumor
(Figure 2(a)). We cultured human colon cancer cells, namely,
HCT116 and LoVo, with P-exo and M-exo under serum-
deprived conditions. Subsequently, the findings of qPCR
showed that M-exo contained significantly higher levels of
PVT1 and VEGFA compared with P-exo (Figure 2(b)). In
addition, we found that both cell lines exhibited increased
ability to form tumorspheres under the presence of M-exo
compared with P-exo (Figure 2(c)). Furthermore, the migra-
tory and invasive abilities of HCT116 and LoVo were signif-
icantly increased in the presence of M-exo but not P-exo
(Figure 2(d)). The Western blots of both HCT116 and LoVo
cells cultured with M-exo demonstrated an increase in EMT
markers, namely, Twist1, vimentin, andMMP2, as well as the
stemness marker Sox2 compared with HCT116 and LoVo
cells cultured with P-exo (Figure 2(e)). In addition, we exam-
ined the effects of adding two serum exosomes on the growth
of different types of cancer cells, namely, U87 (a human pri-
mary glioblastoma cell line), SAS (human squamous cell car-
cinoma of the tongue), MDA-MB-231 (a triple-negative
breast cancer cell line), and HCT116 (a colon cancer cell
line), as controls. The results indicated that the cells cultured
with M-exo demonstrated increased cell viability (Supple-
mentary Figure S1).

3.3. M-exo Promoted Distant Metastasis in a Patient-Derived
Xenograft Mouse Model. Patient-derived xenograft (PDX)
mouse models were established using NSG mice bearing
patient samples from primary (nonmetastatic) colon cancer
tumors. Serum exosomes, M-exo, and P-exo were intrave-
nously injected 1 week following tumor implantation. Injec-
tions were administered three times a week for 4 weeks.
PDX mice injected with M-exo exhibited significantly higher
tumor and tissue growth (Figure 3(a)) and more distant
lesions in the lungs compared with other groups
(Figure 3(b)); a similar observation was made for lymph node
metastasis (Figure 3(c)). In addition, we compared the
tumorsphere generation ability among the groups and found
that tumor cells harvested from M-exo mice exhibited an
enhanced ability to form tumorspheres in terms of both
number and size (Figure 3(d)); the number of spheres formed
in mice injected with P-exo did not significantly differ from
that formed in control mice.

3.4. Inhibition of PVT1 Suppresses the Tumorigenic Properties
of Colon Cancer Cells. We examined the functional roles of
PVT1 in colon cancer by silencing PVT1 through the siRNA
technique. Figure 4(a) shows the siRNA knockdown effect of
PVT1 on two colon cancer cell lines. Figure 4(b) presents the
basal levels of PVT1 and VEGF (Western blot and gene
expression) in cell lysates and exosomes. Supplementary
Figure S2 shows the basal levels of the PVT1 and VEGF
family in different cancer cell lines, namely, U87, FaDu
(hypopharyngeal tumor), MDA-MB-231, and pHCT116 (a
colon cancer cell line), that were included as controls. The
data were obtained from the Gene Expression Omnibus
(GEO) database (GSE36133). We observed that PVT1
promoted angiogenesis by regulating the VEGF signaling
pathway in different cancer cells. PVT1-silenced HCT116
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Figure 1: Continued.
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and LoVo cells exhibited significantly decreased colony-
forming ability (Figure 4(c)). For example, PVT1-silenced
LoVo cells formed approximately 70% fewer colonies than
their nonsilenced counterparts (Figure 4(c)). HCT116 and
LoVo cells transfected with si-PVT1 were significantly less
potent in forming tumorspheres compared with their
parental cells (Figure 4(d)). Our bioinformatics research
was supported by the fact that PVT1-silenced HCT116 and
LoVo cells exhibited significantly lower mRNA (right
panels) and protein expression levels of metastatic markers,
namely, VEGFA, MMP2, and Twist1, and the oncogenic
marker EGFR (left panels; Figure 4(e)). These results
indicate markedly suppressed migratory (Figure 4(f)) and
invasive abilities (Figure 4(g)). The downregulation of
PVT1 suppressed the migration of HCT116 cells by
approximately 50% (p < 0:01) and that of LoVo cells by
approximately 55% (p < 0:01); the invasive ability was
reduced by at least 50% (p < 0:01) in both HCT116 and
LoVo cells after PVT1 silencing.

3.5. Tumor Suppressor miR-152-3p Inhibits the Expression of
PVT1 and the Metastatic Potential of Colon Cancer. By exam-
ining different online platforms, namely, Ensembl (https://
www.ensembl.org/), LNCipedia (https://lncipedia.org/),
miRDB (http://mirdb.org/), and the ENCORI pan-cancer
analysis platform (http://starbase.sysu.edu.cn/), we deter-
mined that PVT1 and VEGFA are targeted by miR-152-3p,
which was identified as a potential inhibitor of PVT1 and
VEGFA [23]. The binding sequences are shown in
Figure 5(a). The expression of miR-152-3p was higher than
that of PVT1 in the early stage, and the expression of PVT1
was higher than that of miR-152-3p in the late stage (Supple-
mentary Figure S3). On the basis of this finding, we examined
the effects of the miR-152-3p mimic and inhibitor
oligonucleotides on colon tumorigenesis. An increased level

of miR-152-3p in both HCT116 and LoVo cells led to
significantly lower expression of PVT1, VEGFA, and EGFR
(Figure 5(b)). Moreover, the mimic-induced overexpression
of miR-152-3p significantly reduced tumorsphere
formation in both cell lines (Figure 5(c)). However, the
subsequent addition of the miR-152-3p inhibitor
significantly restored tumorsphere formation ability
(Figure 5(c)). A similar observation was made for invasive
ability. The invasive ability of HCT116 and LoVo cells was
significantly reduced when the cells were transfected with
the miR-152-3p mimic and oligonucleotides (Figure 5(d)).
The invasive ability was restored by the subsequent
addition of the miR-152-3p inhibitor (Figure 5(d)). These
findings are supported by the results of Western blot
analysis that revealed decreased levels of metastasis-
associated markers, namely, VEGFA and vimentin, and the
oncogenic marker EGFR in mimic-transfected cells
(Figure 5(e), lane M); these levels were restored after the
addition of the miR-152-3p inhibitor (Figure 5(e), lane I).
Furthermore, the analysis of 450 patients with colon cancer
from the database of TCGA revealed a negative correlation
between the expression of PVT1 and that of miR-152-3p
(coefficient r value = −0:149 and p = 1:58E − 03; Figure 5(f)).

4. Discussion

Exosomes are small vesicles secreted by cells and are a type of
membrane-bound extracellular vesicle; they can be found in
various body fluids and participate in communication
between cells [24]. Recent studies have indicated that pro-
teins and related RNAs present in exosomes can be used as
biological indicators for cancer diagnosis and prognosis
assessment. PVT1 is an oncogenic lncRNA and is associated
with many cancer types including colorectal and gastric can-
cers [12–14]. PVT1 contributes to many aspects of cancer
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Figure 1: Expression analysis of PVT1 in clinical samples of patients with colon cancer. (a) Expression of PVT1 in the pan-cancer analysis
from the database of TCGA. The red arrowhead indicates colon adenocarcinoma. (b) The Kaplan–Meier survival curve and disease-free
survival durations constructed from the GSE17537 database. Patients with higher PVT1 expression showed a significantly lower disease-
specific survival rate. (c) PVT1 expression in different stages of colorectal cancer. The expression of PVT1 in advanced colorectal cancer is
significantly upregulated (p < 0:05). (d) The difference in PVT1 expression between primary and metastatic tumors from the GSE49355
dataset. (e) The correlation analysis between PVT1 and VEGFA, PVT1, and the exosome biomarker MCT-1 from the database of the
TCGA. r: Pearson’s correlation index; ∗p < 0:05; ∗∗p < 0:01.
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biology through a complex signal network, with a role in
tumor growth, metastasis, and response to chemotherapy
and radiotherapy [9]. This complex signal network involves
interactions with DNA, RNA, and proteins. In the present
study, we identified PVT1 as a prognostic biomarker in
patients with colon cancer. Notably, patients with a higher
PVT1 level exhibited a shorter survival duration than did
patients with a lower PVT1 level. In addition, a higher
PVT1 level was noted in the serum of patients with recurrent
disease. Notably, serum exosomes isolated from patients with
metastasis revealed an increased PVT1 level compared with
those isolated from patients without metastasis. Moreover,
cell line experiments exhibited increased PVT1 levels in
HT29 colon spheres compared with their parental counter-
parts along with increased VEGFA and EGFR levels, the
two major metastatic or oncogenic markers in colon cancer.
These observations suggest that PVT1 in serum exosomes
play a crucial role in promoting metastasis in colon cancer.

Our comparative experiments performed using M-exo
and P-exo revealed that M-exo not only contained a signifi-
cantly higher PVT1 level than did P-exo but also enhanced
the migratory and invasive abilities of the human colon can-
cer cell lines HCT116 and LoVo. This finding indicates that

exosomes enriched with PVT1 are one of the venues for
colon cancer cells with metastatic ability to transform neigh-
boring cancer cells. Moreover, this phenomenon was
observed in non-small-cell lung cancer wherein the lncRNA
MALAT1 was found to be protected by exosomes and
involved in the promotion of distant metastasis [25]. Concor-
dantly, we noted that serum exosomes isolated from patients
with metastatic colon cancer contained a higher PVT1 level
than did those isolated from patients with primary nonmeta-
static colon cancer. Therefore, PVT1-enriched serum exo-
somes can be used as a potential new prognostic biomarker
for metastatic colon cancer.

Another phenomenon observed in our study was the
association between increased PVT1 expression and colon
tumorsphere generation. In addition, the findings of in silico
analysis showed that the PVT1 level was significantly higher
in HT29 tumorspheres. Furthermore, the results of our
in vitro experiments revealed that the ability to form tumor-
spheres was severely compromised when PVT1 expression
was inhibited in both HCT116 and LoVo cells. Moreover,
M-exo promoted the formation of tumorspheres in our
PDX mouse model in vivo. This finding provides an indirect
link to the EMT-promoted stemness hypothesis first
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Figure 2: Comparative analysis of exosomes from the serum of patients with primary and metastatic colon cancer. (a) Serum exosomes were
isolated from patients with primary tumor (P-exo) and distant metastasis (M-exo). Representative electromagnetic images of exosomes are
shown. Scale bar: 200 nm. Western blots demonstrated increased CD9 and MCT1 (exosome markers) and cyclin D1 (tumor-specific
marker) in the serum of patients with metastatic colon cancer (M, M-exo) compared with that of patients with primary tumor (P, P-exo).
Serum exosomes of normal healthy people were included as controls (N, normal). (b) Comparative qPCR analysis showed that the levels
of PVT1 and VEGFA were significantly higher in the M-exo than in the P-exo. (c) The sphere-forming assay showed that the addition of
M-exo led to formation of an increased number of tumorspheres in both cell lines compared with controls and the group with P-exo. (d)
Exosomes and colon cancer cell line coculture experiment. HCT116 and LoVo cells cocultured with M-exo demonstrated enhanced
migratory and invasive abilities. (e) Western blot analysis indicated an elevation in metastatic markers, namely, Twist1, vimentin, and
MMP2, and the stemness marker Sox2 in HCT116 and LoVo cells cocultured with M-exo compared with their counterparts cultured with
P-exo. Coculture with exosomes derived from the serum of healthy individuals served as control. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001. Scale
bar: 100μm.
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proposed by Shibue and Weinberg [26]. In the case of colon
cancer, the presence of CD26(+) cells in primary tumors
could predict distant metastasis at follow-up. Moreover, iso-
lated CD26(+) cells, but not CD26(−) cells, caused distant
metastasis when injected into mice [27]. This finding is sim-
ilar to our in vivo result that PVT1-enriched M-exo pro-
moted distant metastasis in PDX mice inoculated with
primary (nonmetastatic) clinical colon cancer cells. These
findings indicate that PVT1-enriched exosomes can function

as an enhancer of the EMT process and cancer stemness in
colon cancer. Nevertheless, the exact mechanistic role of
PVT1 in the promotion of stemness warrants further investi-
gation and is currently under exploration in our laboratory.

VEGFA plays a major role in promoting colon metastasis
by engaging with Sox2-associated signaling [28]. This finding
accords with our observation that the addition of exosomes
isolated from metastatic colon cancer promoted the genera-
tion of tumorspheres in both HCT116 and LoVo cells in
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Figure 3: M-exo promoted tumor growth and distant metastasis in the PDX mouse model. (a) PDX mice (n = 10) were divided into the
following groups: control, M-exo, and P-exo. The M-exo group showed a higher tumor volume and weight (week 4) than did control and
P-exo groups. Distant (b) lung and (c) lymph node metastasis analysis. Lesions in the lungs from all the three groups were examined and
counted. The M-exo group exhibited the highest number of lung lesions, followed by P-exo and control groups. (d) Comparative analysis
of tumorsphere-forming ability. Tumor samples harvested from the M-exo group showed a higher number of spheres; no significant
difference in the number of spheres was observed between the P-exo and control groups. Mice inoculated with cells cocultured with
exosomes derived from the serum of healthy individuals served as control. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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Figure 4: PVT1 silencing suppressed colon tumorigenic and metastatic potential. (a) The siRNA knockdown effect of PVT1 on two colon
cancer cell lines. (b) The basal levels of PVT1 and VEGF (Western blot and gene expression) in cell lysates and exosomes. (c) Colony
formation assay revealed that si-PVT1-transfected HCT116 and LoVo cells formed a significantly lower number of colonies compared
with control parental cells. (d) Comparative tumorsphere-forming assay. HCT116 and LoVo cells transfected with si-PVT1 were
significantly less potent in forming tumorspheres compared with their parental cells. (e) Comparison of expression between parental colon
cancer cells and PVT1-silenced cells. Right panels: qPCR analysis demonstrated markedly decreased expression of metastatic markers,
namely, VEGFA, Twist1, and MMP2, and the oncogenic marker EGFR in si-PVT1 colon cells. Left panels: Western blots of parental
versus PVT1-silenced HCT116 and LoVo cells. Prominent reduction in the expression of VEGFA, Twist1, MMP2, and EGFR was
observed after PVT1 silencing in both cell lines. Effect of PVT1 expression on cell (f) migration and (g) invasion of HCT116 and LoVo
cells detected using Transwell assays. NC: negative control (scramble PVT1 oligonucleotides). ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001. Scale
bar: 100μm.
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association with increased Sox2 expression. Notably, EGFR
and VEGF mutations are often determined to be associated
with increased metastatic incidence and poor prognosis in
colon cancer [29]. Our observation of PVT1 downregulation
leading to decreased expression of VEGFA, EGFR, Twist1,
andMMP2 provides insight into the role of PVT1 in promot-
ing metastasis. Our database analysis indicated that the
expression levels of PVT1, VEGFA, and EGFR were signifi-
cantly elevated in HT29 spheres compared with their paren-
tal cells [30]. Although the present study did not establish a
causal relationship among the expression of these three mol-
ecules, a common regulatory molecule, namely, miR-152-3p,
was identified to be an inhibitor of both PVT1 and VEGFA.
First, we identified the potential binding sites of miR-152-
3p to PVT1 and VEGA and observed that increased expres-
sion of miR-152-3p significantly reduced the expression of
PVT1, VEGFA, and EGFR in both HCT116 and LoVo cells.
A previous study indicated that PVT1 was linked to the acti-
vation of STAT3/VEGFA signaling and promoted angiogen-
esis in patients with gastric cancer [31]. miR-152-3p has been
identified as a tumor suppressor; for example, miR-152-3p
was observed to negatively regulate PIK3CA expression, thus
inhibiting the activation of AKT and RPS6 in breast cancer
cells [32]. In addition, the downregulation of miR-152, which
targets DNMT1 (an oncogene or cancer stemness marker),
was observed in breast cancer cells [33]. Notably, a negative
correlation between the expression levels of PVT1 and

miR-152-3p was identified in TCGA colon cancer database
consisting of 450 patient samples [32]. Recent studies have
demonstrated that PVT1 regulates the VEGFA/VEGF recep-
tor 1 (VEGFR1)/AKT axis and promotes the tumorigenesis
of colorectal cancer; the deletion of PVT1 can reduce tumor
volume. Overexpression of VEGFA regulates the AKT sig-
naling cascade by activating VEGFR1 [34]. miR-152-3p has
been described as a possible tumor suppressor in numerous
studies because its downregulation has been reported in sev-
eral cancer tissues. Our results indicate that because miR-
152-3p may have binding sites for PVT1 and VEGFA, it
might regulate the lncRNA PVT1/VEGFA axis. Previous
studies have found that PVT1 can promote angiogenesis in
tumor tissues. Given the causal relationship between
upstream and downstream genes, studies should evaluate
whether miR-152-3p can skip PVT1 and directly regulate
VEGFA.

Patients with colorectal cancer with high PVT1-214
expression have a shorter survival duration and poor progno-
sis. The results of in vivo and in vitro studies have indicated
that the effects of PVT1-214 exhibit a complex phenotype
affecting cell growth, stem-like properties, migration, and
invasion [35]. PVT1 can indirectly regulate the expression
of four-jointed box 1 (FJX1) by targeting miR-106b-5p. By
regulating the miR-106b-5p/FJX1 axis, knockdown of PVT1
can impair cell proliferation, migration, and invasion in colo-
rectal cancer [36]. Many studies have reported that PVT1
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Figure 5: Target validation for miR-152-3p and its role in suppressing metastasis. (a) Target binding sequences of miR-152-3p in the 3′-UTR
of PVT1 and VEGFA. These binding sites were predicted using both miRmap and MiRanda software. (b) qPCR analysis of PVT1, EGFR, and
VEGFA levels in response to the sequential miR-152-3p mimic and inhibitor transfections (the control group did not add any reagents). A
significant decrease in the mRNA levels of PVT1, EGFR, and VEGFA was observed after miR16-5p mimic transfection and subsequent
restoration with the addition of the miR-152-3p inhibitor. Both HCT116 and LoVo cells showed a similar trend. (c) Tumorsphere
formation assay. The tumorsphere-forming ability was considerably inhibited by the transfection of miR-152-3p in both HCT116 and
LoVo cells; partial restoration of the tumorsphere-forming ability was noted when the miR-152-3p inhibitor was added. (d) Invasion assay
revealed that an increase in miR-152-3p significantly reduced the invasive ability in both HCT116 and LoVo cells; however, the invasive
ability was restored by the addition of the miR-152-3p inhibitor. (e) Western blot analysis. The addition of miR-152-3p mimics
suppressed the expression of EGFR, vimentin, and VEGFA in both HCT116 and LoVo cells, and the inhibitor restored their expression. (f
) A negative correlation was noted between miR-152-3p and PVT1 levels in colon cancer clinical samples from databases of TCGA [12]
(n = 450). Control/NC: scramble hsa-miR-152-3p oligonucleotides. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001. Scale bar: 100 μm.
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overexpression was related to cancer growth and prolifera-
tion in vivo and in vitro. Moreover, human tissue and mouse
xenotransplantation studies have indicated that the overall
survival rate and tumor size of many cancer types are related
to PVT1 overexpression [37, 38].

lncRNAs are a major type of ncRNA. In addition, the role
of PVT1 in cancer development is closely related to miRNAs.
PVT1 can be spliced and processed into various miRNAs
such as miR-1204 and miR-1207. Furthermore, PVT1 can
act as a “sponge” for miRNAs and inhibit their activity,
thereby affecting cancer proliferation, invasion, and angio-
genesis [39]. Patients with digestive system cancers have a
high risk of morbidity and mortality. The expression of
PVT1 is elevated in various digestive system cancers and is
associated with poor prognosis [40]. Therefore, PVT1 might
become a new biomarker for early screening and could
potentially be used as a prognostic biomarker and in future
targeted therapies to improve the survival rate of patients
[40–42]. Liquid biopsy is a novel method used for cancer
diagnosis. Circulating ncRNAs such as miRNAs and
lncRNAs are biomarkers that can be easily obtained from
blood and can be used for early diagnosis and prediction
of prognosis and treatment response. lncRNAs can be pas-
sively released through tissues or exosomes [43]. Recently,
the therapeutic targeting of oncogenic lncRNAs and

lncRNAs related to therapeutic resistance has attracted con-
siderable attention [44]. lncRNAs mediate these functions by
interacting with proteins, RNA, and lipids. Unlike other
ncRNAs, the functions of lncRNAs cannot be inferred from
their sequence or structure [45]. Therefore, experimental
evaluations are required to obtain complete and accurate
biological annotations. A recent study indicated that
lncRNA PVT1 promotes the tumorigenesis of colorectal
cancer by stabilizing miR-16-5p and interacting with the
VEGFA/VEGFR1/AKT axis [46]. In a mouse xenograft
model, the combination of PVT1 loss and miR-16-5p over-
expression minimized tumor volume. lncRNA PVT1 acts
as a miRNA sponge and negatively regulates miR-16-5p
expression. VEGFA is a key regulator of angiogenesis and
migration [47]. Angiogenesis is a crucial marker for tumor-
igenesis, progression, and prognosis [47]. In our study, we
discovered the regulatory role of miR-152-3p in the lncRNA
PVT1/VEGFA axis, especially exosomes, which are closer to
the exploration and application of tumor microenviron-
ment. Our findings regarding the exosomal lncRNA
PVT1/VEGFA axis confirms this point. PVT1 in the serum
exosomes of patients could affect metastasis and invasion
in both in vivo and in vitro models. Exosomes can be used
for precise treatment and early diagnosis, thus inspiring
novel treatment strategies for colon cancer.

In vitro model

In vivo model

HCT116 and LoVo cell lines
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Twist
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Figure 6: Schematic abstract showing that exosomal PVT1 promotes metastasis in colon cancer through its association with EGFR and
VEGFA expression.
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5. Conclusion

Exosomal PVT1 promotes colon cancer metastasis through
its association with EGFR and VEGFA expression. miR-
152-3p targets both PVT1 and VEGFA, and this regulatory
pathway can be explored for drug development and as a
prognostic biomarker. A series of experimental designs and
their results are shown in the schema abstract in Figure 6.
The results of this study indicated the potential role of
PVT1/VEGFA-enriched serum exosomes in promoting dis-
tant metastasis in colon cancer. Both in vitro and in vivo
experiments revealed that increased PVT1 expression was
associated with increased metastatic potential and stemness,
as reflected by the concomitantly increased expression of
VEGFA, EGFR, and Sox2. Moreover, the downregulation of
PVT1 significantly suppressed the metastatic ability of colon
cancer cells, and PVT1 was observed to be regulated by the
tumor suppressor miR-152-3p. Nevertheless, future studies
should explore this perspective further and analyze the possi-
bility of designing agents that can increase miR-152-3p
expression for treating metastatic colon cancer.
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