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Exosomes mediate cell-cell crosstalk in cancer progression by
transferring a variety of biomolecules, including long noncod-
ing RNAs (lncRNAs). Long non-coding RNA urothelial carci-
noma-associated (UCA1) is a well-known lncRNA associated
with the development and progression of various cancers,
including colorectal cancer (CRC). However, the presence of
UCA1 in exosomes and the roles and clinical values of exosomal
UCA1 in CRC remain unknown. In this study, we systemati-
cally analyzed the expression profiles of exosomal lncRNAs in
CRC patients using a high-throughput microarray assay.
Then, we evaluated the UCA1 expression levels in a series of
CRC tissues and the serum exosomes of CRC patients using
quantitative real-time PCR. The roles of UCA1 on CRC
in vitro and in vivo were investigated by MTT, colony forma-
tion, Transwell, quantitative real-time PCR, flow cytometry,
and western blotting. The miRNA binding sites of UCA1
were predicted using the miRcode online database, and miR-
143 was validated to target UCA1 by dual-luciferase activity
assay and AGO2 RNA immunoprecipitation. Finally, the role
of exosome-mediated UCA1 was further investigated by co-
culturing with CRC cells. This study showed that UCA1was up-
regulated in CRC tissues and functioned as an oncogene in
CRC. Loss-of-function investigations showed that inhibition
of UCA1 suppressed CRC cell proliferation and metastasis
in vivo and in vitro. Mechanistically, UCA1 was identified as a
miR-143 sponge. We also found that MYO6 was a direct target
of miR-1205, which functioned as an oncogene in CRC. More-
over, UCA was also upregulated in the serum exosomes of CRC
patients and could transfer UCA1 to CRC cells to increase their
abilities of cell proliferation andmigration. In conclusion, these
data suggest that UCA1 could be an oncogene for CRC andmay
serve as a candidate target for new therapies in human CRC.
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INTRODUCTION
Colorectal carcinoma (CRC) ranks third in terms of incidence and
remains the second leading cause of cancer-related mortality world-
wide.1 Early-stage CRC patients could be cured by surgery.2 Unfortu-
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nately, chemotherapy and surgical resection are not effective for
patients with advanced CRC.3 Despite recent progresses in the
therapeutic strategies for CRC, including targeted therapies and
immunotherapy, the prognosis for advanced-stage patients is still
far from satisfactory.4 Thus, further understanding of the molecular
mechanisms of CRC may help identify potential tumor biomarkers
and develop novel therapeutic targets.

Long non-coding RNAs (lncRNAs), with a length >200 nt, were once
considered as junk DNA and transcriptional noise.5 Emerging evi-
dence demonstrates that lncRNAs are evolutionarily conserved and
that their expression is strictly regulated, playing critical roles in regu-
lating gene expression.6 Notably, a large body of recent evidence in-
dicates that lncRNAs are involved in the initiation and progression
of CRC.7,8 Yu et al.9 found a novel lncRNA, u50535, which was greatly
overexpressed in CRC tissues and was associated with poor prognosis
in CRC patients. Wu et al.10 established and validated NEAT1 as a
new diagnostic biomarker in CRC, and NEAT1 expression was asso-
ciated with different prognostic outcomes. Recently, some studies
showed that UCA1, initially discovered in bladder cancer and located
at chromosome 19p13.12, is aberrantly expressed in various cancers,
including CRC.11–13 Although many previous reports have docu-
mented that dysregulated expressions of UCA1 have been identified
in CRC and play important roles in the pathogenic process of CRC;
the precise molecular mechanisms—especially how cancer cells trans-
fer UCA1 to surrounding cells, thereby promoting cancer progres-
sion—remain largely unknown.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Exosomes are small membrane-derived vesicles with a diameter of
approximately 30–150 nm.14 It has been well established that a num-
ber of molecules regulate exosome secretion.15,16 Exosomes can regu-
late the physiological and pathological functions of various cancers as
mediators of cell-to-cell communication by transferring nucleic acids,
including mRNAs, microRNA (miRNAs), and lncRNAs;17,18 howev-
er, there is little evidence for the expression profile and potential func-
tion of secreted lncRNAs in CRC. In this study, we systematically
analyzed the expression profiles of exosomal lncRNAs inCRCpatients
using a high-throughput microarray assay. We found that UCA1 was
overexpressed in CRC tissues and highly enriched in plasma exosomes
from patients with CRC. Moreover, UCA1 could function as a
competing endogenous RNA (ceRNA) to regulate the expression of
MYO6 by competing for miR-143 binding. We further showed that
upregulation of circulating exosomes of HCC patients could transfer
UCA1 to CRC cells to promote cell proliferation and migration.

RESULTS
Expression Profiles of Peripheral Plasma Exosomal lncRNA in

Human CRCs

Transmission electron microscopy (TEM) showed that plasma exo-
somes have a diameter of 100–150 nm with a spherical-shaped
morphology (Figure 1A). The nanoparticle tracking analysis (NTA)
results showed a similar size distribution, and the peak size range
was 80–135 nm. A western blot analysis showed that the proteins
CD63 and Tsg101 were positively expressed in exosomes and that
GM130 was mainly present in the cell lysate (Figure 1B). To identify
exosomal lncRNAs, we extracted plasma exosomal RNA from 5 CRC
patients and 5 healthy individuals and analyzed the expression profile
using the ceRNA array mentioned earlier. As a result, 569 lncRNAs
were upregulated, whereas 475 lncRNAs were downregulated based
on the log2 (fold changes) R 2, p < 0.01, and false discovery rate
(FDR) < 0.05. Among these differently expressed genes, we identified
the most top 10 upregulated and downregulated lncRNAs between
CRC patients and negative control (NC) individuals (Figure 1C),
which were then subjected to validation by quantitative real-time
PCR. Their levels were consistently upregulated and downregulated
in the plasma of CRC patients compared with the plasma of NC in-
dividuals (p < 0.01; Figure 1D).

UCA1 Was Upregulated in CRC Tissues and Cell Lines

Among the upregulated exosomal lncRNAs in CRC patients, we
analyzed the colon adenocarcinoma (COAD) dataset from The Can-
cer Genome Atlas (TCGA) database and found that the level of UCA1
was significantly higher in 275 COAD tissues than 349 normal tissues
(p < 0.05; Figure 1E). However, Kaplan-Meier survival analysis from
TCGA COAD datasets suggested that UCA1 expression is not signif-
icantly associated with worse overall survival (OS) (log-rank test, p =
0.69, Figure 1F) and disease-free survival (DFS) of COAD patients
(log-rank test, p = 0.76; Figure 1G). Moreover, we used a qPCR assay
to analyze the expression of UCA1 in our cohort of 68 pairs of CRC
tumor tissues. We first found that UCA1 was upregulated in CRC
tissues when compared with normal tissues (p < 0.001; Figure 2A).
Analyses of the correlation between UCA1 expression and clinico-
pathological traits showed that UCA1 expression is much higher in
advanced-stage tumors (p = 0.007), in tumors with distant metastasis
(p = 0.003; Figure 2B), and in tumors >5 cm compared with tumors
%5 cm (p = 0.005). There is no significant correlation between UCA1
expression and age (p = 0.807) or gender (p = 0.808) (Table 1). These
data suggest that high UCA1 expression may have an important role
in CRC progression and metastasis.

To explore the expression of UCA1 in CRC cells, quantitative real-
time PCR was performed in five human CRC cell lines (HT-29,
SW480, RKO, HCT116, and DLD1) and a normal colonic epithelial
cell line (HCoEpiC). As shown in Figure 2C, UCA1 expression was
higher in all CRC cells than that in HCoEpiC cells (p < 0.01). Among
these CRC cells, HCT116 and DLD1 cells showed the highest UCA1
level, and the lowest expression of UCA1 was observed in HT-29 cells.

To investigate the functional role of UCA1 in CRC cells, we per-
formed loss- or gain-of-function experiments. First, three indepen-
dent UCA1-specific siRNAs (respectively si-UCA1#1, si-UCA1#2,
and si-UCA1#3) and empty vectors (si-NC) were designed and trans-
fected into HCT116 andDLD1 cells.We detected UCA1 expression at
48 h post-transfection by quantitative real-time PCR analysis to
analyze knockdown efficiency and revealed that si-UCA1#3 had a
higher efficiency of interference than si-UCA1#1 and #2 (p < 0.01;
Figures 2D and 2E), so we chose si-UCA1#3 subsequently for the
following experiments. Meanwhile, we induced ectopic overexpres-
sion of UCA1 by transfecting HT-29 cell lines with pcDNA-UCA1
expression vector (p < 0.01; Figure 2F).

UCA1 Promotes CRC Cell Proliferation In Vitro

MTT assays showed that the silencing of UCA1 expression by si-
UCA1#3 significantly inhibited the cell proliferation rates of
HCT116 and DLD1 cells compared with controls (p < 0.01; Figures
3A and 3B), whereas the results of MTT assays showed that the
growth of HT-29 cells transfected with pCDNA-UCA1 was signifi-
cantly increased compared with that of control cells (p < 0.01; Fig-
ure 3C). Furthermore, colony formation assays also indicated that
clonogenic survival was significantly decreased following silencing
of UCA1 in HCT116 and DLD1 cells, and clonogenic survival was
significantly increased in HT-29 cells transfected with pCDNA-
UCA1 (p < 0.01; Figures 3E and 3F).

Downregulation of UCA1 Promotes G1 Arrest and Causes

Apoptosis in CRC Cells In Vitro

To assess whether the pro-proliferative effects of UCA1 on the CRC
cells are mediated by promoting cell-cycle progression, we examined
cell cycling in CRC cells by flow cytometry. We proved that knock-
down of UCA1 caused significant G1-phase cell-cycle arrest of
HCT116 and DLD1, and cell-cycle checkpoint proteins were greatly
inhibited (p < 0.01; Figures 4A, 4B, 4D, and 4E). Enhanced UCA1
expression increased the S-phase percentage and decreased the G0/
G1 phase percentage of HT-29 cells (p < 0.01; Figures 4C and 4F).
Moreover, flow-cytometric analysis was utilized to investigate
whether apoptosis regulation is a potential contributing factor to
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Figure 1. Expression Profiles of Peripheral Plasma Exosomal lncRNA in Human CRCs

(A) Transmission electron microscopy images of plasma exosomes of CRC patients. (B) Western blotting analysis of the exosomal markers Tsg101, CD63, and Alix in plasma

exosomes of CRC patients and healthy control. (C) Microarray analysis of lncRNA profile in the NC group (n = 5) and CRC group (n = 5). (D) Expression levels of the most top

10 upregulated lncRNAs in CRC patients and NC individuals were determined by quantitative real-time PCR assay. (E) UCA1 expression in CRC and normal samples from the

TCGA colon adenocarcinoma (COAD) dataset. (F) Kaplan-Meier analyses of the correlations between UCA1 expression and overall survival (OS) of COAD patients from the

TCGA COAD dataset. (G) Kaplan-Meier analyses of the correlations between UCA1 expression and disease-free survival (DFS) of COAD patients from the TCGA COAD

dataset. Log-rank test was used to calculate p values. All tests were performed at least three times. Data were expressed as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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cell-growth progress induced by UCA1. The results demonstrated
that the apoptotic percentage of UCA1-silenced HCT116 and
DLD1 cells was obviously increased (p < 0.01; Figures 5A and 5B).
As expected, the cell apoptosis was markedly decreased in HT-29 cells
by pcDNA-UCA1 (p < 0.01; Figure 5C).
792 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
UCA1 Promotes CRC Cell Invasion and Metastasis In Vitro and

In Vivo

We further explored the physiological relevance of UCA1 to the CRC
cell motility. The Transwell assay demonstrated that UCA1 knock-
down significantly impeded the migratory and invasive abilities of



Figure 2. UCA1 Was Up-regulated in CRC Tissues and Cell Lines

(A) Quantitative real-time PCR showed the expression levels of UCA1 in CRC tissues and adjacent noncancerous tissues. (B) Quantitative real-time PCR showed the expression

level of UCA1 in metastasis CRC tissues. (C) Quantitative real-time PCR showed the expression level of UCA1 in CRC cell lines. (D) UCA1 siRNAs were used to enhance the

efficiency of UCA1 knockdown in HCT116 cells. (E) UCA1 siRNAs were used to enhance efficiency of DLD1 knockdown in HCT116 cells. (F) Ectopic overexpression of UCA1 by

transfecting HT-29 cells with pcDNA-UCA1 expression vector. All tests were performed at least three times. Data were expressed as mean ± SD. **p < 0.01.
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HCT116 and DLD1 cells compared with s-NC control (Figures 5D
and 5E). In addition, ectopic expression of UCA1 dramatically pro-
moted cell invasion and migration in HT-29 cells (Figure 5F).
Thus, UCA1 significantly increased the migration and invasion po-
tential of CRC cells in vitro.

To further confirm the aforementioned findings in vivo, a lung
metastasis model was introduced by inoculating HCT116 cells with
modified UCA1 expression directly into the tail veins of nude mice.
Luciferase signals were monitored to observe the location and growth
of tumor xenografts in the lung. As a result, at 35 days, luciferase sig-
nals were lower in the UCA1-knockdown group compared with those
in the control group, and UCA1 depletion significantly reduced the
lung metastasis burden of HCT116 cells (Figures 6A and 6B). All of
these findings suggest a crucial role of UCA1 in promoting CRC
cell invasion and metastasis.

Knockdown of UCA1 Suppressed the Tumor Growth of CRC

In Vivo

To determine whether UCA1 could affect tumorigenesis, HCT116
cells with stable UCA1 (sh-UCA1) and empty-vector-transfected
HCT116 cells were inoculated into nude mice. Compared with those
in the vector control, the tumors formed in the sh-UCA1 group were
dramatically smaller. Consistently, the tumor growth in the sh-UCA1
group was significantly slower than that in the control group (p <
0.01; Figure 6C). Remarkably, the average tumor weight was obvi-
ously lower in the sh-UCA1 group compared with that in the
empty-vector group (p < 0.01; Figure 6D). Quantitative real-time
PCR analysis of the UCA1 expression was then performed using
the xenograft tumor tissues. The results showed that the levels of
UCA1 expression in tumor tissues formed from sh-UCA1 cells
were lower than those of the tumors formed in the control group
(p < 0.01; Figure 6E). Results of immunohistochemistry (IHC) re-
vealed that xenograft tumors derived from HCT116 cells with
UCA1 knockdown had lower expression of Ki67 than the sh-NC
group (Figure 6F). These results indicate that UCA1 is significantly
associated with the tumor growth of CRC in vivo.

UCA1 Functions as a ceRNA via Direct Sponging of miR-143

Up to now, accumulating evidence indicated that lncRNAs exerted
the function by interacting with miRNAs. Therefore, to investigate
the effect of UCA1 on the expression of miRNAs, the bioinformatics
predicton analysis was performed by using the miRcode online data-
base. As shown in Figure 7A, miR-143 harbors the complementary
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Table 1. Correlation between UCA1 Expression and Clinicopathologic

Characteristics of CRC Patients

Clinicopathological
Features

Overall
(n = 68)

UCA1

p ValueHigh (n = 35) Low (n = 33)

Age, in years: more
than median

31 15 16 0.807

Gender: male 33 16 17 0.808

Tumor size: >5 24 18 6 0.007

Tumor stages:
T3 and T4

28 20 8 0.005

Metastatic status:
present

12 11 1 0.003

Neoadjuvant therapy: yes 12 9 3 0.111
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binding sequence of UCA1. In order to further validate the interac-
tion, the UCA1 sequence containing the putative or mutated miR-
143 binding site was cloned into the downstream of the luciferase
reporter gene, generating wild-type (WT)-UCA1 or mutant
(MUT)-UCA1 luciferase reporter plasmids. Then, the effect of
miR-143 on WT-UCA1 or MUT-UCA1 luciferase reporter systems
was determined. With transfected miR-143 mimics, the luciferase ac-
tivities of WT-UCA1 luciferase reporter vector were significantly
decreased, while the luciferase activities in the MUT group showed
no observable change (p < 0.01; Figure 7B). In a further RNA immu-
noprecipitation (RIP) experiment, UCA1 and miR-143 simulta-
neously existed in the production precipitated by anti-AGO2
(Figure 7C), suggesting that miR-143 is a UCA1-targeting miRNA.
These outcomes indicated that the interaction of UCA1 and miR-
143 was realized by the putative binding site.

Next, we measured the levels of miR-143 expression in various CRC
cell lines. As shown in Figure 7D, the expression of miR-143 was obvi-
ously decreased in HCT116 and DLD1 cells, indicating the opposite
result to UCA1 expression. Subsequently, the effect of UCA1 on
miR-143 expression was also observed in HCT116 and DLD1 cells.
The results manifested that miR-143 expression was elevated in
HCT116 and DLD1 cells after the silencing of UCA1 (Figure 7E).
All these results suggested that UCA1 could sponge miR-143 to sup-
press its expression.

MYO6 Was a Direct Target of miR-143

TargetScan online software demonstrated thatMYO6was a candidate
target of miR-143 (Figure 8A). To further validate the inference,
MYO6-WT or MYO6-MUT 30 UTR luciferase reporter vector was
conducted. MYO6-WT or MYO6-MUT was co-transfected with
miR-143 mimics or NC into HEK293T cells. The relative luciferase
activity was remarkably reduced in cells co-transfected with the
MYO6-WT luciferase reporter and miR-143 mimic than in the NC
cells. However, inhibitory effects were abolished when 30 UTRs that
contained both MUT-binding sites were co-transfected with miR-
143, confirming that MYO6 is a target of miR-143 (p < 0.01;
Figure 8B).
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Furthermore, quantitative real-time PCR was performed to detect the
expression of miR-143 in tumor tissues and adjacent normal tissues
from 68 patients suffering from CRCs. The miR-143 was significantly
lower in CRC tissues compared with adjacent normal tissues (p <
0.01; Figure 8C). The IHC results showed that MYO6 expression in
CRC specimens was significantly upregulated compared with that
in the adjacent normal tissues (53/68 vs. 12/68; p < 0.001; Figure 8D).
Subsequently, the actual impacts of miR-143 on MYO6 expression
were detected in HCT116 cells by immunoblotting assays. Our results
showed that enforced expression of miR-143 significantly diminished
protein expression of MYO6 in HCT116 cells (Figure 8E). Taken
together, miR-143 downregulated the expression ofMYO6 by directly
targeting the 30 UTR region of MYO6 in CRC cells. Furthermore, we
analyzed the COAD dataset from the TCGA database and found that
the level of MYO6 was significantly higher in 275 COAD tissues than
in 349 normal tissues (p < 0.05; Figure 8F). Kaplan-Meier survival
analysis from TCGA COAD datasets suggested that MYO6 expres-
sion is significantly associated with worse OS (log-rank test, p =
0.018; Figure 8G).

Circulating Exosomes Promoted CRC Cell Proliferation and

Migration through the Transfer of UCA1

Increasing evidence has shown that exosomes are an important medi-
ator of information delivery between donor cells and recipient cells,
including lncRNAs. In this study, we determined whether circulating
exosomes could mediate the transfer of UCA1 to the target cells
(HCT116 and DLD1) and affect their behaviors. Therefore, we iso-
lated exosomes from the serum of CRC patients and healthy people.
Quantitative real-time PCR results showed that UCA1 was highly ex-
pressed in the exosomes of CRC patients compared with that in
healthy people (p < 0.01; Figure 9A). TEM was performed to observe
the morphology of exosomes, the particles that had round-shaped
vesicles with a double-layer membrane structure and diameters of
about 100 nm that could transfer UCA1 to HCT116 and DLD1 cells
by coculture (p < 0.01; Figure 9B). To confirm that UCA1-associated
exosomes were taken up by CRC cells, exosomes prepared from the
serum of CRC patients were labeled with PKH67. Exosome uptake
by Huh7 cells was observed in a time-dependent manner at 37�C
(p < 0.01; Figure 9C). Moreover, cell viability and the abilities of
colony formation andmigration were significantly enhanced by treat-
ment with exosomes from CRC patients (p < 0.01; Figures 9D–9G).
CRC cell treatment with exosomes from CRC patients downregulated
the expression of miR-143 but increased MYO6 expression (Figures
9H and 9I). Taken together, these results suggest that exosomes
from the serum of CRC patients could promote cell proliferation
and migration by transmitting UCA1 to HCT116 and DLD1 cells.

DISCUSSION
In this study, the peripheral plasma exosomal lncRNA UCA1 was
found to be aberrantly upregulated in CRC by high-throughput micro-
array assay. We first found that UCA1 was significantly upregulated in
the CRC tissues and CRC cell lines. In addition, increased expression of
UCA1 in CRC patients is associated with increased tumor size and
advanced stage. Our subsequent studies demonstrate that UCA1



Figure 3. UCA1 Promotes CRC Cells Proliferation In Vitro

(A) MTT assay showed that knockdown of UCA1 inhibited cell proliferation of HCT116 cells. (B) MTT assay showed that knockdown of UCA1 inhibited cell proliferation of

DLD1 cells. (C) MTT assay showed that overexpression of UCA1 promoted cell proliferation of HT-29 cells. (D) Colony formation assay showed that knockdown of UCA1

inhibited cell proliferation of HCT116 cells. (E) Colony formation assay showed that knockdown of UCA1 inhibited cell proliferation of DLD1 cells. (F) MTT assay showed that

overexpression of UCA1 promoted cell proliferation of HT-29 cells. All tests were performed at least three times. Data were expressed as mean ± SD. **p < 0.01.

www.moleculartherapy.org
knockdown decreased cell proliferation and caused a dramatic decrease
in CRC cell-colony formation, whereas UCA1 overexpression has the
opposite results. In addition, UCA1 knockdown promoted significant
arrest in the G0/G1-phase and an obvious increase in CRC cell
apoptosis. These observations of tumor growth were verified in a
mouse xenograft model. Based on bioinformatics analysis, it was
assumed that the UCA1/miR-143/MYO6 axis plays a pivotal role in
CRC progression. Specifically, we also showed mechanistically that
UCA1 promotes the progression of CRC by functions as a miR-143
sponge to modulate MYO6 expression. Moreover, UCA1 was also up-
regulated in serum exosomes of CRC patients and could transfer UCA1
to CRC cells to increase their abilities of cell proliferation and migra-
tion. These findings suggest that UCA1 might be a novel clinical mo-
lecular marker for the treatment of CRC patients.

A number of recent papers have revealed that lncRNAs play an
important role in the pathogenesis of cancer. Cancer-associated
lncRNAs and investigation of their molecular and biological func-
tions are important in providing new insights into the diagnosis
and treatment of cancer, including CRC. The lncRNAUCA1 is gener-
ally regarded as an oncogene, and it is usually highly expressed in a
variety of cancers, including CRC.19–22 Our functional experiments
demonstrated that UCA1 had an important role in cell proliferation
and the cell cycle of CRC cells. UCA1 knockdown could suppress
CRC cell proliferation in vitro and growth in vivo. As one of the
most important malignant tumor hallmarks, tumor metastasis is a
complex and multistep process influenced by genetic and epigenetic
changes. We revealed that UCA1 contributed to the metastasis of
CRC both in vitro and in vivo.

In recent years, emerging evidence proposed that lncRNAs mainly act
as a miRNA sponge to exert their post-transcriptional functions as
ceRNAs, which is more effective than the traditional anti-miRNA
approach.23 Accordingly, we performed RIP and luciferase assays
and found that the mechanism by which UCA1 promotes tumor
progression of CRC in vitro is mediated by inhibiting miR-143
expression, thus, influencing downstream gene MYO6 expression.
Moreover, miRNAs are the most widely studied non-coding RNAs
and also can act as oncogenes or tumor suppressor genes.24 In this
study, bioinformatics analysis showed that miR-143 interacted with
the 30 UTR of MYO6 and suppressed MYO6 expression at the
post-transcriptional level, which was confirmed by the results of the
luciferase reporter assay. We found that the miR-143 was significantly
lower in CRC tissues compared with adjacent normal tissues and that
the MYO6 expression was significantly higher in CRC tissues.

Mounting evidence indicates that exosomes are critical mediators of
communication and information transfer between tumor cells and
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 795
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Figure 4. Downregulation of UCA1 Promotes G1 Arrest in CRC Cells In Vitro

(A) The flow cytometry assay showed that HCT116 cells transfected with si-UCA1#3 had cell-cycle arrest at the G1-G0 phase in comparison with control cells. (B) The flow

cytometry assay showed that DLD1 cells transfected with si-UCA1#3 had cell-cycle arrest at the G1-G0 phase in comparison with control cells. (C) The flow cytometry assay

showed that HT-29 cells transfected with pcDNA 3.1-UCA1 had cell-cycle arrest at the S phase in comparison with control cells; (D) UCA1 knockdown altered cell cycle

proteins of HCT116 cells; (E) UCA1 knockdown altered cell-cycle proteins of DLD1 cells. (F) UCA1 overexpression altered cell-cycle proteins of HT-29 cells. All tests were

performed at least three times. Data were expressed as mean ± SD. **p < 0.01.
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surrounding cells and that cancer-derived exosomes can enrich pro-
teins, mRNAs, miRNAs, and lncRNAs, whichmay horizontally trans-
fer to recipient cells and result in a phenotypic effect. Inspired by these
studies, we hypothesized that extracellular UCA1 promoted CRC
progression through incorporation into exosomes. To validate this
hypothesis, we isolated exosomes from the serum of CRC patients
and found that UCA1 was highly expressed in the exosomes of
CRC patients and that the exosomes could transfer UCA1 to CRC
cells to affect the cell viability, the ability of colony formation, and
the ability of migration of CRC cells by downregulating miR-143.
These results suggest that circulating exosomes could promote tumor
growth and metastasis by transmitting UCA1 to CRC cells.

Taken together, the evidence indicates that UCA1 performed a
pivotal function in the tumor progression of CRC by packaging
into exosomes. We found that UCA1 affects the proliferation and
apoptosis of CRC cells by functioning as a ceRNA to regulate
MYO6 expression by sponging miR-143.

MATERIALS AND METHODS
Patients and Sample Collection

Pairs of fresh CRC tissues and adjacent normal tissues were collected
from 68 CRC patients at Sixth People’s Hospital of Dalian City, Da-
lian, China, between January 2010 and January 2018. Tissues were
immediately snap-frozen in liquid nitrogen and stored at�80�C until
total RNAwas extracted. For exosome purification, whole blood sam-
ples were collected from these 68 CRC patients and healthy control.
Fresh plasma samples (3 mL) were collected in ethylenediamine
tetra-acetic acid tubes from each of the subjects. These samples
were centrifuged at 3,000 � g for 10 min at 4�C and then stored at
796 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
�80�C. The specimens were evaluated according to theWorld Health
Organization’s classification criteria. Disease progression was classi-
fied using the CRC guidelines outlined in the seventh edition of the
American Joint Committee on Cancer’s staging manual. Patients
who underwent chemotherapy, radiotherapy, or any other adjuvant
treatment before surgery were excluded from the study. The study
was approved by the research ethics committees of Sixth People’s
Hospital of Dalian City and Southwest Forestry University, and writ-
ten informed consent was obtained from all patients.

Plasma Exosome Isolation

Exosome extraction was performed essentially as described before.25

First, the samples were centrifuged twice at 3,000 � g and 10,000 � g
for 20 min at room temperature to remove cells and other debris in
the plasma. The supernatants were then centrifuged at 100,000 � g
for 30 min at 4�C to remove microvesicles that were larger than exo-
somes, harvested, and again centrifuged at 10,000 � g for 70 min at
4�C. Subsequently, the supernatants were gently decanted, and the
exosome sediments were re-suspended in phosphate-buffered saline
(PBS). Concentration of exosomes was determined using the bicin-
choninic acid (BCA) method as recommended by the manufacturer
(Thermo Scientific, Waltham, MA, USA).

TEM

The exosome suspension was diluted to 0.5 mg/mLwith PBS and then
spotted onto a glow-discharged copper grid placed on a filter paper
and dried for 10 min by exposure to infrared light. Next, the exosome
samples were stained with one drop of phosphotungstic acid (1%
aqueous solution) for 5 min and dried for 20 min by exposure
to infrared light. Finally, the exosomes were visualized under a



Figure 5. Downregulation of UCA1 Causes Apoptosis in CRC Cells In Vitro

(A) The flow cytometry assay showed that HCT116 cells transfected with si-UCA1#3 had a higher apoptotic rate in comparison with control cells. (B) The flow cytometry assay

showed that DLD1 cells transfected with si-UCA1#3 had a higher apoptotic rate in comparison with control cells. (C) The flow cytometry assay showed that HT-29 cells

transfected with pcDNA 3.1-UCA1 had a lower apoptotic rate in comparison with control cells. (D) The Transwell assay showed that knockdown of UCA1 inhibited the

migratory and invasive abilities of HCT116 cells. (E) The Transwell assay showed that knockdown of UCA1 inhibited the migratory and invasive abilities of DLD1 cells. (F) The

Transwell assay showed that ectopic expression of UCA1 promoted cell invasion and migration of HT-29 cells. All tests were performed at least three times. Data were

expressed as mean ± SD. **p < 0.01.
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transmission electronmicroscope (HT7700, Hitachi, Tokyo, Japan) at
100 keV.

NTA

Briefly, the exosomes were re-suspended in PBS and filtered with a
syringe filter (Millipore). Then, the samples were diluted until indi-
vidual nanoparticles could be tracked. The size distribution of the
exosomes was evaluated using a NanoSight NS300 instrument (Mal-
vern Instruments, Worcestershire, UK).

Western Blotting

Western blotting was performed to assess the levels of these markers.
Total proteins were extracted from exosome samples using lysis
buffer. Each sample (40 mg) was loaded onto a 12% sodium dodecyl
sulfate-polyacrylamide gel and then transferred to a polyvinylidene
fluoride membrane (Roche, Mannheim, Germany). These mem-
branes were immersed in 2% bovine serum albumin at room temper-
ature for 1 h and incubated with the following primary antibodies:
anti-Tsg101 (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-CD63 (1:2,000, Abcam, Cambridge, UK), and anti-
GM130 (1:1,000, Abcam, Cambridge, UK) followed by subsequent in-
cubation with appropriate secondary antibodies after washing with
PBS. Lastly, protein bands were visualized by incubating with an elec-
tro-chemiluminescence reagent.

Exosome Labeling

The PKH67 Green Fluorescent Cell Linker Kit (Sigma) was used to
label exosomes according to the manufacturer’s protocol. Briefly, exo-
some pellets were re-suspended in 500 mL Diluent C. In addition, 2 mL
PKH67 was mixed with 1 mL Diluent C, followed by mixing with the
exosome suspension and incubation for 4 min. To stop the labeling
reaction, an equal volume of 1% BSAwas added into themixed liquor.
Then, the labeled exosomes were ultracentrifuged at 100,000� g for 1
h, washed with 1� PBS, and ultracentrifuged again.

Exosomal Uptake into Recipient Cells

To detect exosomal uptake into recipient cells, Huh7 cells were
grown on sterile glass coverslips in 24-well plates at a density of
1 � 104 cells per well for cultivation for 24 h. Then, the slides
were washed three times using 1� PBS, and PKH67-labeled exo-
somes were diluted in DMEM solution and added into each well.
Cells were cultured for 1 h at 4�C or for 1 h, 2 h, and 4 h at
37�C. The slides were washed three times using 1� PBS and fixed
with 3.7% formaldehyde solution at room temperature for 15 min
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Figure 6. Knockdown of UCA1 Suppressed the Tumor Growth of CRC In Vivo

(A) Luciferase signals are lower in the UCA1 knockdown group compared with those in control group. (B) UCA1 depletion significantly reduced the lung metastasis burden of

HCT116 cells. (C) UCA1 knockdown inhibits HCT116 tumor growth in vivo. The tumor volume curve of nude mice was analyzed. (D) The tumor weights of nude mice were

measured. (E) The expression level of UCA1 in tumors of nude mice was detected by quantitative real-time PCR. (F) IHC revealed that xenograft tumors derived fromHCT116

cells with UCA1 knockdown had lower expression of Ki67. Data were expressed as mean ± SD. **p < 0.01.
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followed by washing three times using 1� PBS. After that, DAPI
was used to stain the nuclei, and the slides were covered with cov-
erslips and observed using a confocal laser scanning microscope
(LSM710; Carl Zeiss, Oberkochen, Germany).

Agilent Methods for ceRNA Array

Total RNA of exosomes was extracted from plasma using TRIzol
LS Reagent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instructions and quantified using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
USA). Total RNA from exosomes was isolated using TRIzol Re-
agent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions and purified using a RNeasy Mini Kit (QIAGEN, Hil-
den, Germany). RNA samples of each group were then used to
generate fluorescently labeled cRNA targets for the human ceRNA
array v.1.0 (4 � 180 K; Shanghai Biotechnology, Shanghai, China).
The labeled cRNA targets were then hybridized with the slides. Af-
ter hybridization, slides were scanned on the Agilent Microarray
Scanner (Agilent Technologies, Santa Clara, CA, USA). Data
were extracted using Feature Extraction software v.10.7 (Agilent
Technologies). Raw data were normalized by the quantile algo-
rithm of the limma package in the R program. Microarray exper-
iments were performed at Shanghai Biotechnology following the
protocol of Agilent Technologies. Ratios between CRC patients
and normal (NC) subjects were calculated. Genes with a fold
change of at least 2 were selected for further analysis. The selected
798 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
parent genes of the lncRNA were grouped into functional cate-
gories based on the Gene Ontology database (http://
geneontology.org/), and functional pathways (Kyoto Encyclopedia
of Genes and Genomes) were also analyzed using the online
enrichment analysis tool of Shanghai Biotechnology.

TCGA Dataset Analysis

The data and the corresponding clinical information of patients were
collected from the TCGA database (http://cancergenome.nih.gov/).
We used the edgeR package of R packages to perform the difference
analysis (http://www.bioconductor.org/packages/release/bioc/html/
edgeR.html) and used the pheatmap package of R packages to
perform the cluster analysis (https://cran.r-project.org/web/
packages/pheatmap/index.html). The sva R package was used to re-
move the batch effect. Genes with adjusted p values <0.05 and abso-
lute fold changes (FCs) >1.5 were considered differentially expressed
genes. Kaplan-Meier survival curves were drawn to analyze the rela-
tionships between genes and OS in the survival package. The corre-
sponding statistical analysis was performed and graphics were created
in R software (R v.3.3.2).

Cell Lines and Culture Conditions

The human CRC cell lines (HCT116, DLD1, SW480, RKO, and HT-
29) were purchased from the Institute of Biochemistry and Cell
Biology of the Chinese Academy of Sciences (Shanghai, China).
The human colonic epithelial cell line HCoEpiC and the 293T cell

http://geneontology.org/
http://geneontology.org/
http://cancergenome.nih.gov/
http://www.bioconductor.org/packages/release/bioc/html/edgeR.html
http://www.bioconductor.org/packages/release/bioc/html/edgeR.html
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html


Figure 7. UCA1 Functions as a ceRNA via Directly

Sponging of miR-143

(A) miRcode online database results showed the sequence of

UCA1 with highly conserved putative miR-143 binding sites.

(B) miR-143 mimic considerably reduced the luciferase ac-

tivity of the WT-UCA1 luciferase reporter vector compared

with negative control, while miR-143 mimic did not pose any

impact on the luciferase activity of MUT-UCA1-transfected

cells. (C) UCA1 and miR-143 simultaneously existed in the

production precipitated by anti-AGO2. (D) Expression levels

of miR-143 in different CRC cell lines were determined by

quantitative real-time PCR. (E) Silencing of UCA1 increased

the expression level of miR-143 in HCT116 and DLD1 cells.

All tests were performed at least three times. Data were ex-

pressed as mean ± SD. **p < 0.01.
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line were obtained from American Type Culture Collection (Mana-
ssas, VA, USA). Cells were cultured in RPMI 1640 or DMEM
(GIBCO, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (10% FBS), 100 U/mL penicillin, and 100 mg/mL strep-
tomycin (GIBCO) in humidified air at 37�C with 5% CO2.

RNA Extraction and Quantitative Real-Time PCR Analyses

Total RNA was extracted from tissues or cultured cells using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA). For quantitative real-time
PCR, RNA was reverse transcribed to complementary DNA (cDNA)
by using a PrimeScript RT Reagent Kit (Takara, Dalian, China). Real-
time PCR analyses were performed with SYBRGreen (Takara, Dalian,
China). Results were normalized to the expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The relative expression of
UCA1 was calculated and normalized using the 2�DDCt method rela-
tive to GAPDH.
Molecular T
Cell Transfection

To construct UCA1 overexpression plasmid,
the full length of the UCA1 cDNA sequence
was amplified, cloned into pcDNA3.1 vector
(Invitrogen), and sequenced and named as
pcDNA3.1-UCA1 (UCA1). Three specific small
interference RNAs (siRNAs) targeting UCA1
(si-UCA1#1, si-UCA1#2, and si-UCA1#3) and
scrambled siRNA control (si-NC) were ob-
tained from GenePharma (Shanghai, China).
miR-143 mimic (miR-143) and scrambled
mimic control (miR-NC) were purchased
from RiboBio (Guangzhou, China). All these
plasmids and oligonucleotides were transfected
into cells by Lipofectamine 2000 reagent
(Invitrogen) following the manufacturer’s
instructions.

MTT Assay

The Cell Proliferation Reagent Kit I (MTT)
(Roche, Basel, Switzerland) was used to assess
cell proliferation. Transfected cells were plated
in each well of a 96-well plate and assessed every 24 h according to
the manufacturer’s instructions. The plate was then read at 490 nm
using a plate reader.

Colony Formation Assay

Cells were seeded into 6-well plates at 200 cells per well. Approxi-
mately 14 days later, the number of macroscopic colonies
was counted, and images of the representative colonies were
obtained.

Flow-Cytometric Analysis

Cells for cell-cycle analysis were stained with propidium oxide using
the CycleTEST PLUS DNA Reagent Kit (BD Biosciences) following
the manufacturer’s protocol and analyzed by FACScan. The percent-
ages of the cells in G0-G1, S, and G2-M phases were counted and
compared.
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Figure 8. MYO6 Was a Direct Target of miR-143

(A) Bioinformatics analysis revealed the predicted bind-

ing sites between MYO6 and miR-143. (B) Luciferase

reporter assay demonstrated that miR-143 mimics

significantly decreased the luciferase activity of MYO6-

WT in HEK293T cells. (C) miR-143 expression was

significantly downregulated in CRC tissues compared

with adjacent normal tissues by quantitative real-time

PCR analysis. (D) IHC analysis was performed to

examine the expression levels of MYO6 in CRC tissues

and adjacent normal tissues. (E) Enforced expression of

miR-143 significantly diminished protein expression of

MYO6 in HCT116 cells. (F) MYO6 expression in CRC

and normal samples from the TCGA COAD dataset. (G)

Kaplan-Meier analyses of the correlations between

UCA1 expression and OS of COAD patients from the

TCGA COAD dataset. All tests were performed at least

three times. Data were expressed as mean ± SD. **p <

0.01.
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Transfected cells were harvested after transfection by trypsinization.
After the double staining with fluorescein isothiocyanate (FITC)-an-
nexin V and propidium iodide was performed with the FITC Annexin
V Apoptosis Detection Kit (BD Biosciences) according to the manu-
facturer’s recommendations, the cells were analyzed by flow cytome-
try (FACScan; BD Biosciences) equipped with Cell Quest software
(BD Biosciences). Cells were discriminated into viable cells, dead cells,
early apoptotic cells, and apoptotic cells, and then the relative ratio of
early apoptotic cells was compared with control transfection from
each experiment.
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Transwell Migration Assays

Tumor cell in vitro migration assays were car-
ried out using the Transwell system (24-well
inserts, 8.0 mm; Corning, Corning, NY, USA).
After specific treatment, tumor cells were de-
tached and re-suspended in serum-free me-
dium. Cells were cultured on the top chambers
for 18 h, and growth medium was added to the
bottom wells. In some cases, specific antibodies
or inhibitors were added into both chambers.
Quantification was performed by counting
crystal-violet-stained migrated cells in five
200� high-power fields (HPFs) of every top
chamber.

Tumor Xenograft Experiments

For the in vivo metastasis model, representa-
tive mice were injected with modified UCA1
expressing HCT116 cells (n = 5 per group).
The luciferase signal intensity from days 7 to
35 is on equivalent scales in the lung metas-
tasis model. All the mice were killed after
6 weeks, and the lungs were subjected
to immunohistochemical analysis and H&E
staining. Metastatic progression was monitored and quantified
using an IVIS-100 system (Caliper Life Sciences, Boston, MA,
USA).

For the xenograft model of HCT116 cells, 4-week-old male BALB/c
nude mice were housed under standard conditions and cared for
according to protocols. Cells were harvested and re-suspended in
serum-free medium at a concentration of 1 � 107 cells per
0.2 mL. Each mouse (n = 4 per group) was inoculated subcutane-
ously in the right flank with cells stably transduced with shUCA1



Figure 9. Circulating Exosomes Promoted CRC Cell Proliferation and Migration through the Transfer of UCA1

(A) Exosomal UCA1 expression levels in CRC patients and healthy people. (B) The expression levels of UCA1 after treated with PBS (Control), exosomes of healthy control

(Normal-Exo), and exosomes of CRC patients (CRC-Exo). (C) HCT116 cells were incubated with PKH67-labeled CRC exosomes for the indicated times at 4�C or 37�C.
Quantification of exosome uptake is shown. (D) HCT116 cells were treated with PBS, Normal-Exo, and HCC-Exo, and then cell viability was assessed by MTT at 24 h, 48 h,

and 72 h. (E) DLD1 cells were treated with PBS, Normal-Exo, and HCC-Exo, and then cell viability was assessed by MTT at 24 h, 48 h, and 72 h. (F) Colony formation abilities

were measured by colony formation assay. (G) Transwell migration and invasion assays were used to detect the migration and invasion abilities. (H) The expression of

miR-143 was detected by quantitative real-time PCR. (I) The protein levels of MYO6 were measured by western blot. All tests were performed at least three times. Data were

expressed as mean ± SD. **p < 0.01.
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or shControl. Tumor size was monitored every 3 days, and mice
were euthanized after 4 weeks. All animal studies were approved
by the Animal Ethics Committee of Southwest Forestry University,
and animal experiments were performed at Southwest Forestry
University.
Luciferase Reporter Assay

HEK293T cells (5 � 103) were seeded into 96-well plates and
co-transfected with corresponding plasmids and miRNA mimics or
inhibitors using the Lipofectamine 2000 transfection reagent. Lucif-
erase activity was measured using the dual-luciferase reporter assay
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 801
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system (Promega, Madison, WI, USA) after 48 h of incubation ac-
cording to the manufacturer’s instructions. Independent experiments
were performed in triplicate. Relative luciferase activity was normal-
ized to the Renilla luciferase internal control.

RIP Assay

The RIP assay was performed using an EZ-Magna RiP Kit (Millipore,
Billerica, MA, USA) in accordance with the manufacturer’s instruc-
tions. Cells were lysed at 70%–80% confluence in RIP lysis buffer
and then incubated with magnetic beads conjugated with human
anti-Ago2 antibody (Millipore) and normal mouse immunoglobulin
G (IgG) control (Millipore) in RIP buffer. The RNAs in the immuno-
precipitates were isolated with TRIzol Reagent and analyzed by quan-
titative real-time PCR.

IHC

For each patient sample, three paraffin sections of 5 mmwere prepared,
one for hematoxylin and eosin (H&E) staining and the other two for
immunohistochemical staining. PBS instead of primary antibodies
was used for negative control, and the breast cancer tissue was used
for positive control. Sections were dewaxed using xylene, followed by
hydration with ethanol solutions and the addition of EDTA for antigen
retrieval. Later, sections were blocked with normal goat serum for
30 min to eliminate non-specific binding. Sections were incubated
with anti-human MYO6 polyclonal antibody (1:1,000; ab124805;
Abcam, Cambridge, MA, USA). Sections were then incubated with
biotin-labeled secondary antibodies for 30 min at room temperature,
followed by staining with diaminobenzidine (DAB). Finally, the sec-
tions were counterstained with hematoxylin. The result of staining
was determined by two doctors who did not know the clinical condition
of the patients. The proportions of positive cells of 0%, 1%–5%, 6%–
25%, 26%–75%, and 76%–100% were assigned with scores of 0, 1, 2,
3, and 4, respectively. Scores of 0–2 were considered as negative expres-
sion, and scores of 3–4 were considered as positive expression.

Statistical Analysis

Results are presented expressed as mean ± SD (standard deviation).
Student’s t test was performed to measure the difference between
two groups, and differences between more than two groups were as-
sessed using one-way ANOVA. p < 0.05 was considered significant.

Availability of Data and Materials

The datasets used and/or analyzed during this study are available
from the corresponding author on reasonable request, but no infor-
mation infringing on the privacy of the participants will be given.
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