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The hypoxic microenvironment, an important feature of solid
tumors, promotes tumor cells to release exosomes and en-
hances tumor angiogenesis. However, the detailed functions
of hypoxic exosomes and the mechanisms underlying their ef-
fects in pancreatic cancer (PC) remain mysterious. Here, we
observed that hypoxic exosomes derived from PC cells pro-
moted cell migration and tube formation of human umbilical
vein endothelial cells (HUVECs). The long noncoding RNA
(lncRNA)UCA1, a key factor, was highly expressed in exosomes
derived from hypoxic PC cells and could be transferred to HU-
VECs through the exosomes. In addition, the expression levels
of UCA1 in exosomes derived from PC patients’ serum were
higher than in healthy controls and were associated with poor
survival of PC patients. Moreover, hypoxic exosomal UCA1
could promote angiogenesis and tumor growth both in vitro
and in vivo. With respect to the functional mechanism, UCA1
acted as a sponge of microRNA (miR)-96-5p, relieving the
repressive effects of miR-96-5p on the expression of its target
gene AMOTL2. Collectively, these results indicate that hypoxic
exosomal UCA1 could promote angiogenesis and tumor
growth through the miR-96-5p/AMOTL2/ERK1/2 axis and
therefore, serve as a novel target for PC treatment.
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INTRODUCTION
Pancreatic cancer (PC) is a highly lethal malignancy and is notorious
for its extremely poor prognosis worldwide. The 5-year relative sur-
vival rate of PC patients is about 8% and decreases to 3% when diag-
nosed at a distant stage.1 Angiogenesis, which is involved in tumor
growth, invasion, and metastasis, comprises several complex steps
and plays an important role in PC and most malignant tumors.2

Although PC is not a hypervascular neoplasm, it often exhibits
enhanced foci of endothelial cell proliferation in the tumor tissues.3

Several studies have also reported a positive correlation between blood
vessel density and PC progression.3,4 Furthermore, anti-angiogenic
treatment efficiently prevented tumor growth and metastasis and
decreased the tumor burden in an orthotopic mouse model of PC.5,6
Mo
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Hypoxia, or low oxygen tension, has been widely acknowledged as a
specific feature of the tumor microenvironment and is involved in tu-
mor aggressiveness and metastasis.7 Tumor hypoxia induces adaptive
mechanisms that rely on the stabilization and activation of hypoxia-
inducible factors (HIFs), which induce the transcription of various
genes that contribute to angiogenesis, metabolic reprogramming,
metastasis, and immune evasion.8,9 A recent report has demonstrated
that the hypoxia-induced protein MUC1 enhances angiogenesis
through the upregulation of several proangiogenic factors in PC.10

However, whether the hypoxic microenvironment plays a role in
modulating angiogenesis in PC and the underlying mechanisms in
PC needs to be further elucidated.

Exosomes, which are secreted by a variety of cell types and tumor cells
in particular, are single-membrane vesicles with a diameter of
30�200 nm.11 Typical exosomes contain various types of nucleic
acids, including mRNAs, microRNAs (miRNAs), and long noncod-
ing RNAs (lncRNAs), and are released into the extracellular space
and enter the circulation. They play an important role in intercellular
communication through transferring genetic material.12,13 Recent
studies have reported that hypoxia might promote tumor progression
via stimulating exosomal secretion or regulating the content of
lecular Therapy: Nucleic Acids Vol. 22 December 2020 ª 2020 179
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.08.021
mailto:qiuzjdoctor@sina.com
mailto:qzhao@shsmu.edu.cn
mailto:richard-hc@sohu.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.08.021&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Nucleic Acids
exosomes.14,15 Exosomes released from hypoxic tumor cells
contribute to the development of cancer through promoting cancer
cell invasion and metastasis, enhancing cancer angiogenesis, and
influencing the cancer-immune system interactions.16,17 For example,
the exosomal lncRNA CCAT2, derived from glioma cells, enhances
angiogenesis and inhibits endothelial cell apoptosis.18 However,
whether hypoxic exosomes secreted by PC cells can regulate angio-
genesis remains unknown.

LncRNAs are defined as a class of noncoding RNAs that are generally
longer than 200 nucleotides with no evident protein-coding capac-
ity.19 An increasing body of evidence has suggested that lncRNAs
are abnormally expressed in cancer cells and are reported to modulate
tumor growth, invasion, and metastasis.20 Recently, numerous
lncRNAs have been reported to be involved in tumor angiogen-
esis.21–23 Interestingly, to adapt to the hypoxic microenvironment,
numerous lncRNAs are highly expressed by tumor cells, packed
into exosomes, and transported to the corresponding recipient cells,
thus playing an important role in intercellular communication. For
example, tumor cells may generate UCA1-rich exosomes that are
delivered to normoxic cells to promote cell proliferation, migration,
and invasion under hypoxia.24

In this study, we demonstrated that hypoxia enhances PC cell-derived
exosome-mediated transfer of UCA1 to human umbilical vein endo-
thelial cells (HUVECs) and promotes angiogenesis in vitro and in vivo.
Furthermore, hypoxic exosomal UCA1 promotes angiogenesis via
regulating the microRNA (miR)-96-5p/AMOTL2/ERK1/2 signaling
pathway in HUVECs. In addition, the expression levels of exosomal
UCA1 are higher in PC patients’ serum than in healthy donors’ serum.
Therefore, our study reveals a novel mechanism of angiogenesis in PC
and provides a potential diagnostic biomarker and treatment target
for PC.

RESULTS
Exosomes Derived from Hypoxic PC Cells Promoted Migration

and Tube Formation of HUVECs

To examine the impact of exosomes derived from normoxic and
hypoxic PC cells on the angiogenic ability of HUVECs, we first iso-
lated and identified exosomes derived from normoxic and hypoxic
PC cells. Equal number of MIA PaCa-2 cells were seeded under nor-
moxia and hypoxia (1% O2) for 48 h. Compared with the cells
cultured under normoxia, the protein levels of HIF-1a in MIA
PaCa-2 cells increased under hypoxia (Figure 1A). Next, exosomes
were isolated from the conditioned medium (CM) of MIA PaCa-2
cells under normoxic and hypoxic conditions after 48 h by ultracen-
trifugation and quantitated by transmission electron microscopy
(TEM) and nanoparticle tracking analysis (NTA). As shown in Fig-
ures 1B and 1C, TEM revealed typical rounded particles with a
diameter of <200 nm, and NTA revealed a similar-size distribution
of exosomes isolated from MIA PaCa-2 cells exposed to normoxic
or hypoxic conditions. Moreover, western blot analysis confirmed
the presence of the exosomal marker proteins CD63, TSG101, and
ALIX, and the levels of all exosomal markers were higher in exo-
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somes isolated from hypoxic MIA PaCa-2 cells than from normoxic
cells (Figure 1D).

Then we investigated the effects of normoxic and hypoxic exosomes
on the angiogenic ability of HUVECs by a wound-healing assay,
migration assay, and Matrigel tube-formation assay. HUVECs were
pretreated with normoxic and hypoxic exosomes secreted by MIA
PaCa-2 (M-N-e and M-H-e) or BxPC-3 (B-N-e and B-H-e) cells or
PBS as a control for 24 h. Compared with normoxic exosomes or
the PBS control, treatment with hypoxic exosomes significantly
induced HUVEC migration in the wound-healing assay and the
Transwell migration assay (Figures 1E and 1F) and tube-like structure
formation in the Matrigel tube-formation assay (Figure 1G). These
findings indicate that hypoxic exosomes secreted by PC cells enhance
the angiogenic ability of HUVECs in vitro. The effects of hypoxia exo-
somes were more significant than those of normoxic exosomes.

UCA1WasHighly Expressed in Exosomes Derived fromHypoxic

PC Cells and Could be Transferred to HUVECs through

Exosomes

It has been reported that noncoding RNAs are the predominant mo-
lecular constituents of tumor cell-derived exosomes. LncRNAs are
also enriched in exosomes and can reflect the dysregulated noncoding
RNA profiles in tumor cells.25 To identify hypoxic exosomal lncRNA
candidates that may affect angiogenesis, next-generation sequencing
was used. We have listed the top 20 lncRNAs with increased expres-
sion in hypoxic PANC-1-derived exosomes (Table S3). Then, we
determined the expression levels of several lncRNAs that may be
induced by hypoxia in several PC cells under normoxic and hypoxic
conditions.26 Of these, UCA1 levels were increased in various PC cell
lines under a hypoxic condition (Figures 2A and S1A). Consistently,
analyses of The Cancer Genome Atlas (TCGA) and the Genotype-
Tissue Expression (GTEX) databases demonstrated that UCA1 was
upregulated in human PC tissues and predicted poor survival of PC
patients (Figures S1B and S1C). To further elucidate whether UCA1
is also highly expressed in exosomes derived from PC cells under hyp-
oxia, we measured the expression of UCA1 in exosomes derived from
normoxic and hypoxic MIA PaCa-2 and BxPC-3 cells by quantitative
real-time PCR. The expression ofUCA1 in both hypoxic MIA PaCa-2
and BxPC-3 cell-derived exosomes was markedly upregulated
compared with normoxic exosomes (Figure 2B). To study whether
hypoxia-induced UCA1 expression depends on HIF-1a, we knocked
down the expression of HIF-1a in MIA PaCa-2 and BxPC-3 cells by
lentivirus (Figure 2C). Under hypoxic conditions, knockdown of
HIF-1a significantly decreased both cellular and exosomal UCA1
expression (Figures 2D and 2E). These results suggested that both
cellular and exosomal UCA1 expression under hypoxia was, at least
partly, dependent on HIF-1a.

To further confirm that hypoxic PC cell-secreted UCA1 can be trans-
ferred to HUVECs via exosomes, we first stained exosomes with
PKH26. As shown in Figure 2F, the stained exosomes were found
to rapidly enter HUVECs and were mainly distributed around the nu-
cleus. Then, we determined UCA1 levels in HUVECs treated with



Figure 1. Both Hypoxic and Normoxic Exosomes Secreted from PC Cells Promoted Angiogenesis

(A) Western blot analysis of HIF-1a in MIA PaCa-2 cells under normoxic and hypoxic conditions. (B) Transmission electron microscopic image of exosomes. (C) The size

distribution of exosomes was determined by NTA. (D) Western blot analysis of the exosomal markers CD63, Alix, and TSG101. Equal concentrations of HUVECswere treated

with exosomes isolated from CM of MIA PaCa-2 and BxPC-3 cells cultured under normoxic and hypoxic conditions or PBS for 24 h. (E and F) The cell mobility (E) and

migration (F) abilities of HUVECs were evaluated by wound healing and Transwell migration assays (n = 3). (G) The ability of tube formation in HUVECs was assessed by an

in vitro Matrigel tube-formation assay (n = 3). Results are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
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exosomes isolated from MIA PaCa-2 and BxPC-3 cells under nor-
moxic and hypoxic conditions. As expected, an increase in cellular
UCA1 levels was observed in recipient HUVECs following treatment
with exosomes of MIA PaCa-2 and BxPC-3 cells under hypoxic con-
ditions (Figure 2G). In addition, the increase in UCA1 levels in recip-
ient cells was not affected by the RNA polymerase II inhibitor, actino-
mycin D (ActD; 1 mg/mL) (Figure 2H). Collectively, these results
indicated that hypoxic PC cell-derived exosomes containing UCA1
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 181
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Figure 2. UCA1 Was Highly Expressed in Exosomes and Could be Transferred to HUVECs through Exosomes

(A and B) Quantitative real-time PCR analysis of UCA1 in MIA PaCa-2 and BxPC-3 cells (A) cultured under normoxic and hypoxic conditions and cell-derived exosomes (B).

(C) Western blot analysis of HIF-1a in MIA PaCa-2 and BxPC-3 cells infected with indicated lentivirus under hypoxia. (D and E) Quantitative real-time PCR analysis ofUCA1 in

hypoxic exosomes (E) and corresponding cells (D) infected with indicated lentivirus. (F) Fluorescent image of the internalization of PKH26-labeled PC cell-derived exosomes

(red) in HUVECs by confocal microscopy (60�). (G) Quantitative real-time PCR analysis of UCA1 in HUVECs after coculture with indicated hypoxic exosomes for 24 h and

PBS as control (n = 3). (H) Quantitative real-time PCR analysis ofUCA1 in HUVECs treated with actinomycin D followed by indicated hypoxic exosomes treatment for 24 h (n =

3). Results are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 3. UCA1 Expression Was Positively

Correlated with MVD and Negatively Correlated

with Overall Survival in PC Patients

(A) Representative images of ISH staining for UCA1 and

immunohistochemical (IHC) staining for CD31 in human

PC tissue samples. (B) Correlation analysis of the H score

of UCA1 and the MVD in PC tissues. (C) Representative

transmission electron microscopy images of exosomes

isolated from serum of PC patients and healthy in-

dividuals. (D and E) Western blot analysis (D) and relative

gray value (E) of the serum exosomal markers CD63, Alix,

and TSG101. (F) UCA1 expression in serum-derived

exosomes was quantified by quantitative real-time PCR.

(G) Kaplan-Meier survival curves (log-rank test) for the

survival of all 46 PC patients in high and low UCA1

expression groups on the basis of themedianUCA1 level.

(H) The ROC curve for the circulating exosomal UCA1,

where ACTB was used as an internal control. Results are

presented as mean ± SD. *p < 0.05 and **p < 0.01.
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could be internalized by HUVECs, also transferring UCA1 to
HUVECs.

UCA1 Expression Was Positively Correlated with Microvascular

Density (MVD) and Negatively Correlated with Overall Survival in

PC Patients

To further identify the correlation between UCA1 expression and
the MVD in PC tissues, UCA1 was detected by in situ hybridiza-
tion (ISH), and anti-CD31 was used to stain vascular endothelial
cells, and then the MVD was calculated in clinical PC tissues. To
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 183
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further assess the expression of UCA1 in tis-
sues, a “histo” score (H score) system was es-
tablished. The MVD in tumor tissues with
high UCA1 levels was significantly higher
than in tumor tissues with low UCA1 levels
(Figure 3A). The expression of UCA1 was sta-
tistically positively correlated with an increase
in the MVD in PC tissues (Figure 3B). Collec-
tively, these results suggested that UCA1
might play an important role in promoting
angiogenesis in PC tissues.

It has been reported that exosomes can be
secreted by cancer cells and enter the blood
circulation. Therefore, exosomal UCA1
secreted by hypoxic PC cells can be detected
in the blood. To determine the serum levels
of exosomal UCA1 and its correlation with
clinicopathological data, we first purified exo-
somes from serum samples obtained from 46
PC patients and 16 healthy donors. Purified
serum exosomes were characterized by TEM
analysis and western blot (Figures 3C–3E).
We also determined the expression of UCA1
in the serum exosomes. The normalized expression levels of exoso-
mal UCA1 in the serum of PC patients were markedly higher than
in healthy controls (Figure 3F). Statistical analysis showed tha
elevated UCA1 expression in serum exosomes was significantly
associated with tumor size (p = 0.038), lymphatic invasion (p =
0.018), and late TNM stage (p = 0.017) but not with other clinico-
pathological parameters, including sex, age, and tumor location
(Table 1). Moreover, Kaplan-Meier survival analysis indicated
that the survival rate of patients with high UCA1 expression was
significantly lower than that of patients with low UCA1 expression

http://www.moleculartherapy.org


Table 1. Relationship between lncRNA-UCA1 Expression and

Clinicopathological Parameters of 46 Pancreatic Cancer Patients

Parameters Total lncRNA-UCA1 Expression p Value

Low (n = 23) High (n = 23)

Gender

Male 27 12 15
0.369

Female 19 11 8

Age (Years)

%60 23 13 10
0.376

>60 23 10 13

Tumor Location

Head 29 14 15 0.760

Body or tail 17 9 8

Tumor Size (cm)

%2 21 14 7
0.038a

>2 25 9 16

Differentiation

Well 12 7 5

0.747Moderate 18 9 9

Poor 16 7 9

Lymph Node Metastasis

Negative 24 16 8
0.018a

Positive 22 7 15

Neural Invasion

No 28 15 13
0.546

Yes 18 8 10

TNM Stage

I + II 20 14 6
0.017a

III + IV 26 9 17

ap < 0.05.
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(p = 0.0087; Figure 3G). In addition, a receiver operating charac-
teristic (ROC) curve was drawn to evaluate the diagnostic value
of serum exosomal UCA1. The results demonstrated that an area
under curve (AUC) was of 0.7813 (95% confidence interval
[CI] = 0.6497–0.9128, p = 0.00087) after normalization to b-actin
(ACTB; Figure 3H). Altogether, these data revealed that serum
exosomal UCA1 was negatively correlated with overall survival in
PC patients and might serve as a promising diagnostic biomarker
and treatment target for PC.

Hypoxic Exosomal UCA1 Promoted Migration and Tube

Formation of HUVECs In Vitro

To investigate whether hypoxic exosome-mediated HUVEC migra-
tion and tube formation are directly dependent on exosomal UCA1,
we first suppressed UCA1 expression in hypoxic MIA PaCa-2 and
BxPC-3 cells by UCA1 short hairpin (sh)RNA. The suppression effi-
ciency of shRNA in hypoxic MIA PaCa-2 and BxPC-3 cells was
184 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
confirmed by quantitative real-time PCR (Figure 4A). In addition
to affecting the expression levels of UCA1 in MIA PaCa-2 and
BxPC-3 cells, UCA1 shRNA also reduced the expression levels of
UCA1 in MIA PaCa-2 and BxPC-3 cell-derived hypoxic exosomes
(Figure 4B). Then, we cocultured HUVECs with hypoxic UCA1-
knockdown exosomes and hypoxic control shRNA exosomes and
evaluated angiogenesis by examining the biological function of HU-
VECs. As expected, knockdown of hypoxic exosomal UCA1 resulted
in the significant inhibition of the pro-angiogenic phenotype (Figures
4C–4E). Moreover, we directly transfected HUVECs with UCA1
overexpression plasmids and UCA1 shRNA to generate UCA1-ov
and UCA1-sh cells, respectively. Quantitative real-time PCR analysis
showed thatUCA1 expression was upregulated in theUCA1-ov group
and significantly downregulated in the UCA1-sh2 group (Figures 4F
and 4G). Functional assays showed that HUVEC migration and
tube-like structure formation were significantly enhanced in UCA1-
ov cells and inhibited in UCA1-sh cells (Figures 4H–4J). These results
suggested that hypoxic PC cell-derived exosomes promoted HUVEC
angiogenesis partly by exosomal UCA1 in vitro.

UCA1 Functioned As aCompeting EndogenousRNA (ceRNA) for

miR-96-5p in HUVECs

To explore the underlying mechanisms ofUCA1-driven angiogenesis,
we first determined the localization of UCA1 in HUVECs. After nu-
clear/cytoplasmic fractioning of HUVECs, we showed thatUCA1 was
predominantly localized in the cytoplasmic fraction (Figure 5A).
Therefore, we hypothesized that it might function as a ceRNA. To
confirm this, we performed an RNA immunoprecipitation (RIP)
assay on Argonaute2 (Ago2), the core component of the RNA-
induced mediating complex.27 The results showed thatUCA1 overex-
pression in HUVECs led to increased enrichment of UCA1 on Ago2
(Figure 5B). These results indicated that UCA1 could competitively
bind specific miRNAs, acting as a ceRNA, to block their downstream
protein expression. Subsequently, we predicted the miRNAs that
participated in the sponging of the UCA1 by the bioinformatics tools,
miRcode (http://www.mircode.org/) and StarBase v.2.0 (http://
starbase.sysu.edu.cn/) (Figure S2A). Four miRNA candidates fit the
criteria. We validated the expression levels of these miRNAs in
UCA1-ov and UCA1-sh HUVECs by quantitative real-time PCR.
We found that miR-96-5p was downregulated in UCA1-ov HUVECs
but upregulated in UCA1-sh HUVECs (Figure 5C), indicating that
miR-96-5p was the most suitable candidate for further analysis. Sub-
sequent detailed bioinformatics analysis predicted a potential binding
site for miR-96-5p in UCA1 (Figure 5D). To confirm this hypothesis,
we cloned wild-type and mutant UCA1 into the psiCHECK-2 lucif-
erase reporter plasmid and performed a luciferase reporter assay to
detect the interaction of miR-96-5p with UCA1. The luciferase activ-
ity of psiCHECK-2-UCA1 was significantly inhibited by the transfec-
tion of miR-96-5p mimics, but little effect was observed with mutant
UCA1 (Figure 5E). We next determined whether miR-96-5p was
functionally involved in UCA1-mediated angiogenesis of HUVECs.
Restoration of miR-96-5p expression dampened the UCA1-mediated
proangiogenic phenotype (Figures 5F–5H). Furthermore, transfec-
tion of miR-96-5p mimics also inhibited hypoxic exosome-mediated
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angiogenesis (Figures S2B–S2D). Taken together, these data showed
that UCA1 functioned as a ceRNA for miR-96-5p in the regulation
of angiogenesis.
UCA1 Promoted Angiogenesis via Regulating the miR-96-5p/

AMOTL2/ERK1/2 Signaling Pathway in HUVECs

It is widely accepted that the regulatory effects of miRNAs on their
target genes could be blocked by lncRNAs.28 In order to determine
the genes that are regulated by UCA1 through sponging of miR-
96-5p, we first predicted the potential target genes of miR-96-5p.
With the use of TargetScan, PicTar, and miRanda databases, hun-
dreds of genes were predicted (Figure S3A). We also used StarBase
v.2.0 to predict the UCA1-regulated genes by the ceRNA mechanism,
and 65 genes were predicted (Figure S3B). With the combination of
these predictions, SLC7A8, NDRG1, and AMOTL2 were identified as
potential downstream target genes of UCA1 and miR-96-5p. Then
we measured the mRNA levels of these genes in UCA1-ov and
UCA1-sh HUVECs by quantitative real-time PCR. We found that
mRNA levels of AMOTL2 were upregulated in UCA1-ov HUVECs
but downregulated in UCA1-sh HUVECs (Figure 6A). The RIP assay
showed that overexpression of UCA1 in HUVECs led to a decrease
in the enrichment of AMOTL2 on Ago2 (Figure 6B). Moreover,
western blot analysis also indicated that the protein level of
AMOTL2 was also upregulated in UCA1-ov HUVECs but downre-
gulated in UCA1-sh HUVECs (Figure 6C). Additionally, we exam-
ined several classical signaling pathways that were reported to
regulate the function of vascular endothelial cells in UCA1-ov and
UCA1-sh HUVECs by western blot. The result showed that UCA1
could upregulate the phosphorylation level of ERK1/2 (p-ERK1/2)
but had no effect on AKT or p38 mitogen-activated protein kinase
(MAPK) (Figure 6D). As previously reported, AMOTL2 could
mediate the activation of the ERK signaling pathway and promote
proliferation, migration, and tube formation of HUVECs.29 These
results suggested that UCA1 could regulate AMOTL2 expression
and the downstream ERK1/2 signaling. Moreover, we examined
the protein levels of AMOTL2 and p-ERK1/2 in HUVECs cocultured
with hypoxic exosomes and found that hypoxic UCA1-knockdown
exosomes derived from both MIA PaCa-2 and BxPC-3 cells
decreased AMOTL2 and p-ERK1/2 protein levels (Figure S4A).
Functionally, restoration of AMOTL2 expression restored the
UCA1-mediated angiogenesis of HUVECs, whereas knockdown of
AMOTL2 abolished UCA1-mediated angiogenesis of HUVECs (Fig-
ures 6E–6G). A similar phenomenon was observed after treatment
with hypoxic exosomes (Figures S4B–S4D). In summary, the genetic
and functional data indicated that AMOTL2 was responsible for
UCA1-mediated angiogenesis.
Figure 4. Hypoxic Exosomal UCA1 Promoted Migration and Tube Formation in

(A and B) Quantitative real-time PCR analysis of UCA1 in hypoxic PC cells (A) and exos

were pretreated with exosomes isolated from hypoxic PC cells transfected with UCA1 s

were evaluated by wound healing and Transwell migration assays (n = 3). (E) The ability

assay (n = 3). (F andG) Quantitative real-time PCR analysis ofUCA1 in HUVECs directly tr

I) The cell mobility (H) andmigration (I) abilities of HUVECswere evaluated by wound heal

was assessed by an in vitro Matrigel tube-formation assay (n = 3). Results are presente
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To further confirm that miR-96-5p functions as a bridge in theUCA1-
mediated regulation of AMOTL2, we first cloned wild-type and
mutant 30 UTRs ofAMOTL2 into the psiCHECK-2 luciferase reporter
plasmid. The prediction of binding sites on theAMOTL2 30 UTRwith
miR-96-5p was performed using the TargetScan database, a sche-
matic representation of the miR-96-5p binding site in the AMOTL2
30 UTR, and the mutant site was shown in Figures S3C and S3D.
As expected, the luciferase reporter assay showed that the luciferase
activity of psiCHECK-2-AMOTL2-30 UTRwas significantly inhibited
by the transfection of miR-96-5pmimics, but little effect was observed
with mutant AMOTL2-30 UTR reporters (Figure 6H). Moreover, we
examined the protein levels of AMOTL2 and p-ERK1/2 in UCA1-
overexpressing HUVECs transfected with miR-96-5p mimics by
western blot. As expected, transfection of miR-96-5p mimics signifi-
cantly decreased the protein levels of AMOTL2 and p-ERK1/2 in the
UCA1-overexpressing HUVECs (Figure 6I). In addition, transfection
of miR-96-5p mimics decreased the protein levels of AMOTL2 and p-
ERK1/2 in HUVECs cocultured with exosomes derived from both
MIA PaCa-2 and BxPC-3 cells cultured under hypoxic conditions
(Figure S4E). These data revealed that UCA1-mediated sequestration
of miR-96-5p was responsible for the upregulation of AMOTL2 and
p-ERK1/2.
Hypoxic Exosomal UCA1 Promoted Angiogenesis and Tumor

Growth in a Mouse Xenograft Model

To further determine whether hypoxic exosomal UCA1 also exerts
proangiogenic effects in vivo, a mouse xenograft tumor model
(BxPC-3 cell line) was established and treated with hypoxic MIA
PaCa-2 cell-derived exosomes (hypoxic exosomes, hypoxic control
shRNA exosomes, and hypoxic UCA1-knockdown exosomes) or
PBS (Figure 7A). After five injections, mice were euthanized, and tu-
mors were harvested on day 27. As shown in Figures 7B–7D, despite
the administration of hypoxic exosomes or hypoxic control shRNA
exosomes, tumors significantly increased in size and weight. Deple-
tion of UCA1 in hypoxic exosomes, however, could abrogate tumor
growth. Nevertheless, the body weight of nude mice was not signifi-
cantly different between the groups (Figure 7E). We used anti-
CD31 to stain vascular endothelial cells in tumors and then calculated
the MVD. The MVD in tumor tissues treated with hypoxic exosomes
was significantly higher than that in tumor tissues treated with PBS
(Figure 7F). Moreover, compared with the hypoxic control shRNA
exosome group, the MVD in tumor tissues treated with hypoxic
UCA1-knockdown exosomes was markedly reduced (Figure 7F). In
light of this, we surmise that hypoxic tumor-derived exosomes pro-
mote angiogenesis and tumor growth in a manner that is at least
dependent on hypoxic exosomal UCA1 in vivo.
HUVECs In Vitro

omes (B) after the transfection of UCA1 shRNAs (n = 3). Equal numbers of HUVECs

hRNAs for 24 h. (C and D) The cell mobility (C) and migration (D) abilities of HUVECs

of tube formation in HUVECs was assessed by an in vitro Matrigel tube-formation

ansfected withUCA1 overexpression plasmids (F) orUCA1 shRNA (G) (n = 3). (H and

ing and Transwell migration assays (n = 3). (J) The ability of tube formation in HUVECs

d as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
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DISCUSSION
As a typical hallmark of most tumors, especially solid tumors, the
hypoxic microenvironment induces adaptive modulation of cancer
and stromal cells that promotes cancer development and aggressive-
ness.7 A large number of studies have shown that tumor cells release
more exosomes in the hypoxic microenvironment, which are
involved in the regulation of angiogenesis.15 Exosomes, which are
cell-derived small particles with a stable bilayer membrane structure,
can encapsulate multiple proteins and nucleic acids and play a sig-
nificant role in the remodeling of the tumor microenvironment.30 In
the present study, we extracted exosomes from the culture medium
of hypoxic PC cells and investigated the impacts of hypoxic exoso-
mal UCA1 on the progression of PC and the underlying mecha-
nisms. Furthermore, we found that the hypoxic tumor microenvi-
ronment could enhance the secretion of exosomes from PC cells
and promote exosomes to enter the peripheral blood circulation.
The high expression of UCA1 in serum-derived exosomes was
significantly associated with tumor size, lymphatic invasion, and
late TNM stage and correlated with the progression and poor sur-
vival of patients with PC. Therefore, UCA1 might function as a
prognostic oncogene in PC and be served as a potential treatment
target for PC.

Angiogenesis is an important process in the growth and metastasis of
PC and other solid tumors.31 Hypoxia is one of the main factors
driving abnormal angiogenesis in tumors, mainly via regulating
vascular endothelial growth factor (VEGF) signaling. In recent years,
many tumor patients benefited from the combination treatment of
VEGF targeting therapy and chemotherapy,32 but the overall out-
comes are not optimistic in PC patients.33 However, several studies
in animal models of PC have also found that the tumor burden could
be efficiently decreased by treatment with anti-angiogenic drugs.5

Therefore, the study of VEGF-independent angiogenic pathways is
important, and drugs targeting these pathways may provide possibil-
ities to develop new anti-angiogenesis therapy for PC patients. It has
recently been reported that the hypoxic microenvironment can pro-
mote cancer cells to release more exosomes and enhance angiogen-
esis.34 Hence, we determined whether exosomes secreted from hypox-
ic PC cells can promote angiogenesis. We purified the exosomes
secreted by PC cells cultured under normoxic and hypoxic conditions
and treated HUVECs with these exosomes. Exosomes secreted by PC
cells under both hypoxic and normoxic conditions could promote the
migration and tube formation of HUVECs in vitro, and the effects of
hypoxic exosomes were more significant than those of normoxic
exosomes.
Figure 5. UCA1 Functioned as a ceRNA for miR-96-5p in HUVECs

(A) After nuclear/cytoplasmic fractionation,UCA1was predominantly located in the cytop

used as controls (n = 3). (B) RIP assay of the enrichment ofUCA1 on Ago2 relative to IgG

real-time PCR analysis of four miRNA candidates in HUVECs after transfection with UC

sentation of themiR-96-5p binding site inUCA1 and the mutant site. (E) Luciferase repor

type or mutantUCA1 andmiR-96-5pmimics or negative control were performed (n = 3).

wound healing and Transwell migration assays (n = 3). (H) The ability of tube formation in

are presented as mean ± SD. *p < 0.05 and **p < 0.01.
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LncRNAs are longer than 200 nucleotides in length and have highly
diverse functions in diseases, including various cancers. Molecular
mechanisms of lncRNAs are diverse and include chromatin interac-
tions, transcriptional regulation, and RNA processing; and these
mechanisms are mainly based on the cellular location of the
lncRNAs.35 The levels of lncRNAs change in the hypoxic tumor
microenvironment, and some of them can be encapsulated in exo-
somes.36 UCA1 is dysregulated in many malignant tumors, which af-
fects the development and progression of tumors. Several studies have
also reported that UCA1 was highly overexpressed in PC tissues and
played an oncogenic role in tumor proliferation and metastasis.37,38

Moreover, UCA1 is induced by HIF-1a under hypoxic conditions
and can be packed into exosomes.39 Here, we demonstrated not
only that UCA1 levels were increased in hypoxic PC cells but also
that UCA1 was enriched in hypoxic PC cell-derived exosomes and
could be transferred to HUVECs through exosomes. The enhance-
ment of UCA1 expression in both hypoxic PC cells and exosomes
was regulated by HIF-1a. The enhancement of migration and tube
formation in HUVECs by hypoxic exosomes was impaired upon
knockdown ofUCA1, andUCA1 knockdown also inhibited angiogen-
esis and tumor growth in vivo. These results suggested that hypoxic
PC cell-derived exosome-mediated angiogenesis was dependent on
UCA1.

It is well acknowledged that lncRNAs function via various mecha-
nisms, which are mainly based on the cellular location. To further un-
derstand mechanisms by which UCA1 stimulates angiogenesis in
HUVECs, we explored the location of UCA1 in HUVECs. UCA1 is
mainly expressed in the cytoplasm. Cytoplasmic lncRNAs often
competitively bind to certain miRNAs, referred to as ceRNAs, thus
indirectly regulating the expression levels of targeted mRNA of the
corresponding miRNA.28 For instance, long noncoding activated in
renal cell carcinoma with sunitinib resistance (lncARSR) promotes
sunitinib resistance in renal cancer by functioning as a ceRNA, modu-
lating the expression of AXL/c-MET through regulating miR-34 and
miR-449.40 UCA1 enhances cell proliferation through acting as a
sponge for miR-204 in esophageal cancer.41 In this study, we also
used RIP analysis to verify that UCA1 can be enriched by Ago2.
Comprehensive bioinformatics analysis predicted that UCA1 and
AMOTL2 share miRNA response elements (MREs) of miR-96-5p,
implying the formation of the UCA1/miR-96-5p/AMOTL2 axis.
Interestingly, a recent study has reported that platelet-derived miR-
96 inhibited the wound healing and vascular network formation ac-
tivities of HUVECs.42 Combined with our bioinformatics analysis
and the luciferase reporter assay, we concluded that miR-96-5p
lasmic fraction. U6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were

in HUVECs transfected with UCA1 overexpression plasmids (n = 3). (C) Quantitative

A1 overexpression plasmids, UCA1-shRNA, or PBS (n = 3). (D) Schematic repre-

ter assays in HUVECs cotransfected with psiCHECK-2 luciferase plasmids with wild-

(F and G) The cell mobility (F) andmigration (G) abilities of HUVECs were evaluated by

HUVECs was assessed by an in vitroMatrigel tube-formation assay (n = 3). Results
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functioned as a direct target of both UCA1 and AMOTL2. Western
blot analysis also confirmed this hypothesis. In summary, our find-
ings provided direct evidence that UCA1 functioned as a sponge of
miR-96-5p, regulating AMOTL2 expression.

AMOTL2 belongs to the angiomotin (Amot) family of membrane-
associated scaffold proteins, which includes three members.43 Inten-
sive studies have revealed that Amot proteins play an irreplaceable
role in tube formation and migration of endothelial cells.44,45

AMOTL2 has also been reported to play a significant role in pro-
moting proliferation, polarity, and tube formation of vascular endo-
thelial cells via positively regulating MAPK/ERK1/2 signaling.29

Additionally, a recent study demonstrated that AMOTL2 might
link vascular endothelial (VE)-cadherin to contractile actin fibers,
which is necessary for aortic lumen expansion.46 In the present
study, we indicated that UCA1 could enhance the mRNA and pro-
tein levels of AMOTL2, as well as the p-ERK1/2 in HUVECs, and
UCA1 promoted migration and tube formation of HUVECs. Hyp-
oxic PC cell-derived exosomes could promote the expression of
AMOTL2 and increase the p-ERK1/2 in HUVECs by transferring
UCA1 to HUVECs. Knockdown of AMOTL2 abolished the effects
of hypoxic exosomes on UCA1-mediated angiogenesis in HUVECs.
These results indicated that hypoxic exosomal UCA1 played an
important role in promoting angiogenesis via regulating the
AMOTL2/ERK1/2 pathway.

Conclusions

We demonstrated that UCA1 was upregulated in exosomes
secreted by hypoxic PC cells and could be transferred to HUVECs,
promoting angiogenesis. Moreover, hypoxic PC cell-derived exoso-
mal UCA1 enhanced angiogenesis in vitro and in vivo by regulating
the miR-96-5p/AMOTL2/ERK1/2 axis. Additionally, exosomal
UCA1 levels in human serum were associated with a late TNM
stage and poor survival in human PC and might function as a
diagnostic biomarker and a novel therapeutic target in the treat-
ment of PC.

MATERIALS AND METHODS
Clinical Serum Samples and Ethical Approval

Forty-six PC blood samples were obtained from PC patients who
underwent surgery in Shanghai General Hospital from 2013 to
2015, and healthy blood samples were collected from 16 volunteers
without any malignancy. The clinical and pathological characteris-
tics of the 46 PC patients were summarized in Table 1. Thirty-six
PC tissue samples were obtained from PC patients who underwent
Figure 6. UCA1 Promoted Angiogenesis via the miR-96-5p/AMOTL2/ERK1/2 S

(A) Quantitative real-time PCR analysis of three indicated mRNA candidates in UCA1-ov

relative to IgG in HUVECs transfected withUCA1 overexpression plasmids (n = 3). (C)We

ov orUCA1-sh HUVECs. (D) Western blot analysis of indicated proteins inUCA1-ov orU

migration (F) were evaluated by wound healing and Transwell migration assays (n = 3).

in vitroMatrigel tube-formation assay (n = 3). (H) Luciferase reporter assays were perform

96-5p mimics (n = 3). (I) Western blot analysis of indicated proteins in UCA1-ov HUVE

presented as mean ± SD. *p < 0.05 and **p < 0.01.
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surgery in Shanghai General Hospital from 2014 to 2015. The study
was conducted with the approval of the Ethics Committee of
Shanghai General Hospital, Shanghai Jiaotong University School
of Medicine. Formal informed consent was signed by all patients
before collecting blood samples.

Cell Lines and Culture Conditions

Human PC cell lines PANC-1, MIA PaCa-2, BxPC-3, Aspc-1,
Sw1990, HUVECs, and human embryonic kidney 293T (HEK293T)
cells were obtained from the American Type Culture Collection.
The cell lines were maintained in DMEM or RPMI-1640 medium,
supplemented with 10% fetal bovine serum (FBS) (normal medium),
with 1% penicillin-streptomycin in a cell incubator with 5% CO2 at
37�C. To purify exosomes from hypoxic condition, PC cell lines
were cultured in a hypoxia cell incubator with 1% O2.

Isolation and Identification of Exosomes fromCell Supernatants

and Human Serum

The PC cell lines were cultured in the normal medium and normoxic
condition until 70%–80% confluency, thereafter, cultured in DMEM
or RPMI 1640 supplemented with 10% exosome-depleted FBS (exo-
some-free medium) under normoxic or hypoxic conditions for 48 h.
Exosomes were isolated by differential centrifugation, as previously
described. Briefly, CM was harvested and centrifuged at 300 � g for
10 min, 2,000 � g for 10 min, and 10,000 � g for 30 min and there-
after, ultracentrifuged at 100,000 � g for 70 min (Beckman Coulter,
CA, USA), and the sediment was resuspended with PBS. ExoQuick
Reagent (System Biosciences [SBI], CA, USA) was also used to
isolate exosomes according to the manufacturer’s instruction. Addi-
tionally, the isolation of serum exosomes was conducted by a total
exosome isolation reagent (Magen, Shanghai, China) according to
the manufacturer’s instruction. The concentration of the exosome
was detected by the Bicinchoninic Acid (BCA) Protein Assay Kit
(Pierce, USA).

As previously reported, the images of exosomes were obtained by
TEM.47 The diameter of exosomes was further analyzed by NTA.48

Moreover, exosomal marker proteins, including CD63, TSG101,
and ALIX, were measured by western blot analysis.

Exosome Labeling and Uptake Assay

Indicated exosomes were isolated from the CM and labeled with
PKH26, a red fluorescent membrane linker dye (Sigma-Aldrich),
following the manufacturer’s protocol. Then, the labeled exosomes
were isolated with ExoQuick Reagent and resuspended in PBS and
ignaling Pathway in HUVECs

or UCA1-sh HUVECs. (B) RIP assay of the enrichment of AMOTL2 mRNA on Ago2

stern blot analysis was used to detect protein expression levels of AMOTL2 inUCA1-

CA1-sh HUVECs. (E and F) The effects ofUCA1 and AMOTL2 on the mobility (E) and

(G) The effects of UCA1 and AMOTL2 on the tube formation were assessed by an

ed with HUVECs cotransfected with wild-type or mutant AMOTL2 30 UTR with miR-

Cs after transfection with miR-96-5p mimics, negative control, or PBS. Results are
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added to the HUVECs at a concentrate of 10 mg exosomes/1 � 105

cells. After incubation for 10 h at 37�C, cells were harvested, fixed
with 4% paraformaldehyde, and stained with 4,6-diamidino-2-phe-
nylindole (DAPI; Solarbio, USA), according to the manufacturer’s
instruction. The images were acquired with a confocal microscope
(Nikon, Japan).

ISH

The relative expression of UCA1 in PC tissues was detected by ISH.
The specific digoxin (DIG)-labeled probe (50-DIG-GCAGATG
GACGGCAGTTGGTGTGCTATA-DIG-30) (Servicebio, China) was
used. Briefly, paraffin sections were dewaxed in xylene and rehydrated
through ethanol. After that, paraffin sections were digested with pro-
teinase K, fixed in 4% paraformaldehyde, and hybridized with the
DIG-labeled UCA1 synthetic oligonucleotide probe overnight and
then incubated with anti-DIG-labeled peroxidase (anti-DIG-horse-
radish peroxidase [HRP]) (Jackson ImmunoResearch Laboratories,
USA) at 4�C overnight. Subsequently, paraffin sections were stained
with 3,3-diaminobenzidine and counterstained with hematoxylin.
The staining scores were scored with an immunoreactivity H score.49

In a fixed field, the staining intensity (0, 1 +, 2+, or 3+) was deter-
mined for each cell. Then, the percentage of cells at each staining in-
tensity level was counted, and an H score was calculated using the
following formula: [1� (% cells 1+) + 2� (% cells 2+) + 3� (% cells
3 +)].

RNA Extraction and Quantitative Real-Time PCR Assay

According to the manufacturer’s protocol, total RNA was extracted
from cells and exosomes by using Trizol reagent (Invitrogen). For
lncRNA and mRNA, complementary DNA (cDNA) was obtained
with the Reverse Transcription System (Promega, Madison, WI,
USA), whereas for miRNA, cDNA was synthesized by the miDE-
TECT A Track RT Reagent Kit (RiboBio, China). Quantitative
lncRNA, mRNA, and miRNA expression was measured with tripli-
cate samples by using SYBR Green PCR Master Mix (Applied Bio-
systems, Carlsbad, CA) on the ABI 7300 PCR system (Applied Bio-
systems), according to the manufacturer’s instructions. ACTB and
U6 were chosen as normalized controls for lncRNA, mRNA, and
miRNA, respectively. The 2�DDCt analytic method was employed to
calculate the folding change of genes. Primers were shown in Table S1.

Plasmid Construction and Transfection

To knock down or increase the expression of genes, indicated plas-
mids were constructed. The shRNAs for UCA1 (shRNA-UCA1)
were designed and cloned into the pGpU6/GFP/Neo vector by Gen-
ePharma (Shanghai, China). The targeting sequences of UCA1 were
shown as follows: sh1 target: 50-GGAGGATTCCCAGCCATATGA-
30; sh2 target: 50-GGGTTCACCATTCCAGAATAA-30; sh3 target:
50-GGACAACAGTACACGCATATG-30; and short hairpin negative
Figure 7. Hypoxic Exosomal UCA1 Promoted Angiogenesis and Tumor Growth

(A) Schematic flow chart of themouse xenograft tumormodel. (B) Images of tumors excis

each group. Tumors were measured every 3 days. (D) Tumor weight of each group. (E) M

to measure the MVD in tumor tissues. Scale bars, 200 mm. *p < 0.05, **p < 0.01, and
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control (shNC) target: 50-TTCTCCGAACGTGTCACGT-30. The full
length of UCA1 was cloned into the EcoRI and XhoI sites of the
pcDNA3.1 vector and named as pcDNA3.1-UCA1. The shRNA-
HIF-1a-targeted sequences were shown as follows: sh1 target: 50-
TCCAGCAGACTCAAATACA-30 and sh2 target: 50-AGCTATT
CACCAAAGTTGA-30. The shRNA-AMOTL2-targeted sequences
were shown as follows: sh1 target: 50-GGAGATGTCTTGTTAG
CAT-30 and sh2 target: 50-TGGTTCATGTGCATTGTTT-30. The
shRNA-HIF-1a and shRNA-AMOTL2 oligos were cloned into a
pGIPZ lentivirus vector. The human AMOTL2 open reading frame
(ORF) sequences were amplified and subcloned into a pLVX-IRES-
Puro lentivirus vector. HEK293T cells were cotransfected with the
lentivirus vector described above and packaging vectors psPAX2
and pMD2.G with Lipofectamine 2000 transfection reagent (Invitro-
gen) for producing lentivirus. The mimics and negative control for
hsa-miR-96-5p were obtained from RiboBio (Guangzhou, China).
The other plasmids were transfected into cells with Lipofectamine
2000 transfection reagent (Invitrogen) according to the manufac-
turer’s instructions.

Protein Extraction and Western Blot Analysis

Cells and exosomes were decomposed by using 2 � SDS-lysis buffer.
The protein samples were loaded into the SDS-PAGE gel and shifted
onto a 0.22-mm nitrocellulose membrane (Axygen, USA). Mem-
branes were blocked with 5% skim milk and then embraced with
the primary antibodies overnight at 4�C. The next day, the mem-
branes were washed and incubated with a second antibody for 1 h
at room temperature. Finally, the membranes were visualized with
an Enhanced Chemiluminescence (ECL) Detection Kit (Millipore,
Billerica, USA) and by using ImageQuant LAS 4000Mini (GEHealth-
care Bio-Sciences AB, Uppsala, Sweden). The primary antibodies
used were listed as follows: anti-HIF-1a (1:1,000; Cell Signaling Tech-
nology, USA); anti-ACTB (1:5,000; Cell Signaling Technology, USA);
anti-TSG101 (1:1,000; Proteintech, USA); anti-ALIX (1:500; Santa
Cruz, USA); anti-CD63 (1:1,000; Abcam, UK); anti-AKT, anti-p-
AKT, anti-ERK1/2, anti-p-ERK1/2, anti-p38MAPK, and anti-p-
p38MAPK (1:1,000; Cell Signaling Technology, USA); and anti-
AMOTL2 (1:500; Proteintech, USA).

Wound-Healing Assay and Transwell Migration Assay

To assess the migration of HUVECs, we conducted a wound-healing
assay and Transwell migration assay. First, indicated HUVECs were
pretreated with corresponding exosomes for 24 h or transfected
with plasmids. For the wound-healing assay, a certain number of HU-
VECs were seeded in 6-well plates and cultured to full confluence. Af-
ter that, the wells were scratched with a 200-mL micropipette tip to
create two separate boundaries that prevent cells from touching
each other, and cells were washed with PBS to remove the floating
cells and cultured with FBS-free medium. At 0 and 24 h after the
in a Mouse Xenograft Model

ed from tumor-implantedmice (n = 5). Scale bar, 10mm. (C) Tumor volume curves of

ean body weight of nude mice (n = 5). (F) IHC staining against CD31 was performed

***p < 0.001.
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scratch, cells were observed, and representative images were taken.
The rate of wound healing was calculated according to the total heal-
ing area analyzed with ImageJ. All experiments were repeated inde-
pendently in triplicate.

For the Transwell migration assay, 2 � 104 HUVECs resuspended in
200 mL serum-free medium were seeded in the upper chamber
(8.0 mm pore; Corning, USA). About 600 mL normal medium supple-
mented with 10% FBS was added into the lower chamber as a chemo-
attractant. After 10 h of culture, cells on the inside of the membranes
were wiped out gently, and outside invading cells were fixed with 4%
paraformaldehyde and stained with Crystal Violet (Beyotime, China).
The membranes were dried at room temperature and then observed
under a light microscope, and representative images were taken. All
experiments were repeated independently in triplicate.

Matrigel Tube-Formation Assay

As previously mentioned,50 in vitroMatrigel tube-formation analysis
was performed. Briefly, indicated HUVECs were pretreated with cor-
responding exosomes for 24 h or transfected with plasmids, and then
HUVECs were harvested. In advance, 50 mL growth factor-reduced
Matrigel (BD Biosciences) was added to 96-well plates and cultured
at 37�C for 30 min, and then, 2 � 104 HUVECs were resuspended
in 100 mL serum-free DMEM and added to 96-well plates precoated
with Matrigel. After incubation at 37�C for 6 to 8 h, the formation
of tube structures was observed under the inverted microscope, and
representative images were taken. The number of branches in each
well was calculated by ImageJ software. All experiments were repeated
independently in triplicate.

RIP

As previously mentioned,51 RIP assay was performed. Briefly, indi-
cated HUVECs were transfected with pcDNA3.1-UCA1 or control
for 48 h and then resuspended in radioimmunoprecipitation assay
(RIPA) buffer and incubated on ice for 30 min. Human anti-Ago2
antibody (Proteintech, USA) was added into the lysate obtained by
centrifugation and incubated for 4 h at 4�C, whereas normal mouse
immunoglobulin G (IgG; Santa Cruz, USA) was chosen as a negative
control. Meanwhile, the beads were resuspended in RIPA buffer and
treated with proteinase K at 45�C for 45 min. Immunoprecipitated
RNA samples were extracted with Trizol and tested by quantitative
real-time PCR analysis. Proteins was isolated and detected by western
blot analysis.

Luciferase Reporter Assay

The full length of human UCA1 and AMOTL2 30 UTR sequence and
mutant type for miR-96-5p were subcloned into the XhoI and NotI
sites of the psiCHECK-2 vector by using ClonExpress II and Mut Ex-
press II Fast Mutagenesis Kit, v.2 (Vazyme, China), respectively. The
primers used were shown in Table S2. The luciferase reporter plas-
mids psiCHECK-2 containing UCA1, AMOTL2 30 UTR, and each
mutant type were cotransfected into HUVECs with miR-96-5p
mimics or negative control using Lipofectamine 2000 transfection re-
agent. After transfection for 48 h, the cells were harvested, and then
firefly and Renilla luciferase activity were detected by using a Dual-
Luciferase Kit (Promega), according to the manufacturer’s protocol.
The activity of firefly luciferase was used for normalization. All exper-
iments were independently repeated in triplicate.

Mouse Xenograft Model and Analysis of MVD in Tumor Tissues

All animal experiments were approved by the Ethics Committee for
animal research of Shanghai Jiaotong University School of Medicine
(Shanghai, China). As previously reported, PC cells (BxPC-3, 5� 106

cells/animal) were transplanted subcutaneously into the right flank of
4-week-old female nude mice. Tumor size was measured every 3 days.
On the 12th day, when the tumor volume reached approximately
100 mm2, the mice were randomly divided into four groups, and cor-
responding exosomes (10 mg) were intravenously injected into the
center of tumors of mice every 3 days. After five injections, the
mice were sacrificed, primary tumors were removed, and the volumes
and weights were recorded. After that, the tumors were excised for
immunohistochemical staining for CD31, which was always used as
a marker of endothelial cells. The method of quantifying the blood
vessels was described previously.52

Statistical Analysis

The IBM SPSS Statistics software was used for statistical analysis. Ex-
periments were performed in triplicate, data are presented as the
mean ± standard deviation (SD), and the graphs and diagrams
were generated by GraphPad Prism. Student’s t test and one-way
analysis of variance (ANOVA) were used to analyze statistics between
two groups or among multiple groups, respectively. A p value <0.05
was considered statistically significant.
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