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Pathological angiogenesis is necessary for tumor development
and metastasis. Tumor-derived extracellular vesicles (EVs)
play an important role in mediating the crosstalk between can-
cer cells and vascular endothelial cells. To date, whether and
how microRNAs (miRNAs) encapsulated in tumor-derived
EVs affect angiogenesis in esophageal squamous cell carcinoma
(ESCC) remains unclear. Here, we showed that miR-181b-5p,
an angiogenesis-promoting miRNA of ESCC, can be trans-
ferred from ESCC cells to vascular endothelial cells via EVs.
In addition, ESCC-derived EVs-miR-181b-5p dramatically
induced angiogenesis by targeting PTEN and PHLPP2, and
thereby facilitated tumor growth and metastasis. Moreover,
miR-181b-5p was highly expressed in ESCC tissues and serum
EVs. High miR-181b-5p expression level in ESCC patients was
well predicted for poor overall survival. Our work suggests that
intercellular crosstalk between tumor cells and vascular endo-
thelial cells is mediated by tumor-derived EVs. miR-181b-5p-
enriched EVs secreted from ESCC cells are involved in angio-
genesis that control metastasis of ESCC, providing a potential
diagnostic biomarker or drug target for ESCC patients.
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INTRODUCTION
Esophageal cancer (EC) stands as the eighth most commonly
diagnosed cancer in the world and is the sixth leading cause of can-
cer-related mortality.1,2 It has two dominant histological types: esoph-
ageal adenocarcinoma (ECA) and esophageal squamous cell carcinoma
(ESCC).3,4 ESCC is especially frequent in males (>4:1) and has an espe-
cially high incidence in Asia. ESCC has a particularly poor prognosis
with 5-year survival rates rarely exceeding 20%,5 suggesting that pri-
mary and secondary prevention is key to reducing mortality from
this disease. Early detection of ESCC is critical because disease prog-
nosis and management are determined by the stage at which ESCC
is diagnosed.2 Molecular profiling of ESCC tumors has shown promise
in identifying markers for early detection and treatment. Thus,
revealing the molecular mechanism of ESCC tumorigenesis andmetas-
tasis may help provide novel biomarkers and potential drug targets for
clinical diagnosis and prognosis of ESCC patients. Angiogenesis refers
to the growth of new blood vessels from preexisting capillaries,6 which
plays a pivotal role in tumor growth, progression, invasiveness, and
Molecular T
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metastasis.7 Neovascularization supplies oxygen and nutrients to pro-
liferative tumor cells and serves as a conduit for tumor cells metastasis.8

Therefore, targeting and regulating the angiogenesis process is an effec-
tive anti-cancer therapeutic strategy.9

Extracellular vesicles (EVs) are membranous vesicles of approxi-
mately 30–300 nm in diameter containing cytosols and functional
biomolecules from parental cells, including microRNAs (miRNAs),
long non-coding RNAs (lncRNAs), messenger RNAs (mRNA),
transcription factors, cytokines, and growth factors.10 EVs can be pro-
duced by various types of cells and serve as mediators in intercellular
communications by transporting information cargo.11 Increasing
evidence has implicated that tumor-released EVs induce alterations
in their recipient cells, thereby playing a role in tumor growth, metas-
tasis, and angiogenesis.12,13 Moreover, recent studies have demon-
strated that EVs are potentially useful for cancer diagnosis as bio-
markers in circulating serum.14 In view of the biological function of
EVs, we speculated that EVs carrying tumor-derived miRNAs can
transfer into vascular endothelial cells and activate angiogenesis-
related signaling pathways.

miRNAs are a class of short endogenous non-coding RNAs of
21–23 nt that promote the cleavage of the target mRNAs or inhibit
its translation through complementary base pairing at the 30 untrans-
lated region (UTR).15,16 They negatively regulate the expression of
target genes at a posttranscriptional level, thereby affecting various
cellular processes, such as cell proliferation, differentiation, aging,
and apoptosis.17,18 An increasing number of miRNAs have been iden-
tified to be involved in angiogenic signaling pathways by regulating
angiogenic growth factors, promoting tumor cell migration, and
fostering the epithelial-mesenchymal transition (EMT) process.19–25
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Although previous studies have reported that miRNAs play an impor-
tant role in the establishment of pro-angiogenic tumor microenviron-
ment,12,26,27 the mechanism of miRNAs in tumor-derived EVs regu-
lating angiogenesis in ESCC is still unclear.

In this study, we identified that miR-181b-5p was highly expressed in
ESCC tissues and EVs. The biological function of vascular endothelial
cells was significantly enhanced by co-incubation with EVs isolated
from ESCC cells. We found that ESCC-derived EVs-miR-181b-5p
can be transferred to vascular endothelial cells and targeted phospha-
tase and tensin homolog (PTEN) and PH domain and Leucine rich
repeat Protein Phosphatases 2 (PHLPP2), thereby activating Akt
signaling to promote angiogenesis. In addition, we demonstrated
that EVs-miR-181b-5p promoted the ESCC tumor growth and conse-
quently metastasis in nude mice by inducing angiogenesis. Finally,
our clinical data suggested that high miR-181b-5p expression level
in ESCC patients was correlated with poor prognosis. These findings
suggest that miRNAs in tumor-derived EVs play an important role in
intercellular communication during angiogenesis and implicate that
antagonism of EVs-miR-181b-5p represents a potential therapeutic
strategy for cancer therapy.

RESULTS
Tumor-Derived EVs Regulate Angiogenesis in ESCC

In light of the fact that EV secretion is an important way for tumors to
induce systemic changes, it rationally leads to the question whether EVs
participate in angiogenesis during ESCC development. We first deter-
mined whether cancer cells can secrete EVs that are then transported
into target cells. To make it clear, two ESCC cell lines were chosen,
Eca-109 and TE-13. First, we isolated and purified the particles from
conditioned media of tumor cells. Electron microscopy (Figure 1A)
and NanoSight analysis (Figure 1B) revealed that particles isolated by
ultracentrifugation contained abundant ESCC-derived EVs with a
diameter of 30–300 nm (Figure 1B). Western blot analysis confirmed
that these particles expressed EV-specific protein markers HSP70,
CD63, TSG101, and CD9, whereas the endoplasmic reticulum protein
Grp94 was present only in ESCC cells, but not in ESCC-derived EVs
(Figure 1C). Human umbilical vein endothelial cells (HUVECs),
derived from the endothelium of veins from the umbilical cord, were
chosen as a model system for the study of the function and pathology
of human vascular endothelial cell.28 Next, we tested whether these
ESCC-derived EVs can be taken up by HUVECs. These ESCC-derived
EVs were labeled with the fluorescent dye PKH26 and then added into
Figure 1. EVs Secreted from ESCC Cells Contribute to Angiogenesis In Vitro a

(A) EVs released by Eca-109 and TE-13 cells were observed by electron microscopy. Sc

tracking analysis. (C) Indicated proteins in EVs were detected by western blot. (D) The de

confocal imaging. Yellow arrows represented delivered EVs, and representative images

equal quantities of EVs derived from HEEC and ESCC cell lines or blank control. Migrate

Tube formation assays of HUVECs treated with equal quantities of EVs derived from H

representative images were shown. Scale bar, 200 mm. (G) Matrigel mixed with ESCC-de

the Matrigel plugs were harvested and performed by hematoxylin and eosin staining an

bars, 2 mm (top panels); 100 mm (middle and bottom panels). (H) The number of micro

derived EVs. (I) The expression of mouse CD31 was significantly increased in the Mat

triplicate, and results are shown as mean ± SD. Student’s t test was used to analyze t
the culture medium of HUVECs. After 12 h, HUVECs exhibited effi-
cient uptake of the ESCC-derived EVs, as indicated by the presence
of red fluorescence staining in these cells (Figure 1D). Overall, our re-
sults show that ESCC cell lines can secrete EVs, which are then effi-
ciently taken up by recipient cells.

To explore the biological functions of ESCC-derived EVs on HU-
VECs, we co-incubated EVs derived from normal esophageal epithe-
lial cells (HEECs) or ESCC cells with HUVECs in vitro. Migration as-
says showed that more HUVECs migrated after co-incubation with
ESCC-derived EVs, compared with HEEC-derived EVs (Figure 1E).
Wound healing assays further confirmed that ESCC-derived EVs
could remarkably improve HUVEC migratory ability (Figures S1A
and S1B). Cell viability and cell-cycle assays showed that ESCC-
derived EVs could promote HUVEC proliferative capacity and cell-
cycle progression (Figures S1C–S1E). We next examined that
ESCC-derived EVs universally enhanced HUVEC tubulogenesis (Fig-
ure 1F). To further evaluate the mediation of EVs in angiogenesis,
EVs withinMatrigel were subcutaneously injected into nudemice, ex-
hibiting a significant difference in vessel formation between ESCC-
derived and HEEC-derived EVs. HUVECs cocultured with ESCC-
derived EVs dramatically increased angiogenesis (Figures 1G–1I).
Altogether, the above results suggest that EVs derived from ESCC
contribute to tumor angiogenesis.

EVs-miR-181b-5p Is Highly Expressed and Mediates

Angiogenesis in ESCC

We next explored how ESCC-derived EVs accelerate tumor angio-
genesis. Abundant miRNAs are encapsulated in EVs and have an
important role in cell-cell communications.29 Therefore, we hypoth-
esized that miRNAs in tumor-derived EVs may mediate angiogenesis
in ESCC. To identify the specific miRNAs involved, we conductedmi-
croarrays to generate miRNA profiles of ESCC tissues and adjacent
normal tissues from seven ESCC patients (Table S1). Comparison
of differently expressed miRNAs was calculated by single channel
chip and normalized by Lowess, and the results were compared and
shown as heatmaps in Figure 2A. Ten of the most upregulated miR-
NAs (fold change R 2.5; p % 0.001) in ESCC tissues were subjected
to validation (Figure 2B). miR-181b-5p was themost highly expressed
in 58 pairs of ESCC tissues compared with adjacent nonmalignant
tissues (Figures 2C and S2A). More importantly, miR-181b-5p
expression was also validated to be elevated in 10 ESCC cell lines
and ESCC cell EVs, compared with HEECs (Figures 2D and 2E),
nd In Vivo

ale bars, 100 nm. (B) The concentration of EVs was detected by NanoSight particle

livery of PKH26-labeled (red) EVs to Hoechst-labeled HUVECs (blue) was shown by

were presented. Scale bar, 100 mm. (E) Migration assays of HUVECs treated with

d cells were counted, and representative images were shown. Scale bar, 200 mm. (F)

EEC and ESCC cell lines or blank control. Branches of tubes were counted, and

rived EVs or PBS was subcutaneously injected into nude mice (n = 5). After 14 days,

d immunohistochemistry for CD31. Representative micrographs were shown. Scale

vessel density (MVD) significantly increased in the Matrigel plugs containing ESCC-

rigel plugs containing ESCC-derived EVs. Experiments were performed at least in

he data. *p < 0.05; **p < 0.01; ***p < 0.001.
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and exhibited a high correlation score (Figure 2F). In addition, targets
of miR-181b-5p were directly involved in the phosphatidylinositol
signaling pathway of Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (Figure S2B). Surprisingly, we found that the
expression of EVs-miR-181b-5p was positively correlated with the
metastasis in the different ESCC cell lines (Figures S2C–S2E). The
58 patients were divided into miR-181b-5p-high (n = 29, with an
average DCt = 11.89) and miR-181b-5p-low (n = 29, with an average
DCt = 14.53) groups using the median expression level of miR-181b-
5p as a cutoff (DCt = 12.97).We found that highmiR-181b-5p expres-
sion was notably correlated with high advanced TNM stage (N stage,
p = 0.008; clinical stage, p = 0.003; Table S2). These data indicated that
overexpression of miR-181b-5p was strongly associated with poor
clinicopathological characteristics of ESCC patients.

To further validate whether the role of miR-181b-5p was associated
with angiogenesis, we transiently transfected HUVECs with miR-
181b-5p mimic, inhibitor, and negative control, respectively (Fig-
ure S3A). In vitro assay illustrated that miR-181b-5p induced
HUVEC migration and proliferation, and promoted cell-cycle pro-
gression and tube formation (Figures 2G–2O). Furthermore, we inves-
tigated the functional role of EVs-miR-181b-5p in mediating angio-
genesis; Eca-109 cells were transfected with locked nucleic acid
(LNA)-miR-181b-5p mimic and LNA-miR-181b-5p inhibitor and
compared with an equivalent control vector to establish the Eca-
109/miR-181b-5p cells, Eca-109/inh-181b-5p cells, and Eca-109/
miR-NC cells (Figure S3B). EVs from Eca-109/miR-181b-5p cells
enhanced cell growth and migration, and facilitated the progress of
cell-cycle and tube formation of HUVECs, whereas inhibiting miR-
181b-5p expression attenuated these functions (Figures S3C–S3G).
Similar results were obtained whenHUVECs were treated with condi-
tioned medium (CM) from indicated tumor cells (Figures S4A–S4E).
More importantly, as shown in Figures S5A and S5B, co-culture with
Eca-109/miR-181b-5p cells significantly enhanced HUVEC prolifera-
tion and tubulogenesis, compared with co-culture with Eca-109/miR-
NCcells. However, these phenotypeswere blocked by prior addition of
the EV secretion inhibitor GW4869 to Eca-109 cells, showing that
ESCC cells regulate angiogenesis via EVs-miR-181b-5p.
PTEN andPHLPP2AreDirect DownstreamTargets ofmiR-181b-

5p in Mediating Angiogenesis

To identify the targets of EVs-miR-181b-5p in HUVECs, we used
two bioinformatics tools (TargetScan and miRDB) to predict a set
Figure 2. EVs-miR-181b-5p Is Highly Expressed in ESCC and Mediates Angiog

(A) Microarray analysis of significantly expressed miRNAs in ESCC tissues and adjacen

Hierarchical clustering analysis of 10 of the most upregulated and 21 of the most dow

expression of miR-181b-5p in 58 pairs of ESCC tissues was detected by qRT-PCR.

tissue). (D) The expression ofmiR-181b-5p in 10 ESCC cell lines compared with normal e

(E) The expression of miR-181b-5p in EVs from the cell lines referred above was detect

expression in ESCC cells and ESCC cell-derived EVs was calculated with Spearman’s te

cycle (J and N), and cell viability (O) assays of HUVECs treated with miR-181b-5pmimic,

were shown. Scale bars, 200 mm. Each experiment was performed three times indepen

data (*p < 0.05; **p < 0.01; ***p < 0.001).
of common target genes. Among them, PTEN and PHLPP2 were
overlapped among all databases and verified to be responsible for
angiogenesis (Figure 3A). First, we confirmed that PTEN and
PHLPP2 expression could be downregulated in HUVECs by miR-
181b-5p or Eca-109/miR-181b-5p EVs at protein levels. However,
the levels of PTEN and PHLPP2 mRNA were essentially unchanged
regardless of whether the cells were transfected with miR-181b-5p
or treated with Eca-109/miR-181b-5p EVs (Figures 3B, S6A, and
S6B). Then the alignment between miR-181b-5p sequence and the
full length of PTEN or PHLPP2 sequence was determined to show
that 30 UTRs of PTEN and PHLPP2 were potential targets of miR-
181b-5p (Figure 3C). Subsequently, the wild-type and mutated
miR-181b-5p binding site were cloned into the luciferase vectors. It
was obvious that luciferase activity decreased markedly in HUVECs
co-transfected with the wild-type binding site vector in the presence
of miR-181b-5p. However, cells containing the mutated binding
site vector did not show such repression (Figure 3D). Similarly, the
luciferase activity was remarkedly decreased only in HUVECs trans-
fected with wild-type binding site vector of PTEN or PHLPP2 after
treatment with Eca-109/miR-181b-5p EVs (Figures S6C and S6D).
These results reveal that PTEN and PHLPP2 are direct targets of
miR-181b-5p in HUVECs.

Furthermore, to confirm that PTEN and PHLPP2 acted as down-
stream target genes of miR-181b-5p in ESCC, we performed migra-
tion assays and tube formation assays. As shown in Figures 3E and
3F, miR-181b-5p exhibited a promotion on motility and tubulogene-
sis of HUVECs. However, overexpression of full-length PTEN or
PHLPP2 (Figures S6E and S6F) could neutralize the effect of
miR-181b-5p on angiogenesis. Moreover, small interfering RNAs
(siRNAs) targeting PTEN or PHLPP2 (Figures S6G and S6H) elimi-
nated the suppression of angiogenesis by miR-181b-5p inhibitors
(Figures S7A and S7B). Overall, these results suggest that ESCC-
derived EVs-miR-181b-5p induces angiogenesis by directly targeting
PTEN and PHLPP2.
EVs-miR-181b-5p Regulates Angiogenesis via the Akt Signaling

Pathway

Results above showed that ESCC-derived EVs-miR-181b-5p
enhanced motility and tubulogenesis of HUVECs by downregulating
the expression of PTEN and PHLPP2, which function as tumor
suppressors by negatively regulating the Akt signaling pathway.
Next, we detected Akt signaling in our experiment models. As shown
enesis In Vitro

t normal tissue miRNA from seven ESCC patients was presented in a heatmap. (B)

nregulated miRNAs (fold change > 2.5 or < �2.5; p < 0.001) was shown. (C) The

DDCt=–((CtmiR-181b-5p-CtU6)ESCC-(CtmiR-181b-5p-CtU6)corresponding non-malignant

sophageal epithelia cells (HEEC) was detected by quantitative relative real-time PCR.

ed by quantitative relative real-time PCR. (F) Significant correlation of miR-181b-5p

st. (G–O) Migration (G and K), wound healing (H and L), tube formation (I and M), cell

inhibitor, or negative control in vitro. Representative images and quantitative analysis

dently, and data are shown as mean ± SD. Student’s t test was used to analyze the
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Figure 3. PTEN and PHLPP2 Are Direct Downstream Targets of miR-181b-5p in Mediating Angiogenesis

(A) Target gene prediction ofmiR-181b-5pwith two bioinformatics tools, miRDB and TargetScan. (B) Quantitative relative real-time PCR andwestern blot assays of PTEN and

PHLPP2 expression in HUVECs treated with miR-181b-5p mimic, inhibitor, or negative control. (C) The wild-type and a mutated type of binding site between miR-181b-5p

(legend continued on next page)
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in Figure 4A, CM of ESCC cells promoted phosphorylated Akt
(p-Akt) expression and activation of this signaling pathway in
HUVECs, as compared with CM of HEEC cells. Similar results
were obtained when HUVECs were treated with EVs from indicated
tumor cells (Figure 4B). Furthermore, miR-181b-5p expression or
PTEN/PHLPP2 suppression also promoted Akt phosphorylation
(Figure 4C), whereas overexpression of PTEN/PHLPP2 suppressed
Akt phosphorylation (Figure 4C). All of these data indicate that
miR-181b-5p induces angiogenesis by mediating Akt signaling
activation.

Vascular morphogenesis and homeostasis are complex biological
processes that are tightly controlled by multiple signaling pathways.
Among them, the role of Akt signaling in the mediation of angiopoi-
tin 1 (Ang1), Ang2, and endothelial nitric oxide synthase (eNOS)
induced by miR-181b-5p is worthy of investigating. Immunoblotting
analyses showed that p-Akt, Ang1, and eNOS expression were pro-
moted, whereas Ang2 expression was depressed by miR-181b-5p
mimic or PTEN/PHLPP2 knockdown; however, it was reversed by
overexpression of PTEN/PHLPP2 (Figure 4C). In addition, compared
with Eca-109/miR-NC EVs, Eca-109/miR-181b-5p EVs dramatically
decreased the expression levels of PTEN, PHLPP2, and Ang2, but
increased the expression levels of p-Akt, Ang1, and eNOS. In contrast,
with treatment of miR-181b-5p inhibitor or Annexin V, an inhibitor
of EV internalization,30 Eca-109/miR-181b-5p EVs failed to induce
these effects in HUVECs. Similarly, restoration of PTEN or PHLPP2
expression in EV-treated HUVECs rescued the expression of
PTEN, PHLPP2, p-Akt, Ang1, Ang2, and eNOS (Figures 4D and
4E). Collectively, these results suggest that ESCC-derived EVs-miR-
181b-5p suppresses the expression of PTEN and PHLPP2, and
thereby activates Akt signaling in vascular endothelial cells.

EVs-miR-181b-5p Induces Angiogenesis to Foster ESCC

Progression

To determine the effect of EVs-miR-181b-5p on ESCC progression,
the KYSE30 cells mixed with EVs derived from the different trans-
fected Eca-109 cells were subcutaneously injected into nude mice,
considering that KYSE30 cells have the lowest miR-181b-5p expres-
sion level in 10 human ESCC cell lines (Figure 2D). Mice injected
with Eca-109/miR-181b-5p EVs showed a high rate of tumor growth
and a slow rate of weight gain. On the contrary, tumor growth was
significantly slower in mice implanted with the Eca-109/inh-181b-
5p EVs than in the control group (Figures 5A, 5B, and S7C–S7E).
These results illustrated that EVs-miR-181b-5p promoted tumorige-
nicity and proliferation of tumor cells. Additionally, the levels of
miR-181b-5p, PTEN, and PHLPP2 were validated in tumor tissues
from each group. As expected, the Eca-109/miR-181b-5p group
had a higher miR-181b-5p expression compared with the control
group (Figure 5C). The protein levels of PTEN and PHLPP2 were
and PTEN/PHLPP2. (D) Relative luciferase activity of HUVECs in the presence of indicate

of PTEN and PHLPP2 or not. Migrated cells were counted, and representative images we

miR-181b-5p in the presence of PTEN and PHLPP2 or not. Branches of tubes were coun

performed at least in triplicate, and results are shown as mean ± SD. Student’s t test w
downregulated accordingly, whereas the mRNA levels of PTEN and
PHLPP2 did not differ between each group (Figure 5D). Opposite
results were obtained in the Eca-109/inh-181b-5p group (Figures
5C and 5D). Furthermore, the level of EVs-miR-181b-5p isolated
from the serum of mice injected with Eca-109/miR-181b-5p EVs
was significantly higher than the corresponding control group (Fig-
ure 5E). Most importantly, a lower intratumoral microvessel density
was observed in tumor tissues from the Eca-109/inh-181b-5p group
(Figure 5F), indicating that EVs-miR-181b-5p modulated tumor-
induced angiogenesis. Inspiringly, more hepatic and pulmonary
metastases were observed in mice implanted with Eca-109/miR-
181b-5p EVs (Figure 5G), suggesting that EVs-miR-181b-5p contrib-
uted to ESCC metastasis.

To further confirm whether tumor-derived EVs-miR-181b-5p pro-
motes ESCC metastasis via miR-181b-5p-induced angiogenesis,
GFP-labeled KYSE30 cells were intravenously injected into nude
mice, which were subsequently treated with EVs derived from the
different transfected Eca-109 cells mentioned above (Figure 6A). As
expected, Eca-109/miR-181b-5p EVs dramatically induced ESCC
metastasis (Figure 6B). There were more hepatic and pulmonary met-
astatic colonies in mice injected with EVs from Eca-109/miR-181b-5p
cells than those from the control group (Figures 6C, 6D, S7F, and
S7G). On the contrary, Eca-109/inh-181b-5p EVs dramatically in-
hibited ESCC metastasis compared with the control group (Figures
6C, 6D, S7F, and S7G). Enrichment of microvessels was observed
in the lung and liver metastasis induced by intravenous EVs from
Eca-109/miR-181b-5p cells, as verified by CD31 expression level
detected via immunohistochemistry (IHC) assay (Figures 6E and
6F). Taken together, the above results suggest that ESCC-derived
EVs-miR-181b-5p regulates angiogenesis to foster tumor growth
and metastasis.

miR-181b-5p Correlates with Angiogenesis in ESCC Patients

Tumor-derived EVs play an important role in mediating intercellular
communications by transporting information cargo, which is useful
for cancer diagnosis as biomarkers in circulating serum. To extend
the current knowledge to ESCC patients, we first observed serum
EVs collected from ESCC patients and healthy controls by electron
microscopy and NanoSight particle tracking analysis (Figures 7A
and 7B). Interestingly, a substantial increase of serum EV excretion
was seen in ESCC patients compared with healthy controls (Fig-
ure 7B). Then we investigated EVs-miR-181b-5p expression in
different serum samples (38 ESCC patients and 60 healthy controls).
As shown in Figure 7C, serum EVs-miR-181b-5p expression was
elevated in ESCC patients, compared with healthy controls, indicating
that serum EVs-miR-181b-5p might be a potential diagnostic
biomarker for ESCC patients. To further determine the correlation
of miR-181b-5p expression with clinicopathological features, we
d treatments. (E) Migration of HUVECswas affected bymiR-181b-5p in the presence

re shown. Scale bars, 200 mm. (F) Tube formation ability of HUVECs was affected by

ted, and representative images were shown. Scale bars, 200 mm. Experiments were

as used to analyze the data (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 4. EVs-miR-181b-5p Regulates Angiogenesis via the Akt Signaling Pathway

(A) The expression of indicated proteins in HUVECs treated with CM fromHEEC and ESCC cell lines was detected by western blot. (B) The expression of indicated proteins in

HUVECs treated with EVs from HEEC and ESCC cell lines was detected by western blot. (C) The expression of indicated proteins in HUVECs treated with miR-181b-5p

(legend continued on next page)
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performed in situ hybridization (ISH) of 87 human ESCC tissue sam-
ples and confirmed that miR-181b-5p expression was elevated
in ESCC tissues compared with normal tissues (Figure 7D). The
ESCC tissue samples were divided into two groups (high and low)
according to the scores of miR-181b-5p expression level. As shown
in Figure 7E, high miR-181b-5p expression was well predicted for
poor overall survival (OS). In addition, it was detected that high
miR-181b-5p expression was correlated with high advanced N stage
and clinical stage (N stage, p = 0.000; clinical stage, p = 0.000; Table
S3). In addition, multivariate analysis indicated that miR-181b-5p
expression (hazard ratio [HR], 0.423; 95% confidence interval [CI],
0.215–0.831; p = 0.012) was an independent prognostic factor for
OS in ESCC patients (Table S4). Taken together, these data showed
that miR-181b-5p is highly expressed in ESCC tissues and serum
EVs. Moreover, high miR-181b-5p expression level in ESCC patients
predicted poor outcome. To further confirm the correlation between
miR-181b-5p expression and microvessel density in ESCC, we per-
formed ISH of miR-181b-5p in combination with IHC staining of
vascular endothelial cell markers (CD31) on serial sections of human
ESCC tissues and adjacent normal tissues. As shown in Figures 7F and
7G, miR-181b-5p signals were present in both tumor cells and
vascular endothelial cells around the tumor, and CD31 was strongly
positively correlated with miR-181b-5p, indicating that miR-181b-
5p correlates with angiogenesis in ESCC patients.

DISCUSSION
Tumor microenvironment, a dynamic system orchestrated by inter-
cellular communications, is responsible for tumor progression and
metastasis.31 It necessitates the study of the interaction between tu-
mor and vascular endothelial cells mediated by EVs. In our study,
we provide a novel insight on the mechanism that ESCC-derived
EVs-miR-181b-5p reprograms endothelial cells in the tumor micro-
environment, primarily inducing angiogenesis by decreasing its
targets PTEN and PHLPP2 expression to activate the Akt signaling
pathway. Subsequently, rich vascular anastomoses further facilitate
ESCC tumorigenesis by supplying oxygen and nutrients, and foster
tumor metastasis by serving as a conduit (Figure 7H), which is one
of the reasons that tumor-derived EVs-miR-181b-5p facilitates
ESCC tumorigenesis and metastasis. However, these effects are
multi-factorial and not solely presented as a result of altered angio-
genesis. It has been reported that tumor-derived EVs maintain cancer
stem-like cell dynamic equilibrium, facilitate the epithelial-mesen-
chymal transition, and induce PD1+ tumor-associated macrophages
expansion in esophageal carcinoma.32–34 Moreover, miR-181b was
reported to promote cell autophagy and restrain cell apoptosis by
regulating the CREBRF/CREB3 pathway in gallbladder carcinoma.35

In addition, miR-181b-5p could regulate the expression of proteins
associated with cell migration, including TIMP-3 and annexin A2.36

Therefore, more potential mechanisms deserve further investigation.
mimic, siRNA of PTEN/PHLPP2, or control was detected by western blot. (D) The expr

109/miR-181b-5p EVs, Eca-109/miR-181b-5p EVs + Annexin V, Eca-109/miR-181b-5p

EVs + PHLPP2was detected by western blot. (E) The expression of indicated proteins wa

100 mm. Experiments were performed at least in triplicate.
Previous studies have reported that miR-181b-5p is expressed aber-
rantly in several cancers. For example, astrocytoma shows high
expression of miR-181b-5p, which is significantly associated with
poor patient survival.37 It is also determined that miR-181b-5p is
upregulated in serum of acute myeloid leukemia (AML) patients
compared with healthy controls.38 To the contrary, miR-181b-5p is
significantly downregulated and acts as a tumor suppressor in
astrocytoma.39 However, few studies have reported the biological
functions of miR-181b-5p in tumor progression. Our data demon-
strate that ESCC-derived EVs-miR-181b-5p modulates vascular
endothelial cells to secrete Ang1 and eNOS, which contributes to tu-
mor angiogenesis. Moreover, EVs-miR-181b-5p facilitates tumor
growth and has a positive correlation with ESCC metastasis. In addi-
tion, miR-181b-5p is highly expressed in ESCC tissues and serum
EVs, and high miR-181b-5p expression in ESCC patients predicts a
poor outcome, which holds important implications for efficient pre-
vention and therapeutic strategies. As diverse substances are con-
tained in EVs, the role of EVs in cancer remains to be thoroughly
studied. Even so, treatments targeting EVs provide meaningful
opportunities for tumor therapeutic strategies. According to the
above results, future work will be required to focus on the role of
EVs-miR-181b-5p in the clinic.

Bioinformatics data predict that PTEN and PHLPP2 are the direct
targets of miR-181b-5p, which are well-known tumor suppressors
due to their ability to block the Akt signaling pathway in several
cancer cells.40,41 Herein, we detected Akt expression and down-
stream signaling in our experiment models. Vascular morphogen-
esis and homeostasis are complex biological processes that are
tightly controlled by multiple signaling pathways. Among them,
the Ang/Tie2 signaling pathway has received more and more atten-
tion in the past decade. Ang1 activates Tie2 and accelerates vascular
endothelial cells survival, migration, and sprouting, resulting in sta-
bilization and maturation of blood vessels.42 Ang2 acts as a Tie2
antagonist to destabilize the established vasculature by inhibiting
Ang1-induced Tie2 phosphorylation.43 It has been reported that
activation of Akt signaling negatively regulates Ang2 and promotes
the angiogenic process.44 In addition, NO, which is synthesized by
eNOS, induces vasodilation and increases vascular permeability.
Activation of the Akt signaling pathway promotes eNOS phosphor-
ylation and NO release.45 Moreover, it is reported that Ang2 can be
inhibited by the Akt/eNOS signaling pathway.46 Therefore, the role
of Akt signaling in the activation of Ang2 and eNOS signaling
induced by EVs-miR-181b-5p seems worthy of investigating. Our
results show that ESCC-derived EVs-miR-181b-5p suppresses the
expression level of Ang2 but increases the expression levels of
Ang1 and eNOS in vascular endothelial cells to promote cancer-
induced angiogenesis via Akt signaling and downstream signaling
activation.
ession of indicated proteins in HUVECs incubated with Eca-109/miR-NC EVs, Eca-

EVs + inh-181b-5p, Eca-109/miR-181b-5p EVs + PTEN, or Eca-109/miR-181b-5p

s detected by immunofluorescence. Representative images were shown. Scale bar,
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In conclusion, our results indicate that ESCC-derived EVs-miR-181b-
5p modulates vascular endothelial cells by decreasing PTEN and
PHLPP2, which activates the Akt signaling pathway to promote intra-
tumoral microvessel formation. Furthermore, rich vascular anasto-
moses facilitate ESCC progression and metastasis. More importantly,
high miR-181b-5p expression in tissues and serum EVs shows a
positive correlation with poor prognosis in ESCC patients. Our study
elucidates a new molecular mechanism underlying the crosstalk
between tumor cells and vascular endothelial cells to foster a
vascular-rich microenvironment and tumor progression, which
contribute to efficient prevention and therapeutic strategies for ESCC.

MATERIALS AND METHODS
Tissue and Serum Specimens

Two independent cohorts comprising 145 ESCC patients were
enrolled for this study. In cohort 1, ESCC and adjacent nontumor
specimens were gathered from 58 patients who were diagnosed
with ESCC between December 2014 and November 2015 in Nanjing
General Hospital of Nanjing Military Command (Jiangsu, China).
The study was approved by Nanjing General Hospital of Nanjing
Military Command Review Board. In cohort 2, paraffin-embedded
tissue samples were collected from archival materials stored in the
Biobank Center at the National Engineering Center for Biochip at
Shanghai (Shanghai Outdo Biotech). Specimens from ESCC and
adjacent nonmalignant tissues were collected from 87 ESCC patients
who underwent surgical resection between 2009 and 2010, and were
followed up for 6.5 years. The clinical characteristics of all patients are
listed in Tables S2 and S3. In addition, human serum specimens were
collected from 38 ESCC patients and 60 healthy donors before resec-
tion in the Jiangsu Province Hospital (Nanjing, China). Informed
consent was obtained from all participants. All patients were diag-
nosed according to the guidelines of the American Joint Commission
on Cancer and the guidelines of the International Union Against
Cancer (IUAC). The study was conducted in accordance with the
Ethics Committee of China Pharmaceutical University.

miRNA Microarray

miRNA microarray analysis was undertaken using the above seven
paired samples of ESCC versus adjacent noncancerous tissues
(Nanjing General Hospital of Nanjing Military Command). In brief,
miRNAs were extracted and purified from total RNA using a mir-
Vana miRNA Isolation Kit (Ambion). A poly(A) tail labeled with
biotin labeling 3DNA dendrimer (FlashTag Biotin RNA Labeling)
was added in the 30 end of miRNA using poly(A) polymerase.
Biotin-labeled miRNA hybridized to the Affymetrix GeneChip
Figure 5. EVs-miR-181b-5p Induces Angiogenesis to Foster ESCC Tumorigeni

(A and B) Xenograft assays of KYSE30 cells mixed with EVs derived from Eca-109/miR-1

on nude mice (n = 5). Representative tumors (A) and tumor growth curves (B) were s

determined by quantitative relative real-time PCR. (D) The expression of PTEN and PH

western blot. (E) The expression of miR-181b-5p in serum EVs was determined by qua

histochemistry staining for CD31, and microvessel density was analyzed. Representat

metastatic sites (indicated by arrowheads) was determined by H&E staining and count

panels). Each experiment was performed in triplicate, and data are presented asmean ±
miRNA Array 4.0. Array (Affymetrix) was scanned with a Gene-
Chip Scanner 3000, and the images were processed using the
AGCC software (Affymetrix GeneChip Command Console Soft-
ware). Signals were normalized by the median center tool for genes
in the Cluster 3.0 software and analyzed by significance analysis of
microarrays (SAM), with the false discovery rate (FDR) threshold
set at 0 and fold change set (fold change R 2.5, p % 0.001 or
fold change % �2.5, p % 0.001). The microarray data were pub-
lished in NCBI Gene Expression Omnibus and are accessible
through GEO: GSE97049.

Cell Culture

The human ESCC cell lines (TE-10, TE-12, TE-13, Eca-109, KYSE-30,
KYSE-150, KYSE-180, KYSE-410, KYSE-450, KYSE-510) and normal
HEEC lines were kindly supplied by Prof. Yifeng Zhou, Suzhou
University, in 2015. All cell lines were cultured in RPMI 1640
(GIBCO, USA) medium containing 10% FBS (BI, Israel) or 10% exo-
some-free serum (VivaCell, China). ESCC cells were authenticated by
short tandem repeats (STRs) profiling and confirmed to be myco-
plasma negative. HUVECs were cultured in endothelial cell medium
(ECM) medium (ScienCell Research Laboratories, USA) containing
10% FBS (BI, Israel) or 10% exosome-free serum (VivaCell, China)
and 1% endothelial cell growth supplement (ECGS) (ScienCell
Research Laboratories, USA). For co-culture, ESCC cells were seeded
in the upper Transwell chambers, and HUVECs were seeded in the
lower 24-well plates. EV secretion inhibitor GW4869 (10 mM;
Sigma-Aldrich, USA) was added to the upper Transwell chambers,
and cells were co-cultured for 24 h. All cell lines were cultivated at
37�C in 5% CO2 humidified atmosphere.

Reagents and Antibodies

Antibodies for TSG101 (14497-1-AP, 1:1,000), HSP70 (10995-1-AP,
1:1,000), Angiopoietin 1 (23302-1-AP, 1:1,000), Angiopoietin 2
(24613-1-AP, 1:000), PHLPP2 (25244-1-AP, 1:1,000), and p-Akt
(66444-1-Ig, 1:3,000) were purchased from Sanying (China). Anti-
bodies for Akt (WL0003b, 1:500), eNOS (WL0992a, 1:500), PTEN
(WL01901, 1:500), and CD63 (WL02549, 1:1,000) were purchased
from Wanlei (China). Antibodies for GRP94 (D120724, 1:1,000)
were purchased from BBI (China). Antibodies for CD9 (ab92726,
1:2,000) were purchased from Abcam (USA). Antibodies for GAPDH
(70-ab011-040, 1:2,000) served as a reference protein probe, and
HRP-conjugated Goat Anti-Rabbit IgG (70-GAR007, 1:1,000) was
purchased from Multisciences (China). Cy3-AffiniPure Goat Anti-
Rabbit IgG was purchased from Yeasen (China). Annexin V was pur-
chased from BD Biosciences (USA).
city and Proliferation In Vivo

81b-5p cells, Eca-109/inh-181b-5p cells, or Eca-109/miR-NC cells were performed

hown. Scale bar, 5 mm. (C) The expression of miR-181b-5p in tumor tissues was

LPP2 in tumor tissues was determined by quantitative relative real-time PCR and

ntitative relative real-time PCR. (F) The tumor tissues were performed by immuno-

ive micrographs were shown. Scale bar, 50 mm. (G) The number of liver and lung

ed under the microscope. Scale bars, 5 mm (G, right panels); 50 mm (F and G, left

SD. Student’s t test was used to analyze the data (*p < 0.05; **p < 0.01; ***p < 0.001).
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Western Blotting

Tissue, cell, and EV lysates were homogenized in radio-immunopre-
cipitation assay (RIPA) buffer (KeyGEN BioTECH, China) and quan-
tified using bicinchoninic acid (BCA) assay. After immunoblotting,
the proteins were transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, USA), which were subsequently incubated
with primary antibodies overnight at 4�C. Following incubation
with the specific HRP-conjugated Goat Anti-Rabbit IgG, chemilumi-
nescence signal was detected using BeyoECL Plus (Beyotime, China).
Protein expression was normalized to the GAPDH level.

Isolation and Analysis of EVs

For EV isolation, ESCC cells were cultured in RPMI 1640 medium
containing 10% exosome-free serum. The culture medium (CM)
was collected and filtrated though 0.22-mm filters (Millipore, USA).
EVs in CM or serum samples were isolated by ultracentrifugation ac-
cording to the standard method. First, samples were centrifuged at
10,000 � g for 10 min to remove the other debris; then the superna-
tant was collected and centrifuged at 100,000 � g for 70 min to pellet
EVs. Ultracentrifugation experiments were performed with Optima
L-80XP (Beckman Coulter, USA). BCA assay was performed to mea-
sure the protein concentrations in EVs. For nanoparticle tracking
analysis, the size and number of EVs were detected by ZetaView (Mi-
crotrac, USA). For transmission electron microscopy observation,
10 mg EVs was dropped to carbon-coated Cu grids and baked for
5 min under infrared light. EV samples were then negatively stained
with 3% (w/v) aqueous phosphotungstic acid for 5 min. The
embedded samples were observed under HT7700 transmission elec-
tron microscope (Hitachi, Japan).

EVs Tracing

EVs were labeled using PKH26 Red Fluorescent Cell Linker Kits
(Sigma-Aldrich, USA) according to the manufacturer’s instruction
and then washed with PBS twice. PKH26-labeled EVs were collected
by ultracentrifugation at 100,000� g for 70 min and then co-cultured
with HUVECs for 1.5 h. Subsequently, HUVECs were fixed and
stained with Hoechst. The cells and EVs were visualized under
confocal laser scanning microscopy (Carl Zeiss, Germany).

Gene Knockdown or Overexpression

For transient transfection, HUVECs were transfected with a miR-
181b-5pmimic, an inhibitor, or a negative control (Applied Biological
Materials, Canada), respectively. HUVECs were transfected with
siRNAs targeting PTEN, PHLPP2, or a negative control RNA duplex
(GenePharma, China) using Lipofectamine 3000 (Invitrogen, USA)
Figure 6. EVs-miR-181b-5p Induces Angiogenesis to Foster ESCC Metastasis

(A) The flow diagram for creating themetastatic tumormodel. (B) Representative images

miR-181b-5p cells, Eca-109/miR-NC cells, or Eca-109/inh-181b-5p cells were determ

sites (indicated by arrows) was determined by H&E staining and counted under micros

metastatic sites (indicated by arrows) was determined by H&E staining and counted un

were performed by immunohistochemistry staining for CD31, and microvessel density

tochemistry staining for CD31, and microvessel density was analyzed. Scale bars, 10

presented as mean ± SD. Student’s t test was used to analyze the data (*p < 0.05; **p
according to the manufacturer’s instructions. The siRNA sequences
were listed in Table S5. For stable transfection, Eca-109 cells were
transfected with a miRCURY LNAmiR-181b-5p mimic, an inhibitor,
or a negative control (Exiqon, Denmark), respectively. For overex-
pression, the full-length complementary DNAs (cDNAs) of PTEN
and PHLPP2 were synthesized and cloned into the lentiviral expres-
sion vector of pLenti-GIII-CMV-GFP-2A-Puro (Applied Biological
Materials, Canada), whereas an empty lentiviral vector was used as
a control. The lentiviral vector HUBLV-GFP-Puro-Luc (HANBIO,
China) was cloned into Eca-109 cells for tail vein metastasis assay.
Transfected cells were selected with 1 mg/mL puromycin for 2 weeks.
The transfection efficiency was monitored by the GFP.
RNA Extraction and Quantitative Reverse Transcriptase PCR

Total RNA was extracted from tissues or cells with TRIzol reagent
(Invitrogen, USA), and RNA from EVs in CM or serum was extracted
with the exoRNeasy Serum/Plasma Midi Kit (QIAGEN, Germany)
according to the manufacturer’s instructions. Reverse transcription
reaction was performed using PrimeScript RT reagent Kit (Takara,
China). Quantitative relative real-time PCR was measured using a
SYBR Premix Ex Taq II Kit (Takara, China) by QuantStudio 3
Real-Time PCR System (Applied Biosystems, USA). The quantity
of specific mRNA was calculated according to the cycle threshold
(CT) values, which were normalized to the housekeeping gene
(GAPDH). poly(A) addition to miRNA and reverse transcription
reaction were performed using miRNA cDNA Synthesis Kit (Applied
Biological Materials, Canada). The BrightGreen miRNA qPCR
MasterMix Kit (Applied Biological Materials, Canada) was used to
quantify the relative abundance of miR-181b-5p. Relative expression
levels of miRNA were normalized to U6 or miR-39 expression. The
specific primer sequences were listed in Table S5.
Tube Formation Assay, Migration Assay, and Wound Healing

Assay

For tube formation assay, 96-well plates were coated with 50 mL
Matrigel (BD Biosciences, USA) and incubated at 37�C for polymer-
ization. A total of 1.5 � 104 HUVECs were seeded on the Matrigel-
coated well with 100 mL ECM completed medium. For EV function
detection, equal quantities of tumor-derived EVs were added into
the plates. The plates were then incubated at 37�C in 5% CO2 for 6
h. Tube formation was observed under a microscope (Olympus,
Japan). For migration assay, 5 � 103 HUVECs or ESCC cells were
seeded on the upper Transwell chamber in serum-free ECMmedium.
ECM with 10% exosome-free serum was added to the lower 24-well
In Vivo

of liver and lungmetastasis of indicated mice treated with EVs derived from Eca-109/

ined by GFP-based fluorescence imaging (n = 5). (C) The number of liver metastatic

cope. Scale bars, 5 mm (left panels); 100 mm (right panels). (D) The number of lung

der microscope. Scale bars, 5 mm (left panels); 100 mm (right panels). (E) The livers

was analyzed. Scale bars, 100 mm. (F) The lungs were performed by immunohis-

0 mm. Each experiment was performed three times independently, and data are

< 0.01; ***p < 0.001).
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plates. Equal quantities of tumor-derived EVs were added into the
inserts to detect EV function. After cultivation at 37�C for 24 h,
the migrated cells were fixed by ethanol after washing by PBS and
stained by crystal violet. Representative fields were photographed
under microscope, and the number of migrated cells per field was
counted. For wound healing assay, 3 � 104 HUVECs were seeded
on 96-well plates. Each well was scraped with a 10-mL pipette tip to
create two linear regions devoid of cells. After being treated with tu-
mor-derived EVs for 24 h, HUVECs that migrated into the cleared
section were observed under a microscope at specific time points.
Each experiment was repeated three times.

Cell Viability Assay and Cell-Cycle Assay

For cell viability assay, 1 � 104 HUVECs were seeded on 96-well
plates and cultured in ECM containing 10% exosome-free serum. Af-
ter being treated with tumor-derived EVs for 12 h, cell proliferation
was measured by the Cell Counting Kit-8 (Dojindo, Japan) at 0, 24,
48, and 72 h according to the manufacturer’s instructions. For cell-cy-
cle assay, 1 � 106 HUVECs were fixed in 70% ethanol at 4�C over-
night and then stained with propidium iodine (PI) using cell-cycle
assay kit (BD Biosciences, USA) according to the manufacturer’s in-
structions. Cell-cycle analysis was measured by the CytoFLEX Flow
Cytometer (Beckman Coulter, USA). The data were analyzed using
FlowJo 10.0 software.

In Vivo Matrigel Plug Assay

A total of 20 mg EVs that derived from ESCC cells was mixed with
Matrigel (BD Biosciences, USA) and subcutaneously injected into
BALB/c athymic nudemice 6–8 weeks old. After 14 days, theMatrigel
plugs were harvested and stained by hematoxylin and eosin (H&E).
Immunohistochemical staining for CD31 (Abcam, USA) was also
performed. The expression of CD31 mRNA was determined by
quantitative relative real-time PCR. ImageJ software was used to
analyze the vessel area.

Animal Studies

Six-week-old female BALB/c athymic nude mice were purchased
from the Laboratory Animal Center of Yangzhou University (Yangz-
hou, China). The procedure of all animal experiments complied with
Institutional Animal Care and Use Committee (IACUC) regulations.
All animal experiments were approved by the Ethics Committee of
China Pharmaceutical University Permit Number SYXK2016-0011.
BCA assay was performed to measure the protein concentrations in
EVs. For tumor xenograft assay, a total of 5� 106 KYSE30 cells mixed
Figure 7. miR-181b-5p Correlates with Angiogenesis in ESCC Patients

(A) EVs in serum from ESCC patients and healthy controls were observed by electron mic

NanoSight particle tracking analysis. (C) miR-181b-5p expression in serum EVs from hea

Data are presented as mean ± SD. Student’s t test was used to analyze the data (***p <

(TMAs) was performed to detect miR-181b-5p expression in normal and tumor tissues

overall survival of 87 patients with ESCC, stratified by expression of miR-181b-5p. Surviv

181b-5p in combination with IHC staining of endothelial cell markers (CD31) on serial se

The correlation between CD31 and miR-181b-5p in ESCC tissues using Spearman’s te

angiogenesis to promote ESCC progression and metastasis.
with 40 mg EVs derived from Eca-109/miR-181b-5p cells, Eca-109/
inh-181b-5p cells, or Eca-109/miR-NC cells were injected subcutane-
ously into BALB/c athymic nude mice. After 20 days, mice were
sacrificed to remove the xenografted tumors, and the volumes and
weights of the tumors were recorded. Immunohistochemical staining
for CD31 was used to observe angiogenesis in tumor tissues. Metasta-
tic lesions in livers and lungs were observed by H&E staining.
Quantitative relative real-time PCR was used to detect miR-
181b-5p expression in tumor tissues or EVs from mice serum. For
tail vein metastasis assay, 1 � 106 GFP-labeled KYSE30 cells were
intravenously injected into female BALB/c athymic nude mice
through the tail vein. Subsequently, mice were divided into groups
randomly and intravenously injected with 20 mg EVs from the trans-
fected Eca-109 cells once a week for 2 months. Hepatic and pulmo-
nary metastasis was observed by ex vivo bioluminescent imaging
using IVIS Lumina series III (PerkinElmer, USA) once a week. After
2 months, mice injected with EVs were sacrificed, whereas livers
and lungs were removed for examination. H&E staining and immu-
nohistochemical staining for CD31 were used to observe metastatic
lesions and vessels.

Luciferase Reporter Assay

To identify the binding site between miR-181b-5p and PTEN/
PHLPP2, HUVECs were transfected with a luciferase construct
containing PTEN and PHLPP2 with the wild-type or a mutated
version of the binding site, and co-transfected with a miR-181b-5p
mimic or an empty vector. For evaluating the luciferase activities of
PTEN and PHLPP2, HUVECs were pre-treated with tumor-derived
EVs for 24 h and then transfected with a luciferase vector containing
PTEN and PHLPP2 with the wild-type or a mutated version of
the binding site. The luciferase vectors were constructed by Gene-
Pharma (Shanghai, China). After transfection, the Dual Luciferase
kit (Promega, USA) was used to detect the luciferase activities
according to the manufacturer’s instructions.

ISH

The double-digoxin (DIG)-labeled miRCURY LNA microRNA ISH
Detection Probe (Exiqon, Denmark) was employed for visualization
of the miR-181b-5p. ISH of miR-181b-5p with ESCC tissue microar-
rays (TMAs) was performed by Shanghai Outdo Biotech (catalog no.
HEso-Squ180Sur-03). There were 87 human ESCC tissue samples
with information of OS times and clinicopathological characteristics
in these TMAs. The tissue array was stained with H&E to verify the
presence of cells.
roscopy. Scale bar, 100 nm. (B) The concentration of EVs in serum was detected by

lthy donors and ESCC patients was detected by quantitative relative real-time PCR.

0.001). (D) In situ hybridization (ISH) of miR-181b-5p with ESCC tissue microarrays

. Representative images were shown. Scale bar, 50 mm. (E) Kaplan-Meier plots of

al data were analyzed by the Kaplan-Meier method and log rank test. (F) ISH of miR-

ctions of human ESCC tissues and adjacent normal tissues. Scale bar, 100 mm. (G)

st. (H) Proposed schematic diagram of tumor-derived EVs-miR-181b-5p mediating
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The sections were deparaffinized, digested by proteinase K, hydrated,
and deproteinated. Then the sections were prehybridized in hybridi-
zation buffer for 2 h in a humidified chamber at 55�C. Hybridization
was performed by applying 20 nM probe in hybridization buffer to
the array slides covered with Nescofilm (Bando Chemical, Japan)
overnight at 55�C in a humidified chamber. Hybridized probes
were visualized by incubation with anti-digoxigenin and alkaline
phosphatase conjugate at 37�C for 30 min, followed by nitro blue
tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate to develop a
blue color. Finally, the cells were counter-stained with nuclear fast
red for 3–5 min and mounted on slides. Sections with 5% labeled cells
were scored as 0, sections with 5%–30% labeled cells were scored as 1,
sections with 31%–70% labeled cells were scored as 2, and sections in
excess of 71% labeled cells were scored as 3. The staining intensity was
scored similarly, with 0 indicating negative staining, 1 indicating
weakly positive staining, 2 indicating moderately positive staining,
and 3 indicating strongly positive staining. The scores for the percent-
age of positive tumor cells and staining intensity were summed to
generate an immunoreactive score for each specimen. A final score
of 0–1 indicated negative expression (�), 2–3 indicated weak expres-
sion (+), 4–5 indicated moderate expression (++), and 6 indicated
strong expression (+++). Images were captured with Aperio Scan-
Scope CS2 (Aperio, USA) and assessed with ImageScope software
(Aperio, USA).

IHC and Immunofluorescence

For IHC analysis, the slides of tumors, Matrigel plugs, livers, and
lungs were incubated with CD31 primary antibodies, which was fol-
lowed by incubation with horseradish peroxidase-conjugated second-
ary antibodies (Santa Cruz Biotechnology, USA). Finally, the staining
processes were performed with diaminobenzidine colorimetric re-
agent solution (Dako, USA) and hematoxylin (Sigma-Aldrich,
USA). Images were taken to evaluate CD31 expression using Pro
Plus software. For immunofluorescence observation, HUVECs were
fixed with 4% paraformaldehyde at room temperature for 30 min
and permeabilized with 0.1% Triton X-100. Staining was performed
with primary antibodies mentioned above, which was followed by in-
cubation with Cy3-AffiniPure Goat Anti-Rabbit IgG. Hoechst was
used to label the cell nucleus. All samples were observed using a fluo-
rescence microscope (Olympus, Japan).

Statistics Analysis

Data analysis was performed using SPSS Statistics 25.0. The paired t
test was performed to detect the differential expression of miR-181b-
5p in cancer tissues compared with adjacent nonmalignant tissues.
The relationship between miR-181b-5p and clinicopathological char-
acteristics was evaluated using chi-square test. Survival curves were
calculated using Kaplan-Meier and log rank tests. The effects of vari-
ables on survival were analyzed by univariate and multivariate Cox
proportional hazards modeling. Two-group comparison, multiple-
group comparison, and correlation analyses were calculated with a
paired two-tailed Student’s t test, two-way ANOVA test, linear regres-
sion test, and Pearson’s test using GraphPad Prism 5 software
(GraphPad Software, USA), respectively. The p values less than 0.05
436 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
were considered statistically different (*p < 0.05; **p < 0.01; ***p <
0.001).
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