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Abstract 

Salivary adenoid cystic carcinoma (SACC) is a peculiar malignant tumor, characterized by its slow 
but inexorable growth, with a high incidence of lung metastasis and poor prognosis. Here, we show 
the upregulated expression of EGFR ligand epiregulin in a subset of SACC cells correlates with lung 
metastasis and unfavorable outcome in patients with SACC. We found that upregulation of 
epiregulin in SACC cells induced epithelial-mesenchymal transition by regulating GLI1/E-cadherin. 
Elevated epiregulin increased the expression of pro-angiogenic factors, such as VEGFA, bFGF, and 
IL-8. We also show that epiregulin can be delivered via exosomes and was enriched in exosomes 
derived from epiregulin-overexpressing SACC cells. Furthermore, treating immunodeficient mice 
with these epiregulin-enriched exosomes greatly enhanced SACC metastasis to lung. These 
epiregulin-enriched exosomes significantly enhanced angiogenesis in the neighboring tumor 
microenvironment and increased vascular permeability in the pre-metastatic lung 
microenvironment in vivo. Therefore, epiregulin, as well as epiregulin-containing exosomes, may be 
a novel target for controlling SACC lung metastasis. 
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Introduction 
Salivary adenoid cystic carcinoma (SACC) arises 

from the secretory epithelial cells of the salivary 
glands. It account for ~25% of malignant tumors in the 
major salivary glands and ~50% in the minor glands 
(1-3). SACC exhibits unique characteristics compared 
to other tumors, such as slow but relentless growth, 
nerve and blood vessel invasion, and a high incidence 
of distant lung metastasis (4). Unfortunately, SACC 
has poor prognosis: survival rates after diagnosis of 
tumour progression are 35% at 5 years, 15% at 10 
years, and 0% at 15 years (4). Late distant lung 
metastases are the primary cause of the low long-term 
survival rate in patients with SACC (5). Currently, no 
effective therapy is available to deter lung metastasis 
of SACC due to a poor understanding of the 
mechanisms that govern the metastasis process (6). 

Epiregulin, a member of the epidermal growth 
factor (EGF) family of peptide growth factors, exhibits 
bifunctional regulatory properties: it inhibits the 
growth of several epithelial tumor cells and stimulates 
the growth of fibroblasts and various other types of 
cells (7). As for SACC, exogenous treatment with the 
recombinant human epiregulin (rhEpiregulin) protein 
was shown to induce epithelial-mesenchymal 
transition (EMT) and increase the motility of SACC 
cells (8, 9). However, the mechanism of the action of 
endogenous epiregulin on EMT and lung metastasis  
remains unclear. 

Exosomes are small membrane vesicles (30–100 
nm in diameter) containing functional biomolecules 
(such as proteins, lipids, RNA, and DNA) (10-14). 
They may diffuse to neighboring cells or be carried 
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via systemic transport to distant anatomic locations 
where they may induce signal transduction or 
mediate the horizontal transfer of information in 
specific recipient cells (15). Tumor exosomes can 
directly modify the intrinsic motility and invasiveness 
capacity of tumor cells by serving as conduit for 
signals that initiate EMT (15-17). Tumor exosomes can 
also change the cellular physiology of surrounding 
and distant non-tumor cells to allow dissemination 
and growth of cancer cells, i.e., by triggering 
angiogenesis and increasing vascular permeability for 
conditioning pre-metastatic sites in distant organs 
(14,18-20). To date, the different role of specific 
exosomes in lung metastasis remains to be elucidated. 
Here, we investigated the correlation between the 
expression of epiregulin and lung metastasis of 
SACC. We also examined the biological effects of 
epiregulin-enriched exosomes and the attendant 
signaling cascades they initiate.  

Materials and Methods 
Cell lines and transfection 

The SACC-83 cell line originates from a patient’s 
sublingual gland; SACC-LM cells with enhanced lung 
metastatic behavior were isolated in vivo following 
injection of SACC-83 cells into the tail vein of 
immunodeficient mice (21, 22). Human umbilical vein 
endothelial cells (HUVECs) and human pulmonary 
microvascular endothelial cells (HPMECs) were 
obtained from the PriCells (Wuhan, China) and 
grown in endothelial cell medium (ECM, ScienCell, 
USA).  

The lentiviral vector pHBLV-CMV-GFP-T2A- 
Luc (used to construct the epiregulin-expression 
vector) and the pHBLV-CMVIE-RFP vector (used to 
construct the GLI1-expression vector) were purchased 
from Hanbio (Hanbio Biotechnology, China). The 
plasmid hU6-MCS-CMV-RFP used to construct the 
epiregulin-knockdown plasmid was purchased from 
Genechem (Genechem, China). After screening, 
SACC-83 cells stably overexpressing epiregulin (OE 
cells) and control cells (Vector cells), as well as 
SACC-LM cells with stably knockdowned epiregulin 
(siEpiregulin cells) and control cells (siControl cells) 
were established. 

Experimental animals 
The female BALB/c nude mice and NOD SCID 

mice (6–8 weeks old) were obtained from Vital River 
Laboratories (Beijing, China). The animal experiments 
were approved by the Peking University Institutional 
Animal Care and Use Committee (Permit Numbers: 
LA2012015; LA2015099) and were performed 
according to the guideline on animal experiments.  

Human tissue samples and 
immunohistochemical analysis 

All human SACC and SMG tissues used in this 
study were collected from patients in the Peking 
University School of Stomatology. A total of 107 
SACC tissues (paraffin-embedded tissues) were 
collected from patients undergoing surgical resection 
from 1993 to 2008. In the 107 cases, the 72 complete 
follow-up records available were used for further 
survival analysis. In the 72 cases, 33 received 
radiotherapy, 1 received chemotherapy, 4 received 
radiotherapy and chemotherapy, and 34 received no 
adjuvant therapy after surgery operation. SACC 
specimens (60 frozen tissues) were obtained from the 
tumor tissue bank of the hospital. Normal SMG 
specimens (41 frozen tissues and 11 
paraffin-embedded tissues) were collected from 
patients undergoing neck dissection. The use of these 
clinical samples was approved by the Ethics 
Committee of Peking University School and Hospital 
of Stomatology (Permit number: PKUSSIRB- 
201522040). 

Immunohistochemistry was performed 
according to a standard protocol. After 
deparaffinization and rehydration, tissue sections 
were incubated in sodium citrate buffer and heated 
for antigen retrieval. Epiregulin (rabbit; Abcam, USA), 
CD31/CD34 (rabbit; Sino Biological, China), and 
F4/80 (rabbit; abcam) primary antibodies was applied 
to tissue sections overnight at 4°C. All sections were 
then incubated with secondary antibody for 30 
minutes at room temperature. The immunoreactions 
were visualized and scored by two investigators 
blinded to the relative clinical outcome. Scores 
representing the percentage of positive staining tumor 
cells were assessed as: 0 (<5%); 1 (5–24%); 2 (25–49%); 
3 (50–74%); and 4 (≥75%). The staining intensity was 
graded as: 0 (no staining); 1 (weak staining); 2 
(moderate staining); and 3 (strong staining). The final 
score was determined by the ratio of positively 
stained tumor cells × staining intensity to produce 
scores of 0, 1, 2, 3, 4, 6, 8, 9, and 12. The cutoff value for 
low and high expression of epiregulin was identified 
as 6: a score greater than 6 was considered high 
expression, and less than or equals to 6 was 
considered low expression. 

Metastatic burden 
Image J software was used to quantify the 

metastatic burden within the mice lungs as previously 
described (23). Briefly, after hematoxylin and eosin 
staining, the number of pixels within the defined area 
of the metastatic lesions was determined as x pixels, 
and the total number of pixels within the field of view 
was determined as y pixels. The metastatic burden 
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within the field of view was calculated with the 
formula: (x pixels/y pixels) * 100. The average of 5 
fields of view with 100× magnification was used to 
determine metastatic burden in each lung analyzed. 

Western blot analysis  
Western blot assay was performed according to a 

standard protocol. Briefly, 40 µg of protein from cells 
or exosomes was separated on an SDS-PAGE gel and 
transferred to polyvinylidenedifluoride membranes. 
After membranes were blocked, the following 
primary antibodies were used: Epiregulin (rabbit; 
CST), E-cadherin (rabbit; CST), Snail (rabbit; CST), 
Slug (rabbit; CST), GLI1 (rabbit, Abcam), N-cadherin 
(rabbit, CST), CD63 (rabbit, Abcam), and HSP70 
(rabbit, Abcam). Equal protein sample loading was 
determined using anti-GAPDH/anti-β-actin 
(ZSGB-Bio, China) for total protein lysates. The bands 
were quantified using the Gel-Pro analyzer. 

Microarray analysis 
The SBC Human lncRNA microarray v5.0 (for 

mRNA/LncRNA detection) (Shanghai Biotechnology, 
China) was used. Altogether, 1166 differentially 
expressed genes were detected from OE cells and 
Vector cells. The recommended cut-off for the P value 
and fold change were 0.05 and 2, respectively. These 
genes underwent further Gene ontology (GO) 
analysis to identify the biological processes 
represented in the gene profile. The analysis was 
performed by Shanghai Biotechnology Corporation.  

qRT-PCR 
Quantification of mRNA expression was 

performed using FastStart Universal SYBR Green 
Master (ROX) reagent (Roche, USA) on an ABI 7500 
Sequence Detection System. The mRNA expression of 
genes of interest were normalized to GAPDH, and the 
results were represented as fold change using ΔΔCt 
method with the control set as one. The sequences of 
the primers were shown in Supplementary Table 1.  

Exosome isolation, labeling, and uptake 
Exosomes were collected from supernatants of 

tumor cells (cultured in exosome-free medium) and 
isolated by ultracentrifugation and sucrose cushion 
(24,25). Briefly, cell supernatants were subjected to 
consecutive centrifugation at 300 g for 10 minutes, 
2000 g for 30 minutes, and 10,000 g for 30 minutes to 
remove cellular debris and large vesicles. 
Supernatants were then passed through a Centrifugal 
Filter (100K, Millipore, USA) at 5,000 g for 30 minutes. 
The retained, concentrated supernatants were 
subjected to a 30% sucrose/deuterium oxide (D2O) 
cushion. After gradient centrifugation at 10,0000 g for 
70 minutes using an Optima L-90K Ultracentrifuge 

(Beckman Coulter, USA), the exosome-enriched 
sucrose/D2O was resuspended in PBS for 
centrifugation at 5,000 g for 30 minutes in centrifugal 
filters. This was repeated three times to remove the 
sucrose/D2O, and the retained exosomes were stored 
at -80°C. The protein contents of exosomes were 
determined using a Bradford protein assay kit 
(Beyotime Biotechnology, China). 

Purified exosomes were labeled with a red 
fluorescent cell linker PKH26 (Sigma-Aldrich, USA) 
according to the manufacturer’s protocol. Briefly, 
exosomes were suspended in PBS before 1 ml Diluent 
C was added. Meanwhile, 4 μl PKH26 was added to 1 
ml Dilucent C and mixed gently with the exosome 
solution for 4 minutes. Then 2 ml of 0.5% BSA/PBS 
was added to bind excess dye. The labeled exosomes 
were washed with PBS at 100,000 g for 70 minutes, 
and exosomes were diluted in 100 μl PBS before use in 
the uptake assays.  

Exosomes and endothelial cells were 
fluorescently labeled using PKH26 and Actin-Tracker 
Green (phalloidin-FITC, Beyotime Biotechnology, 
China), respectively. Cellular nuclei were stained 
using DAPI (ZSGB-Bio, China). Endothelial cells were 
incubated with labeled exosomes for 24 hours. 
Imaging of exosomes uptake was performed using a 
LSM 5 Exciter confocal laser scanning microscope 
(Zeiss, Germany).  

Transmission electron microscopy 
Transmission electron microscopy was used to 

identify the morphology of exosomes. Exosomes were 
diluted in 100 μl PBS and kept at 4°C prior to analysis. 
A drop of the exosome solution was loaded on a 
carbon-coated copper grid and left to adhere for 5 
minutes. The exosome sample was then contrast 
stained by adding a drop of 1% phosphotungstic acid 
to the sample on the grid. After excess liquid was 
removed, the grid was positioned on a paper and left 
to air dry for at least 5 minutes. The preparation was 
examined using a JEM-1400 electron microscope 
(JEOL, Japan). 

Cell proliferation, migration, and invasion 
assays 

Cell viability was assessed with CCK-8 reagents 
(Dojindo Laboratories, Japan) according to the 
manufacturer’s instructions. Cells were seeded in 
96-well plates at 3000 cells/well in 100 μl of culture 
medium, and incubated with 200 μg/ml exosomes or 
PBS before absorbance was measured at 450 nm using 
an ELx808 Absorbance Microplate Reader (BioTek, 
USA). 

For the scratch wound migration assay, 
HPMECs seeded in 6-well plates were cultured for 24 
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hours before a scratch was generated using a tip. After 
washing twice with PBS to remove detached cells, 
medium containing 50 ng/ml rhEpiregulin (Sino 
Biological, China) or 200 μg/ml exosomes was added. 
Images were captured under an Eclipse TE2000-U 
fluorescence microscope (Nikon, Japan). Migrated 
distance was quantified by the IPP software.  

To analyze transwell migration/invasion, cell 
inserts (8.0 μm pore size, Millipore, USA) were coated 
without (migration) or with (invasion) matrigel (BD 
Bioscience, USA). Then 5 × 104 cells were seeded on 
the upper chamber in serum-free mediums. After 16 
hours incubation with 200 μg/ml exosomes, the cells 
on the upper surface of the insert were swabbed, and 
cells in the bottom chamber were fixed with 95% 
ethanol, stained with 1% crystal violet, and counted 
under a BX51 microscope (Olympus, Japan). 

Tube formation and vascular permeability 
assays 

For the tube formation assay, 2 × 104 cells seeded 
on matrigel matrix-coated (Gibco, USA) wells were 
treated with 50 ng/ml rhEpiregulin or 200 μg/ml 
exosomes. After 12 hours incubation, CFSE dye 
(Dojindo Laboratories, Japan) was added and the 
optical images of the wells were acquired. Tube-like 
structures in each well were counted, and results 
represented the average number of tube-like 
structures in triplicate wells. 

For the vascular permeability assay, endothelial 
cells were cultured on transwell inserts (0.4 μm pore 
membrane, Millipore) and allowed to form confluent 
monolayers (typically after 24 hours). Then complete 
medium containing 0.12 mg/ml FITC-labeled dextran 
(40 kDa) (Sigma-Aldrich) replaced the medium in the 
upper chamber. At each time point after rhEpiregulin 
or exosomes were added, 50 μl of medium in the 
bottom chamber was harvested, and fluorescence was 
measured at excitation 490 nm and emission 520 nm.  

Luciferase reporter assay 
Cells were seeded in 24-well plates and 

incubated for 24 hours. The reporter plasmid 
pEZX-PG04-CDH1 (GeneCopoeia,USA) and 
GLI1-expressing/control plasmid (Genechem, China) 
were transfected into SACC-83 cells using 
Lipofectamine 2000 reagent (Invitrogen, USA). After 
36 hours, luciferase activity was measured using a 
Secrete-PairTM Dual Luminescence Assay Kit 
(GeneCopoeia, USA) according to the manufacturer’s 
protocol.  

Quantification of VEGFA by ELISA 
The secreted VEGFA in the supernatant was 

quantified using a human VEGF ELISA kit 

(Neobioscience Technology, China). Briefly, cells were 
seeded into 6-well plates and cultured to 70–80% 
confluence. The cells were then switched to fresh 
FBS-free medium and treated with 200 μg/ml 
exosomes. The number of cells in each well was 
counted. The supernatants (100 μl) of the samples 
were harvested and added to 96-well microplates. The 
level of VEGF-A in the 100 μl supernatant was 
determined at 450 nm and normalized to the cell 
number. 

Matrigel plug assay 
Matrigel matrix (500 μl; Gibco, USA) with 1 × 107 

SACC-83 cells containing PBS or exosomes (100 μg) 
was injected subcutaneously into a flank of BALB/c 
female nude mice (n = 5 per group). In another 
matrigel plug assay, cell-free matrigel matrix (500 μl) 
containing Vector exosomes or OE exosomes (100 μg) 
was injected (n = 8 per group). On day 7, mice were 
sacrificed and matrigel plugs were removed and 
photographed to show the extent of vascularization. 
After weighing the matrigel plugs, 
immunohistochemical analysis of matrigel plugs was 
performed after routine paraffin embedding. 
Hemoglobin content of the matrigel plugs was 
quantified using Drabkin reagent (Sigma-Aldrich, 
USA).  

Vascular permeability assay 
Lung microvasculature permeability was 

determined by the Evans Blue (EB, Sigma-Aldrich, 
USA) extravasation technique. After 5 days of daily 
intravenously injection of exosomes (70 μg), the 
BALB/c female nude mice were injected with EB 
reagent (20 mg/ml). After 3 hours, pulmonary 
microvasculature was flushed via transcardial 
perfusion with PBS under physiologic pressure, then 
the lungs were harvested, rinsed, photographed, and 
frozen in liquid nitrogen. The frozen lungs were later 
homogenized in formamide and incubated at 60°C for 
16 hours. The absorbance of the supernatant was 
measured by spectrophotometry at 620 nm and used 
to determine the amount of EB. 

Mouse model of lung metastasis  
To identify the role of epiregulin in SACC lung 

metastasis in vivo, 1 × 106 OE cells or Vector cells were 
injected into the tail veins of NOD SCID mice (n = 6 
per group). After 8 weeks, the bioluminescence of 
mice was measured using the IVIS Imaging System 
(Caliper Life Sciences, USA) to monitor the lung 
metastasis of tumor cells. The mice were then 
sacrificed and their lungs collected for HE staining. 

To observe the effect of exosomes on lung 
metastasis, PBS (100 μl) with or without exosomes (70 
μg) was injected intravenously daily into NOD SCID 
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(n = 6 per group) mice for 5 days. On day 5, mice were 
received an intravenous injection of 1 × 106 SACC-83 
cells. After 8 weeks, the mice were sacrificed and their 
lungs were collected for H&E analysis. 

To compare the contribution of different 
exosomes to lung metastasis, PBS (100 μl) with OE 
exosomes or vector exosomes (70 μg) was injected 
intravenously daily into NOD SCID (n = 7 per group) 
mice for 5 days. On day 5, mice were given an 
intravenous injection of 1 × 106 SACC-83 Vector cells. 
After 8 weeks, the bioluminescence was detected. 
Then the mice were sacrificed and their lungs were 
collected for immunofluorescence analysis using a 
LSM 5 Exciter confocal laser scanning microscope 
(Zeiss, Germany). 

Flow cytometric analysis  
Exosomes (10 μg) were incubated with 5 μl of 4 

μm latex-beads (Thermo Fisher Scientific, USA) for 30 
minutes at 4ºC. The mixture was then resuspended 
and incubated in 400 μl PBS (5% BSA) for 30 minutes, 
and the exosomes were conjugated with the latex 
beads. After being washed twice and resuspended in 
50 μl PBS and 5% BSA, the exosome-conjugated beads 
were incubated with CD63 (Abcam, USA) or 
epiregulin (CST, USA; or Absin Bioscience, China) 
primary antibody, and then Alexa Fluor 488-labeled 
secondary antibody (Beyotime Biotechnology, China) 
in sequence. Finally, the sample was resuspended in 
500 μl PBS. Primary antibody-free incubation samples 
were used as controls.  

Single cell suspensions derived from SACC-83 
cells were washed in PBS, fixed in 4% (v/v) 
paraformaldehyde, blocked with 5% BSA in PBS for 
30 minutes at 4°C, and then rinsed. Cells were then 
incubated with epiregulin primary antibody (CST, 
USA; or Absin Bioscience, China) for 1 hour at 4°C, 
and then incubated with Alexa Fluor 488-labeled 
secondary antibody (Beyotime Biotechnology, China). 

NOD SCID mice (n = 8 per group) were injected 
intravenously daily for 5 days with 70 μg of 
Vector/OE exosomes in 100 μl PBS. On day 5, mice 
were sacrificed and their lungs were collected for 
qRT-PCR and murine lung endothelial cells sorting. 
Endothelial cell sorting and detection of VEGFR1 
were performed as previously described (26). Briefly, 
lung cells were gently dispersed in collagenase 
(Sigma, USA) with the MACS Dissociator (Miltenyi 
Biotec, Germany). Endothelial cells were isolated 
using CD146 microbeads (Miltenyi Biotec, Germany) 
according to the manufacturer’s protocol. After 
identification, endothelial cells were detected with the 
anti-VEGFR1 (R&D Systems, USA) antibody.  

Statistical analysis 
All statistical analyses were carried out with 

SPSS Version 19.0 (IBM). All in vitro experiments were 
confirmed in at least three independent experiments, 
and the data from one representative experiment were 
shown. All numerical data represent mean ± standard 
deviation (SD), unless otherwise noted. Log-rank test 
are used for Kaplan-Meier analyses. Data were 
statistically analyzed by 2-tailed t-test or ANOVA, 
unless otherwise indicated. P values less than 0.05 
were considered statistically significant. 

Results 
Epiregulin is overexpressed in SACC tissue 
samples and is associated with poor prognosis 

We observed higher mRNA expression of 
epiregulin in SACC than SMG in 60 frozen SACC and 
41 frozen submandibular gland (SMG) tissue samples 
(Figure 1A). The finding was further validated via 
immunohistochemical analysis of 107 SACC and 11 
SMG tissues samples (Figure 1B and Table 1). We then 
stratified SACC patients according to epiregulin 
expression. High epiregulin levels were observed in 
SACC patients with a large tumor size (≥ 4 cm) and 
higher clinical stage (stage III/IV) (P < 0.0001) (data 
not shown).  

 

Table 1. Immunohistochemical analysis of epiregulin protein 
levels in 107 SACC tumors and 11 normal submandibular gland 
(SMG) tissues. 

 
 
 
Of the tissue samples collected from 107 SACC 

patients, 72 cases with complete outcome data were 
further evaluated. Kaplan-Meier survival analysis 
showed that the additional adjuvant treatment after 
surgery could not increase the cumulative survival 
and metastasis-free survival in 72 SACC patients (data 
not shown), and therefore the effects of radiotherapy 
and chemotherapy were not taken into consideration. 
We found high epiregulin expression was associated 
with a high incidence of lung metastasis (P = 0.002) 
and a high rate of local recurrence (P = 0.044) (Table 
2). Moreover, Kaplan-Meier survival analysis showed 
that high epiregulin levels in SACC patients were 
significantly correlated with poor prognosis in terms 
of both cumulative survival (Figure 1C) and 
metastasis-free survival (Figure 1D).  
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Figure 1. Expression of epiregulin is upregulated in SACC and is correlated with poor clinical outcome. (A) Real-time PCR analysis of the expression 
of epiregulin in 60 human SACC tissue samples compared with 41 normal SMG tissue samples. *P < 0.05, Mann-Whitney U rank sum test. (B) Immunohistochemical 
analysis of epiregulin expression in 107 human SACC tissue samples and 11 normal SMG tissue samples, Scale bar = 20 μm. (C, D) Kaplan-Meier curves for cumulative 
and metastasis-free survival time. A total of 72 SACC patients were classified into high- or low-epiregulin groups, according to their immunohistochemistry staining 
score.  

 

Epiregulin induces a prometastatic phenotype 
in SACC cells in vitro and promotes lung 
metastasis in vivo 

To investigate the biological role of epiregulin in 
SACC cells, we first studied the expression of 
epiregulin in parental SACC-83 cells and in a subset of 
SACC cells that exhibit high lung metastasis 
(SACC-LM). Epiregulin was highly expressed in 
SACC-LM cells compared with the parental SACC-83 
cells (Figure 2A). Meanwhile, we generated OE cells 
and Vector cells (Figure 2B). We also established 
SACC-LM cells with stably knockdowned epiregulin 
(siEpiregulin cells) and control cells (siControl cells) 
(Figure 2C). Overexpression of epiregulin in OE cells 
induced transformed morphological characteristics of 
EMT, identified by a spindle-like morphology and 
decreased cell-cell adhesion. In contrast, siEpiregulin 

cells exhibited shrinkage morphology 
(Supplementary Figure 1A). Migration and invasion 
activity was also significantly increased in OE cells 
and decreased in siEpiregulin cells (Supplementary 
Figure 1, B and C). Moreover, OE cells exhibited a 
markedly increased metastatic potential in the mouse 
models (Figure 2, D and E).  

Next we showed that GLI1 and E-cadherin are 
involved in the EMT induced by epiregulin. 
Overexpression of epiregulin in SACC-83 cells 
decreased the expression of GLI1 and E-cadherin and 
increased N-cadherin expression, while stable 
knockdown of epiregulin in SACC-LM cells 
significantly increased the expression of GLI1 and 
E-cadherin and decreased the N-cadherin expression 
(Figure 2F). As further evidence, transfection of the 
GLI1-expressing lentiviral vector in OE cells rescued 
the expression of E-cadherin and decreased their 
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migratory and invasive ability (Figure 2, G-I). 
Moreover, enhanced expression of GLI1 significantly 
elevated the promoter activity of E-cadherin in 
SACC-83 cells (Figure 2J).  

 

Table 2. Correlation between the clinicopathological variables 
and expression of epiregulin in patients with SACC. 

Variables Epiregulin expression   
Total Low High χ2 P-value 
N N N 

Age (y)      
<42 32 14 18 0.101 0.751 
≧42 40 19 21   
Gender      
Male 21 7 14 1.866 0.172 
Female 51 26 25   
Tumor size      
<4cm 47 29 18 13.730 0.000 
≧4cm 25 4 21   
Clinical stage      
Ⅰ/Ⅱ 36 25 11 16.168 0.000 
Ⅲ/Ⅳ 36 8 28   
Site      
Major salivary gland 20 9 11 0.008 0.930 
Minor salivary gland 52 24 28   
Histological subtype      
Cribriform/Tubular 61 26 35 1.658 0.198 
Solid 11 7 4   
Lymph node metastasis      
Absent 64 29 35 0.000 1.000 
Present 8 4 4   
Perineural invasion      
Absent 32 17 15 1.234 0.267 
Present 40 16 24   
Lung metastasis      
Absent 43 26 17 9.206 0.002 
Present 29 7 22   
Local regional recurrence      
Absent 26 16 10 4.043 0.044 
Present 46 17 29   

 

Epiregulin increases angiogenesis and 
permeability of endothelial cells 

Heatmap and GO enrichment analysis was 
conducted on a microarray of the OE and Vector cells 
to identify the main biological processes in which the 
differentially expressed genes were involved. In 
addition to EMT, heatmap analysis (Supplementary 
Figure 2) and most GO terms were related to 
angiogenesis (Figure 3A). As supporting evidence, we 
showed that treatment with rhEpiregulin increased 
capillary formation, migration, and permeability of 
HPMECs (Figure 3, B–D). The expression of VEGFA, 
FGF-2, and IL-8 was significantly increased in OE cells, 
and decreased in siEpiregulin (Figure 3, E and F). 
Treatment with rhEpiregulin increased the 
angiogenesis-related molecules expression in 
HPMECs (Figure 3G). Moreover, epiregulin 
expression was positively correlated with VEGFA, 
FGF-2, IL-8, VEGFR1/2 and FGFR2 expression in the 

60 available SACC patient specimens (Figure 3H). 

Exosomes enhance tumor angiogenesis and 
vascular permeability and promote metastasis 
of SACC to the lung 

Exosomes derived from SACC-83 cells 
contribute to the highly metastatic characteristics of 
SACC-83 cells (Supplementary Figure 3). To examine 
whether SACC-83-derived exosomes could be 
transferred to endothelial cells, HPMECs were 
cultured with PKH26-labeled exosomes, and the 
uptake of exosomes was visualized using confocal 
microscopy (Figure 4A). The exosomes significantly 
enhanced invasion of HPMECs, as well as endothelial 
tube formation, and endothelial permeability (Figure 
4, B–D). These angiogenic functions of exosomes 
appear to be mediated by increasing the expression of 
the angiogenic factors, VEGFA, FGF-2, and IL-8 in 
HPMECs (Figure 4E).  

Next, the effect of exosomes on tumor blood 
vessel development was evaluated by subcutaneously 
injecting exosomes mixed with SACC-83 cells in a 
matrigel matrix into mice. Mouse CD31-stained tumor 
sections demonstrated that treatment with exosomes 
increased the formation of CD31+ blood vessels in vivo 
(Figure 4F). Interestingly, the addition of exosomes 
also increased the presence of macrophage cells in the 
matrigel plugs, as shown with F4/80 antibody 
staining (Supplementary Figure 4). We also carried 
out permeability assays by intravenously injecting 
exosomes (or PBS) into nude mice, followed by an 
intravenous EB injection. Treatment with exosomes 
significantly increased lung vascular leakage of EB 
(Figure 4G). In addition, exosome treatment 
significantly increased the number of metastatic 
nodules in an in vivo mouse lung metastasis model 
(Figure 4H). F4/80 antibody staining also showed 
exosomes injection increased the presence of 
macrophage cells in the lung pre-metastatic niche 
(Supplementary Figure 5A). 

Epiregulin-enriched exosomes enhance 
angiogenic activity of endothelial cells in vitro 

Electron microscopy showed that the exosomes 
derived from both OEs and Vector cells were 
quasi-circular and smaller than 100 nm (Figure 5A). 
Western blot demonstrated that increased expression 
of epiregulin was observed in OE exosomes (Figure 
5B). Flow cytometry indicated no obvious expression 
of epiregulin in the exosome membrane, while it was 
enriched in the plasma membrane surface of SACC-83 
cells. However, abundant CD63 protein was abundant 
in the surface of exosomes (Figure 5C). It was also 
observed that endothelial cells internalized 
PKH26-labeled exosomes (Figure 5D).  
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Figure 2. Effect of epiregulin on migration, invasion, and lung metastasis of SACC cells. (A) Protein expression of epiregulin in SACC-83 cells and 
SACC-LM cells. Actin was used as a control. (B) Protein and mRNA expression of epiregulin in SACC-83 cells stably transfected with the control vector (Vector) or 
the epiregulin expression vector (OE). (C) Protein and mRNA expression of epiregulin in SACC-LM cells stably transfected with control siRNA (siControl) or 
epiregulin siRNA (siEpiregulin). (D) Visualization of lung metastasis after intravenous injection of Vector cells or OE cells in NOD SCID mice. Representative images 
of bioluminescence signals and normalized photon flux are shown. (E) Representative images and quantification of metastatic tumor nodules and metastatic burden 
in the lung section of NOD SCID mice intravenously injected with Vector cells or OE cells. Scale bar = 100 μm. (F) Western blot analysis of N-cadherin, GLI1 and 
E-cadherin expression levels in differentially epiregulin-expressing SACC cells. β-actin was used as a control. (G, H) mRNA and protein expression of GLI1, 
E-cadherin, Snail, and Slug in OE cells transiently overexpressing GLI1 plasmid or Vector plasmid. GADPH was used as a control. (I) Migration and invasion assays of 
OE cells transiently overexpressing GLI1 or the Vector plasmid. Scale bar = 100 μm. (J) Dual luciferase assay showing relative E-cadherin promoter luciferase reporter 
gene activity in SACC-83 cells incubated with the GLI1 plasmid or Vector plasmid. All data are expressed as mean ± SD, *P < 0.05. 

 
 
OE exosomes increased the expression of 

epiregulin and the number of tube-like structures in 
the endothelial cells (Figure 5, E and F). SiEpiregulin 
exosomes decreased the formation of tube-like 
structures (Figure 5G). Moreover, OE exosomes 
increased the mRNA levels of VEGFA, FGF-2, and 
IL-8 in HPMECs (Figure 5H). ELISA assay also 
indicated that OE exosome-treated HPMECs released 
more VEGFA protein at 15, 30, and 60 minutes than 
Vector exosome-treated cells (Figure 5I). 

Epiregulin-enriched exosomes promote lung 
pre-metastatic niche formation and metastasis 

Gross observation, CD31/CD34 immunohisto-
chemical analysis, and quantification of hemoglobin 
(Figure 6, A-C) indicated that implantation with OE 
exosomes induced more capillaries. Implantation 
with OE exosomes also increased the leakage of EB in 
mice lung (Figure 6D). Moreover, intravenous 
injection of OE exosomes in immunodeficient (NOD 
SCID) mice significantly increased the lung 
metastases of SACC (Figure 6E). OE exosomes 
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treatment also increased the presence of macrophage 
cells in the in vivo mouse lung metastasis model 
(Supplementary Figure 5B). 

Finally, we evaluated whether epiregulin- 
enriched OE exosomes promoted the formation of a 
pre-metastatic niche in mice lungs compared with 
Vector exosomes. Our flow cytometric analysis 
showed that VEGFR1 expression, which has 
previously been shown to be involved in the 
generation of lung pre-metastatic niche (26-29), was 

significantly increased in CD146+-sorted lung 
endothelial cells following stimulation with OE 
exosomes compared with Vector exosomes (Figure 
6F). Meanwhile, although there were no significant 
differences in mRNA expression in the total lung 
tissue between the two treatment groups, OE 
exosomes significantly enhanced the mRNA 
expression of VEGFA, FGF-2, and IL-8 in the 
CD146+-sorted lung endothelial cells (Figure 6G). 

 

 
Figure 3. Epiregulin is involved in the angiogenesis and permeability of endothelial cells. (A) Gene ontology (GO) analysis of differentially expressed mRNAs in Vector cells and 
OE cells. GO annotation of biological process with the top 20 enrichment scores cover the domains of pro-angiogenic process (solid line frame), as well as the EMT process (dotted line frame). 
(B) Representative images and quantification of tube formation of endothelial cells 12 hours after incubation with HUVECs or HPMECs with 50 ng/ml epiregulin. Scale bar = 500 μm. (C) 
Representative images of the migration of HPMECs cultured with 50 ng/ml epiregulin in a wound healing assay, and quantification of the scratch closure 16 hours after generating the scratch. 
Scale bar = 500 μm. (D) Permeability assay in HPMECs exposed to 20 ng/ml epiregulin. Results are expressed as fold change relative to the control group. (E, F) Real-time PCR of relative 
VEGFA, FGF-2, and IL-8 mRNA expression levels in OE/Vector and siEpiregulin/siControl cells. (G) rhEpiregulin increased the expression of VEGFA, FGF-2, IL-8, VEGFR1/2, and FGFR1/2 
mRNA in HPMECs. (H) Correlation of epiregulin levels with VEGFA, FGF-2, IL-8, VEGFR1/2, and FGFR1/2 mRNA levels in SACC tissues (n = 60). Pearson correlation coefficient with the 
respective significance is indicated. All data are expressed as mean ± SD, *P < 0.05. 
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Figure 4. Exosomes derived from SACC-83 cells (83 exo) promote angiogenesis and vascular permeability, and increase the lung metastasis of 
SACC-83 cells. (A) The uptake of PKH26-labeled exosomes (red) by HPMECs, detected with fluorescence confocal microscopy. Scale bar = 10 μm. (B) Invasion 
assay for HPMECs after incubation with or without 83 exo. Scale bar = 200 μm. (C) Tube formation assay for HPMECs after incubation with or without 83 exo. Scale 
bar = 500 μm. (D) Permeability assay for HPMECs after incubation with or without 83 exo. (E) Real-time PCR analysis of relative VEGFA, FGF-2, and IL-8 mRNA 
expression levels in HPMECs after treatment with or without 83 exo. (F) Immunohistochemical analysis of CD31 in SACC-83 tumor grafts in nude mice after 
incubation with or without 83 exo (n = 5 per group). Scale bar = 50 μm. (G) Representative images of Evans Blue (EB) leakage in the lungs of nude mice 5 days after 
stimulation with or without 83 exo. (n = 5 per group). (H) Representative immunohistochemical images of experimental lung metastases in NOD SCID mice 
pre-stimulated with or without 83 exo (n = 6 per group). Scale bar = 100 μm. Quantification of lung metastatic tumor nodules and metastatic burden assessed by H&E 
staining on lung non-consecutive sections. The data are expressed as mean ± SD except for (H), which is presented as mean ± SEM. *P < 0.05.  

 

Discussion 
Liu et al. (9) indicated that the high epiregulin 

levels had a significantly shorter median overall 
survival in patients with head and neck cancer. In this 
study, we first show the positive relationship between 
the expression of epiregulin and metastasis to lung in 
patients. High tissue levels of epiregulin in primary 
tumor is a predictor of liver metastasis and a poor 
prognosis in patients with colorectal cancer; therefore, 
epiregulin appeared to be a useful prognostic marker 
in KRAS wild-type patients who never received 
anti-EGFR therapy (30-32). Patients with metastatic 
colorectal cancer that have high gene expression 
levels of epiregulin and amphiregulin and wild-type 
K-ras are more likely to have disease control on 
cetuximab treatment (33). High epiregulin mRNA is 
independent favorable prognostic biomarker in 
RAS-wild type metastatic colorectal cancer patients 
receivng anti-EGFR therapy (34). Our data also 

showed that high epiregulin expression in SACC was 
significantly correlated with poor prognosis in terms 
of both cumulative survival and metastasis-free 
survival. Although we were not able to demonstrate 
that epiregulin was an independent prognostic factor 
for poor outcome in SACC patients, the identified 
marker might be developed further to be a therapeutic 
target in SACC. 

Our previous study showed that EMT is 
involved in metastasis of SACC to the lung (35, 36). 
While EMT is a critical event for tumor metastasis, its 
regulatory mechanisms are not completely clear. We 
found that GlI1, a key transcription activator of the 
Sonic Hedgehog (Shh) signaling pathway, is closely 
linked to the epiregulin-induced EMT in SACC. 
Furthermore, GlI1 levels were positively correlated 
with E-cadherin expression in epiregulin-induced 
EMT. Studies of the relationship between the Shh 
pathway and EMT have recently emerged, but they 
remain controversial. Most studies, such as Inaguma 
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et al. (37), suggest that GlI1 facilitates cancer cell 
migration and invasion through negative regulation 
of E-cadherin in melanoma and pancreatic cancers. 
On the contrary, Joost et al. (38) proposed that 
inhibition of GlI1 promoted EMT in pancreatic 
cancers and that GlI1 is positively related to 

E-cadherin expression. Our results show that 
upregulation of GlI1 rescues E-cadherin expression in 
epiregulin-induced EMT, which in turn, decreases the 
migration and invasion of epiregulin-overexpressing 
SACC cells.  

 
Figure 5. Epiregulin-enriched exosomes derived from SACC-83 cells stably overexpressing epiregulin (OE exo) enhance the angiogenic activity of 
endothelial cells in vitro. (A) Electron microscopy images of Vector exosomes and OE exosomes (scale bar = 100 nm). (B) Western blot assay for epiregulin and HSP70 
(exosomal marker) expression in Vector exosomes and OE exosomes. (C) Flow cytometric analysis of epiregulin expression in Vector exosomes and OE exosomes. (D) 
Confocal images of HPMECs incubated with PKH26-labeled (red) Vector exosomes or OE exosomes for 24 hours. Scale bar = 10 μm. (E) Western blot assay for epiregulin 
expression in HPMECs incubated with Vector exosomes or OE exosomes. (F) Representative images of tube formation of HPMECs 12 hours after incubation with Vector 
exosomes or OE exosomes. Scale bar = 500 μm. (G) Real-time PCR analysis of relative VEGFA, FGF-2, and IL-8 mRNA expression in HPMECs after treatment with Vector 
exosomes or OE exosomes. (H) ELISA analysis of VEGF levels in the conditioned medium of HPMECs after the addition of indicated exosomes. All data are expressed as mean 
± SD, *P < 0.05. 
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Figure 6. Effect of epiregulin-enriched exosomes (OE exo) on angiogenesis, permeability of endothelial cells, and lung metastasis in vivo. (A, B) 
Representative images of the general observation and the CD31/CD34 immunohistochemical staining of the matrigel plugs (n = 8 per group; scale bar = 50 μm). (C) 
The hemoglobin content of the matrigel plugs (n = 8 per group). Data are shown as mean ± SEM. (D) Representative images and quantification of Evans Blue (EB) 
leakage in the lung in nude mice 5 days after stimulation with the indicated exosomes (n = 3 per group). Data are shown as mean ± SEM. (E) The formation of lung 
metastasis in mice after stimulation with Vector exosomes or OE exosomes, as represented by bioluminescence signals (left) and normalized photon flux (middle). 
Representative immunofluorescence images of HLA-A-labeled Vector cells (red) in frozen tumor-bearing lung sections (right). Scale bar = 20 μm. (F) Flow cytometric 
analysis of VEGFR1 expression in CD146+-sorted lung endothelial cells from mice. Relative percentage of positive cells are shown. (G) Real-time PCR analysis of 
VEGFA, IL-8, and FGF-2 expression in the total lungs from mice and in the CD146+ sorted murine endothelial cells obtained from treated mice (n = 8 per group). The 
data are expressed as mean ± SD except otherwise stated, *P < 0.05. 

 
Epiregulin has previously been implicated in 

inflammation, wound-healing, normal physiology, 
and vascular remodeling (39-41). Using microarray 
analysis, we showed that upregulation of epiregulin 
increased the expression of angiogenic and vascular 
remodeling related factors in SACC cells. In addition, 
we found a positive correlation between epiregulin 
and important angiogenic factors, such as VEGFA, 
bFGF, and IL-8. During the metastasis process of 
malignant tumor cells, the increasement of vascular 
permeability has been believed as an early event (42). 
Furthermore, we found that epiregulin increases 
vascular endothelial cell angiogenesis and 
permeability in vitro and promotes lung metastasis of 
SACC cells in vivo.  

Based on our findings in two adenoid cystic 
carcinoma cell lines SACC-83 and SACC-LM, and 

those in the literature, we propose the term 
‘exosomecrine’ be used to denote intercellular 
signaling transduction by exosome-mediated transfer 
of material. The transfer of materials between cells has 
been identified via autocrine, paracrine, and 
juxtacrine mechanisms (20, 43). The nature of 
exosome mediation, which enables distant 
communication, distinguishes exosomecrine from the 
autocrine, paracrine, and juxtacrine. Recently, 
exosomes were identified as a major cellular source of 
protein in the tumor microenvironment, and 
exosomes derived from tumor cells were shown to 
reprogram the tumor microenvironment to be tumor 
promoting (18, 44, 45). Specifically, a previous study 
demonstrated that amphiregulin, an EGFR ligand, 
was released as full-length, exosome-surface ligand 
(which is different from the cleaved form used in 
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autocrine/paracrine processes) and can result in 
increased tumor invasive ability (46). Our current 
study shows that epiregulin secreted in an 
exosomecrine manner is also a full-length uncleaved 
ligand, but not at the surface of exosomes, indicating 
that EGFR ligands are secreted in various forms. 
Given that epiregulin is a ligand for EGF family 
receptors, this implies epiregulin may have 
independent signaling functions in the cytoplasm 
after internalization via exosomes.  

We showed that epiregulin-enriched exosomes 
were able to significantly enhance lung metastasis 
when injected prior to SACC cells. 
Epiregulin-enriched exosomes enhanced the 
expression of VEGF, FGF-2, and IL-8 in both SACC 
and lung vascular endothelial cells in vitro and in vivo, 
thus contributing to angiogenesis. Moreover, 
epiregulin-enriched exosomes elevated the expression 
of VEGFR1 in CD146+-sorted lung endothelial cells, 
and VEGFR1 is known to be involved in generating 
the pre-metastatic niche in lung (26-29). Our results 
suggest that epiregulin-enriched exosomes can elicit a 
receptive pre-metastatic microenvironment by 
remodeling the lung vascular endothelial cells, thus 

coordinating the metastatic diffusion of SACC cells, as 
summarized in Figure 7. 

It is important to note that as exosomes can 
transport a variety of molecules (such as protein, 
microRNA, LncRNA, DNA), we could not posit a 
precise causal relationship solely between the 
epiregulin found within exosomes and the changes in 
the surrounding tumor or distant pre-metastatic lung 
microenvironments. However, our findings 
demonstrate that epiregulin-enriched exosomes 
derived from epiregulin-overexpressing SACC cells 
promote lung metastasis more effectively, by 
influencing both SACC cells and endothelial cells, 
with the upregulation of VEGFA, bFGF, and IL-8.  

In summary, our findings indicate that 
epiregulin in SACC is a critical oncoprotein that 
facilitates metastasis. Epiregulin acts via exosomes to 
facilitate metastasis not only by directly affecting host 
tumor cells, but also influencing the surrounding 
tumor cells and distant lung endothelial cells. Thus, 
epiregulin and epiregulin-containing exosomes may 
represent an important therapeutic target for 
controlling lung metastasis in patients with SACC. 

 
Figure 7. Schematic diagram of the role of epiregulin and epiregulin-enriched exosomes in the initiation of pre-metastatic niche formation and metastasis.  
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