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Purpose: Perineural invasion (PNI) is reported to correlate with local recurrence and poor 

prognosis of salivary adenoid cystic carcinoma (SACC). However, the pathogenesis of PNI 

remains unclear. The aims of this study were to investigate the correlation between sympathetic 

innervation and SACC PNI and to elucidate how the sympathetic neurotransmitter norepinephrine 

(NE) regulates the PNI process.

Materials and methods: Sympathetic innervation and β2-adrenergic receptor (β2-AR) 

expression in SACC tissues were evaluated by immunohistochemistry. The NE concentrations 

in SACC tissues and dorsal root ganglia (DRG) coculture models were measured by ELISA. 

β2-AR expression in SACC cells was detected by performing quantitative real-time polymerase 

chain reaction (qRT-PCR) and immunofluorescence assay. SACC cells were treated with NE, the 

nonselective α-AR blocker phentolamine, the β2-AR antagonist ICI118,551, or were transfected 

with β2-AR small interfering RNA (siRNA). Proliferation was evaluated in methyl thiazolyl 

tetrazolium assay, and migration was evaluated in Transwell assay and wound-healing assay. 

PNI was tested through both Transwell assay and a DRG coculture model. The expressions 

of epithelial–mesenchymal transition (EMT) markers and matrix metalloproteinases (MMPs) 

were measured by performing qRT-PCR and Western blot assay.

Results: Sympathetic innervation and β2-AR were highly distributed in SACC tissues and 

correlated positively with PNI (P=0.035 and P=0.003, respectively). The sympathetic neu-

rotransmitter NE was overexpressed in SACC tissues and DRG coculture models. Exogenously 

added NE promoted proliferation, migration, and PNI of SACC cells via β2-AR activation. 

NE/β2-AR signaling may promote proliferation, migration, and PNI by inducing EMT and 

upregulating MMPs. However, β2-AR inhibition with either an antagonist or siRNA abrogated 

NE-induced PNI.

Conclusion: Collectively, our findings reveal the supportive role of sympathetic innervation in 

the pathogenesis of SACC PNI and suggest β2-AR as a potential therapeutic target for treating 

PNI in SACC.

Keywords: salivary adenoid cystic carcinoma, perineural invasion, sympathetic innervation, 

β2-adrenergic receptor, norepinephrine

Introduction
Salivary adenoid cystic carcinoma (SACC) is a rare variant of adenocarcinoma that 

most often originates from the salivary glands and accounts for ~22% of all salivary 

gland malignancies.1–3 SACC is well known to researchers for its unique characteristics, 

including indolent but continuous growth, a high incidence of pulmonary metastasis, 

potential local recurrence, and perineural invasion (PNI).4,5 PNI is defined as tumor 
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cell invasion of nerve fibers and further metastasis to distant 

sites along the nerve, representing a specific phenomenon 

resulting from reciprocal interactions between tumor cells 

and nerves.6,7 Apart from SACC, PNI has also been widely 

reported in pancreatic cancer, prostate cancer, gastrointes-

tinal cancer, and head and neck cancer.7,8 Previously, we 

performed a meta-analysis of PNI in head and neck adenoid 

cystic carcinoma, and we found that the PNI incidence of 

adenoid cystic carcinoma was up to 43.2%. Furthermore, our 

meta-analysis demonstrated that PNI was an independent 

prognostic characteristic in head and neck adenoid cystic 

carcinoma.9 Currently, surgery (in some cases accompanied 

by adjuvant radiotherapy) is the primary therapeutic strategy 

for patients with SACC, and PNI has been widely reported to 

correlate with local recurrence and poor prognosis for patients 

with SACC.1,10 However, there is still no effective therapeutic 

strategy for treating PNI due to the poor understanding of 

PNI pathogenesis in SACC.

Although the PNI phenomenon was first reported more 

than a century ago, a clear understanding of PNI pathogenesis 

has not been attained. At first, researchers thought that the 

perineural space served as a low-resistance environment for 

tumor cells to spread and survive. However, the hypoth-

esis was proven wrong with the development of modern 

anatomy.11,12 Recently, with the development of tumor 

microenvironment theory, an increasing number of studies 

have focused on reciprocal interactions between tumor cells 

and nerves.11 For example, we have investigated the effects of 

nerve growth factor and chemokine (C-C motif) ligand 5/C-C 

chemokine receptor type 5 signaling on PNI in SACC.13 In 

addition, data from several recent studies indicated that the 

sympathetic nervous system may play a key role in tumor 

progression.14,15 However, whether sympathetic nerves are 

associated with PNI in SACC remains unknown.

The sympathetic nervous system is a component of the 

autonomic nervous system, and it plays vital roles under both 

normal and pathologic conditions. Sympathetic nerves widely 

innervate tissues and organs throughout the whole body and 

act by releasing the neurotransmitter norepinephrine (NE) to 

activate adrenergic receptors.14 Sympathetic innervation has 

been detected in prostate cancer, hepatocellular carcinoma, 

and lung adenocarcinoma, where it may provide survival 

signals to cells in the tumor microenvironment and contribute 

to growth, invasion, and metastasis.15–17 In addition, data from 

a series of preclinical and epidemiologic studies indicated that 

β2-adrenergic receptor (β2-AR) blockers may be potential 

adjuvant therapies for treating malignancies.18–20 Moreover, 

a recent study introduced the possibility that NE promotes 

PNI in pancreatic cancer by activating STAT3 signaling.21 

However, whether sympathetic signaling could regulate 

malignant biologic behavior including PNI in SACC has, 

to the best of our knowledge, not been examined to date. 

Given the important role of sympathetic nerves in regulating 

tumor progression and its rich innervation in normal salivary 

gland (NSG) tissues,22 we hypothesized that sympathetic 

innervation is positively correlated with SACC PNI and that 

the sympathetic neurotransmitter NE contributes to PNI in 

SACC via β2-AR.

To test our hypothesis, we first investigated sympathetic 

innervation, β2-AR expression, and NE production in SACC 

tissues and analyzed their correlations with PNI. In addition, 

we evaluated the proliferation, migration, and PNI abilities 

of SACC cells treated with NE and the role of β2-AR in 

mediating NE-induced PNI. Moreover, we further explored 

the possible mechanism underlying NE-induced PNI and our 

data suggested β2-AR as a potential therapeutic target for 

treating PNI in SACC.

Materials and methods
Patient and tissues
A total of 55 surgically resected SACC tissues and 28 

NSG tissues were collected from the Department of Oral 

and Maxillofacial Surgery, School of Stomatology, the 

Fourth Military Medical University (Xi’an, China) between 

December 2006 and June 2017. To be enrolled in the study 

cohort, patients with SACC had to meet the following inclu-

sion criteria: 1) SACCs were histopathologically confirmed 

by experienced pathologists; 2) SACCs were primary tumors 

rather than metastasis from other organs. The exclusion 

criteria were 1) patients who had previously received che-

motherapy, radiotherapy, or other cancer-related treatments; 

2) patients with incomplete clinical or pathologic data. The 

present study was approved by the ethics committee of 

the School of Stomatology, the Fourth Military Medical 

University. Formal informed consent was not required for 

the present study because there is no direct contact with the 

patients, and we did not have to use personal data of the 

patients. All samples were anonymized.

reagents and antibodies
Anti-tyrosine hydroxylase (TH) was purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). Anti-β2-AR, 

anti-MMP2, anti-MMP9, anti-GAPDH (glyceraldehyde 

3-phosphate dehydrogenase) antibodies, and β2-AR antago-

nist ICI118,551 were purchased from Abcam (Cambridge, 

UK). Anti-α1B-AR and anti-α2A-AR antibodies were 
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purchased from Proteintech Group (Wuhan, China). 

Anti-Slug antibody was purchased from Cell Signaling 

Technology (Danvers, MA, USA). Anti-E-cadherin, anti-

β1-AR, anti-vimentin antibodies, and rabbit IgG isotype 

control were purchased from GeneTex (San Antonio, TX, 

USA). Adrenergic receptor agonist NE was purchased from 

Aladdin (Shanghai, China). Nonselective α-AR blocker 

phentolamine hydrochloride was purchased from Sigma-

Aldrich (Saint Louis, MO, USA).

cell lines and culture conditions
The human SACC cell lines SACC-83 and SACC-LM were 

kindly provided by Dr Shenglin Li (Peking University, 

China). Use of the SACC cell lines was approved by the 

ethics committee of the School of Stomatology (The Fourth 

Military Medical University). Both cell lines were cul-

tured in RPMI-1640 medium (Hyclone, Logan, UT, USA) 

supplemented with 10% FBS (Gibco, Carlsbad, CA, USA), 

100 U/mL penicillin, and 0.1 mg/mL streptomycin (Hyclone) 

at 37°C in 5% CO
2
.

immunohistochemistry (ihc)
Tumor sections were first stained with H&E to confirm 

the presence of PNI (Figure S1). PNI was defined as 

described previously.6 The IHC assay was performed using 

the streptavidin–biotin–peroxidase method, as we have 

previously described.13 Briefly, 5-μm-thick sections were 

cut from formalin-fixed, paraffin-embedded tissue speci-

mens. Then, the sections were deparaffinized in xylene and 

rehydrated using a graded series of alcohol solutions. Epitope 

retrieval was performed by placing the sections in boiling 

citrate buffer (pH 6.0) for 5 minutes. Endogenous peroxidase 

activity was blocked with 3% hydrogen peroxide solution 

for 20 minutes. Subsequently, the slides were incubated with 

3% normal goat serum (ZSGB-BIO Ltd., China) at 37°C for 

40 minutes to block nonspecific staining. Then, the slides 

were incubated overnight with primary antibodies against 

TH (1:1,000) or β2-AR (1:1,000) at 4°C. Subsequently, the 

slides were washed and analyzed using the Biotinylated-

Streptavidin HRP Detection System (ZSGB-BIO, Ltd.). 

Finally, the DAB Horseradish Peroxidase Color Develop-

ment Kit (ZSGB-BIO, Ltd.) was used to visualize immu-

noreactivity. Tissue slides were then counterstained with 

hematoxylin (ZSGB-BIO Ltd.), dehydrated, and mounted. 

Sections incubated with PBS were used as negative controls.

Two experienced pathologists evaluated the IHC staining 

in a blinded manner, without knowledge of the clinicopatho-

logic data of the SACC patients. They observed all tissue 

slides carefully under a light microscope (4N75; Nikon, 

Tokyo, Japan) to identify positive sympathetic innervation 

or β2-AR expression. Then, positively stained slides were 

selected for further quantitative analysis, as reported 

previously.5,15,23 For sympathetic innervation, the slides were 

first observed at low magnification (40×), to locate “hot 

spots”, that is, regions containing the highest density of posi-

tive sympathetic nerve fibers. Then, 3–5 high-magnification 

(100×) microscopic fields were randomly chosen from the 

“hot spots” to estimate the positive nerve areas. The posi-

tive nerve areas of each field were measured and calculated 

using Image-Pro Plus v6.0 software (Media Cybernetics, 

Inc., Bethesda, MD, USA). In contrast, the β2-AR expres-

sion levels were estimated based on the integrated optical 

density (IOD), which was measured using Image-Pro Plus 

v6.0 software. Similar to the measurement process used 

to study sympathetic innervation, 3–5 high-magnification 

(100×) microscopic fields were randomly chosen from “hot 

spots” found at a low magnification (40×) to estimate the 

IOD value. The mean IOD value for each field was calculated 

using the following formula: mean IOD = IOD of positive 

cells/total areas of the field.23 Finally, we compared the posi-

tive sympathetic nerve areas and β2-AR expression levels, 

according to the positive nerve areas and mean IODs from 

three to five randomly chosen fields, respectively.

elisa experiments
NE levels in SACC tissues, NSG tissues, and culture super-

natant from dorsal root ganglia (DRG) coculture models were 

determined using an ELISA Kit (Westang, Shanghai, China), 

according to the manufacturer’s protocols.

Quantitative real-time polymerase chain 
reaction (qrT-Pcr)
Total RNA was extracted from cells using TRNzol reagent 

(TIANGEN Biotechnology, Beijing, China) and converted 

into cDNA using a First-Strand Synthesis Kit (TIANGEN 

Biotechnology). PCR amplifications were performed with 

the SuperReal PreMix Plus (SYBR green) (TIANGEN 

Biotechnology) on a BIO-Rad system. The results were 

expressed as the copy number of each gene relative to that of 

GAPDH. The relative expressions of genes were calculated 

by the 2-ΔΔCt method.24 Sequences of primers for each gene 

are listed in Table 1.

Immunofluorescence
Immunofluorescence was performed to evaluate α1B-AR, 

α2A-AR, β1-AR, and β2-AR expression in SACC-83 and 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.dovepress.com/get_supplementary_file.php?f=190847.pdf


OncoTargets and Therapy 2019:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1478

Ma et al

Table 1 The primers used in the study

Gene Sequence (5′–3′)

Upper Lower

gaPDh cTccTccaccTTTgacgcTg TccTcTTgTgcTcTTgcTgg
e-cadherin TgTcgTcaccacaaaTccagT ccaggggacaagggTaTgaac
n-cadherin aggcTTcTggTgaaaTcgca aaaTcTgcaggcTcacTgcT
Vimentin ggaccagcTaaccaacgaca aaggTcaagacgTgccagag
slug gcTacccaaTggccTcTcTc cTTcaaTggcaTgggggTcT
MMP2 ccagaTcgcgagagagcaaTa gTagTTggccacaTcTgggT
MMP9 ccTgggcagaTTccaaaccT gTacacgcgagTgaaggTga
α1a-ar cggggaggaagTcTaggaca gTcTaccacccaccccaTTc
α1B-ar gaagaagaccacgggggaag TcTTagagTccgcccTccaT
α1D-ar gccTacgaaTTggccgacTa agcTgcccTgaTcagTTTcc
α2a-ar aTccTggccTTgggagagaT TcTcaaagcaggTccgTgTc
α2B-ar TaTcggccTTcccTTggaga cTcggTgcccTTccaaaTcT
α2c-ar TcTggaTcggcTacTgcaac cTccgTcggaagaggaTgTg
β1-ar TccTTgTgTagggcaaaccc cgccTggTccTTccaacTaa
β2-ar TgcTaTgccaaTgagaccTg TccaccTggcTaaggTTcTg
β3-ar TacTcTgcgcTggcTTTTga aaaggcTcaagcTcacTccc

Abbreviations: ar, adrenergic receptor; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metalloproteinase.

SACC-LM cells. The cells were cultured on coverslips in a 

six-well plate for 24 hours at 37°C in a cell incubator. Then the 

coverslips were fixed in 4% paraformaldehyde for 15 minutes 

after washing with PBS. To block nonspecific reactions, 

the coverslips were incubated with normal goat serum at 

room temperature for 40 minutes. Then, the coverslips were 

incubated for 16 hours at 4°C in a humidified chamber with 

α1B-AR (1:200), α2A-AR (1:200), β1-AR (1:200), and 

β2-AR antibody (1:200). PBS and rabbit IgG isotype control 

were used as negative controls. After washing with PBS, the 

coverslips were incubated with secondary antibody (Alexa-488  

goat anti rabbit; 1:200, Yeasen Ltd, Shanghai, China) at 37°C 

for 15 minutes and DAPI was used as a counterstain. Finally, 

the slides were examined under an Olympus microscope. 

Then, positively stained slides were selected for further quan-

titative analysis, and 3–5 high-magnification (400×) micro-

scopic fields were randomly chosen from a slide to estimate 

the fluorescence intensity. The fluorescence microscope fields 

were assessed using Image-Pro Plus v6.0 software (Media 

Cybernetics, Inc., Bethesda, MD, USA), and the mean density 

(IOD/area) of each image was collected.

sirna transfection
Sequences of small interfering RNA (siRNA) used for 

knockdown of β2-AR were designed and obtained from 

GenePharma (Shanghai, China). The sequences were listed 

as follows: β2-AR siRNA, 5′-CCUAGCGAUAACAUU 

GAUUTT-3′, and control siRNA, 5′-UUCUCCGAACGUG 

UCACGUTT-3′. SACC cells were transfected with β2-AR 

siRNA or control siRNA using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA, USA), according to the manufac-

turer’s protocol. The knockdown efficiency was determined 

at both the mRNA and protein levels.

MTT assay
The effects of NE, ICI118,551, and phentolamine on the 

proliferation of SACC cell lines were tested by MTT assay. 

The SACC-83 and SACC-LM cells were seeded in 200 μL 

complete medium in 96-well plates with an initial cell den-

sity of 2×103/well. After serum starving for 24 hours, the 

medium was removed, NE, ICI118,551, phentolamine, or 

their combination in 1% serum medium was added to the 

culture plates. After an incubation of 48 hours, the medium 

was removed and MTT reagent (5 mg/mL) was added and 

incubation was continued for an additional 4 hours. Then, 

150 μL of dimethyl sulfoxide (Sigma-Aldrich, St Louis, 

MO, USA) was added, and the OD was measured at 490 nm 

using an ELISA plate reader. The cells cultured in 1% serum 

medium served as the control group. The relative growth 

rate was calculated according to the following formula: 

experimental OD value/control OD value. All experiments 

were performed in triplicate.

Transwell migration assay and wound-
healing assay
For the Transwell migration assay, 8 μm pores (BD Bio-

sciences, Franklin Lakes, NJ, USA) were used in 24-well 

plates to evaluate migration ability. SACC cells were serum 
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starved overnight and 1×105 cells were added onto the upper 

inserts in 200 μL serum-free RPMI 1640 media. The lower 

chamber was added with 600 μL 1% serum media as a 

chemoattractant. The inserts were removed after 24 hours and 

nonmigrating cells on the upper surface of the inserts were 

wiped with a cotton swab. Migrated cells on the undersurface 

of the membrane were fixed in 4% paraformaldehyde for 

10 minutes and then stained with crystal violet staining 

solution (Beyotime, Shanghai, China) for 10 minutes. 

Quantification was performed by counting the migrated cells 

in five randomly selected high-power fields (200×).

For wound-healing assay, cells were grown on six-well 

plates to about 80% confluence. A scratch was generated with 

a 200 μL pipette tip. Subsequently, the wounded monolayers 

were washed with PBS three times to remove nonadherent 

cells, and then 2 mL culture medium with 1% serum was 

added with the indicated agents for 36 hours. Wound healing 

was quantified and photographed. The wound-healing assay 

was performed in triplicate.

Transwell Pni assay
The promoting effects of NE on PNI activities of SACC-83 

and SACC-LM cells were investigated by both Transwell 

PNI assay and DRG coculture model. For the Transwell PNI 

assay, 8 μm pores (BD Biosciences, Franklin Lakes, NJ, 

USA) were used in 24-well plates to evaluate PNI ability. 

SACC cells were serum starved overnight and 1×105 cells 

were added onto the Matrigel (BD Biosciences, Franklin 

Lakes, NJ, USA)-covered inserts in 200 μL serum-free RPMI 

1640 media. The lower chamber was seeded with two DRG 

explants from a newborn Sprague-Dawley rat in 600 μL 

1% serum media to simulate the perineural surrounding 

environment. The inserts were removed after 24 hours and 

noninvaded cells on the upper surface of the inserts were 

wiped with a cotton swab. Invaded cells on the undersur-

face of the membrane were fixed in 4% paraformaldehyde 

for 10 minutes and then stained with crystal violet staining 

solution (Beyotime, Shanghai, China) for 10 minutes. Quan-

tification was performed by counting the invaded cells in five 

randomly selected high-power fields (200×).

Drg coculture model
The in vitro DRG coculture model of PNI was based on a 

technique originally described in a prostate cancer study.25 

Briefly, we plated a colony of ~5×104 serum-starved SACC 

cells in a 12-well plate with 20 μL Matrigel. Then, the 12-well 

plate was incubated at 37°C to solidify the Matrigel. Thereaf-

ter, an excised DRG from a newborn Sprague-Dawley rat was 

transferred into the center of a 10 μL drop of Matrigel, ~1 mm 

adjacent to the colony of SACC cells. SACC cells and DRGs 

were cultured in 1% serum media at 37°C and 5% CO
2
. 

At 72 hours after the cancer cells were added, the plates were 

examined using an Axiovert 200 M microscope (Carl Zeiss, 

German), and images were acquired using a Photometrics 

Coolsnap ES camera (Photometrics, Tucson, AZ, USA). 

Quantification was performed by calculating the nerve inva-

sion index and the DRG outgrowth index at 72 hours relative 

to that at 24 hours.26,27 The total distance between the edge of 

the DRG and the edge of the cancer cell colony was defined 

as γ. The distance that the cancer cell colony migrated toward 

the DRG was defined as α, and the outgrowth distance of the 

DRG toward the cancer cell colony was defined as β. The 

nerve invasion index was calculated as α/γ, and the DRG 

outgrowth index was calculated as β/γ.

Western blot
Cell protein extracts were collected using radioimmuno-

precipitation buffer (Applygen Technologies, Inc., Beijing, 

China). Protein concentration was determined by BCA 

Protein Assay Kit (Applygen Technologies, Inc., Beijing, 

China). The protein extracts were mixed with 5× loading 

buffer (Beyotime, Shanghai, China) and boiled for 5 minutes. 

Protein extracted from each sample was separated by 10% 

SDS-PAGE and were transferred onto polyvinylidene 

difluoride membranes (Millipore, Temecula, CA, USA). 

The membranes were blocked in 5% nonfat dry milk for 

1 hour and incubated overnight at 4°C with primary antibod-

ies. Then, the membranes were incubated with horseradish 

peroxidase-conjugated secondary antibody (ZSGB-BIO Ltd.) 

for 2 hours. The membranes were scanned by ChemidocTM 

XRS + with Image LabTM software (Bio-Rad Laboratories, 

Inc., Hercules, CA, USA) and semiquantitative analysis was 

performed using the Image LabTM software.

statistical analysis
Statistical analysis was carried out using SPSS software 

(version 19.0, IBM, USA) and GraphPad Prism (version 6.01, 

GraphPad Software, Inc., La Jolla, CA, USA). The asso-

ciation of sympathetic innervation or β2-AR expression 

with clinicopathologic characteristics was analyzed using 

Pearson’s chi-squared test or Fisher’s exact test. The logistic 

regression analysis was used to analyze the clinicopathologic 

characteristics that were independently associated with PNI. 

The Student’s t-test or Mann–Whitney U-test was used to 

compare the means of two groups. P,0.05 was considered 

as the threshold for significance in all analyses.
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Results
sympathetic innervation positively 
correlated with Pni in patients with 
sacc
To evaluate the association of sympathetic innervation with 

PNI in SACC tissues, we retrospectively analyzed sympathetic 

nerve areas from 55 SACC tissues. IHC results demonstrated 

that positive sympathetic innervation occurred in both tumor 

parenchyma and stroma (Figure 1). In SACC tissues positive 

for sympathetic innervation with PNI, gross sympathetic 

nerve fibers were distributed in tumor parenchyma, and tumor 

cells had invaded and spread along the sympathetic nerve 

fibers (Figure 1A). In SACC tissues positive for sympathetic 

innervation, but without PNI, fine sympathetic nerve fibers 

were mainly distributed in the tumor stroma (Figure 1B). 

Figure 1 sympathetic innervation correlated positively with Pni in sacc tissues.
Notes: (A) Sympathetic nerve fibers were invaded by tumor cells in SACC tissues with PNI (invaded tumor cells are indicated with red arrowheads). (B) Fine sympathetic 
nerve fibers were mainly distributed in the stroma of SACC tissues without PNI. (C) negative sympathetic innervation in sacc tissues without Pni. (D) Tiny sympathetic 
nerve fibers were sparsely scattered in NSG tissues. (E) Quantitative comparison of the sympathetic innervation areas in sacc tissues with Pni, sacc tissues without Pni, 
and NSG tissues. Left, quantification of sympathetic innervation areas in PNI SACC tissues (n=27), non-Pni sacc tissues (n=7), and nsg tissues (n=28). each bar represents 
the average sympathetic innervation areas of three to five fields obtained from SACC or NSG tissue. Right, average sympathetic innervation areas in PNI SACC tissues, non-
PNI SACC tissues, and NSG tissues. Original magnification, 400×; scale bar =50 μm. *P,0.05, **P,0.01. The error bars indicate the sD. 
Abbreviations: nsg, normal salivary gland; Pni, perineural invasion; sacc, salivary adenoid cystic carcinoma.
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Table 2 correlation of sympathetic innervation and β2-ar expression with the clinicopathologic characteristics of sacc

Variables Total 
(N=55) 
N (%)

Sympathetic innervation P-value β2-AR expression P-value

Yes (N=34)
N (%)

None (N=21)
N (%)

 Yes (N=38)
N (%)

None (N=17)
N (%)

 

gender   0.821   0.057
Male 22 (40.0) 14 (63.6) 8 (36.4)  12 (54.5) 10 (45.5)  
Female 33 (60.0) 20 (60.6) 13 (39.4)  26 (78.8) 7 (21.2)  

age, years    0.357   0.751
#40 7 (12.7) 6 (85.7) 1 (14.3)  5 (71.4) 2 (28.6)  
40–55 25 (45.5) 14 (56.0) 11 (44.0)  16 (64.0) 9 (36.0)  
$55 23 (41.8) 14 (60.9) 9 (39.1)  17 (73.9) 6 (26.1)  

site    0.219   0.156
Misg 27 (49.1) 14 (51.9) 13 (48.1) 18 (66.7) 9 (33.3)  
Masg 21 (38.2) 16 (76.2) 5 (23.8) 17 (81.0) 4 (19.0)  
Other 7 (12.7) 4 (57.1) 3 (42.9) 3 (42.9) 4 (57.1)  

TnM stage    0.927   0.035*
i–ii 24 (43.6) 15 (62.5) 9 (37.5)  13 (54.2) 11 (45.8)  
iii–iV 31 (56.4) 19 (61.3) 12 (38.7)  25 (80.6) 6 (19.4)  

T category    0.606   0.083
1–2 26 (47.3) 17 (65.4) 9 (34.6)  15 (57.7) 11 (42.3)  
3–4 29 (52.7) 17 (58.6) 12 (41.4)  23 (79.3) 6 (20.7)  

n category    0.573   0.165
0 51 (92.7) 31 (60.8) 20 (39.2)  34 (66.7) 17 (33.3)  
1–2 4 (7.3) 3 (75.0) 1 (25.0)  4 (100.0) 0 (0)  

M category    0.010*   0.166
0 42 (76.4) 22 (52.4) 20 (47.6)  27 (64.3) 15 (35.7)  
1 13 (23.6) 12 (92.3) 1 (7.7)  11 (84.6) 2 (15.4)  

Pni    0.035*   0.003*
Yes 38 (69.1) 27 (71.1) 11 (28.9)  31 (81.6) 7 (18.4)  
none 17 (30.9) 7 (41.2) 10 (58.8)  7 (41.2) 10 (58.8)  

histologic subtype    0.299   0.791
cribriform/tubular 51 (92.7) 33 (64.7) 18 (35.3)  35 (68.6) 16 (31.4)  
solid 4 (7.3) 1 (25.0) 3 (75.0)  3 (75.0) 1 (25.0)  

chemotherapy    0.258   0.365
Yes 21 (38.2) 11 (52.4) 10 (47.6)  13 (61.9) 8 (38.1)  
none 34 (61.8) 23 (67.6) 11 (32.4)  25 (73.5) 9 (26.5)  

radiotherapy    0.157   0.812
Yes 40 (72.7) 27 (67.5) 13 (32.5)  28 (70.0) 12 (30.0)  
none 15 (27.3) 7 (46.7) 8 (53.3)  10 (66.7) 5 (33.3)  

recurrence   0.762   0.990
Yes 13 (23.6) 9 (69.2) 4 (30.8)  9 (69.2) 4 (30.8)  
none 42 (76.4) 25 (59.5) 17 (40.5)  29 (69.0) 13 (31.0)  

Note: *Mean P,0.05.
Abbreviations: β2-ar, β2-adrenergic receptor; Masg, major salivary gland; Misg, minor salivary gland; Pni, perineural invasion; sacc, salivary adenoid cystic carcinoma.

In SACC tissues negative for sympathetic innervation with-

out PNI, no sympathetic nerve fibers were distributed in the 

tumor tissues (Figure 1C). In addition, although sympathetic 

innervation was detected in all 28 NSG tissues, tiny sympa-

thetic nerve fibers were sparsely scattered in the glandular 

stroma (Figure 1D). Quantitative analysis suggested that the 

positive sympathetic nerve areas in SACC tissues with PNI 

were significantly larger than in the SACC tissues without 

PNI (Figure 1E, P,0.05), while the sympathetic nerve areas 

in NSG tissues were the smallest among the three groups.

We also analyzed the correlation between sympathetic 

innervation and the clinicopathologic characteristics. Among 

the 55 SACC tissues studied, 34 (61.8%) were classified as 

showing positive sympathetic innervation and 21 (38.2%) 

were negative for sympathetic innervation (Table 2). Statisti-

cal analysis showed that sympathetic innervation correlated 

with PNI (P=0.035) and the M category (P=0.010), while 

no correlation was found for other clinicopathologic char-

acteristics, including the N category. Such a correlation was 

also consistent with the high pulmonary metastasis and low 

lymphatic metastasis characteristics of SACC. Furthermore, 

the positive association between sympathetic innervation and 

PNI was further confirmed by univariate and multivariate 

logistic regression analyses (Table 3, P=0.002 and P=0.042).
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Table 3 Univariate and multivariate logistic regression analyses of the clinicopathologic characteristics associated with Pni in sacc

Variables Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value

M 7.385 (0.875–62.323) 0.046* 4.062 (0.398–41.418) 0.237

sympathetic innervation 7.733 (2.142–27.915) 0.002* 3.846 (0.935–15.826) 0.042*

β2-ar 6.327 (1.782–22.463) 0.004* 3.583 (0.874–14.684) 0.076

Note: *Mean P,0.05.
Abbreviations: β2-ar, β2-adrenergic receptor; Pni, perineural invasion; sacc, salivary adenoid cystic carcinoma.

β2-ar overexpression positively 
correlated with Pni in patients with 
sacc
To elucidate the biologic significance of β2-AR overexpres-

sion in SACC with PNI, we measured β2-AR expression in 

55 SACC tissues by IHC. β2-AR expression occurred pre-

dominantly on the cellular membrane and in the cytoplasm 

of tumor cells, and β2-AR was highly expressed in SACC 

with PNI compared to SACC without PNI (Figure 2A and B).  

In addition, strongly positive β2-AR expression was also 

detected in nerve fibers invaded by SACC cells, and β2-AR 

was mainly expressed on the membrane and cytoplasm in 

neural cells (Figure 2A). β2-AR was not expressed in SACC 

tissues without PNI (Figure 2C). In contrast, β2-AR was 

only expressed on the cellular membrane of salivary ducts in 

NSG tissues (Figure 2D). Quantitative analysis revealed that 

β2-AR overexpression occurred in SACC tissues with PNI, 

in contrast to both SACC without PNI (Figure 2E, P.0.05) 

and NSG tissues (Figure 2E, P,0.05).

We further examined the correlation between β2-AR 

expression and clinicopathologic characteristics in SACC 

(Table 2). Among the 55 SACC patients, 38 (69.1%) were 

positive for β2-AR expression, and 17 (30.9%) were negative 

for β2-AR expression. As shown in Table 2, positive β2-AR 

expression in patients with SACC positively correlated with 

the TNM stage (P=0.035) and PNI (P=0.003), whereas no 

correlation was found for other clinicopathologic prognostic 

variables. Moreover, a positive association between β2-AR 

overexpression and PNI was confirmed by univariate and 

multivariate logistic regression analyses (Table 3, P=0.004 

and P=0.076, respectively).

ne was highly expressed in both sacc 
tissues with Pni and Drg coculture 
models of Pni
An ELISA-based method was performed to investigate 

whether NE was expressed in SACC tissues and the 

supernatant of DRG coculture models of PNI. NE was detected 

in both SACC and NSG tissues (Figure 3A), and quantitative 

analysis revealed that the average NE concentration in SACC 

with PNI increased significantly vs SACC without PNI or NSG 

(Figure 3B, P,0.01 and P,0.001, respectively). Next, we 

evaluated the NE concentration in the supernatant of a DRG 

cocultured with SACC-LM, a DRG cocultured with SACC-83,  

SACC-LM, SACC-83, DRG, and pure culture medium as 

a control group. The supernatant of a DRG cocultured with 

SACC-LM showed the highest NE concentration among the 

six groups, followed by the supernatant of a DRG cocultured 

with SACC-83 (Figure 3C). Moreover, we found that NE 

levels were significantly elevated in the supernatants of 

SACC-LM and SACC-83 cells, compared to the control group 

(Figure 3C, P,0.001 and P,0.001, respectively). In addition, 

NE was also detected in the supernatant of a DRG (Figure 3C).

β2-ar was overexpressed in sacc cell 
lines
NE plays a regulatory role by activating α-ARs and β-ARs. 

α-ARs are composed of six subtypes (α1A-AR, α1B-AR, 

α1D-AR, α2A-AR, α2B-AR, and α2C-AR) and β-ARs are 

composed of three subtypes (β1-AR, β2-AR, and β3-AR). 

Therefore, we investigated the expression levels of α-AR 

subtypes and β-AR subtypes in the SACC-83 and SACC-LM 

cell lines by qRT-PCR. We found that the expression levels of 

α1B-AR, α2A-AR, β1-AR, and β2-AR were relatively high 

in both SACC cell lines, among which β2-AR was predomi-

nantly expressed in both SACC cell lines (Figure 4A and B). 

Moreover, α1B-AR, α2A-AR, β1-AR, and β2-AR expres-

sions were verified by immunofluorescence in SACC-83 

and SACC-LM cells (Figure 4C; see Figure S2 for negative 

controls). Quantitative analysis of immunofluorescence 

results confirmed that β2-AR was predominantly expressed 

in both SACC cell lines (Figure 4D and E).

ne contributed to sacc cell 
proliferation and migration via β2-ar
To explore the effects of NE, ICI118,551, and phentolamine 

on SACC cell viability and migration, we treated SACC-83 

and SACC-LM cells with different concentrations of NE 
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Figure 2 β2-ar expression correlated positively with Pni in sacc tissues.
Notes: (A) β2-AR was strongly expressed in both nerve fibers and adjacent tumor cell membranes in SACC tissues with PNI (invaded tumor cells are indicated by red 
arrowheads). (B) β2-ar was weakly expressed in sacc tissues without Pni. (C) negative β2-ar expression in sacc tissues without Pni. (D) β2-ar was mainly expressed 
on the cellular membranes of salivary ducts in nsg tissues. (E) Quantitative comparison of the mean density (iOD/area) of β2-ar expression in Pni sacc tissues, non-Pni 
SACC tissues, and NSG tissues. Left, quantification of β2-ar-expressing mean density in Pni sacc tissues (n=31), non-Pni sacc tissues (n=7), and nsg tissues (n=24). 
each bar represents the mean density of β2-AR expression observed in three to five fields obtained from SACC or NSG tissue. Right, mean β2-ar expression densities in 
PNI SACC tissues, non-PNI SACC tissues, and NSG tissues. Original magnification, 400×; scale bar =50 μm. *P,0.05. The error bars indicate the sD. 
Abbreviations: β2-ar, β2-adrenergic receptor; iOD, integrated optical density; nsg, normal salivary gland; Pni, perineural invasion; sacc, salivary adenoid cystic 
carcinoma.

(0.1–100 μM), ICI118,551 (0.1–100 μM), and phentolamine 

(0.1–50 μM) for 48 hours (Figure 5; see Figures S3 and S5 

for phentolamine). NE promoted SACC-83 and SACC-LM 

cell proliferation in a concentration-dependent manner, and 

the viability of SACC cells peaked at an NE concentration of 

10 μM (Figure 5A and B). In contrast, ICI118,551 inhibited the 

viability of SACC-83 and SACC-LM cells in a concentration-

dependent manner (Figure 5A and B; Figure S4). Furthermore, 

10 μM ICI118,551 completely abrogated the NE-dependent 

increase in SACC-83 and SACC-LM cell proliferation, 

suggesting that β2-AR mediated NE-induced proliferation 

(Figure 5A and B; Figure S4). However, 50 μM phentolamine 
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Figure 3 ne was highly expressed in both sacc tissues with Pni and Drg coculture models of Pni.
Notes: (A) Quantitative comparison of ne levels in Pni sacc tissues (n=8), non-Pni sacc tissues (n=8), and nsg tissues (n=10). (B) average ne levels in Pni sacc 
tissues, non-Pni sacc tissues, and nsg tissues. (C) Quantitative comparison of ne levels in supernatant of a Drg cocultured with sacc-lM, a Drg cocultured with 
sacc-83, sacc-lM, and sacc-83, and a Drg and a pure culture medium (as a control group). **P,0.01, ***P,0.001. The error bars indicate the sD.
Abbreviations: Drg, dorsal root ganglia; ne, norepinephrine; nsg, normal salivary gland; Pni, perineural invasion; sacc, salivary adenoid cystic carcinoma.

failed to abrogate the NE-dependent increase in SACC-83 

and SACC-LM cell proliferation, suggesting that NE-induced 

proliferation was not mediated by α-AR (Figure S3B and D). 

We then investigated whether β2-AR could mediate the effects 

of NE on SACC-83 and SACC-LM cell migration. Similar 

to the proliferation assay results, the Transwell migration 

assay showed that NE promoted SACC cell migration in a 

concentration-dependent manner and that 10 μM NE showed 

the greatest effect on migration (Figure 5C). In addition, 

wound-healing assay confirmed the promotion effect of 

10 μM NE on SACC-83 and SACC-LM cell migration, and 

also demonstrated that 10 μM ICI118,551 markedly inhibited 

NE-induced SACC cell migration (Figure 5D and E, P,0.01 

for SACC-83 and P,0.001 for SACC-LM, respectively). In 

contrast, phentolamine did not abrogate the NE-upregulated 

migration of SACC-83 and SACC-LM cells (Figure S5A 

and B). These results suggest that NE promoted SACC cell 

proliferation and migration by activating β2-AR.
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Figure 4 β2-ar was overexpressed in sacc-83 and sacc-lM cell lines.
Notes: (A, B) qrT-Pcr analysis showing α1a-ar, α1B-ar, α1D-ar, α2a-ar, α2B-ar, α2c-ar, β1-ar, β2-ar, and β3-ar mrna expression levels in sacc-83 and 
sacc-lM cells. (C) Immunofluorescence analysis of α1B-ar, α2a-ar, β1-ar, and β2-ar expression in sacc-83 and sacc-lM cells. (D, E) Quantitative comparison of 
the mean density (iOD/area) of α1B-ar, α2a-ar, β1-ar, and β2-AR expression in SACC-83 and SACC-LM cells. Original magnification, 400×; scale bar=20 μm.
Abbreviations: ar, adrenergic receptor; iOD, integrated optical density; qrT-Pcr, quantitative real-time polymerase chain reaction; sacc, salivary adenoid cystic carcinoma.

ne contributed to sacc Pni via β2-ar
To explore the effect of NE on PNI by SACC cells, a 

modified Transwell PNI model was established with DRG 

explants seeded in the lower chamber. The results showed 

that the number of invaded cells markedly increased 

with the addition of 10 μM NE compared to the control 

(Figure 6A, P,0.01 for SACC-83 and P,0.01 for SACC-

LM, respectively). However, 10 μM ICI118,551 significantly 

suppressed the invasive ability of SACC cells both in the 

control (Figure 6A, P,0.01 for SACC-83 and P,0.05 
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Figure 5 ne contributed to sacc cell proliferation and migration via β2-ar.
Notes: (A, B) MTT assay showed that incubating sacc-83 and sacc-lM cells with different concentrations of ne (0.1–100 μM) for 48 hours promoted sacc-83 and 
sacc-lM cell proliferation in a concentration-dependent manner. Treatment with 10 μM NE significantly promoted the proliferation of SACC-83 and SACC-LM cells. 
ici118,551 inhibited the proliferation of sacc-83 and sacc-lM cells in a concentration-dependent manner. Treatment with 10 μM ICI118,551 significantly inhibited 
the ne-induced proliferation of sacc-83 and sacc-lM cells. (C) Transwell migration assay showed that ne promoted sacc-83 and sacc-lM cell migration in a 
concentration-dependent manner. Treatment with 10 μM NE significantly promoted SACC-83 and SACC-LM cell migration. The number of migrated cells was quantified. 
Original magnification, 200×; scale bar =50 μm. (D, E) Wound-healing assay comparing the migration abilities of sacc-83 and sacc-lM cells treated with 10 μM ne and/or 
10 μM ICI118,551. The wound-closure percentage was quantified at 36 hours after scratching relative to that at 0 hour. Original magnification, 40×; scale bar =200 μm. 
*P,0.05, **P,0.01, ***P,0.001. The error bars indicate the sD.
Abbreviations: β2-ar, β2-adrenergic receptor; ne, norepinephrine; sacc, salivary adenoid cystic carcinoma.
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Figure 6 ne contributed to Pni in sacc via β2-ar.
Notes: (A) Transwell Pni assay comparing the Pni abilities of sacc-83 and sacc-lM cells treated with 10 μM ne and/or 10 μM ICI118,551, with quantification of the 
number of invaded cells at 24 hours. Original magnification, 200×; scale bar =50 μm. (B, C) Drg coculture models comparing the Pni abilities of sacc-83 and sacc-lM 
cells treated with 10 μM ne and/or 10 μM ici118,551. The red lines indicate the edges of the sacc colonies, the green lines indicate the edges of outgrowing Drg neurites, 
and the black lines indicate the total distance between the Drgs and the cancer colonies. The nerve invasion index (α/γ) and Drg outgrowth index (β/γ) were calculated 
as described in the Materials and methods section. (D, E) The nerve invasion index and the DRG outgrowth index were quantified at 72 hours relative to that at 24 hours. 
Original magnification, 40×; scale bar =200 μm. *P,0.05, **P,0.01, ***P,0.001. The error bars indicate the sD.
Abbreviations: β2-ar, β2-adrenergic receptor; Drg, dorsal root ganglia; ne, norepinephrine; Pni, perineural invasion; sacc, salivary adenoid cystic carcinoma.

for SACC-LM, respectively) and NE groups (Figure 6A, 

P,0.01 for SACC-83 and P,0.001 for SACC-LM, respec-

tively). To confirm the results of the Transwell PNI assay, 

another DRG coculture model was established to evaluate 

cancer–nerve interactions and to calculate the nerve inva-

sion index and DRG outgrowth index. A colony of SACC 

cells was grown in Matrigel adjacent to cultured DRGs. In 

the 10 μM NE groups, neurite outgrowth extended from 
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Figure 7 β2-ar mediated ne-induced Pni by sacc cells.
Notes: (A, B) Drg coculture models comparing the Pni abilities of sacc-83 and sacc-lM cells after transfection with β2-ar sirna for 48 hours. The nerve invasion 
index was quantified at 72 hours relative to that at 24 hours. Original magnification, 40×; scale bar =200 μm. *P,0.05, **P,0.01, ***P,0.001. The error bars indicate the sD.
Abbreviations: β2-ar, β2-adrenergic receptor; DRG, dorsal root ganglia; ns, no significance; NE, norepinephrine; PNI, perineural invasion; SACC, salivary adenoid cystic 
carcinoma.

the DRGs and projected into SACC cell colonies within 

72 hours, providing an invasive pathway for the SACC 

cells. SACC cells that dissociated from colonies formed 

clusters that migrated in a unidirectional manner along the 

nerve toward the ganglion. Over time, tumor cells gradually 

formed peak-like clusters to form marked PNI phenomenon, 

in contrast with the control groups (Figure 6B–E, P,0.01 

for SACC-83 and P,0.01 for SACC-LM, respectively). To 

assess the role of β2-AR in the PNI process, ICI118,551 

was added to the media and we observed that neural inva-

sion of SACC cells was markedly suppressed, compared 

to that in the control or 10 μM NE group (Figure 6B–E). 

In addition, DRG outgrowth was also accelerated by NE 

in comparison with control group, but was inhibited with 

the addition of ICI118,551 (Figure 6B–E). However, exog-

enously added phentolamine did not inhibit NE-induced 

neural invasion of SACC cells (Figure S6A and B).  

Moreover, the important role of β2-AR in mediating NE-

induced PNI was also verified using the DRG coculture 

model with SACC cells that were transfected with β2-AR 

siRNA (Figure 7A and B). Therefore, the DRG coculture 

model effectively demonstrated the reciprocal interaction 

between SACC cells and neurites in vitro and also suggested 

that β2-AR plays a crucial role in both endogenous and 

exogenous NE-induced PNI in SACC.

ne induced eMT and upregulated MMPs 
via β2-ar in sacc cells
Epithelial–mesenchymal transition (EMT) plays a crucial role 

in regulating tumor cell migration and invasion during the 

progression of malignant tumors. We performed qRT-PCR  

and Western blot assay to investigate whether the EMT 

process and matrix metalloproteinase (MMP) expression 

levels were regulated by NE stimulation. PCR analysis 

demonstrated that 10 μM NE resulted in the upregula-

tion of N-cadherin, Slug, Vimentin, MMP2, and MMP9 

mRNA, whereas E-cadherin expression was downregu-

lated (Figure 8A and B). Moreover, Western blot analysis 

confirmed that E-cadherin expression was reduced and that 

Vimentin, Slug, MMP2, and MMP9 protein expression 

levels were markedly increased in SACC cells treated with 

NE (Figure 8C–F). However, qRT-PCR and Western blot 

assay revealed that interruption of β2-AR signaling with 

ICI118,551 reversed NE-induced mesenchymal status by 

upregulating E-cadherin and downregulating N-cadherin, 

Slug, MMP2, and MMP9 (Figure 8). The above results 

were further verified in SACC cells transfected with β2-AR 

siRNA (Figure 9). Collectively, our findings suggest that 

NE induced EMT and upregulated MMPs via β2-AR in 

SACC cells.
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Figure 8 ne regulated the eMT and MMP expression levels via β2-ar in sacc cells.
Notes: (A, B) qrT-Pcr analysis of the expression of indicated genes in sacc-83 and sacc-lM cells treated with 10 μM ne and/or 10 μM ici118,551. gaPDh expression 
was detected as an internal control. The mRNA expression levels of E-cadherin, N-cadherin, Vimentin, Slug, MMP2, and MMP9 were quantified and expressed as fold-changes 
compared to the control groups. (C, D) Western blot analysis of the expression of the indicated proteins in sacc-83 and sacc-lM cells treated with 10 μM ne and/or 
10 μM ici118,551. gaPDh expression was detected as an internal control. (E, F) Protein expression levels in SACC-83 and SACC-LM cells were quantified and expressed 
as fold-changes compared with control groups. *P,0.05, **P,0.01, ***P,0.001. The error bars indicate the sD.
Abbreviations: β2-ar, β2-adrenergic receptor; eMT, epithelial–mesenchymal transition; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metallo-
proteinase; ne, norepinephrine; qrT-Pcr, quantitative real-time polymerase chain reaction; sacc, salivary adenoid cystic carcinoma.
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Figure 9 β2-ar mediated ne-induced eMT and upregulation of MMPs in sacc cells.
Notes: (A, B) qrT-Pcr analysis of expression of the indicated genes in sacc-83 and sacc-lM cells after transfecting with β2-ar sirna for 24 hours. gaPDh expression 
was detected as an internal control. The mRNA expression levels of E-cadherin, N-cadherin, Vimentin, Slug, MMP2, and MMP9 were quantified and expressed as fold-changes 
compared with control groups. (C, D) Western blot analysis of the expression of the indicated proteins in sacc-83 and sacc-lM cells after transfecting with β2-ar sirna 
for 48 hours. gaPDh expression was detected as an internal control. (E, F) Protein expression levels in SACC-83 and SACC-LM cells were quantified and expressed as 
fold-changes compared with control groups. *P,0.05, **P,0.01, ***P,0.001. The error bars indicate the sD.
Abbreviations: β2-ar, β2-adrenergic receptor; eMT, epithelial–mesenchymal transition; gaPDh, glyceraldehyde 3-phosphate dehydrogenase; MMP, matrix metallo-
proteinase; ne, norepinephrine; qrT-Pcr, quantitative real-time polymerase chain reaction; sacc, salivary adenoid cystic carcinoma.
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Discussion
SACC is notorious for PNI. PNI involves a complex recip-

rocal interaction between the tumor microenvironment and 

cancer cells. PNI enables tumor cells to disseminate along 

nerve fibers, which causes enormous difficulty for surgeons 

when attempting to resect tumors completely and results in 

local recurrence and poor prognosis. However, there are no 

effective therapeutic strategies for PNI to date. Our research 

group has focused on PNI in SACC for nearly 20 years, and 

we have investigated possible pathogenic mechanisms of 

PNI in SACC such as Schwann-like cell differentiation,28,29 

nerve growth factor,30 and the involvement of chemokine 

(C-C motif) ligand 5/C-C chemokine receptor type 5.13,31 

Recently, the sympathetic nervous system was proposed 

to play a vital role in cancer initiation and progression.14,15 

Given that sympathetic nerve fibers richly innervate salivary 

gland tissues, we aimed to determine whether the sympathetic 

system regulates PNI in SACC.

In this study, we discovered that sympathetic innerva-

tion, β2-AR, and NE were distributed in SACC tissues and 

correlated positively with PNI, supporting the presence of 

a functional sympathetic system in PNI in SACC. β2-AR 

was also overexpressed in SACC cell lines. In addition, 

the sympathetic neurotransmitter NE promoted prolifera-

tion, migration, and PNI by activating β2-AR (Figure 10). 

Subsequently, we found that NE/β2-AR signaling may 

promote proliferation, migration, and PNI by SACC cells by 

inducing EMT and upregulating MMPs. However, β2-AR 

inhibition by a specific antagonist or siRNA abrogated 

NE-induced PNI. In summary, our findings reveal the sup-

portive role of sympathetic innervation in the pathogenesis 

of SACC PNI and suggest β2-AR as a potential therapeutic 

target for treating PNI in SACC.

In recent years, the importance of the sympathetic sys-

tem in the tumor microenvironment has gradually become 

increasingly recognized. In this study, we found that the 

sympathetic innervation density in SACC was markedly 

higher than in NSG tissues and positively correlated with 

the M category and PNI. The increased sympathetic innerva-

tion enables tumor cells to have a greater chance to invade 

and disseminate along nerve fibers. However, an increased 

number of sympathetic nerve fiber ends enhance the recip-

rocal interactions between tumor cells and nerve fibers by 

delivering the neurotransmitter NE. The significant role of 

NE in promoting PNI by SACC cells was further confirmed 

by our DRG coculture models. Although a previous study 

demonstrated that sympathetic innervation in peritumor tis-

sues positively correlated with prostate cancer recurrence,15 

the present study reveals that sympathetic nerve fibers 

densely innervate SACC tumor tissues. Perhaps tumor cells 

β

Figure 10 schematic illustration showing how sympathetic innervation contributes to Pni in sacc.
Notes: Sympathetic nerve fibers innervate SACC tissues and deliver the sympathetic neurotransmitter NE into the tumor microenvironment. NE induces EMT of SACC 
cells and further promotes proliferation, migration, and Pni of sacc cells by activating β2-ar in tumor cells.
Abbreviations: β2-ar, β2-adrenergic receptor; eMT, epithelial–mesenchymal transition; ne, norepinephrine; Pni, perineural invasion; sacc, salivary adenoid cystic 
carcinoma.
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attracted sympathetic neurite outgrowth from peritumor 

tissues into the tumor microenvironment by delivering 

neurotrophic factors.21 Moreover, tumor cell invasion of 

nerve fibers may lead to nerves appearing larger than normal. 

Because sympathetic innervation in peritumor tissues could 

markedly accelerate the progression of prostate cancer, we 

suggest that sympathetic innervation in SACC with PNI 

should play a much more important role in tumor progres-

sion. Given the correlation between sympathetic innervation 

and distant metastasis or PNI in SACC, it is promising to 

develop therapeutic strategies based on local sympathectomy.

Adrenergic receptors are important members of a func-

tional sympathetic system, and the effects of the sympathetic 

neurotransmitter NE are mediated by α-ARs and β-ARs. 

β-ARs are mainly composed of the β1-AR, β2-AR, and 

β3-AR subtypes, among which β2-AR was reported to play a 

central role in tumor initiation and metastasis.32–35 Our current 

study showed that β2-AR was overexpressed in SACC with 

PNI in comparison with SACC without PNI or NSG tissues. 

β2-AR also proved to be correlated with the TNM stage, 

suggesting an important role for β2-AR expression in SACC 

progression. Furthermore, we examined the expression levels 

of both α-ARs and β-ARs by qRT-PCR and immunofluores-

cence assay and confirmed β2-AR overexpression in SACC 

cells. Here, we investigated the important role of β2-AR in 

mediating NE-induced proliferation, migration, and PNI. 

Unlike our study, a previous report provided evidence that 

β2-AR was negatively expressed on SACC cells in spite of 

NE-induced proliferation and migration of SACC cells.36 

We propose that differences in the SACC cell lines, β2-AR 

primer sequences, and primary β2-AR antibodies used may 

account for the different results. Given the dense sympathetic 

innervation in SACC with PNI and secretion function of 

sympathetic nerve ends, we speculated that the sympathetic 

neurotransmitter NE concentration is also high in SACC 

with PNI. As expected, this speculation was confirmed by 

ELISA data generated in this study. Moreover, previous 

studies showed that the intratumor NE concentration was 

higher than that in the blood,37,38 suggesting that the main 

source of NE was indeed from local sympathetic innervation. 

Our results were consistent with previous reports showing 

higher NE levels in human ovarian carcinoma and pancreatic 

cancer than in normal tissues.37,39 Furthermore, NE-induced 

proliferation, migration, and PNI were confirmed experi-

mentally in this study. In addition, we found that NE was 

expressed in the culture supernatant of DRG coculture 

models, DRG, and SACC cells, where the NE concentration 

peaked in the DRG coculture model with PNI. We suspected 

that NE expressed in supernatant of DRGs may have been 

secreted by neurite outgrowths from DRGs. In contrast, NE 

expressed in the supernatant of SACC cells indicated that 

NE may have been auto-synthesized by SACC cells. Auto-

synthesis of neurotransmitters has also been reported in breast 

cancer cells and pancreatic cancer cells.19,40 We previously 

reported that SACC cell differentiation into Schwann-like 

cells was associated with PNI. Similarly, we propose that 

SACC cells may also attain the ability to differentiate into 

neuro-like cells capable of secreting neurotransmitters like 

NE. In addition to endogenous NE from DRG and SACC 

cells, overexpression of NE in DRG coculture models with 

PNI suggested that PNI may contribute to NE secretion. 

It is possible that neurite outgrowths from DRGs invaded by 

cancer cells secreted much more NE in response to injury.11 

Therefore, our ELISA results obtained with clinical SACC 

tissues and DRG coculture models jointly suggest that  

NE may contribute to PNI in SACC.

Proliferation and migration abilities are two basic char-

acteristics of malignancies. Only SACC cells with exuberant 

vitality and strong mobility can survive and metastasize to 

distant sites. We found that NE promoted the proliferation 

and migration of SACC cells in a dose-dependent manner, 

whereas the β2-AR antagonist ICI118,551 effectively blocked 

these effects. Moreover, ICI118,551 also inhibited the pro-

liferation and migration of SACC cells in control groups. 

However, nonselective α-AR blocker phentolamine failed 

to abrogate the NE-dependent increase in the proliferation 

and migration of SACC cells, suggesting that NE-induced 

proliferation and migration were not mediated by α-AR. 

Combined with previous ELISA results that NE might be 

auto-synthesized by SACC cells, we can conclude that func-

tional sympathetic signaling occurs in SACC cells and that 

both endogenous and exogenous NE promoted the prolifera-

tion and migration of SACC cells, which could be abrogated 

by ICI118,551. Our findings were partly consistent with 

previous findings showing that NE promoted the proliferation 

and migration of both oral squamous cell carcinoma cells and 

SACC cells.36 However, we further investigated the vital role 

of β2-AR in mediating NE-induced proliferation and migra-

tion, and the role of autocrine NE in the progression of SACC 

cells. Several studies have also shown that neurotransmitters 

could be auto-synthesized by cancer cells and delivered into 

the tumor microenvironment to promote tumor growth and 

mobility,19,40 suggesting that autocrine sympathetic signaling 

may generally exist in different cancer cells.

PNI is a prominent characteristic of neurotropic tumors. 

Recently, several studies have focused on the reciprocal 

interaction between tumor cells and nerve fibers in PNI.6,11 

Given the dense sympathetic innervation and high NE 
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concentration in SACC with PNI, we sought to determine 

whether NE contributes to PNI progression in SACC. Our 

results showed that NE promoted PNI by SACC cells in 

a dose-dependent manner, which could be abrogated by 

ICI118,551. However, phentolamine failed to inhibit NE-

induced neural invasion of SACC cells, suggesting that 

NE-induced neural invasion was not mediated by α-AR. 

Combining PNI results with previous ELISA results, we can 

conclude that both endogenous NE from DRG and SACC 

cells, and exogenously added NE significantly contributed 

to PNI by SACC cells via β2-AR. Moreover, both the nerve 

invasion index and DRG outgrowth index increased during 

PNI progression, further suggesting that PNI results from 

reciprocal interactions between tumor cells and nerve fibers. 

Perhaps tumor cells attracted neurite outgrowth from DRGs 

by secreting neurotrophic factors into the microenvironment.21 

In addition, inhibition of β2-AR by siRNA or treatment with 

ICI118,551 abrogated NE-induced PNI, suggesting that 

β2-AR mediated NE-induced PNI in SACC cells. Increas-

ing epidemiologic evidence has shown that cancer patients 

taking β-blockers may have a better prognosis.18,20 Given 

that β-blockers have already been widely used as therapy 

for cardiovascular diseases for decades,34 it should be safe 

and acceptable if β-blockers can be used as an adjuvant 

treatment of SACC PNI. Therefore, blockade of β2-AR may 

represent a potential therapeutic strategy for PNI in SACC.

EMT is an important transformation that helps tumor 

cells achieve malignant behavior. MMPs are capable of 

degrading extracellular matrix proteins, which play a vital 

role in tumor invasion and metastasis. Both EMT and MMPs 

have been associated with PNI in SACC.41,42 Our previous 

study revealed that p53 downregulation promoted PNI by 

SACC cells by inducing EMT.43 Moreover, previous data 

showed that NE enhanced PNI of pancreatic cancer cells 

by activating STAT3 and upregulating MMPs, whereas 

treatment with ICI118,551 or propranolol significantly 

blocked the NE-induced PNI effect.21 In this study, we 

found that NE induced EMT and upregulated MMP2 and 

MMP9 expression. However, inhibiting β2-AR with either 

an antagonist or siRNA blocked the NE-induced EMT and 

upregulation of MMPs. Considering the NE-induced pro-

liferation, migration, and PNI results, we can speculate that 

NE/β2-AR signaling may promote proliferation, migration, 

and PNI by SACC cells by regulating the EMT and MMP 

expression levels.

Limitations
Nevertheless, this study also has some limitations that should 

be noted. First, this was a retrospective study with a relatively 

small cohort carried out in a single institution, which may 

have resulted in selection bias. To overcome this limitation, 

additional studies comprising larger cohort from multiple 

centers are expected in the future. Second, β-adrenergic 

signaling was reported to regulate multiple molecules and 

pathways in tumor initiation and progression.44 Therefore, 

the downstream mechanism of NE/β2-AR signaling in PNI 

in SACC awaits further study beyond the EMT and MMP 

induction. Third, although we investigated the important role 

of NE/β2-AR signaling in PNI in SACC in vitro, further study 

is required to confirm our findings in vivo.

Conclusion
The present study indicates that sympathetic innervation is 

positively correlated with SACC PNI and that the sympa-

thetic neurotransmitter NE contributes to PNI by SACC cells 

by activating β2-AR. Our findings reveal the supportive role 

of sympathetic innervation in the pathogenesis of SACC PNI 

and suggest β2-AR as a potential therapeutic target for treat-

ing PNI in SACC. Furthermore, in addition to the sympathetic 

nervous system, the parasympathetic nervous system (as the 

other division of the autonomic nervous system) has also been 

proposed to play a key role in tumor progression.15 However, 

whether parasympathetic nerve fibers innervate SACC has 

not been studied and we are currently researching the role of 

the parasympathetic nervous system in SACC PNI.
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