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1  | INTRODUC TION

Salivary adenoid cystic carcinoma (SACC) constitutes a quarter of 
malignant neoplasms derived from salivary gland. Despite slow in-
dolent growth and the 5-year overall survival rate of patients with 

SACC generally up to 90%, it dropped to 10% in two decades be-
cause of insidious local recurrence and haematogenous metastasis.1 
Perineural invasion (PNI), recognized as tumour cells disseminating 
along nerves,2 is a prominent histological characteristic in SACC, im-
pedes surgical treatment and indicates a decreased survival rate.3-5 
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Abstract
The activation of CXCL12/CXCR4 axis participated in the progression of multiple 
cancers, but potential effect in terms of perineural invasion (PNI) in SACC remained 
ambiguous. In this study, we identified that CXCL12 substantially expressed in nerve 
cells. CXCR4 strikingly expressed in tumour cells, and CXCR4 expression was closely 
associated with the level of EMT-associated proteins and Schwann cell hallmarks at 
nerve invasion frontier in SACC. Activation of CXCL12/CXCR4 axis could promote 
PNI and up-regulate relative genes of EMT and Schwann cell hallmarks both in vitro 
and in vivo, which could be inhibited by Twist silence. After overexpressing S100A4, 
the impaired PNI ability of SACC cells induced by Twist knockdown was significantly 
reversed, and pseudo foot was visualized frequently. Collectively, the results indi-
cated that CXCL12/CXCR4 might promote PNI by provoking the tumour cell to dif-
ferentiate towards Schwann-like cell through Twist/S100A4 axis in SACC.

K E Y W O R D S

CXCL12/CXCR4, perineural invasion (PNI), salivary adenoid cystic carcinoma (SACC), 
Schwann cell

www.wileyonlinelibrary.com/journal/jcmm
mailto:﻿
mailto:﻿
https://orcid.org/0000-0003-0718-3658
mailto:﻿
https://orcid.org/0000-0002-2010-3571
http://creativecommons.org/licenses/by/4.0/
mailto:lxh88866@scu.edu.cn
mailto:tangyaling@scu.edu.cn


7902  |     ZHANG et al.

Therefore, unveiling latent intertwining underlying PNI might advo-
cate novel treatment for SACC patients with PNI.

The role of CXCR4, who functions through combing its cognate 
chemokine ligand CXCL12 to orchestrate cancer cells directly or 
through inducing angiogenesis and recruiting immune cells indirectly, 
is broadly  concerned in multiple tumour-promoting processes.6,7 
Evidence revealed that the activation of CXCL12/CXCR4 could pro-
mote invasion and metastasis in breast cancer,8 gastric cancer 9 and 
glioblastoma.10 However, whether the activation of CXCL12/CXCR4 
signalling axis can promote PNI of SACC is not yet fully clear.

Schwann cells are fundamental to the merisis and luxuriance of 
nerves and conducive to the guidance of axons.11,12 A growing body 
of evidence showed that the level of Schwann cell hallmarks, includ-
ing glial fibrillary acidic protein (GFAP), p75 neurotrophin receptor 
(p75NTR), S100 calcium-binding protein A4 (S100A4), was significantly 
increased in many tumour with PNI, including melanoma,13 breast 
cancer,14 prostate cancer,15 colorectal cancer.16 Hence, researchers in-
ferred that the differentiation of cancer cell towards Schwann-like cell 
might be responsible for the PNI occurrence of tumours.17,18 In SACC 
species, the level of GFAP and S100A4 has been reported to be dra-
matically elevated at frontier of nerve invasion.19 However, the rele-
vance between CXCL12/CXCR4 and the differentiation of tumour cells 
towards Schwann-like cell in PNI of SACC has not been investigated.

Thus, our purpose was to examine the expression of CXCL12/CXCR4 
in 158 SACC species and assess the relation of CXCL12/CXCR4 expres-
sion with patients’ clinicopathological factors, notably PNI. Then, we fur-
ther explored whether the activation of CXCL12/CXCR4 signalling was 
an orchestrator of EMT and contributed to the migration, invasion and 
PNI through promoting SACC cells to differentiate towards Schwann-like 
cell. Clarifying the molecular mechanism of CXCL12/CXCR4 regulating 
PNI in SACC will be helpful to the development of molecule-targeted 
treatment and eradication of relapses induced by the PNI in SACC.

2  | MATERIAL S AND METHODS

2.1 | Patients and specimens

Sections of 158 SACC patients by surgical resection with no chem-
otherapy, radiotherapy or hormone therapy prior to surgery and 20 
precancerous glands, histologically confirmed by two pathologists 
blindly, were selected with informed consents from 2002 to 2007 
in West China Hospital of Stomatology, Sichuan University. EthSical 
approval of present study was granted by the Institutional Ethics 
Committee of West China Medical Center, Sichuan University. The 
follow-up information was renewed on 31 December 2017, and 
median follow-up was 83.7 months (3.5-140 months).

2.2 | Immunohistochemistry

Embedded sections were performed according to conventional im-
munohistochemistry procedure. Primary antibodies from Abcam 
were applied for immunostaining. The semi-quantitative assessment 

of immunohistochemical staining was determined by positive cell 
ratio in 1000 cells randomly at 200× magnification, and six micro-
scopic fields were observed per section. The intensity was classified 
as 0 (−, negative), <5%; 1 (+, weak), 5%-25%; 2 (++, moderate), 25%-
50%; 3 (+++, strong), >50%. 2 and 3 indicated high expression, and 
0 and 1 indicated low expression.

2.3 | Cell line and cell culture

SACC cell lines (SACC-83 and SACC-LM) and nerve derived cell 
microglia BV2 (State Key Laboratory of Oral Diseases & National 
Clinical Research Center for Oral Diseases, Sichuan University) were 
enrolled and suspended in DMEM (HyClone) medium with 10% foe-
tal bovine serum (Invitrogen) and 1% streptomycin/penicillin in incu-
bator containing 5% CO2 at 37℃.

2.4 | Cell transfection

To knockdown CXCR4 and Twist of SACC cells, siRNA targeting 
CXCR4 and Twist was synthesized and transfected into SACC cells 
with Lipofectamine 2000 reagent (Invitrogen). S100A4 was inte-
grated into pcDNA3.1 (Invitrogen) to overexpress S100A4 following 
the guidelines of protocol.

2.5 | Immunofluorescence staining

Cells reaching 75% in 24-well plates were immobilized in 4% para-
formaldehyde and permeabilized by PBS containing 0.25% Triton X-
100. Primary antibody was incubated at 4℃ overnight after blocking 
using normal goat serum. Following day, the cells were subjected to 
counterstain with 4', 6-diamidino-2-phenylindole (DAPI) and viewed 
via a fluorescence microscope.

2.6 | Quantitative real-time PCR (qRT-PCR)

Total RNA in cells and tissues was isolated via TRIzol reagent (Takara, 
Tokyo) and then transcribed into cDNA after the purity and concen-
tration of RNA were guaranteed with the NanoDrop® ND-1000 
Spectrophotometer (Thermo Fisher). QRT-PCR was accomplished 
according to the protocol.

2.7 | Scratch wound healing assay

Cells were cultured, and a scratch was created gently via a 200 μL 
sterile pipette tip once reaching approximately 100% cell confluence. 
Detached cells and debris were eliminated through PBS rewashing. 
Thereupon, SACC cells were incubated within medium excluded 
serum and scratches were photographed. Percentage of occupied 
area by migratory cells was quantified by Image Analysis software.
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2.8 | Transwell invasion assay

Approximately 1 × 105 SACC cells were resuspended into the upper 
chamber of the Corning Matrigel Invasion insert covered with diluted 
Matrigel (BD Biosciences) filled with serum-free medium given 48 hours 
to invade. The insert was placed in 24-well culture plate containing me-
dium supplemented with 10% FBS. Non-invading cells remaining on 
the surfaces of upper chamber were scraped off. Invaded cells were 
stained and counted in five separate fields per well, randomly.

2.9 | In vitro nerve and tumour cells co-
culture assay

For the investigation of the CXCL12/CXCR4 signalling axis on the 
neurophilic invasion behaviour of SACC cells, we adjusted the nerve 
and tumour cells in vitro co-culture model in accordance with the 
method preveniently established by researchers.20-22 Dorsal root 
ganglia (DRG) of newborn rat was dissected and embedded in the 
centre of the 6-well plate containing 20 μL of Matrigel. SACC cells 
(104) were suspended beyond DRG and the following day was logged 
as 1 day. Nerve and tumour cell co-culture system was examined at 
1 day and 3 day, respectively, and images were collected. To ana-
lyse the results quantitatively, the least range between the DRG and 
SACC cells was delimited. PNI activity was resolved by the quan-
tity of migratory tumour cells around DRG within least gap within 
random five fields in three independent experiments using Image 
Analysis software.

2.10 | Phalloidin staining

SACC cell was fixed with paraformaldehyde, permeabilized using PBS 
containing Triton X-100, blocked in BSA and stained with TRITC-
phalloidin (Sigma), testing for cytoskeletal reorganization at room tem-
perature. Then, DAPI was employed to stain the nucleus. Images were 
viewed using fluorescence microscopy.

2.11 | In vivo PNI model

Twenty nude mice (5 weeks old) were obtained to establish the PNI 
model of SACC after adapting to the environment for a week. The 
mouse was anaesthetized and received groin injection of 2.5 × 106 
SACC-LM cells. Two weeks after inoculation, 20 nude mice were 
randomized allocated into three group, including saline group (n = 6, 
treatment with saline at 0.1 mL/d), AMD3100 group (CXCR4 antag-
onist) (n  =  7, treatment with AMD3100 at 2  mg/kg) and CXCL12 
group (n = 7, treatment with CXCL12 at 5 μg/kg),23 and received cor-
responding treatment for 2 weeks, respectively. Sciatic nerve func-
tion, which intervened functional movement of hind limbs in nude 
mice, was observed and recorded weekly, and observation indica-
tors include the following: (a) sciatic nerve function index, evaluated 

by measuring the reach distant (mm) of the first toe to fifth toe of the 
nude mice’ hind claw, (b) function of hind limb, which was classified 
from 4 (normal) to 1 (total paw paralysis) based on hind paw’ action 
to the manually stretching of the soma. Samples were taken, and 
subsequent experiments were conducted after 7 weeks.24,25

2.12 | Statistical analysis

Statistical analysis was carried out via SPSS Version 21.0 (IBM Corp). 
The level of proteins and patients’ clinicopathologic features were 
evaluated by Wilcoxon test. Correlation coefficient of two variables 
was calculated using 2-tailed Pearson's statistics. P < .05 was consid-
ered to be statistically significant, and multi-groups differences were 
corrected using Bonferroni.

3  | RESULTS

3.1 | Relationship between CXCL12/CXCR4 and PNI 
in human SACC specimens

To explore the significance of CXCL12/CXCR4 in human SACC tissues, 
immunohistochemical staining was applied in 158 cases of SACC, in 
which there were 77 cases (48.7%) with PNI (Figure 1A). CXCR4, gener-
ally stained in cytoplasm, was overexpressed in 79.1% (125/158) SACC 
specimens, whereas weak positive expression in 35% (7/20) normal 
salivary gland (Figure  1B). CXCL12, stained in cytoplasm, was mainly 
expressed in nerve cells and occasionally detected in tumour cells of 
51.9% (82/158) SACC specimens, and 10% (2/20) in normal salivary 
gland was weak expression (Figure 1B). The level of CXCR4 and CXCL12 
in SACC was higher relative to normal gland (P = .005, P = .001). The 
relevance between CXCR4 level and clinicopathologic features showed 
that CXCR4 level was noticeably associated with tumour location, clini-
cal staging, histological subtype, implication of resection margin, relapse 
and metastasis (P < .05, Table 1). CXCL12 expression in SACC was rarely 
linked to any clinicopathologic features (P > .05).

Then, we ulteriorly analysed the relationship between CXCR4/
CXCL12 level and PNI in human SACC tissues. The positive rate of 
CXCR4 in non-PNI group (non-PNI), far from nerve group (PNI-far) 
as well as nerve invasion frontier group (PNI-frontier), was 64.2% 
(52/81), 84.4% (65/77) and 94.8% (73/77) in SACC specimens, re-
spectively. The distinction of the CXCR4 expression level between 
non-PNI and PNI-far, PNI-far and PNI-frontier was significant in sta-
tistics (P =  .001, P =  .003) (Figure 1B). There was no difference in 
CXCL12 expression between non-PNI and PNI-far, PNI-far and PNI-
frontier in SACC (P > .05). These suggested that high CXCR4 expres-
sion might contribute to the presence of PNI, while CXCL12 had not 
direct association with PNI in SACC.

Kaplan-Meier curves further revealed that SACC patients 
with high level of CXCR4 expression had a longer overall survival 
(OS) time than those with low level or without CXCR4 expression 
(Figure 1C). Multivariate analysis for prognosis revealed that CXCR4 
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expression, clinical staging, local relapse, PNI and distance metasta-
ses were constructive and meaningful prognostic factors (P < .001).

In addition, CXCL12 was highly expressed in microglia BV2 
and dorsal root nerve, while CXCR4 was dramatically expressed in 
SACC cell lines (SACC-83 and SACC-LM) and SACC tissue. Although 
SACC-LM presented a higher level of CXCR4 than SACC-83, there 
was no statistic difference (P > .05, Figure 1D).

3.2 | CXCL12 improved the levels of EMT and 
Schwann cell-associated hallmarks of SACC cells

It has been known that CXCL12/CXCR4 axis plays a pivotal 
role in the neurotropism of cancer cells.23,26 Hence, we liked 

to explore the reason why high CXCR4 expression associ-
ated with the presence of PNI, but CXCL12 did not present di-
rect relationship with PNI in SACC cases. SACC-LM cells were 
stimulated by different concentrations of CXCL12 (20  ng/mL, 
40  ng/mL, 60  ng/mL) or supernatant of microglia BV2 cells. 
The results showed that compared to control group, migra-
tory and invasive capability of SACC-LM cells were upgraded 
along with elevated expression level of EMT-associated genes 
(Twist, N-cad, Vimentin and E-cad) and Schwann cell hallmarks 
(S100A4, p75NTR and GFAP) in a concentration-dependent 
manner by qRT-PCR (Figure  2A-C). The same data were found 
in SACC-83 cells. These results indicated that CXCL12 might 
involve in regulating the differentiation of tumour cells into 
Schwann-like cells.

F I G U R E  1   CXCL12/CXCR4 associated with the PNI in SACC patients. A, HE staining showed that nerve was encroached by tumour cells 
in SACC patients. Representational results are displayed. Magnification: Left 100×, Mid 200×, Right 400×. B, Immunohistochemical staining 
of CXCL12 and CXCR4 in different tissue. ‘Normal gland’ indicates normal salivary gland. ‘Non-PNI’ indicates SACC without PNI. ‘PNI-far’ 
indicates SACC far away nerve site. ‘PNI-frontier’ indicates nerve invasion frontier. SACC at nerve invasion front displayed higher expression 
of CXCR4. CXCL12 was mainly expressed by nerve tissue, (200×). C, Kaplan-Meier analysis for SACC patients’ overall survival time with 
differential level of CXCR4 was conducted. D, qRT-PCR analyses of CXCL12 and CXCR4 mRNA level in SACC cell lines (SACC-83 and SACC-
LM), SACC tissue, nerve cell BV2 and DRG tissue. *P < .05, ***P < .001
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3.3 | CXCL12 promoted migratory, invasive and PNI 
capacity of SACC cells through CXCR4

Subsequently, CXCR4 expression in SACC cells was inhibited by 
siRNA treatment (Figure 3A). The results confirmed that compared 
with control group, siRNA-induced CXCR4 knockdown significantly 
impaired the migration (Figure 3B), invasion (Figure 3C) and PNI abil-
ity (Figure 3D), induced a cytoskeletal collapse and reduced pseudo 
foot formation by TRITC-phalloidin staining, down-regulated the 
expressive level of EMT associate genes and Schwann cell hall-
marks of SACC-LM cells using qRT-PCR analysis after stimulated 
by CXCL12 (60 ng/mL) or supernatant of microglia BV2 cells. The 

same effect was observed in SACC cells with AMD3100-mediated 
CXCR4 blockade. This indicated that CXCL12/CXCR4 was respon-
sible for migratory, invasive and PNI ability of SACC cells.

3.4 | Twist/S100A4 axis was required in CXCL12/
CXCR4 promoting EMT and PNI of SACC cells

Then, to further investigate the effect of S100A4 and Twist induced 
EMT in CXCL12/CXCR4 regulating PNI of SACC, we used siRNA 
to silence Twist after the sensitization of CXCL12/CXCR4 axis in 
SACC cells. Silencing Twist reduced migratory, invasive and PNI 

Clinicopathological parameters

Cases

CXCR4 expression

P value

- + ++ +++

158 33 56 45 24

Ages (years)

<50 73 13 30 21 9 .808

≥50 85 20 26 24 15

Sex

Male 85 15 31 28 11 .582

Female 73 18 25 17 13

Complaint (months)

<12 83 20 29 20 14 .504

≥12 75 13 27 25 10

Site

Minor salivary gland 108 21 31 38 18 .026

Major salivary gland 50 12 25 7 6

Tumour diameter (cm)

≤1 24 5 6 10 3 .825

1 ~ 2 45 11 18 5 11

≥2 89 17 32 30 10

Clinical stage

Ⅰ+Ⅱ 70 26 17 18 9 .007

Ⅲ+Ⅳ 88 7 39 27 15

Histological subtype

Cribriform 72 19 27 22 4 .005

Tubular 49 9 19 15 6

Solid 37 5 10 8 14

Involvement of surgical margin

Affect 48 8 11 16 13 .006

Free 110 25 45 29 11

Local regional recurrence

Positive 41 5 10 15 11 .002

Negative 117 28 46 30 13

Distant metastasis

Positive 46 7 13 15 11 .027

Negative 112 26 43 30 13

TA B L E  1   Correlation between CXCR4 
expression and clinicopathological 
parameters of SACC patients
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ability, and down-regulated EMT-associated genes and Schwann 
cell hallmarks mediated by sensitization of CXCL12/CXCR4 axis in 
SACC cells. Then, we overexpressed S100A4 in SACC-LM cells with 
S100A4 overexpressing plasmid, and the transfection efficiency was 
certificated by immunofluorescence and qRT-PCR (Figure 4A). The 
data showed that SACC-LM cells overexpressing S100A4 rescued 
the migration, invasion and PNI ability and displayed fibroblast-like 
phenotype and pseudo foot, frequently (Figure 4B-E). This indicated 
that CXCL12/CXCR4 promoted SACC cell migration, invasion and 
PNI partly through Twist/S100A4 axis.

3.5 | CXCL12/CXCR4-mediated EMT promoted PNI 
in SACC xenograft model

To confirm these findings in vitro, PNI model with nude mice was 
established. The results showed that sciatic nerve function index 

of hind limb was prominently decreased in CXCL12 group com-
pared with saline group and AMD3100 group at the 5th week, and 
saline group significantly decreased than AMD3100 group at the 
6th week (Figure 5A). Functional assessment demonstrated that the 
mouse in the CXCL12 group began to undergo hind limb dysfunc-
tion at the 4th week compared with AMD3100 group. At the 5th 
week, hind limb function in CXCL12 group was dramatically worse 
than saline group, and saline group was worse than AMD3100 
group (Figure 5A). Xenografted tumours were excised for HE stain-
ing at 7th week, and the results manifested that the presence of 
PNI in CXCL12 group, saline group, AMD3100 group was 85.7% 
(6/7), 16.7% (1/6) and 0 (0/7), respectively. The incidence of PNI 
in CXCL12-treated group was remarkably higher than AMD3100 
group and saline group (P <  .05, Figure 5B). The data of immuno-
histochemical staining (Figure 5C) and qRT-PCR (Figure 5D) showed 
that the level of EMT-related genes as well as Schwann cell hall-
marks in CXCL12 group was notably higher than saline group, and 

F I G U R E  2   CXCL12 improved the levels of EMT and Schwann cell-associated hallmarks of SACC-LM cells. A, SACC-LM migration was 
investigated via scratch assay stimulated by different concentrations of cytokine CXCL12 (20 ng/mL, 40 ng/mL, 60 ng/mL) or supernatant 
of microglia BV2 cells, (40×). B, SACC-LM invasion was studied using transwell invasion assay stimulated by different concentrations of 
cytokine CXCL12 (20 ng/ml, 40 ng/ml, 60 ng/ml) or supernatant of microglia BV2 cells, (100×). C, qRT-PCR analyses assessed the influence 
of CXCL12/CXCR4 axis on the mRNA level of EMT relevant genes (Twist, E-cad, N-cad and Vimentin) together with Schwann cell hallmarks 
(S100A4, p75NTR and GFAP) in SACC-LM cells. *P < .05, **P < .01, ***P < .001
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the level in saline group was strikingly higher than that in AMD3100 
group. In addition, the expression level of EMT-related proteins 
and Schwann cell hallmarks in PNI-frontier were higher than PNI-
far group (Figure 5C). This indicated that CXCL12/CXCR4 signalling 
might involve in the course of EMT and Schwann-like differentiation 
in PNI of SACC.

3.6 | CXCR4 expression closely connected with the 
level of EMT-related markers in SACC specimens

CXCR4 pathway has been certificated to influence EMT of can-
cer cells in vitro.8,9,27 Immunostaining of EMT-associated proteins 

(N-cad, Vimentin, Twist, E-cad) as well as Schwann cell hallmarks 
(S100A4, p75NTR, GFAP) was conducted in 158 SACC and 20 nor-
mal glands specimens (Figure 6A). The correlative analysis between 
the CXCR4 expression and the level of EMT-associated proteins 
and Schwann cell hallmarks at PNI-frontier was carried out. As 
shown in the illustration, the level of CXCR4 was notably inverse 
interrelated with the E-cad (γ  =  −0.3367, P  =  .0028), while pos-
itive related to the level of Twist (γ  =  0.4799, P  ˂  0.001), N-cad 
(γ = 0.3498, P =  .0018), Vimentin (γ = 0.4691, P <  .001), S100A4 
(γ = 0.4919, P <  .001), p75NTR (γ = 0.4609, P <  .001) and GFAP 
(γ = 0.4528, P < .001). This indicated that CXCL12/CXCR4 signal-
ling might promote EMT to induce Schwann-like differentiation in 
SACC (Figure 6B).

F I G U R E  3   CXCL12 promoted migratory, invasive and PNI capacity of SACC cells through CXCR4. A, Immunofluorescence imaging and 
qRT-PCR analysis for transfection efficiency of CXCR4 knockdown by siRNA in SACC-LM cells, (200×). B, CXCR4 knockdown by siRNA or 
blockade by AMD3100 inhibited migration of SACC-LM cells, (40×). C, CXCR4 knockdown by siRNA or blockade by AMD3100 weakened 
the invasiveness of SACC-LM cells, (100×). D, CXCR4 knockdown by siRNA or blockade by AMD3100 impaired the transfer competence of 
SACC-LM cells towards DRG. DRG indicates dorsal root ganglia (40×). **P < .01, ***P < .001

A Blank control      Negative control     CXCR4 siRNA1     CXCR4 siRNA2     CXCR4 siRNA3
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DAPI
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C
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4  | DISCUSSION

The occurrence of PNI in SACC not just leads to symptoms of neu-
rological impairment, including facioplegia, soreness and numbness, 
but it even is detrimental to disease-free survival. Accordingly, the 
mechanisms responsible for PNI of SACC should be fully elucidated. 
In this thesis, we identified that CXCR4 expression was prominently 
correlated with tumour location, clinical staging, histological sub-
type, implication of resection margin, tumour relapse and metasta-
sis. This was in line with previous findings that CXCR4 was positively 
associated with cancer-related deaths.28,29 Besides, the results pre-
sented here also demonstrated that CXCR4 in nerve invasion fron-
tier was strikingly expressed. CXCL12 was abundantly expressed by 
nerve cells. This phenomenon was also observed in the specimens 
of pancreatic cancer with PNI.26 This revealed that the intertwin-
ing between CXCL12, mainly expressed by nerve tissue in the SACC 
specimens with PNI and CXCR4, strongly expressed by tumour cells 
at nerve invasion frontier might offer favourable terms for the initia-
tion of PNI in SACC.

To verify the key role of CXCL12/CXCR4 in promotion of PNI in 
SACC, we extended our investigations in vitro. The results showed 
that cytokine CXCL12 or supernatant of microglia BV2 cells expressing 
CXCL12 induced enhanced migratory, invasive and PNI ability of SACC 
cells in a dose-dependent fashion, which could be reserved after silenc-
ing CXCR4 with siRNA or blocking CXCR4 of SACC cells with AMD3100, 
which was verified to function as antagonist of CXCR4, thus inhibiting 
intracranial merisis of primary cerebral tumour.30 This confirmed that 
CXCL12/CXCR4 contributed to the PNI of SACC cells.

To encroach on nerve, reduced intercellular adhesion and en-
hanced migration and invasion capability were required in cancer 
cells.31 EMT, a biological process, by which polarized epithelial cells 
converted into mesenchymal phenotype cells and acquired a motile 
mesenchymal cytoskeleton, was a pivotal procedure in migration and 
invasion of malignant tumours.32,33 In this study, we identified that 
the level of E-cad was reduced and Twist, N-cad and Vimentin were 
elevated at nerve invasion front than the site far away from nerve. 
The correlation analysis suggested that CXCR4 level was inversely 
correlated with protein level of E-cad, whereas strongly positively 

F I G U R E  4   Overexpression of S100A4 promoted SACC cell migratory, invasive and PNI. A, Immunofluorescence and RT-PCR results 
displayed that S100A4 level was increased in S100A4 plasmid group of SACC-LM cells, (200×). B, S100A4 overexpressing SACC-LM 
cells emerged advanced transfer capacity. C, S100A4 overexpressing SACC-LM cells showed contributory invasive ability. D, S100A4 
overexpression accelerated SACC-LM cells transfer towards the DRG in vitro co-culture assay, (40×). E, TRITC-phalloidin staining showed 
that S100A4 overexpression in SACC-LM stimulated skeleton rearrangement and more pseudo foot formation, (200×). *P < .05, **P < .01, 
***P < .001
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correlated with Twist, N-cad and Vimentin expression at nerve in-
vasion front. This was in accordance with the biology characteriza-
tion and facility of CXCR4, which was essential to steer invasive and 
metastatic potency through EMT. For example, Guo et al noted that 
CXCL12/CXCR4 could accelerate invasion of glioblastoma through 
enhancing the EMT.34 Raschioni et al reported that activated 
CXCR4/CXCL12 pathway sustained the aggressiveness of breast 
cancer through initiating EMT.35 These suggested that CXCR4 might 
participate in PNI of SACC through mediating EMT.

Twist was proved to be a crucial orchestrator inducing EMT in 
tumour progression.36 To determine the role of Twist in the neuro-
philic invasion of SACC cells, Twist in SACC cells were knockdown 
using siRNA. As expected, the results demonstrated that silencing 
Twist inhibited cancer cell migratory, invasive and PNI ability, ac-
companied by reduced EMT-associated genes and Schwann cell 
hallmarks level. Further, we noticed that the migratory, invasive and 
PNI ability of SACC cells was significantly enhanced, and fibroblast-
like phenotype and pseudo foot was captured frequently after 

S100A4 overexpression by plasmid. These findings suggested that 
CXCL12/CXCR4 might provoke PNI by regulating the differentia-
tion of tumour cells into Schwann-like cells through Twist/S100A4 
in SACC.

Accumulating evidences have indicated that tumour cells dif-
ferentiating towards Schwann-like cell could accelerate the pre-
disposition for PNI of tumours.19,37-39 In this study, the level of 
S100A4, p75NTR and GFAP, which had been characterized as 
Schwann cell markers,11,12 was evidently increased at nerve in-
vasion frontier. And the relevancy analysis indicated that CXCR4 
expression level was positively correlated with S100A4, p75NTR 
and GFAP level at nerve invasion front. These revealed that tu-
mour cell differentiating towards Schwann-like cell might occur 
and CXCR4 might encourage transversion of Schwann-like cell 
differentiation in PNI of SACC.

All in all, the present study demonstrated that CXCL12 was 
mainly expressed by nerve tissue and CXCR4 was highly expressed 
by SACC cells at nerve invasion front in specimens with PNI. The 

F I G U R E  5   CXCL12/CXCR4-mediated EMT promoted PNI in SACC xenograft model. A, Sciatic nerve function index and function of hind 
limb was assessed. B, Function of hind limb of the mouse was observed, and the results of HE staining was displayed in SACC xenograft 
model, (200×). C, Immunohistochemical staining showed that the level of EMT-related proteins and Schwann cell hallmarks in CXCL12 group 
were remarkably higher relative to saline group, and the protein level in saline group was higher than AMD3100 group, and the expression at 
PNI-frontier was higher than PNI-far group, (200×). D, qRT-PCR analysis exhibited that mRNA level of EMT-related genes and Schwann cell 
hallmarks in CXCL12 group were significantly higher than that in saline group, and the mRNA level in saline group was significantly higher 
than AMD3100 group. *P < .05, **P < .01, ***P < .001
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activation of CXCL12/CXCR4 might accelerate PNI through en-
hancing the initiation of EMT to induce tumour cells develop into 
Schwann-like cells, triggering cytoskeletal rearrangement, thus ac-
quiring a promotional migrated and invasive ability in SACC.
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