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ABSTRACT
Salivary adenoid cystic carcinoma (SACC) is characterized by invasive local
growth and a high incidence of lung metastasis. Patients with lung metastasis have a
poor prognosis. Treatment of metastatic SACC has been unsuccessful, largely due to a
lack of specific targets for the metastatic cells. In this study, we showed that epidermal
growth factor receptors (EGFR) were constitutively activated in metastatic lung
subtypes of SACC cells, and that this activation was induced by autocrine expression
of epiregulin (EREG), a ligand of EGFR. Autocrine EREG expression was increased in
metastatic SACC-LM cells compared to that in non-metastatic parental SACC cells.
Importantly, EREG-neutralizing antibody, but not normal IgG, blocked the autocrine
EREG-induced EGFR phosphorylation and the migration of SACC cells, suggesting
that EREG-induced EGFR activation is essential for induction of cell migration and
invasion by SACC cells. Moreover, EREG-activated EGFR stabilized Snail and Slug,
which promoted EMT and metastatic features in SACC cells. Of note, targeting EGFR
with inhibitors significantly suppressed both the motility of SACC cells in vitro and
lung metastasis in vivo. Finally, elevated EREG expression showed a strong correlation
with poor prognosis in head and neck cancer. Thus, targeting the EREG-EGFR-Snail/
Slug axis represents a novel strategy for the treatment of metastatic SACC even no
genetic EGFR mutation.

INTRODUCTION

salivary gland tumors [1]. Clinical studies indicate that
SACC is characterized by invasive local growth and
a high incidence of distant metastasis [2]. Although
SACC can metastasize to multiple organs including
bone, liver, and cerebrum, the lung is the predominant
anatomical site of distant metastasis [3]. Lung metastasis

Salivary adenoid cystic carcinoma (SACC) is a
common subtype of malignant salivary gland tumors
in head and neck, accounting for approximately 10%
of salivary gland tumors and about 25% of malignant
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is also a poor prognostic factor for patients with SACC.
Patients without distant metastasis have overall 5-, 10-,
and 20-year survival rates of 85.6%, 67.4%, and 50.4%,
respectively, whereas the survival rates for patients
with distant metastasis are 69.1%, 45.7%, and 14.3%,
respectively [4]. To date, treatment for lung metastases has
been unsuccessful, mainly due to a lack of specific targets
for the metastatic cancer cells. Thus, an understanding of
the mechanisms that govern lung metastasis in SACC is
necessary for development of novel targeting strategies
and improve patient survival.
Cancer metastasis consists of at least four distinct
steps: invasion, intravasation, extravasation, and metastatic
colonization [5, 6]. The first step, the acquisition of
invasive capability and motility, is the rate-limiting step
in the metastatic cascade [7]. Epithelial-mesenchymal
transition (EMT) is a process vital for morphogenesis
during embryonic development, and is also critically
important for metastasis [8]. A hallmark of EMT is the
loss of E-cadherin expression [9]. Several transcription
factors are implicated in the transcriptional repression of
E-cadherin, including the zinc finger proteins of Snail,
Slug, Twist, δEF1/ZEB1, SIP1, and E12/E47 [10–17].
EMT is also a dynamic and reversible process, provoked
by signals, such as TGF-β, Wnt and TNF-α, from the
microenvironment [18–22]. However, the cellular source
of signals that control the EMT cascade in specific cancers
are not completely understood.
Aberrant activation of EGFR is involved in tumor
development and progression for many cancers. Activation
of EGFR can result from genetic mutation and gene
amplification. Epiregulin (EREG) functions as a ligand
of the EGF receptors EGFR/HER1 and HER4. EREG
binds directly to EGFR and HER4 to induce tyrosine
phosphorylation (activation) of EGFR, HER2, HER3 and
HER4 [23, 24]. EGFR ligands implicated in human cancers,
include EGF, EREG, amphiregulin (AREG), heparinbound EGF (HB-EGF) and transforming growth factor
alpha (TGFα) [25]. The EGF ligand family participates in
tumor proliferation, migration, invasion and angiogenesis.
For example, EGF secreted by endothelial cells can
promote cancer metastasis by inducing EMT in head and
neck cancers [26]. EREG stimulates the proliferation
of fibroblasts, hepatocytes, smooth muscle cells and
keratinocytes, but inhibits the growth of several tumorderived cell lines [27, 28]. Many studies show that EREG
expression correlated with cancer metastasis and could
serve as a prognostic marker for cancers such as breast,
colorectal, bladder and oral cancers [29–31]. However,
the cellular source of EREG and the mechanism by which
EREG promotes cancer metastasis are still unclear.
We hypothesize that EMT plays an important role
in the metastasis of SACC. In this study, we used two
homologous SACC cell lines, SACC-83 and SACC-LM,
to characterize the metastatic features of SACC [32]. The
parental cell line, SACC-83 with a low lung metastasis
www.impactjournals.com/oncotarget

rate, was isolated from a patient diagnosed pathologically
with SACC in the sublingual gland. The daughter cell
line SACC-LM, which has a high lung metastatic rate,
originated from a murine lung metastatic lesion after
a 5 round selection process, starting from intravenous
injection of SACC-83 cells [32]. With these two SACC
lines, we found that autocrine EREG-induced EGFR
activation promotes lung metastasis via EMT. Moreover,
upregulated EREG is prevalent in head and neck cancer
and correlates with poor survival.

RESULTS
Lung metastatic SACC cells exhibit EMT-like
characteristics
To investigate the mechanisms that underlie lung
SACC metastasis, we selected SACC-83 and SACC-LM as
a pair of cell lines for characterization. First, we examined
an EMT-related function, the migration capability of
SACC-83 and SACC-LM cells, using the transwell and
wound-healing assays. The transwell analysis showed that
SACC-LM cells were much more motile and invasive
than SACC-83 cells (Figure 1A–1B) in vitro and in areas
of healing (Figure 1C–1D). In culture, SACC-83 cells
exhibited the typical polygonal morphology of epithelial
cells (Figure 1E), and immunofluorescence analysis
revealed high levels of the epithelial marker E-cadherin
and low levels of mesenchymal markers, N-cadherin and
vimentin, as indicated. In contrast, SACC-LM cells were
scattered, displayed a fibroblast-like morphology, with
low levels of E-cadherin and high levels of N-cadherin
and vimentin (Figure 1E). Immunoblot analysis confirmed
the molecular features of these two cell lines (Figure 1F).
Consistently, SACC-LM cells showed increased
expression of Snail and Slug and repressed expression of
E-cadherin (Figure 1F). Taken together, these data indicate
that SACC-LM cells exhibited increased EMT-like
characteristics compared to SACC-83 cells. Thus, EMT
may be involved in SACC-LM lung metastasis.

Autocrine EREG activates EGFR pathway in
high metastatic SACC-LM cells
We assumed that differences in the signal transduction
pathways of SACC subtypes were responsible for the lungmetastatic potential seen in SACC-LM cells. The EGFR is
overexpressed in a variety of epithelial tumors, including
salivary SACC. Activation of EGFR is thought to regulate
the processes of metastasis and cancer cell survival. We
examined phosphorylation of EGFR pathway target proteins
in SACC-83 and SACC-LM cells. The results showed
that p-EGFRs (Y1068, Y1173, Y1045, Y845) were all
significantly increased in SACC-LM compared to SACC-83
(Figure 2A). Moreover, p-Akt, p-STAT3 and p-ERK were
increased in SACC-LM compared to SACC-83 (Figure 2A).
25252
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Of note, the EGFRs in SACC-LM were auto-activated since
no exogenous ligand was added.
To determine if the EGFR in SACC-LM are mutated,
we investigated genetic mutations by sequencing exons 18,
19, and 21 of the EGFR gene in both SACC-83 and SACCLM cells; no genetic mutations were found in EGFR gene
in either of these cell lines (data not shown). In addition, the
subcellular localization of the EGFR showed no significant
difference between the two cell lines (Figure 2B).
Next, we asked if the differential activation of EGFR
in these two SACC cell lines was the result of different
levels of EGFR ligands. Previous reports of transcriptomic
microarray analysis by Hu et al. [9], and by Wang et al. [33]
showed that mRNA expression of EREG was 4.55-fold
and 9.8-fold higher in SACC-LM than that in SACC-83,
as determined by the respective investigators (Figure 2C).
EREG encodes epiregulin, a known EGFR ligand. Thus,
we examined mRNA and protein levels of EREG in these
two cell lines by RT-PCR and immunoblot analysis. EREG
mRNA expression was significant higher in SACC-LM
than in SACC-83 (Figure 2D). Thus, autocrine secretion
of EREG may contribute to an auto-activation of EGFR in
SACC-LM cells. To determine if other EGFR-ligands were
involved in EGFR activation, we examined the expression
of EGF, TGFα, heparin binding-EGF (HB- EGF) and

AREG in these two cell lines. However, there was no
difference in the mRNA expression levels between these
two cell lines (Figure 2E). To determine the role of
autocrine cytokines, we examined protein expression after
incubation in serum-free medium. The p-EGFR level was
transiently decreased at 0.5 hour after the medium change,
likely the result of removal of autocrine factor(s) in the
conditioned (old) medium (Figure 2F–2G). Moreover,
EGFR phosphorylation increased 1.5 hours after the
medium change, suggesting that newly produced autocrine
cytokines are responsible for this response (Figure 2F– 2G).
Importantly, a neutralizing anti-EREG antibody, but not
normal Ig G, abrogated auto-phosphorylation of EGFR in
SACC-LM cell (Figure 2H), which suggests that EGFR
activation in SACC-LM cells is caused by the autocrine
EREG. Thus, autocrine EREG likely contributes to the
auto-activation of EGFR pathway in the highly metastatic
SACC-LM cells.

EREG is critical for activation of EGFR
pathway and migration of SACC cells
Next, we examined the effects of exogenous EREG
on activation of EGFR and its downstream signaling
targets, including ERK, Akt, and STAT3, in the SACC

Figure 1: Lung metastatic SACC-LM cells exhibit EMT characteristics. (A) The transwell migration and invasion

assays established the migration and invasion capability of SACC-83 and SACC-LM cells with representative images shown. Scale
bar = 200 μm. (B) Graphic representation of the percent of migrated cells from 3 separate experiments (mean ± SD). * indicates a p < 0.05.
(C) Representative images of wound healing for SACC-83 and SACC-LM cells. Scale bar = 200 μm. (D) The number of migrated cells
within the areas of healing surpassing the red lines was determined, and each experiment was repeated 3 times. * indicates a p < 0.05.
(E) Representative images of the morphology and staining for E-cadherin, N-cadherin and vimentin in SACC-83 and SACC-LM cells.
Scale bar = 200 μm. (F) Western blot analysis of E-cadherin, N-cadherin, ZO-1, vimentin, Snail and Slug protein levels in SACC-83 and
SACC-LM cell lines.
www.impactjournals.com/oncotarget
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cell lines. Treatment of SACC-83 cells with recombinant
human epiregulin (rhEREG) resulted in phosphorylation
of EGFR, ERK, Akt and STAT3 in a time- and dosedependent manner (Figure 3A–3B). Moreover, rhEREG
treatment (50 ng/ml) significantly increased migration
of SACC cells in the wound closure assay in vitro
(Figure 3C). Importantly, a neutralizing anti-EREG
antibody significantly inhibited wound closure whereas
normal Ig G failed to do so (Figure 3F); this finding
suggests that autocrine EREG is required for the migration
activity of SACC-LM cells. Taken together, these results
demonstrate that EREG plays a critical role in activation of
the EGFR pathway and induction of SACC cell migration.

microscopy confirmed these findings as the staining
intensities of Snail and Slug were dramatically increased
in SACC-83 cells following EREG treatment (Figure 4C).
Thus, our results suggest that EREG regulated Snail and
Slug expression via a transcription-independent mechanism.
The optimal experimental condition for stabilization of
Snail and Slug was rhEREG treatment for about 2 hour
(Figure 4E) and at concentration of 50 ng/ml (Figure 4D).

EGFR pathway is required for EREG-induced
stabilization of Snail and Slug
Snail and Slug are labile proteins [34]. To
determine the mechanism underlying the EREG-induced
stabilization, we examined the protein levels of Snail
and Slug in cells treated with or without rhEREG for
various time (up to 4 hour) in absence or presence of
protein translational inhibitor cycloheximide (CHX)
(Figure 5A–5B). In cells treated with rhEREG, Snail
and Slug were more stable than cells without treatment
(Figure 5C–5D). These results suggest that rhEREG
treatment promotes stabilization of Snail and Slug. To
determine which signaling pathway is essential for EREGinduced stabilization of Snail and Slug, we examined the
effects of inhibitors of EGFR, Akt, STAT3, and ERK.

EREG induces Snail and Slug protein
stabilization
Snail and Slug are two major transcription factors
that induce EMT and promote cancer metastasis. We next
investigated whether Snail and/or Slug regulated EREGinduced SACC migration. Immunoblot analysis showed
that rhEREG treatment significantly increased Snail and
Slug protein levels in SACC-83 cells (Figure 4A), whereas
mRNA levels of Snail and Slug, assessed by RT-PCR,
remained unchanged (Figure 4B). Immunofluorescence

Figure 2: Autocrine EREG secretion contributes to the auto-activation of EGFR in highly metastatic SACC.

(A) Western blot analysis of p-EGFR, EGFR, p-AKT, AKT, p-STAT3, STAT3, p-ERK and ERK protein levels in SACC-83 and SACC-LM
cell lines. (B) Immunofluorescence staining for EGFR is presented with DAPI (blue) nuclear staining. Scale bar = 200 μm. (C) Analysis of
EREG mRNA levels with fold change in SACC-LM cells compared to SAC-83 cells using published chip assay data. (D) The mRNA and
protein levels of EREG in SACC-83 and SACC-LM cell lines by RT-PCR and Western blot analysis, respectively. (E) The mRNA level of
HB-EGF, TGF-α, AREG, EGF in SACC-83 and SACC-LM cell lines. (F) Western blot analyses of p-EGFR and EGFR from SACC-LM
cells that were serum-starved as indicated. (G) Graphic representation of the ratio of p-EGFR and EGFR to GAPDH for indicated time
points in SACC-LM cells. (H) Western blot analyses of p-EGFR in SACC-LM cells that were starved for 0.5h and then treated with EREG
neutralizing antibody or with normal Ig G for 6 hours.
www.impactjournals.com/oncotarget
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The EGFR inhibitor erlotinib completely blocked EREGinduced stabilization of Snail and Slug, whereas inhibitors
of STAT3, ERK and PI3K showed partial inhibition
(Figure 5E). Because STAT3, MAPK and PI3K are the
major downstream targets of EGFR, these results strongly
suggest that the activated EGFR pathway is crucial for
EREG-induced stabilization of Snail and Slug.

(Figure 6B). Consistently, SACC-LM cell migration and
invasion in the transwell assay were also dramatically
suppressed by erlotinib treatment (Figure 6C–6D). Similarly,
SACC-LM cell motility was also suppressed by erlotinib
in wound healing assay (Figure 6E–6F). Taken together,
these results demonstrate that the activated EGFR pathway
is essential for the metastatic characteristics in SACC-LM
cells, and that inhibition of EGFR function decreases the
migration and invasion capabilities of these cells.

Targeting EGFR suppressed migration and
invasion of SACC-LM cells in vitro

Targeting EGFR suppressed lung metastasis of
SACC-LM in vivo

Next, we examined the effects of targeting the EGFR
on migration and invasion of SACC cells. Treatment of
SACC-LM cells with erlotinib suppressed phosphorylated
of the EGFR (Figure 6A), which correlated with decreased
levels of vimentin and increased levels of E-cadherin

Next, we examined the effect of targeted inhibition
of the EGFR in SACC-LM cells on metastasis to the
lungs in vivo. SACC-LM were pretreated without or

Figure 3: EREG activated EGFR/Akt/ERK/STAT3 pathways and promoted migration of SACC cells. (A) Western blot

analyses for P-EGFR, EGFR, P-AKT, AKT, P-ERK, ERK, p-STAT3, STAT3 in SACC-83 cells treated with 0 to 1000 ng/mL rhEREG
for 4 hours. (B) Western blot analyses for P-EGFR, EGFR, P-AKT, AKT, P-ERK, ERK, p-STAT3, STAT3 in SACC-83 cells treated with
50 ng/mL rhEREG as indicated. (C) Representative images of migration by SACC-83 cells treated with or without rhEREG (50 ng/ml) for
36 hours with representative images shown. Scale bar = 200 μm. (D) Graphic representation of the percent of migrated cells treated with
rhEREG from 3 separate experiments as outlined in (C) with the mean ± SD indicated, *p < 0.05. (E) Representative images of migration
by SACC-LM cells treated with EREG neutralizing antibody or with normal Ig G for 36 hours with representative images shown. Scale bar
= 200 μm. (F) Graphic representation of the percent of migrated cells treated with EREG antibody from 3 separate experiments as outlined
in (E) with the mean ± SD indicated, *p < 0.05.
www.impactjournals.com/oncotarget
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with erlotinib at 2 uM for 72 hours, and then i.v. injected
into nude mice. Four weeks later, mice were sacrificed.
The metastatic nodules in mouse lungs were counted,
and the total area of all of the nodules in each section of
the lung was calculated. Erlotinib pretreatment greatly
reduced both the number of metastatic nodules and the

area of lung metastases when compared to control group
(Figure 7A– 7B). Thus, targeting EGFR significantly
suppressed lung metastasis of SACC-LM in vivo.
To correlate the results from this study, we analyzed
the clinical and molecular data of patients from the cancer
genome atlas (TCGA). Because the survival data were not

Figure 4: EREG induces protein stabilization of snail and slug. (A) Western blot analyses for Snail and Slug in SACC-83 cells
treated with or without 50 ng/mL rhEREG for 4 hours. (B) RT-PCR analyses for mRNA levels of Snail and Slug. (C) Immunofluorescence
staining for Snail and Slug in SACC-83 cells treated with or without 50 ng/mL rhEREG for 4 hours. Scale bar = 200 μm. (D) Western blot
analyses for Snail and Slug from SACC-83 cells treated with 50 ng/mL rhEREG as indicated. (E) Western blot analyses for Snail and Slug
from SACC-83 cells treated with 0 to 1000 ng/mL rhEREG for 4 hours.
www.impactjournals.com/oncotarget
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available for patients with SACC in the TCGA cohort, we
selected one independent study on head and neck cancer
(TCGA, Nature 2015). We performed analysis by using
the cBio Cancer Genomics Portal (http://cbioportal.org)
[35]. Specifically, the expression levels of EREG gene
were divided into two groups, high expression and low
expression groups. By analysis of the overall survival
based on EREG mRNA expression, we found that patients
with high EREG levels had a significantly shorter median
overall survival than patients with low EREG levels
(Figure 7C). The median survival for patients with EREG
alterations was 13.04 months and 26.41 for patients without
alterations (Figure 7D). Thus, the results obtained both in
experimental and clinical data showed that the EREGEGFR–Snail/Slug axis plays a critical role in controlling
lung metastasis and in the prognosis of SACC patients.

autocrine EREG-activated EGFR signaling pathway.
EREG-activated EGFR signaling stabilized Snail and Slug
and induced EMT program in SACC-LM cells. Inhibition
of EREG by neutralizing antibody abrogated EREGinduced EMT features in SACC-LM cells. Thus, autocrine
EREG-induced EGFR activation, even without a genetic
mutation, in metastatic SACC patients may be suitable for
EGFR targeting therapy.
EGFR, a receptor tyrosine kinase, is important in
controlling cell proliferation, motility, adhesion, invasion,
angiogenesis and survival [36]. In fact, 85% of patients
with SACC express the EGFR [37]. EREG is a ligand
for the EGFR. Different from other members of the EGF
family that are expressed ubiquitously in epithelium of
normal tissues [38], EREG is predominantly expressed in
the placenta and peripheral blood leucocytes. It has been
reported that overexpression of EREG promotes migration
and invasion of oral cancer cells in vitro. The effects of
EREG are likely mediated by activation of ERK1/2, Akt,
and Cox 2 [39]. Mechanistically, EREG activates not
only homodimers of both ErbB1 and ErbB4 but also all
possible heterodimeric ErbB complexes [23]. Thus, EREG
may have important biological functions distinct from
other EGFR ligands.

DISCUSSION
In this study, we showed that the highly metastatic
SACC-LM cells exhibited the EMT-like characteristics
compared to the low-metastatic SACC-83 cells. The EMTlike and metastatic features of SACC were promoted by

Figure 5: EREG enhanced Snail and Slug stability require EGFR activation. (A–B) SACC-83 cells were treated with or
without rhEREG for 2 hr, followed by incubation with cycloheximide (CHX; 10 μM) for an extended period of time. The levels of Snail
and Slug were determined by Western blot analysis. (C–D) Graphic representation of densitometry results for Snail (C) and Slug (D)
after cycloheximide treatment (circle, with rhEREG; square, without rhEREG). (E) Western blot analysis of Snail, Slug, P-EGFR, EGFR,
P-AKT, AKT, P-ERK, ERK, p-STAT3, STAT3 from SACC-83 cells pretreated with various inhibitors for 1 hr followed by stimulation with
rhEREG for 2 hr.
www.impactjournals.com/oncotarget
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Figure 6: Targeting EGFR inhibits the migration and invasion capabilities of SACC-LM cells. (A) Western blot analysis

of p-EGFR and EGFR from SACC-LM cells treated with 0 to 20 uM erlotinib for 72 hours. (B) Western blot analysis of E-cadherin and
vimentin levels from SACC-LM cells treated with 2 uM erlotinib for 72 hours. (C) Representative images of migration by SACC-LM cells
treated with or without erlotinib (2 uM) for 24 hours. Scale bar = 200 μm. (D) Graphic representation of percent migrated cells from 3
separate experiments with mean ± SD percent indicated. * indicates a p < 0.05. (E) Representative images of wound healing by SACC-LM
cells treated with or without erlotinib (2 uM) for 24 hours. Scale bar = 200 μm. (F) Graphic representation of the number of migrated cells
within the areas of healing surpassing the red lines from 3 separate experiments. * indicates a p < 0.05.
www.impactjournals.com/oncotarget
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Distant metastasis and EMT program in SACC has
also been associated with c-kit, another receptor tyrosine
kinase [40]. c-kit was shown to increase the CD133+/
CD44+ population in SACC [41]. And c-kit, along with
Oct4, Nanog, SOX2, CD133, CD44, and ALDH1, has
been considered as a cancer stem cell marker in primary
non-small cell lung cancer (NSCLC), ovarian cancer
and hepatocellular carcinoma [42]. Moreover, Slug was
involved in the biologic activity of the SCF/c-kit signaling
pathway [43] [44], and associated with an increased TNM
stage, perineural invasion, local regional recurrence, and
distant metastasis. However, targeting c-kit with inhibitors
GISTs is not always effective in treating c-kit positive
tumors [45]. This suggests that c-kit may not be the only
or major molecule for mediating metastatic features, and
other receptor tyrosine kinases may be involved in this
metastatic process. Application of EGFR inhibitors, such
as erlotinib and geﬁtinib, is a routine therapeutic targeting
strategy for lung cancer patients with mutant EGFR, but

not for those with wild-type EGFR. However, erlotinib
appeared to be very effective in suppression of lung
metastasis of SACC cells in vivo, as showed in this study.
In support, some studies reported that geﬁtinib (Iressa),
could stabilize 68% of SACC cases [46]. Although EGFR
mutations in SACC [47, 48] are not as high as in lung
cancer, the clinical effectiveness of targeting EGFR
in SACC suggests that a different mechanism may be
involved. Thus, targeting EGFR may be applicative for
SACC patients with autocrine EREG, even no EGFR
mutation.
In summary, we demonstrate that autocrine EREGactivated EGFR can stabilize Snail and Slug, induce
EMT and metastatic features in SACC cells. Thus, the
EREG-EGFR-Snail/Slug axis represents an important
mechanism for SACC lung metastasis. Our study suggests
that targeting EGFR may provide an effective therapeutic
strategy for metastatic SACC with autocrine EREG and no
genetic EGFR mutation.

Figure 7: Targeting EGFR inhibits the lung metastasis of SACC in vivo. (A) SACC-LM cells treated with or without erlotinib

(2 uM) for 72 hours were injected into the tail vein of nude mice. Histopathologic analysis shows small metastatic nodules in lung tissues.
(B) Graphic representation of the area of lung metastases with mean ± SD; n = 5. (C–D) Patient survival obtained from publicly available
microarray data was analyzed based on EREG mRNA expression level.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

EREG (F: 5′-ATCCTGGCATGTGCTAGGGT-3′
and R: 5′-GTGCTCCAGAGGTCAGCCAT -3′); HB-EGF
(F:5′-CCACACCAAACAAGGAGGAG-3′and (F:5′-CCA
GGAGGTCCGCATGCTCAC-3′and R:R:5′-ATGAGAA
GCCCCACGATGAC -3′); TGF 5′-GAGTGCAGACCC
GCCCGTGGC-3′); AREG (F:5′-AGGATCACAGCAGAC
ATAAAG-3′and R: 5′-CCAAAACAAGACGGAAAGTG
A-3′); EGF (F:5′-ATGTGTGCAGAGGGATACGC-3′and
R: 5′-GGTGAGGAACAACCGCTACA-3′); GAPDH (F:
5′-TCCACCACCCTGTTGCTGTA -3′ and R: 5′-ACCAC
AGTCCATGCCATCAC -3′); Snail (F: 5′-CGCGCTCTTT
CCTCGTCAG -3′ and R: 5′-TCCCAGATGAGCATTGG
CAG-3′); Slug (F: 5′- GAGCATTTGCAGACAGGTCA-3′
and R: 5′- CCTCATGTTTGTGCAGGAGA-3′).

Cell cultures and reagents
Human SACC cell lines SACC-83 and SACC-LM
were obtained from Shanghai 9th People’s Hospital. Cells
were cultured in RPMI-1640 (Gibco BRL, Grand Island,
NY) with 10% fetal bovine serum (Gibco) and incubated
in a humidified atmosphere of 95% air and 5% CO2 at
37°C. Recombinant Human epiregulin was obtained from
R & D Systems (Minneapolis, MN, USA). Antibodies
against GAPDH were from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies for E-cadherin, N-cadherin,
vimentin, Snail, Slug, p-EGFR, p-AKT, p-ERK,
p-SATAT3, EGFR, AKT, Erk and STAT3 were from Cell
Signaling Technology Inc. (Beverley, MA,). Antibodies for
ZO-1 and EREG and normal goat IgG were from Abcam
(Cambridge, MA). HRP-conjugated secondary antibodies
were from eBioScience (San Diego, CA).

Transwell and wound healing assay
The experimental protocol was performed as
described previously [52]. For the migration assay, cells
(5 × 105) were seeded onto the upper chamber in 200 µL
of serum-free medium; the lower compartment was filled
with 0.6 mL of DMEM media supplemented with 10% of
FBS. After 24 h incubation, migrated cells on the lower
surface of the filter were fixed and stained using 1% crystal
violet; cells on the upper side were removed using a rubber
scraper. Fluorescent images were obtained; reported data
are counts of migrated cells with experiments performed
in triplicate. The procedure used for invasion assay was
similar to that of the cell migration assay, except that the
transwell membrane was coated with Matrigel.

Western blotting
The experimental protocol was performed as
described previously [49]. Cells were lysed with RIPA
lysis buffer (Cell Signaling Technology). Cell lysates
were separated by SDS-PAGE in a 10% acrylamide
gel and transferred onto a nitrocellulose membrane for
immunoblot analysis.

Immunoﬂuorescence
The experimental protocol was performed as
described previously [50]. Cultured cells rinsed three
times with PBS and fixed with 3.7% formaldehyde
were permeabilized with 0.1% Triton X-100. After
blocking in 1% BSA for 1 hour, cells were incubated
with the primary antibody in a moist, 4ºC chamber
overnight, washed and then incubated for 1 hour with
Alexa Fluor 488 (in the dark), or 594 donkey antirabbit IgG antibody (Invitrogen, Grand Island, NY)
at room temperature . Washed cells (PBS containing
0.02% Tween 20), stained by mounting onto a slide
with aqueous mounting medium containing 0.5 mg/ml
40–6-diamidino-2-phenylindole, were examined with a
fluorescence microscope.

Experimental lung metastasis model

Reverse transcriptase polymerase chain reaction
(RT-PCR)

Data analysis used SPSS (Statistic Package for
Social Sciences) 13.0 for Windows (SPSS Inc., Chicago,
IL, USA). Unpaired Student’s t-tests or U-Mann Whitney
tests determined statistical significance between groups
with P values < 0.05 considered significant.

This study was approved by the ethics committee of
our institution. The experimental protocol was performed
as described previously [22]. Cells (1 × 106/0.2 ml) were
injected into the tail vein of BALB/c nude mice. Animals were
sacriﬁced after 5 weeks, and the metastatic tumors in the lung
assessed. No mice showed notable toxic effects or body weight
loss during the experiment. Visible lung metastatic nodules
were counted macroscopically or in paraffin embedded sections
stained with H & E. Data were analyzed using Student’s t test; a
P value less than 0.05 was considered significant.

Statistical analysis

The experimental protocol was performed as
described previously [51]. Total RNA samples were
extracted with TriPure Isolation Reagent (Roche,
Switzerland) and cDNA prepared from 1 mg of total
RNA using the SuperScript III System (Invitrogen Life
Technologies). The mRNAs levels were determined by
RT-PCR, using the following primers:
www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS AND FUNDING
This work was supported by grants National Nature
Science Foundation of China 81202132, 91129303,
25260

Oncotarget

81541041, 81172104, 81572759, 81572693, 81430061,
91413115, Shanghai Municipal Health Bureau 2012173,
Ministry of Science and Technology No. 2013CB910901,
2015CB910403. This work was also supported by grants
from NIH (CA125454 and CA188118)(to BPZ).

Twist, a master regulator of morphogenesis, plays an essential
role in tumor metastasis. Cell. 2004; 117:927–939.
13. Bolos V, Peinado H, Perez-Moreno MA, Fraga MF,
Esteller M, Cano A. The transcription factor Slug
represses E-cadherin expression and induces epithelial to
mesenchymal transitions: a comparison with Snail and E47
repressors. Journal of cell science. 2003; 116:499–511.

CONFLICTS OF TNTEREST

14. Comijn J, Berx G, Vermassen P, Verschueren K, van
Grunsven L, Bruyneel E, Mareel M, Huylebroeck D, van
Roy F. The two-handed E box binding zinc finger protein
SIP1 downregulates E-cadherin and induces invasion.
Molecular cell. 2001; 7:1267–1278.

The authors have no conflicts of interest with the
studies presented here.

REFERENCES

15. Elloul S, Elstrand MB, Nesland JM, Trope CG, Kvalheim G,
Goldberg I, Reich R, Davidson B. Snail, Slug, and Smadinteracting protein 1 as novel parameters of disease
aggressiveness in metastatic ovarian and breast carcinoma.
Cancer. 2005; 103:1631–1643.

1. Laurie SA, Ho AL, Fury MG, Sherman E, Pfister DG.
Systemic therapy in the management of metastatic or
locally recurrent adenoid cystic carcinoma of the salivary
glands: a systematic review. The Lancet Oncology. 2011;
12:815–824.

16. Rosivatz E, Becker I, Specht K, Fricke E, Luber B,
Busch R, Hofler H, Becker KF. Differential expression
of the epithelial-mesenchymal transition regulators snail,
SIP1, and twist in gastric cancer. The American journal of
pathology. 2002; 161:1881–1891.

2. Coca-Pelaz A, Rodrigo JP, Bradley PJ, Vander Poorten V,
Triantafyllou A, Hunt JL, Strojan P, Rinaldo A, Haigentz M,
Jr., Takes RP, Mondin V, Teymoortash A, et al. Adenoid
cystic carcinoma of the head and neck—An update. Oral
oncology. 2015; 51:652–661.

17. Vandewalle C, Comijn J, De Craene B, Vermassen P,
Bruyneel E, Andersen H, Tulchinsky E, Van Roy F, Berx G.
SIP1/ZEB2 induces EMT by repressing genes of different
epithelial cell-cell junctions. Nucleic acids research. 2005;
33:6566–6578.

3. Kokemueller H, Eckardt A, Brachvogel P, Hausamen JE.
Adenoid cystic carcinoma of the head and neck—a 20 years
experience. International journal of oral and maxillofacial
surgery. 2004; 33:25–31.
4. Gao M, Hao Y, Huang MX, Ma DQ, Luo HY, Gao Y,
Peng X, Yu GY. Clinicopathological study of distant
metastases of salivary adenoid cystic carcinoma.
International journal of oral and maxillofacial surgery.
2013; 42:923–928.

18. Christofori G. New signals from the invasive front. Nature.
2006; 441:444–450.

5. Chambers AF, Groom AC, MacDonald IC. Dissemination
and growth of cancer cells in metastatic sites. Nature
reviews Cancer. 2002; 2:563–572.

20. Wu Y, Zhou BP. Inflammation: a driving force speeds cancer
metastasis. Cell cycle. 2009; 8:3267–3273.

19. Lopez-Novoa JM, Nieto MA. Inflammation and EMT: an
alliance towards organ fibrosis and cancer progression.
EMBO molecular medicine. 2009; 1:303–314.

21. Miettinen PJ, Ebner R, Lopez AR, Derynck R. TGF-beta
induced transdifferentiation of mammary epithelial cells to
mesenchymal cells: involvement of type I receptors. The
Journal of cell biology. 1994; 127:2021–2036.

6. Pantel K, Brakenhoff RH. Dissecting the metastatic cascade.
Nature reviews Cancer. 2004; 4:448–456.
7. MacDonald IC, Groom AC, Chambers AF. Cancer spread
and micrometastasis development: quantitative approaches
for in vivo models. BioEssays : news and reviews in
molecular, cellular and developmental biology. 2002;
24:885–893.

22. Wu Y, Deng J, Rychahou PG, Qiu S, Evers BM, Zhou BP.
Stabilization of snail by NF-kappaB is required for
inflammation-induced cell migration and invasion. Cancer
Cell. 2009; 15:416–428.

8. Wu Y, Zhou BP. New insights of epithelial-mesenchymal
transition in cancer metastasis. Acta Biochim Biophys Sin
(Shanghai). 2008; 40:643–650.

23. Komurasaki T, Toyoda H, Uchida D, Morimoto S.
Epiregulin binds to epidermal growth factor receptor and
ErbB-4 and induces tyrosine phosphorylation of epidermal
growth factor receptor, ErbB-2, ErbB-3 and ErbB-4.
Oncogene. 1997; 15:2841–2848.

9. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelialmesenchymal transitions in development and disease. Cell.
2009; 139:871–890.

24. Eltarhouny SA, Elsawy WH, Radpour R, Hahn S,
Holzgreve W, Zhong XY. Genes controlling spread of breast
cancer to lung “gang of 4”. Experimental oncology. 2008;
30:91–95.

10. Kang Y, Massague J. Epithelial-mesenchymal transitions:
twist in development and metastasis. Cell. 2004; 118:277–279.
11. Thiery JP, Morgan M. Breast cancer progression with a
Twist. Nature medicine. 2004; 10:777–778.

25. Schneider MR, Wolf E. The epidermal growth factor
receptor ligands at a glance. Journal of cellular physiology.
2009; 218:460–466.

12. Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA,
Come C, Savagner P, Gitelman I, Richardson A, Weinberg RA.
www.impactjournals.com/oncotarget

25261

Oncotarget

26. Zhang Z, Dong Z, Lauxen IS, Filho MS, Nor JE. Endothelial
cell-secreted EGF induces epithelial to mesenchymal
transition and endows head and neck cancer cells with stemlike phenotype. Cancer research. 2014; 74:2869–2881.

expressed member of the epidermal growth factor family.
The Biochemical journal. 1997; 326:69–75.
39. Hu K, Li SL, Gan YH, Wang CY, Yu GY. Epiregulin
promotes migration and invasion of salivary adenoid cystic
carcinoma cell line SACC-83 through activation of ERK
and Akt. Oral oncology. 2009; 45:156–163.

27. Inatomi O, Andoh A, Yagi Y, Bamba S, Tsujikawa T,
Fujiyama Y. Regulation of amphiregulin and epiregulin
expression in human colonic subepithelial myofibroblasts.
International journal of molecular medicine. 2006; 18:497–503.

40. Chabot B, Stephenson DA, Chapman VM, Besmer P,
Bernstein A. The proto-oncogene c-kit encoding a
transmembrane tyrosine kinase receptor maps to the mouse
W locus. Nature. 1988; 335:88–89.

28. Gupta GP, Nguyen DX, Chiang AC, Bos PD, Kim JY,
Nadal C, Gomis RR, Manova-Todorova K, Massague J.
Mediators of vascular remodelling co-opted for sequential
steps in lung metastasis. Nature. 2007; 446:765–770.

41. Tang YL, Fan YL, Jiang J, Li KD, Zheng M, Chen W,
Ma XR, Geng N, Chen QM, Chen Y, Liang XH. C-kit
induces epithelial-mesenchymal transition and contributes
to salivary adenoid cystic cancer progression. Oncotarget.
2014; 5:1491–1501. doi: 10.18632/oncotarget.1606.

29. Bieche I, Lerebours F, Tozlu S, Espie M, Marty M,
Lidereau R. Molecular profiling of inflammatory breast
cancer: identification of a poor-prognosis gene expression
signature. Clinical cancer research : an official journal of
the American Association for Cancer Research. 2004;
10:6789–6795.

42. Cao L, Shao M, Schilder J, Guise T, Mohammad KS,
Matei D. Tissue transglutaminase links TGF-beta, epithelial
to mesenchymal transition and a stem cell phenotype in
ovarian cancer. Oncogene. 2012; 31:2521–2534.

30. Nicholson BE, Frierson HF, Conaway MR, Seraj JM,
Harding MA, Hampton GM, Theodorescu D. Profiling
the evolution of human metastatic bladder cancer. Cancer
research. 2004; 64:7813–7821.

43. Come C, Arnoux V, Bibeau F, Savagner P. Roles of the
transcription factors snail and slug during mammary
morphogenesis and breast carcinoma progression. Journal
of mammary gland biology and neoplasia. 2004; 9:183–193.

31. Shigeishi H, Higashikawa K, Hiraoka M, Fujimoto S,
Mitani Y, Ohta K, Takechi M, Kamata N. Expression
of epiregulin, a novel epidermal growth factor ligand
associated with prognosis in human oral squamous cell
carcinomas. Oncology reports. 2008; 19:1557–1564.

44. Tang Y, Liang X, Zheng M, Zhu Z, Zhu G, Yang J, Chen Y.
Expression of c-kit and Slug correlates with invasion and
metastasis of salivary adenoid cystic carcinoma. Oral
oncology. 2010; 46:311–316.

32. Dong L, Wang YX, Li SL, Yu GY, Gan YH, Li D, Wang CY.
TGF-beta1 promotes migration and invasion of salivary
adenoid cystic carcinoma. Journal of dental research. 2011;
90:804–809.

45. Heinrich MC, Corless CL, Demetri GD, Blanke CD, von
Mehren M, Joensuu H, McGreevey LS, Chen CJ, Van den
Abbeele AD, Druker BJ, Kiese B, Eisenberg B, Roberts PJ,
et al. Kinase mutations and imatinib response in patients
with metastatic gastrointestinal stromal tumor. Journal of
clinical oncology. 2003; 21:4342–4349.

33. Wang L, Wang Y, Bian H, Pu Y, Guo C. Molecular
characteristics of homologous salivary adenoid cystic
carcinoma cell lines with different lung metastasis ability.
Oncology reports. 2013; 30:207–212.

46. McKenna S, Gossling M, Bugarini A, Hill E, Anderson AL,
Rancourt RC, Balasubramaniyan N, El Kasmi KC, Wright CJ.
Endotoxemia Induces IkappaBbeta/NF-kappaB-Dependent
Endothelin-1 Expression in Hepatic Macrophages. Journal
of immunology. 2015.

34. Li YM, Pan Y, Wei Y, Cheng X, Zhou BP, Tan M, Zhou X,
Xia W, Hortobagyi GN, Yu D, Hung MC. Upregulation of
CXCR4 is essential for HER2-mediated tumor metastasis.
Cancer Cell. 2004; 6:459–469.

47. Williams MD, Roberts DB, Kies MS, Mao L, Weber RS,
El-Naggar AK. Genetic and expression analysis of HER2 and EGFR genes in salivary duct carcinoma: empirical
and therapeutic significance. Clinical cancer research. 2010;
16:2266–2274.

35. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO,
Aksoy BA, Jacobsen A, Byrne CJ, Heuer ML, Larsson E,
Antipin Y, Reva B, Goldberg AP, et al. The cBio
cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer discovery.
2012; 2:401–404.

48. Dahse R, Driemel O, Schwarz S, Dahse J, KromeyerHauschild K, Berndt A, Kosmehl H. Epidermal growth factor
receptor kinase domain mutations are rare in salivary gland
carcinomas. British journal of cancer. 2009; 100:623–625.

36. Woodburn JR. The epidermal growth factor receptor and its
inhibition in cancer therapy. Pharmacology & therapeutics.
1999; 82:241–250.
37. Vered M, Braunstein E, Buchner A. Immunohistochemical
study of epidermal growth factor receptor in adenoid cystic
carcinoma of salivary gland origin. Head & neck. 2002;
24:632–636.

49. Liu SL, Zhong SS, Ye DX, Chen WT, Zhang ZY, Deng J.
Repression of G protein-coupled receptor family C group
5 member A is associated with pathologic differentiation
grade of oral squamous cell carcinoma. Journal of oral
pathology & medicine. 2013; 42:761–768.

38. Toyoda H, Komurasaki T, Uchida D, Morimoto S.
Distribution of mRNA for human epiregulin, a differentially

50. Liu S, Ye D, Guo W, Yu W, He Y, Hu J, Wang Y, Zhang L,
Liao Y, Song H, Zhong S, Xu D, Yin H, et al. G9a is

www.impactjournals.com/oncotarget

25262

Oncotarget

essential for EMT-mediated metastasis and maintenance of
cancer stem cell-like characters in head and neck squamous
cell carcinoma. Oncotarget. 2015; 6:6887–6901. doi:
10.18632/oncotarget.3159.

52. Zhong S, Yin H, Liao Y, Yao F, Li Q, Zhang J, Jiao H,
Zhao Y, Xu D, Liu S, Song H, Gao Y, Liu J, et al. Lung
Tumor Suppressor GPRC5A Binds EGFR and Restrains Its
Effector Signaling. Cancer research. 2015; 75:1801–1814.

51. Liao Y, Song H, Xu D, Jiao H, Yao F, Liu J, Wu Y, Zhong S,
Yin H, Liu S, Wang X, Guo W, Sun B, et al. Gprc5a-deficiency
confers susceptibility to endotoxin-induced acute lung injury
via NF-kappaB pathway. Cell cycle. 2015; 14:1403–1412.

www.impactjournals.com/oncotarget

25263

Oncotarget

