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Notch-4 contributes to the metastasis of
salivary adenoid cystic carcinoma
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Abstract. The Notch signaling pathway is important for
cell-cell communication; it is involved in gene regulation
mechanisms that control multiple cell differentiation processes
during embryonic and adult life. Notch is present in all
metazoans, and vertebrates possess four different Notch
receptors: Notch-1, Notch-2, Notch-3, and Notch-4. The aim
of the present study was to identify the role of Notch protein
in the metastasis of salivary adenoid cystic carcinoma (SACC).
Real-time PCR results showed that Notch-1, Notch-2, and
Notch-4 were upregulated in the highly metastatic SACC cell
line ACC-M, compared to ACC-2, a SACC cell line with low
metastatic ability. Knockdown of Notch-4 by small
interfering RNA efficiently inhibited the invasion of ACC-M
cells. Notch-4 expression was significantly higher in the
clinical samples with metastasis and recurrence compared to
that in control (p<0.05), shown by immunohistochemistry
analysis. These results indicate that Notch-4 may play an
important role in SACC metastasis.

Introduction

SACC is one of the most common malignant neoplasms
of salivary glands. Lima et al reported that adenoid cystic
carcinoma represented the most prevalent malignant neo-
plasm (22.41%) in an analysis of 245 cases (1). SACC occurs
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most frequently in women aged 50-60 years (2). The treat-
ment of SACC is a complicated combination mainly based
on surgical resection and local radiation. Most SACC patients
survive more than 5 years after surgery and postoperative
radiation therapy. However, the 10-year survival rate drops
to 40%, due to the locoregional recurrence and distant
metastasis often targeting lung and blood vessels. The
cumulative metastasis rate at 5 and 10 years of SACC
patients was 70 and 100%, respectively (3).

High and low metastasis cell lines (HLMCL) are consi-
dered ideal experimental models to investigate the mechanisms
of metastasis and invasion in SACC. Lu ef al have generated
the gene expression profiles of HLMCL of SACC using
restriction fragment differential display-PCR (RFDD-PCR),
which can screen the related differentially expressed genes
more accurately and efficiently (4). By this method, we
found that Notch family members are deregulated in highly
metastatic SACC cell lines, ACC-M, indicating a potential role
of Notch signaling in SACC metastasis. SACC metastasis is a
complex process that relates to a number of genes, such as 3-
catenin, MMPs, and cyclin D1 (4,5). The Wnt signaling
pathway also plays a pivotal role in SACC carcinogenesis
and metastasis (5).

Many studies demonstrated that Notch family is involved
in the regulation of differentiation, proliferation, and apop-
totic processes (6,7). Notch is a transmembrane protein with
a modular architecture containing many repeats of a protein
module resembling epidermal growth factor (EGF) and three
membrane-proximal Linl12/Notch/Glp-1 (LNG) repeats. The
intracellular domain has four distinct regions, the RAM
domain, the ankyrin repeats, a transcriptional activator domain
(TAD), and the PEST (proline-glutamate-serine-threonine-
rich) sequence (8). Human Notch receptor family members
include Notch-1, Notch-2, Notch-3, and Notch-4. Notch-4
only has one nuclear localization sequence present before the
ankyrin repeats, and it lacks the TAD domain. Notch-1 is a
tumor suppressor gene, directly regulated by p53 (9). Notch
signaling (Notch-4) is related to the deregulation of develop-
mental and differentiation pathways, as well as cell fate
misspecification, in the development of oral squamous cell
carcinoma. Leethanakul et al demonstrated that Notch
signaling may contribute to squamous cell carcinogenesis,
and it should be considered to be a candidate marker of this
disease (10). Notch proteins play an important role in many


https://www.spandidos-publications.com/10.3892/or_00000868

364

Table I. Accession number, primer sequence, dissociation
curve, and the expression levels of Notch family members
in our gene profiles.

Accession

Gene no. Primer sequence

Notch-1 NM 017617 GGAAGTTGAACGAGCATAGTCC
GCATGATGCCTACATTTCAAGA

Notch-2 NM 024408 TATGTTCAAGTGCAGGAATTGG
AGAGTCGGGAATTCACCTGTTA

Notch-3 NM 000435 TGAGGGTCAGAATTGTGAAGTG
ATAGAGCACTCGTCCACATCCT

Notch-4 NM 004557 CTTCTACTCCGCTTCCTTGCTG'
ATCAACTTCTGCCTTTGGCTTC

ACTB NM 001101 GACAGGATGCAGAAGGAGATCA
TTTTAGGATGGCAAGGGACTTC

cancers. However, the effects of Notch proteins on SACC
metastasis are poorly understood. In this study, we investi-
gated the role of Notch family members in SACC metastasis.

Materials and methods

Cell line and tissues. The HLMCL of SACC in our study was
sponsored by the Oncology Laboratory of the Department
of Stomatology in Shanghai 9th People's Hospital. Tissue
samples were screened by the First Affiliated Hospital of
Fujian Medical University and Fujian Medical University
Union Hospital. Twenty-three cases positive for metastasis
and recurrence and 57 cases without metastasis and
recurrence were included.

Culture of ACC-M and ACC-2. ACC-M and ACC-2 were
cultured in 10-cm plates. Cells were grown in RPMI-1640
(Gibco, USA) supplemented with 15% heat-inactivated fetal
bovine serum (FBS, Gibco) and cultured in a humidified
atmosphere of 5% CO, at 37°C. The medium was changed
every 2-3 days until the cells reached 75% confluence, after
which the non-adherent cells were washed off with PBS,
and the adherent cells were trypsinized with 0.25% trypsin
and 0.01% EDTA (in a ratio of 1:1). Then, RPMI-1640 was
added to stop the reaction after the cells became rounded.
Plasma shrinking and intercellular gap widening were observed
using an inverted microscope. The cells were seeded and re-
cultured in the incubator after counting. Cells of passage 4
were prepared for further RNA extraction.

Real-time PCR. Total RNA was extracted from 5x10° cells
using TRIzol Reagent (Invitrogen, USA). Based on the absor-
bance at 260 nm, RNA samples were diluted to the same
concentration and then, reverse transcribed to cDNA by Prime-
Script™ RT reagent Kit (Takara, Japan). Real-time PCR was
performed with SYBR-Green-PCR master mix (Takara). The
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reaction was carried out in a TP80O (Takara). The primers
used for B-actin (ACTB), Notch-1, Notch-2, Notch-3, and
Notch-4 are shown in Table I. Each PCR reaction mixture
and cycle conditions were carried out according to the SYBR-
Green Quantitative PCR Protocol. Melting curve was deter-
mined after 40 cycles at 94°C 30 sec, 94°C 10 sec, and 60°C
30 sec. The fluorescence value of the first 12 cycles was set
as the baseline. The housekeeping gene, ACTB, served as the
internal control. The Ct values of all samples were adjusted.
Data were analyzed using the method previously reported by
Livak and Schmittgen (11).

Immunohistochemistry. For the immunohistochemical assays,
5-um thick tissue sections were mounted on slides coated
with poly-L-lysine. After deparaffination in xylene, these
sections were rehydrated in a decreasing gradient of ethanol
and then, washed for 10 min in phosphate-buffered saline
(PBS) (pH 7.2). The endogenous peroxidase activity was
inhibited by incubation in methanol containing 3% H,0O, for
10 min. After several washes in PBS, the sections were
blocked with a universal blocking reagent (Maxin, USA) for
10 min at room temperature. A goat polyclonal Notch-4 (R&D,
USA) primary antibody was applied at a 1:200 (1 g IgG/ml)
dilution for 1 h at room temperature. After several washes in
PBS, the sections were incubated with a biotin-conjugated
secondary antibody (Maxin, USA) for 10 min at room tempe-
rature. After several washes in PBS, the sections were incu-
bated with streptavidin-peroxidase (Maxin) for 10 min at
room temperature. The sections were rinsed with PBS,
and the antibody complexes were visualized by incubation
with diaminobenzidine tetrahydrochloride (DAB) chromogen
(Maxin). The sections were then counterstained with hemato-
xylin (Dako, DEN), dehydrated, and examined by light micro-

scopy.

RNA interference using small interfering RNA. Two siRNAs
against Notch-4 were designed by the Whitehead Institute web
server (http://jura.wi.mit.edu/bioc/siRNAext/) and chemically
synthesized (Shanghai GenePharma Co., Shanghai, China) for
targeting different coding regions of this gene. The sequence
information is as follows: siRNA-3790 (5'-CAACGGGCAC
UGUGAGAAAJTAT-3" and 5'-UUUCUCACAGUGCCCG
UUGAdTdG-3") targeting the 3790-3808 nt of SCARA-5 and
siRNA-5407 (5'-GGCGGACGUCGCUCACCAAJATAT-3'
and 5'-UUGGUGAGCGACGUCCGCCdGdG-3') targeting
the 5407-5425 nt of Notch-4. In addition, a negative control,
siRNA-NC (5-UUCUCCGAACGUGUCACGUdTAT-3' and
5'-ACGUGACACGUUCGGAGAAJdTAT-3"), was also
synthesized. All the above siRNAs were transfected into
ACC-M cell lines using Lipofectamine 2000 Transfection
Reagent (Invitrogen) according to the manufacturer's
instructions.

SDS-PAGE and immunoblot analysis. Briefly, 30 ug of protein
from each transfection of ACC-M were separated by SDS-
PAGE using a 6% gel (for Notch-4) or 12% gel (for GAPDH),
followed by electrophoretic transfer to a PVDF membrane
(Amersham Biosciences). The blots were separately incu-
bated with the primary antibodies against Notch-4 (1:100,
R&D, USA) or GAPDH (1:1000, Santa Cruz, USA). The
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Figure 1. Verification of the expression of Notch family members in ACC-M and ACC-2 cells. (A) The corresponding bands for Notch-2, -3, -4 by restriction
fragment differential display-PCR. Notch-1 was not listed in this method and Notch-2 and Notch-4 were upregulated in ACC-M cells compared to ACC-2.
(B) The results of real-time PCR. The relative expression levels in ACC-M cells were normalized to the values in ACC-2 cells that were set to be 1,

as control. (C) The melt chart of each gene as indicated.

primary antibodies were recognized by alkaline phosphatase-
conjugated secondary antibodies, and the immunoreactive
protein bands were visualized using CDP STAR reagents
(Roche, IN, USA). The signals were scanned with a densito-
meter for semi-quantification of the signal intensity.

In vitro cell invasion assay. Cell invasion assays were per-
formed using 24-well transwell chambers (8-um pore size, BD
Sciences) coated with Matrigel (354480, BD Sciences, USA).
ACC-M cells were serum-starved overnight, trypsinized, and
washed three times with DMEM containing 1% FBS. A total
of 1x10° cells was then suspended in 500 1 of DMEM
containing 1% FBS and added to the upper chamber, while
750 ul of DMEM containing 10% FBS and 10 pg/ml fibro-
nectin (356008, BD Sciences) were placed in the lower
chamber. For the control, DMEM containing 1% FBS was
added to the lower chamber. After 48 h of incubation, Matrigel
and cells remaining in the upper chamber were removed by
cotton swabs. Cells on the lower surface of the membrane
were fixed in 4% paraformaldehyde and stained with 0.5%
crystal violet. Cells in at least six random microscopic fields
(at x200) were counted and photographed. All experiments
were performed in duplicate and repeated three times.

Statistical analysis. The statistical analysis of Notch-4 immuno-
reactivity was performed by rank-sum test. The statistical
analysis of PCR and in vitro cell invasion assay was performed
by Student's t-test. p<0.05 was considered statistically
significant.

Results

Notch family members are upregulated in the highly metastatic
cell line ACC-M. Notch family members play an important
role in a variety of developmental processes by controlling
cell fate decisions. In our previous study, we found that
Notch family members were deregulated based on the gene
expression profiles of the adenoid cystic carcinoma cell
lines ACC-M and ACC-2 (4), as shown in Fig. 1A. In this
study, real-time PCR was first used to verify the differential
expression of all four Notch family genes in ACC-M and
ACC-2 cells. As shown in Fig. 1B and C, Notch-1, Notch-2,
and Notch-4 were upregulated in the highly metastatic ade-
noid cystic carcinoma cell line, ACC-M, compared to the low
metastatic cell line, ACC-2 (p<0.05, n=3), suggesting that
these Notch family members may contribute to metastasis of
adenoid cystic carcinoma.

Knockdown of Notch-4 inhibits the invasion of ACC-M cells.
To investigate the contribution of Notch-1, Notch-2, and
Notch-4 to the metastasis of adenoid cystic carcinoma, the
small interfering RNA (siRNA)-mediated knockdown of
Notch-1, Notch-2, and Notch-4 was employed in ACC-M
cells, and cell invasion assays were performed using 24-well
transwell chambers. As expected, both siRNAs targeting
Notch-4 (siRNA-3790 and siRNA-5407) efficiently reduced
Notch-4 expression in ACC-M cells compared to the negative
control, siRNA-NC, as shown by Western blot analysis
(Fig. 2A), and they significantly inhibited the invasion of
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Figure 2. Knockdown of Notch-4 inhibiting the invasion of ACC-M cells. (A) Western blot results of the knockdown of Notch-4 expression in ACC-M cells
by siRNAs. (B) Representative photomicrographs of the results of cell invasion assays in ACC-M cells. Cell invasion through transwell chambers with
Matrigel was measured by counting the trespassed cells. Counts of the trespassed cells were presented as the mean values per field from at least five randomly
selected low-powered fields (x200) from three independent experiments (C) (error bars, mean + SD).

Table II. The expression of Notch-4 in the tissues of adenoid cystic carcinoma with or without metastasis and recurrence cases.

Group Cases Negative Positive Strong positive P-value?
Metastasis or recurrence 23 7 6 10 0.017
Non-metastasis 57 31 16 10

aRank-sum test Z=-2.378; p<0.05.
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Figure 3. Expression analysis of Notch-4 protein in SACC tissues by immunohistochemistry (x400). (A) The moderate immunopositivity of Notch-4 in

the SACC cancer cells; (B) the low immunopositivity of Notch-4 in the SACC cancer cells; (C) negative expression of Notch-4 in the SACC tissues without
metastasis and recurrence.

ACC-M cells (Fig. 2B and C, p<0.05, n=3). However, the = Notch-4 is overexpressed in clinical metastatic tissue
knockdown of Notch-1 and Notch-2 did not have the same samples. To further explore the role of Notch-4 in the
effect (data not shown). These results suggest that Notch-4  metastasis and progression of adenoid cystic carcinoma,
upregulation may contribute to the highly metastatic ability = Notch-4 expression in the tissue samples of adenoid cystic
of ACC-M cells. carcinoma were examined by immunohistochemistry. Of
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Notch-1 expression are significantly related to the cervical
lymph node metastasis and the depth of invasion in tongue

served as control. As shown in Table II and Fig. 3, Notch-4
expression levels were significantly higher in the tissues
with metastasis and recurrence compared to those of control
samples (p<0.05). This result indicates that Notch-4 may
play an important role in the metastasis of adenoid cystic
carcinoma.

Discussion

Metastasis is the final and most life-threatening stage of
cancer progression. It causes 90% of human cancer death
(12). Therefore, it is essential to define the metastatic
mechanisms for improving patient survival. In SACC patients,
lung metastasis is the major cause of death. Non-meta-
static SACC usually can be effectively treated by surgery
and chemotherapy, and the survival rate is higher than that
of metastatic SACC. Thus, a better understanding of
the mechanisms regulating SACC invasion and metastasis
is likely to help improving the overall survival of SACC
patients.

The Notch signaling pathway is a highly conserved cell-
signaling cascade present in most multicellular organisms.
It is important for cell-cell communication and involves gene
regulation mechanisms that control multiple cell differen-
tiation processes during embryonic and adult life. Mammals
possess four different Notch receptors: Notch-1, Notch-2,
Notch-3, and Notch-4.

According to the literature, Notch family members are
related to many types of cancer, such as T cell leukemia
(13), mammary tumors (14), pancreatic cancer (15), and so
on. Notch-1 is considered as a p53 target gene, involved
in human keratinocyte tumors (16). In oral squamous cell
carcinoma, Notch-4 deregulation is implied to be related
to the deregulation of developmental and differentiation
pathways, as well as cell fate misspecification (17). Notch-4
also seems to be involved in the proliferation of human
endometrium (18). The changes of Notch-4 expression level
may induce the expression of two pro-angiogenic genes,
NF-«kB and MMP?2, in cerebral endothelial cells (19). MMP2
may be associated with the development and metastasis
of adenoid cystic carcinoma (4). Delbosc et al also demon-
strated that MMP activity reduction occurs through the modu-
lation of Notch signaling (20). Therefore, it is possible that
Notch-4 plays a role in cancer progression by regulating
MMP?2 expression.

To assess the expression pattern of the Notch family
members in SACC, we examined the expression of Notch
family members in ACC-M and ACC-2 by real-time PCR.
The results showed that Notch-1, Notch-2, and Notch-4
were upregulated in ACC-M compared to their expression
in ACC-2. The difference of Notch-3 expression between
two cell lines was not statistically significant. ACC-M has
a higher metastatic ability than ACC-2. Thus, the expression
of Notch-1, Notch-2, and Notch-4 may affect the metastasis
of SACC cell lines.

Previous studies showed that Notch family members
could affect the invasion and metastasis of certain tumors.
It was showed that vascular endothelial growth factor and

cancer patients (21). The small interfering RNA-mediated
knockdown of Notch-1 in prostate cancer cells dramatically
decreased their invasion (22). Some previous studies indicated
that the Notch pathway has a function in regulating osteo-
sarcoma metastasis, because the inhibition of Notch/HES1
signaling can suppress osteosarcoma metastasis in vivo
(23). Reinders et al found that Notch-4 RNA expression was
decreased in tumor tissues of head and neck squamous cell
carcinoma (24). Although previous research showed that
Notch-4 could subvert normal epithelial morphogenesis
and promote the invasion of the extracellular matrix (25),
in our study, the knockdown of Notch-1 and Notch-2 did
not disrupt their expression in ACC-M cells. However,
both siRNAs targeting Notch-4 efficiently reduced Notch-4
expression in ACC-M cells, and they significantly inhibited
the invasion of ACC-M cells. We concluded that Notch-1
and Notch-2 may be expressed in SACC, but have little
effect on SACC metastasis. Notch-4 may play a key role in
SACC metastasis, and it can reduce the metastatic ability
of ACC-M.

However, contrary results have been reported in terms
of the exact function of Notch family in cancer progression.
Nam et al reported that the overexpression of Notch-1 and
its ligands (DLL-1 and Jag-1) is critical for the survival and
proliferation of glioma cells, and the inactivation of Notch
signaling can significantly inhibit the migration and invasion
of Br4 cells (26). Leong et al observed that Notch-4
activation in human dermal microvascular endothelial cells
inhibited endothelial cell sprouting and the vascular endo-
thelial growth factor-induced angiogenesis in the chick
chorioallantoic membrane in vivo (27). However, some
studies also showed that in human renal cancer cell lines,
the Notch-4 expression level was markedly downregulated.
Moreover, a previous study showed that Notch-4 expression
was absent or significantly decreased in renal cell carcinoma
tissues compared to the adjacent non-neoplastic tissues (28).
Some researchers found that Notch-4 protein was expressed
in both cytoplasm and nucleus of hepatocellular carcinoma
(HCC) cells, and compared to the adjacent non-tumor
tissue samples, its expression was upregulated in HCC tissue
samples (29). By immunohistochemistry assay, we found
that Notch-4 was frequently expressed in most of the tissues
with metastasis and recurrence, and its expression was signi-
ficantly higher in the SACC tissues with metastasis and
recurrence compared to that of the non-metastatic control
tissues. Therefore, we concluded that Notch-4 upregulation
contributes to the highly metastatic ability of SACC.

Gene therapy is the emerging modality of cancer treat-
ment. It is therefore important to define the crucial genes
involved in cancer. So far, many genes have been linked to
SACC. Hu et al demonstrated that the lung metastasis of
SACC might be related to epiregulin (30). Cyclin D1 and
cortactin were considered to contribute to SACC metastasis
(31). MMP2, MMP7, MMP9, and MMP15 may also be
related to SACC metastasis (4).

In our study, we revealed that among all four Notch
family members, Notch-4 activation might contribute to
SACC metastasis, although it may not be the only critical
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factor. Therefore, our results suggest that Notch-4 inhibitors
may have potential therapeutic application in treating meta-
static SACC patients. Further investigations are warranted to
more precisely determine the roles of Notch-4 in SACC.
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