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Claudin-7 Inhibits Proliferation and
Metastasis in Salivary Adenoid Cystic
Carcinoma Through Wnt/β-Catenin
Signaling
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Abstract
The aim of this study was to investigate claudin-7 (CLDN7) expression in salivary adenoid cystic carcinoma (SACC) and its
function in SACC cells. We determined CLDN7 expression in SACC tumors via immunohistochemistry and western blotting
and evaluated the association between CLDN7 expression and clinicopathologic variables. Besides this, we constructed a
stably transfected CLDN7 knockdown SACC-LM cell line via RNAi and assessed its biological behavior changes (cell viability,
migration, and invasion). The correlation between CLDN7 and epithelial-mesenchymal transition (EMT) was analyzed.
Additionally, a subcutaneous tumor formation model was used to assess SACC-LM cells tumorigenicity after the CLDN7
knockdown. In the present study, we found the CLDN7 expression of tumor group was lower than that in normal salivary
glands and was significantly correlated with lymph node metastasis, recurrence, and gender. CLDN7 knockdown could add the
proliferation and metastasis ability of SACC by regulating EMT through Wnt/b-catenin signaling pathway. In addition, CLDN7
knockdown in SACC promoted tumor growth in nude mice. CLDN7 inhibits cell proliferation and metastasis by inactivating
the Wnt/b-catenin signaling in SACC. Thus, CLDN7 expression might be a useful marker to identify the potential for pro-
gression in SACC.
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Introduction

Salivary adenoid cystic carcinoma (SACC) is not rare in

salivary gland malignancies. Distant metastasis is common

in SACC, and the lung is the most vulnerable1. Thus, it is

necessary to better know the mechanisms underlying the

malignant potential of SACC in order to develop novel ther-

apeutic strategies to increase survival.

Claudins (CLDNs), the major integral membrane pro-

teins, play an important role in the function of the tight

junction (TJ) between epithelial cells. In humans, it has 24

kinds of proteins that are expressed differentially in different

tissues2. CLDN7 is part of the TJ protein family. Recent data

indicated that CLDN7 is abnormally regulated in various

human cancers and CLDN7 is associated with the etiology

and progression of cancer3–9. Overexpression of CLDN7 can

reversely increase tumor invasion. The upregulation of
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CLDN7 has been found associated with the poor prognosis

in many tumors, including ovarian, breast, and gastric carci-

nomas6–9.

Conversely, lack of CLDN7 consequently could promote

the proliferation because the TJs were destroyed2,10. In vitro,

knockdown of CLDN7 promotes tumor migration and inva-

sion in esophageal squamous cell carcinoma11. It is reported

that the low expression of CLDN7 is associated with the

poor prognosis of many tumors, including colorectal, eso-

phageal, and nasopharyngeal cancers3,4,5,12,13.

The Wnt signaling pathway, a classical signal trans-

duction pathway, plays a key role in controlling lots of

aspects of development and cell maintenance in human

beings14, such as cell proliferation, migration, invasion,

apoptosis, and cell polarity. A previous study reported

that CTNNB1, APC, and AXIN1 are mutated during

Wnt/b-catenin signal alteration in SACCs15. Moreover,

abnormal immunoreactivity of CLDN7 in ductal epithe-

lium cells in many salivary gland tumors was reported,

including SACCs16. Currently, there is no evidence

demonstrating the correlation between CLDN7 and Wnt/

b-catenin signal alteration in SACC. In this research, we

examined and compared CLDN7 expression level in

SACC tissues and detected the relationship between

CLDN7 expression and clinicopathological characteris-

tics. Also, we investigated the effect of CLDN7 knock-

down on the Wnt/b-catenin signaling and biological

characteristics of SACC cells. Moreover, we explored the

in vivo effect of CLDN7 on tumor progression.

Materials and Methods

Patients

In total, 50 patients (29 males and 21 females; range from 27

to 87 years old) who were histopathologically and clinically

diagnosed as primary SACC were recruited between 2006

and 2016 from the Jiangsu Stomatological Hospital, the

Affiliated Stomatological Hospital of Nanjing Medical

University. This study followed-up all patients from 2 to

90 months; however, there are three patients lost during

follow-up visits. All experimental protocols were allowed

by the Institutional Review Board of the Nanjing Medical

University and complied with the Declaration of Helsinki

(Approval ID 2019343).

Immunohistochemistry

In short, first, we fixed tissues on glass slides, used

xylene and alcohol to deparaffinize and hydrate sections,

and washed them with tap water. Second, we blocked

endogenous peroxidase activity with 3% H2O2 and pre-

formed antigen retrieval with pressure cooker in 10 mM

citrate buffer. Third, we incubated the sections with anti-

bodies against CLDN7 (Sigma, St Louis, MO, USA;

1:100) overnight at 4�C after blocked with nonspecific

binding. Last, we used a horseradish peroxidase (HRP)-

conjugated secondary antibody (Maixin-Bio, Fujian,

China) to bind the primary antibodies and visualized sec-

tions with 3,3-diaminobenzidine solution (Maixin-Bio).

Evaluation of Immunoreactivity

CLDN7 immunoreactivity was grouped by Immunoreactive

Score (IRS) (IRS ¼ immunointensity score (IS) � propor-

tion score (PS)) selected by staining intensity and distribu-

tion. IS was divided into negative (0), weak (1), moderate

(2), or strong (3), whereas PS was segmented into negative

(0), <10% (1), 11%–50% (2), 51%–80% (3), and >80% (4).

The patients were divided into two groups in accordance

with the IRS: low expression (0–6) and high expression

(>6). Histological tissues were evaluated by two patholo-

gists, respectively.

Cell Culture, Lentiviral Transfection Assay, and
Small-Molecule Inhibitor XAV-939

The human SACC-LM cell line, obtained from China Center

for Type Culture Collection (Shanghai, China), was cultured

with RPMI-1640 medium (Gibco, Grand Island, NY, USA)

containing 10% fetal bovine serum (FBS, Sciencell, Califor-

nia, USA) in incubator with standard 37�C humidified 5%
CO2. The cells were transfected with either specific shRNA

lentivirus (50-GAGCTCCTATGCGGGTGACAA-30) target-

ing to knock down CLDN7 or scrambled shRNA lentivirus.

Stable cells were selected with 2 mg/ml puromycin after

transfection. Real-time polymerase chain reaction (PCR)

was used to estimate transfection efficiency. XAV-939,

resolved in dimethyl sulfoxide, was used to inhibit b-catenin

expression in cells.

Real-Time PCR Analysis

Total RNA from cells and tissues was isolated with TRIzol

reagent (Invitrogen, New York, NY, USA). Reverse tran-

scription was performed in the PCR System 7300 (Applied

Biosystems, Foster City, CA, USA) with SYBR Green

Master Mix (TaKaRa, Shiga, Japan). The primers for

CLDN7 were: forward 50-AGAGCACTTTG GACA-

GAACCC-30 and reverse 50-CTCCGGACTGGATTTCCC

TC-30; E-cadherin: forward 50-GCCTTATGATTC

TCTGCTC GTG-30 and reverse 50-GCCCCATTCGT

TCAAGTAGTC-30; N-cadherin: forward 50-GTGAG

CCTGCAGATTTTAAGGTG-30 and reverse 50-GTTG

GCTTCAGGCT CATTTTACT-30; Vimentin: forward 50-
CT GGATT CACTCCCTCTGGTT-30 and reverse 50-
TCGTGATGCT GAGAAGTTTCGTT-30; and GAPDH:

forward 50-GACGTAGGGAGTGAAGGT C-30 and reverse

50-GAGAGTT CAGATGTTGATGG-30. GAPDH gene

expression was given as a normalization and calculations

were preformed using the values of the average cycle thresh-

old (ddCt) method.
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Western Blotting Analysis

Western blotting was performed in accordance with common

methods. In short, protein from tissues and cells was isolated

in radioimmunoprecipitation assay (RIPA) lysis buffer

(Beyotime, Shanghai, China) mixed with protease inhibitors

(Beyotime, Shanghai, China). Then, protein was loaded onto

sodium dodecyl sulfate polyacrylamide gel electrophoresis

gels and transferred onto the polyvinylidene difluoride mem-

branes (Millipore, Billerica, MA, USA). Membranes were

incubated with the primary antibody and the protein bands

were quantified through exposure to enhanced chemilumi-

nescence reagents (GE Healthcare, Chicago, IL, USA) after

incubated with secondary antibodies. Primary antibodies

were as follows: GAPDH (1:1,000, Protein-tech, Wuhan,

China), CLDN7 (1:500, Invitrogen), E-cadherin (1:1,000,

CST, Boston, MA, USA), N-cadherin (1:1,000, CST),

Vimentin (1:1,000, CST), b-catenin (1:1,000, CST), and

H3 (1:1,000, CST).

Cell Migration and Invasion Assays

A total of 1 � 105 SACC cells were loaded into a transwell

insert (8-mm pore size, Costar, Lowell, MA, USA) in migra-

tion assay. For invasion assay, cell number is 2� 105 and the

upper chamber was covered with Matrigel (Corning, Bed-

ford, MA, USA). The chemoattractant in the lower chamber

for migration was medium containing 10% FBS and for

invasion is 20%. After 24 h, the invaded cells were stained

and evaluated under a microscope (Tokyo, Japan).

Cell Viability Assay (CCK-8 Assay)

Cell proliferation was evaluated by CCK-8 kits (Dojindo

Molecular Technologies, Kumamoto, Japan). A total of

2,000 cells/well were put into culture plates and every

24 hours, CCK-8 reagent (10 ml/well) was seeded and absor-

bance was measured.

Colony Formation Experiment

A total of 1� 103 cells were putted on 35-mm culture plates.

After 10 days, cells were fixed and stained, and positive

colonies were counted.

Immunofluorescence Staining

SACC cells were put onto coverslips. Cells were fixed in

paraformaldehyde for 20 min when cells grew to 30%-40%
confluency. Then, the slides were incubated in normal goat

serum with primary antibody CLDN7 (1:500, Invitrogen),

E-cadherin (1:50, CST), N-cadherin (1:50, CST), and

Vimentin (1:50, CST) overnight at 4�C. After incubation

with goat anti-mouse immunoglobulin G (1:1,000, Life

Technologies, New York, NY, USA), the slips were blocked

with 4’,6-diamidino-2-phenylindole (Life Technologies) and

detected with a FV1000 laser confocal scanning microscope

(Olympus, Tokyo, Japan).

Tumor Xenografts

Specific pathogen-free (SPF) BALB/c nude female mice

(mean age, 5–6 weeks) were obtained from Vital River

Laboratory Animal Technology Co. Ltd (Beijing, China).

SACC-LM cells (3 � 106) were injected in the right flank

of mice, and tumor size and mice body weight were mea-

sured every other day. At 26 days, mice were sacrificed and

tumors were obtained. All mice were bred and maintained in

the SPF Laboratory Animal Center of Nanjing Medical Uni-

versity (Nanjing, China). The use of animals in this study

was approved by the Institutional Animal Care and Use

Committee of Nanjing Medical University (Approval

ID1906018).

Hematoxylin-Eosin Staining

In short, after deparaffinization and rehydration, we put

pathological sections in 1% acid ethanol (1% HCl in 70%
ethanol) and stained them with hematoxylin solution. Then,

we stained the sections with eosin and cleaned in xylene.

The slides were evaluated and photographed under a

FV1000 laser confocal scanning microscope (Tokyo,

Japan).

Statistical Analysis

Data were analyzed with SPSS 22.0 (IBM SPSS Statistics,

Armonk, NY, IBM-Corp.) and GraphPad Prism 7 (GraphPad

Software Inc.). A paired t-test was applied to compare

CLDN7 expression in SACC tissue and normal tissue. The

chi-square test and Fisher’s exact probability method were

applied to analyze the connection between CLDN7 expres-

sion and clinicopathological characteristics among 90

patients with SACC. The P-values of less than 0.05 were

considered significant.

Results

CLDN7 is Downregulated in SACC Tissues and can be
Detected at the Membrane and Cytoplasm

We detected and graded CLDN7 expression in SACC

tumors and paired normal peritumoral tissues. Low

CLDN7 expression was detected in SACC tissues in 84%
(42/50) of cases. All normal salivary glands (100%) were

CLDN7 positive, and 83% of cases showed strong immu-

noexpression. Therefore, CLDN7 expression in SACC

tumors was lower than that in paired normal peritumoral

tissues (P < 0.05; Fig. 1A).

Salivary glands presented a positive reaction to CLDN7

in the cytoplasm of luminal epithelial cells (Fig. 1A1).

Immunohistochemical staining showed that 62% specimens

(31/50) were negative for CLDN7 (Fig. 1A2). The cribriform
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and solid patterns showed negative CLDN7 expression, but

the tubular/trabecular pattern was CLDN7 moderate

(Fig. 1A2, A3). CLDN7 positivity was primarily detected

in the glandular epithelial cells, but not in the acinar or

myoepithelial cells (Fig. 1A3). CLDN7 positivity was

detected as brown membranous and cytoplasmic immunos-

tain in SACC (Fig. 1A4). In normal salivary glands, cyto-

plasm showed no staining for CLDN7, whereas in SACC

tissues, significant cytoplasmic staining appeared (P <

0.05). In this study, SACC group consisted of 24 tubular,

23 cribriform, and 3 solid growth patterns. In this study,

SACC group consisted of 24 tubular, 23 cribriform, and 3

solid growth patterns. Besides, we confirmed this phenom-

enon at the protein level (Fig. 1B).

Association of Clinicopathological Characteristics and
CLDN7 Expression in SACC Cancer

CLDN7 expression levels were related to agender, lymph

node status, and recurrence (P < 0.05; Table 1). There was

no significant connection between CLDN7 expression levels

and other clinicopathological characteristics (P > 0.05;

Figure 1. Immunoexpression of CLDN7 was observed in SACC. (A1) Positive expression of CLDN7 was observed in normal salivary
glands (brown staining as shown by arrows, 200�). (A2, A3, and A4) Representative photomicrographs of negative staining of CLDN7
(200�) and positive staining of CLDN7 (brown staining as shown by arrows, 200�), but some SACC showed evident cytoplasmic
expression of CLDN7 (brown staining as shown by arrows, 200�). (B) Western blot analysis of CLDN7 expression in eight pairs of SACC
tumor tissues and noncancerous adjacent tissues. SACC: salivary adenoid cystic carcinoma; N: non-cancerous adjacent tissues; T: tumor
tissue.
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Table 1). We found patients with low CLDN7 expression

have greater probability in cancer metastasis compared to

those with N0 lymph node metastasis (78%, 32/41;

P < 0.05). The percentage of samples with low CLDN7

expression was higher in patients with lymph node metastasis

(100%, 9/9) than those with N0 lymph node metastasis (78%,

32/41; P < 0.05). The percentage of tissue samples with low

CLDN7 expression was also higher in patients with recur-

rence (100%, 9/9) compared to those without recurrence

(78%, 32/41; P < 0.05) and in male patients (93%, 27/29)

compared with those in female patients (71%, 15/21; P <

0.05). Although not significant, low CLDN7 expression was

also observed in patients with advanced American Joint Com-

mittee on Cancer (AJCC) stages (85%, 28/33), advanced T

stages (85%, 23/27), distant metastasis (90%, 19/21), nerve

invasion (85.7%, 12/14) compared with patients with primary

AJCC stages (88%, 15/17; P > 0.05), primary T stages

(78.3%, 18/23; P > 0.05), no distant metastasis (72.4%, 21/

29; P > 0.05), and no nerve invasion (80.6%, 29/36; P > 0.05),

respectively.

CLDN7 Inhibits Cell Growth, Migration, and Invasion In
Vitro

To further study the role of CLDN7 in SACC, we used

lentivirus (Genechem Co. Ltd., Shanghai, China) to knock

down the expression of CLDN7 in SACC-LM cell line

(P < 0.001, Fig. 2A, B). The results showed the viability

of the SACC-LM CLDN7 knockdown cells was higher than

that of the SACC-LM negative control cells (P < 0.01,

Fig. 2C). Beside this, CLDN7 silencing significantly

increased the numbers of clones in SACC-LM cells (P <

0.001, Fig. 2D). Meanwhile, transwell assay showed the

downregulation of CLDN7 enhanced migratory and invasive

ability in SACC-LM cells (P < 0.05, Fig. 2E and P < 0.001,

Fig. 2F). Above all, CLDN7 knockdown promoted cell

growth, migration, and invasion.

CLDN7 Knockdown Promotes Epithelial-Mesenchymal
Transition in SACC-LM Cell

As we know, epithelial-mesenchymal transition (EMT)

plays a key role in cancer metastasis, so we investigated

whether CLDN7 promotes EMT progression. When CLDN7

is knocked down in SACC-LM cells, the epithelial marker

E-cadherin was downregulated, while mesenchymal markers

N-cadherin and vimentin were upregulated. Western blot-

ting, real-time PCR, and immunofluorescence analysis all

confirmed this phenomenon in SACC-LM knockdown cells

than SACC-LM negative control cells (P < 0.05, Fig. 3A–C).

Taken together, the downregulation of CLDN7 promoted

EMT in SACC.

CLDN7 Regulated SACC-LM Cells Proliferation and
EMT Progression Through the Wnt/b-Catenin
Signaling Pathway

It is well established that Wnt/b-catenin pathway signaling

plays a key role in tumor development and progression. In

the classic Wnt/b-catenin pathway, b-catenin accumulates in

the cytoplasmic and enter into nucleus, thus regulating

downstream gene expression and promoting tumor progres-

sion. As shown in Fig. 4A–C, silencing CLDN7 also acti-

vated Wnt/b-catenin pathway. Both western blotting and

immunofluorescence analysis demonstrated b-catenin

increased in the nucleus after CLDN7 knockdown

(Fig. 4A–C). XAV-939, an b-catenin inhibitor, could silence

b-catenin expression. We treated SACC-LM.KD cells with

XAV-939 and found that activated EMT process induced by

CLDN7 could be reversed. E-cadherin expression was

decreased, while N-cadherin and vimentin expression were

increased (Fig. 4D). Besides, we detected cell viability,

migration, and invasion ability all decreased after treatment

with XAV-939 (Fig. 4E–H). Taken together, above findings

suggested that CLDN7 downregulation promoted cell pro-

liferation and metastasis in SACC through Wnt/b-catenin

signaling pathway.

Table 1. Summary of Expression of CLDN7 and Clinicopathologic
Features of SACC Patients.

Clinical and
pathologic
variables Cases (n/%)

CLDN7 expression

P-valueLow High

Sex
Male 29 (58%) 27 2 0.014
Female 21 (42%) 15 6

Age (years)
�60 32 (64%) 28 4 0.651
>60 18 (36%) 15 3

Tumor size (cm)
<3.5 24 (48%) 18 6
�3.5 26 (52%) 24 2 0.679

AJCC stage
I þ II 17 (34%) 15 2 0.496
III þ IV 33 (12%) 28 5

Recurrence
Absence 41 (82%) 32 9 0.049
Presence 9 (18%) 9 0

T stage
T1 þ T2 23 (46%) 18 5 0.496
T3 þ T4 27 (54%) 23 4

N stage
N0 41 (82%) 32 9 0.049
N1þN2þN3 9 (18%) 9 0

M stage
Positive 21 (42%) 19 2
Negative 29 (58%) 21 7 0.696

Vascular invasion
Absence 43 (86%) 35 8
Presence 7 (14%) 6 1 0.918

Nerve invasion
Absence 36 (72%) 29 7
Presence 14 (28%) 12 2 0.314

SACC: salivary adenoid cystic carcinoma.
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CLDN7 Suppresses Tumor Growth

To study the tumorigenic ability of CLDN7 in SACC in

vivo, we used subcutaneous tumor model and injected

SACC-LM.NC or SACC-LM.KD cells into the nude mice

(n ¼ 6/group). The tumors formed in the SACC-LM.KD

group were larger and heavier than SACC-LM.NC group

during its development (Fig. 5A–C). There was no signif-

icant difference between two groups (P < 0.01, Fig. 5D).

Besides, the tumors formed in the nude mice were

diagnosed as SACC by HE staining (Fig. 5E). Silencing

CLDN7 promoted cell proliferation and metastasis in

SACC through the Wnt/b-catenin signaling. Therefore, the

expression of CLDN7 and b-catenin was analyzed. We

discovered tumors obtained from SACC-LM.NC group

presented positive staining of CLDN7 and negative in

SACC-LM.KD group (Fig. 5F). Mice in SACC-LM.KD

group showed higher b-catenin expression than in SACC-

LM.NC group (Fig. 5G).

Figure 2. CLDN7 knockdown in SACC-LM cells promote cell growth and metastasis. (A and B) CLDN7 expression based on real-time RT-
PCR and western blotting in SACC-LM.NC and SACC-LM.KD cell line. (C) CCK8 assays of the proliferation of SACC-LM.NC and SACC-
LN.KD cells. (D) Clone formation assays: colonies were counted from three individual plates for each sample and were photographed. The
number of soft agar colonies presented is the mean of colony counts from three different experiments. (E and F) Representative images of
migration and invasion in SACC-LM.NC and SACC-LM.KD cells. CLDN7 silencing enhanced the ability of migration and invasion by
transwell assay after incubation for 24 h, scale bar ¼ 50mm. Data were presented as means + SD from three independent experiments.
*P < 0.05;** P < 0.01; ***P < 0.001, as evaluated using Student’s t-test. RT-PCR: reverse transcription polymerase chain reaction; SACC:
salivary adenoid cystic carcinoma; SD: standard deviation.
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Discussion

Tumor progression involves multiple factors and steps. This

claudin family is crucial for cell polarity and signal transduc-

tions. Cell–cell junction loss is said to be an important step in

tumor metastasis17. Decreased expression of claudins was

considered as a prognostic marker in some cancer

types13,14,17. Low CLDN7 expression could be regarded

as a molecular characteristic about enhancing cellular dis-

orientation, detachment, and migration of tumor cells. Cur-

rently, there is little evidence indicating a correlation

between CLDN7 expression and SACC. Our study

suggested CLDN7 expression in SACC tissues is clearly

lower than that in paired adjacent normal tissues and is

correlated with lymph node metastasis, recurrence, and

gender. Therefore, CLDN7 expression is a promising prog-

nostic biomarker for SACC.

Our study found that CLDN7 is decreased in most SACC

tissues. By PCR and western blot analysis, primary SACC

tissues exhibited low expression in 78% tumor tissue sam-

ples. Our findings are partly in accordance with the prior

studies with few samples18, showing that CLDN7 was

expressed in only ducts basal/myoepithelial cells of normal

Figure 3. CLDN7 knockdown promotes EMT in SACC-LM cells. (A) Immunofluorescence analysis of CLDN7, the EMT marker E-cadherin,
N-cadherin, and Vimentin in SACC-LM.KD cells than SACC-LM.NC cells. Red: CLDN7, E-cadherin, N-cadherin, and Vimentin. Blue: DAPI
(200�). (B) Protein levels of CLDN7, E-cadherin, N-cadherin, and Vimentin were determined by western blotting. (C) Gene expression of
CLDN7, E-cadherin, N-cadherin, and Vimentin was measured by real-time RT-PCR. GAPDH served as loading control. Data represent the
mean + SD in B and D; **P < 0.01. DAPI: 4’,6-diamidino-2-phenylindole; EMT: epithelial-mesenchymal transition; RT-PCR: reverse
transcription polymerase chain reaction; SACC: salivary adenoid cystic carcinoma; SD: standard deviation.
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salivary glands. In the present study, CLDN7 was positive

for ductal cells, but not for myoepithelial cells in SACC

tissues. The fact that CLDN7 was downregulated in SACC

tissues may be caused by the increased number of myoe-

pithelial cells, because SACCs are composed of much

amounts of myoepithelial cells, compared with ductal cells.

It is reported that hypermethylation was related with the

downregulation of CLDN7 expression in other cancers17.

The underlying mechanism of CLDN7 expression in SACCs

should be clarified in the future study.

Interestingly, CLDN7 positivity was observed as brown

membranous and cytoplasmic immunostaining in SACC

group. The fact that punctate cytoplasmic staining of

CLDN7 can be found in ovarian cancer and gastric adeno-

carcinomas has been reported9,18. It is reported that claudin

genes encode proteins in the cytoplasm. The mechanisms of

claudin mislocalization remain unclear. Taken together,

cytoplasmic localization of CLDN7 seems to be a potential

marker of surmising malignant transformation of epithelial

cells in salivary glands.

Figure 4. CLDN7 regulated SACC-LM cells proliferation and EMT progression through the Wnt/b-catenin signaling pathway. (A) Expres-
sion of b-catenin, c-myc, and cyclinD1 protein in SACC-LM.NC and SACC-LM.KD groups. (B) Nuclear and cytoplasmic expression of
b-catenin protein in SACC-LM.NC and SACC-LM.KD groups. (C) Immunofluorescence assay shows higher level of nuclear b-catenin
protein in the SACC-LM.KD group than in the SACC-LM.NC group. (D) Expression of EMT-related proteins by western blotting in SACC-
LM.KD cells after treatment with the XAV-939 (10 mM) for 24 h. (E, F) CCK-8 and cell clone assay to detect cell viability after treatment with
the XAV-939 (10 mM) for 24 h. (G, H) Transwell assay with or without Matrigel was used to detect cell migration and invasion ability in cells
after treatment with the XAV-939 (10 mM) for 24 h. EMT: epithelial-mesenchymal transition; SACC: salivary adenoid cystic carcinoma.
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EMT can result in intercellular adhesion and polarity los-

ing and migration and movement obtaining, which finally

bring about cancer metastasis, through the transformation of

adherent and polarized epithelial cells and disruption of cell–

cell adhesion19. EMT have classic features of epithelial

adhesion and cytoskeletal markers losing and migratory

mesenchymal symbols obtaining, such as E-cadherin,

N-cadherin, and Vimentin20,21. According to the studies by

Wang et al22, CLDN7 downregulation may enhance the

invasive and metastatic ability of colorectal cancer through

regulating EMT. Some study has suggested that EMT is a

typical event in the metastasis of SACC23,24. However, the

relation between CLDN7 and EMT in SACC is rarely

studied.

The clinical specimens showed that CLDN7 may play a

key role in the migration and metastasis of SACC in our

study. When CLDN7 was knocked down, transwell assay

showed that downregulation of CLDN7 promoted the

metastasis of SACC-LM cells compared with negative con-

trol cells. Moreover, the epithelial marker E-cadherin was

decreased, while the mesenchymal markers N-cadherin and

Vimentin were increased in SACC-LM cells. Furthermore,

immunofluorescence also demonstrated this phenomenon. In

conclusion, CLDN7 could significantly promote EMT in

SACC-LM cells. Nonpalmitoylated CLDN7 was reported

to be associated with the formation of intercellular TJs and

suppressed tumor progression and metastasis25. More

research on the specific expression and function of nonpal-

mitoylated CLDN7 in SACCs should be further studied in

the future.

On the other hand, CLDN7 knockdown significantly

increased the numbers of clones in SACC-LM cells. To fur-

ther support the function of CLDN7, nude mice was used to

explore it in vivo. Representative pathological showings of

SACC were also discovered in the tumor xenografts. The

results showed that the tumor volume in the knockdown

Figure 5. CLDN7 suppresses tumor growth in vivo. (A) General observation of tumor-bearing nude mice coinjected with SACC-LM.KD
cells and SACC-LM.NC (n ¼ 6). (B and C) Tumor tissues were resected and weighed after 26 days. (D) Volumes of xenograft tumors and
body weight measurements in each group. Data represent the mean + SD in C and D; *P < 0.05, **P < 0.01; ns: no significance.
(E) Representative showings of tumors formed in the nude mice were diagnosed as SACC by HE staining (200�; 400�). (F) Representative
photomicrographs of positive staining of CLDN7 in SACC-LM.NC cells (200�) and negative staining of CLDN7 in SACC-LM.KD cells
(200�). (G) Representative photomicrographs of negative staining of b-catenin in SACC-LM.NC cells (200�) and positive staining of
b-catenin in SACC-LM.KD cells (200�).
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SACC-LM group was significantly larger than control

group. The fact that lower CLDN7 expression was also

demonstrated in the tumor xenografts of the knockdown

SACC-LM group. This could be explained by the fact that

loss of claudin expression of the cell could directly promote

the neoplastic process due to the TJs were destroyed.

Furthermore, the downregulation of CLDN7 or less TJs

could increase the availability of nutrients and ligands lead-

ing to increased proliferation26. Silencing CLDN7 in SACC-

LM significantly promoted tumor growth, further indicating

that CLDN7 could inhibit tumor growth as a tumor suppres-

sor gene in SACCs.

It is reported that many signaling pathways are associated

with EMT, including Wnt/b-catenin signaling19. Aberrant

change of the relevant signaling pathways is related to

tumorigenesis and metastasis. It is reported that Wnt can

activate b-catenin at a downstream location27. The Wnt/b-

catenin signaling pathway is reported to have an important

role in cell proliferation, differentiation, growth, regenera-

tion, and self-renewal28. It is reported that Wnt signaling

may be involved in the regulation and localization of clau-

dins29. In our study, silencing CLDN7 could induce b-cate-

nin expression. Using XAV-939 to control b-catenin

activation, the EMT and proliferation of SACC-LM cells

were slightly inhibited. Additionally, expression of CLDN7

in SACC-LM cell showed no change. The results in our

study showed no regulation of CLDN7 by Wnt/b-catenin.

Therefore, the Wnt/b-catenin signaling pathway has been

partly involved in the SACC metastasis and proliferation

inhibited by CLDN7. Our study is the first time to indicate

that downregulation of CLDN7 expression from normal con-

trol to the malignant SACC group. Based on the aforemen-

tioned studies, in vitro researches have demonstrated that

CLDN7 has multiple carcinogenic effects, including regulat-

ing cell proliferation, migration, and prohibiting EMT. In

addition, in vivo experiment confirmed the function of the

downregulation of CLDN7 in promoting tumor growth. In

conclusion, our results are in accordance with the conclusion

that CLDN7 knockdown enhances proliferation, migration,

and invasion of SACC-LM cells through activating Wnt/b-

catenin signaling pathway. The interactions between

CLDN7 of cytoplasm and b-catenin of nucleus in SACC cell

proliferation and metastasis will be further investigated by

our group. These data may provide an explanation for that

CLDN7 might be a useful marker in potential therapies in

SACC.
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