Am J Cancer Res 2022;12(12):5552-5563
www.ajcr.us /ISSN:2156-6976/ajcr0146341

Original Article

Claudin 19 inhibits the malignant

potential of breast cancer cells by modulating
extracellular matrix-associated UBE2C/Wnt sighaling

Jingxiu Xu, Mingjie Chen, Mingyu Hu, Hanlu Wang, Zhonggiang Zuo, Jianguo Wang, Zhiyin Xie

Department of Thyroid Breast Surgery, The Fifth People’s Hospital of Huai’an City, Huai’an, Jiangsu, China

Received September 5, 2022; Accepted November 10, 2022; Epub December 15, 2022; Published December 30,
2022

Abstract: Claudin proteins are a major component of the tight junctions between cells, which are involved in a vari-
ety of human diseases, including cancer. This study aimed to investigate the functional role of claudin 19 (CLDN19)
in human breast cancer progression. Here, we firstly found that CLDN19 was downregulated in breast tumor tis-
sues than normal control, and loss of CLDN19 predicted poor patient survival in patients with breast cancer, by
utilizing the Cancer Genome Atlas Program (TCGA) dataset analysis. To further validate the tumor suppressive
effects of CLDN19, we established CLDN19 overexpressed MDA-MB-231 and T47D cells. And overexpression of
CLDN19 resulted in suppression of cell growth/migration in breast cancer cells cultured in 3D environment or in
vivo. Mechanistically, we demonstrated that CLDN19 downregulated ubiquitin conjugating enzyme E2 C (UBE2C)
expression, which further suppressed Wnt/B-catenin pro-survival signaling pathway activation induced by extracel-
lular matrix (ECM), in 3D environment or in vivo. Altogether, our study revealed a tumor suppressive role of CLDN19,
which hindered ECM/UBE2C/Wnt signaling activation in breast cancer, and offered novel insight for tumor diagno-

sis and targeted therapy.
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Introduction

The local environment of tumor cells plays
essential roles in regulating cancer progression
[1]. The major component of local environment
is ECM, which was a complex network com-
posed of multidomain macromolecules orga-
nized in a tissue specific manner [2]. Abnormal
cancer-associated ECM is an integral feature
of tumor tissues and affect cancer progression
by influencing cellular transformation [3]. For
instance, elevated expression of collagens, the
major component in ECM, promoted stem-like
phenotypes of tumor cells, and is predictive of
a poor outcome in patients with breast cancer
[4, 5]. Extracellular fibronectin and fibrinogen
can also predispose a tumor tissue to malig-
nancy [6, 7]. Thus, understanding the com-
position of ECM and how their components
affect tumor progression could help explore the
mechanism underlying cancer development.

Tumor cells frequently express different cell
adhesion molecules which guarantee anchor-

age, and support for cell-to-cell or -ECM junc-
tions [8]. Claudins, a group of membrane pro-
teins, are key components within tight junc-
tions, and they are tightly involved in homo-
and heteromeric interactions between adjacent
cells [9]. In recent years, those proteins attract-
ed increasing attention and have been impli-
cated in diverse diseases. Claudins not only
participated in paracellular junctions but also
are essential for cell proliferation/differentia-
tion [10]. The differential expression of claudins
has also been studied in malignant tumors [11].
Claudin-1, 2 and 4 are the most studied clau-
dins in cancer, however, their roles (especially
claudin 1) as either tumor promoter or supp-
ressor remains controversial [12]. Increasing
expression of claudin 1 and 4 has been report-
ed to promoted tumor growth and invasion in
gastric and ovarian cancer [13, 14], whereas a
claudin 1 negative phenotype predicts poor
prognosis in breast cancer [15]. In some can-
cers, claudins also served as epithelial-mesen-
chymal transition promoter and mediated pro-
survival signaling activation to stimulated neo-
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plasia [16]. Thus, the roles of claudins in tumor
progression has yet to be further investigated,
and understanding the mechanism of claudins-
ECM-associated tumor behaviors might help
explore innovative therapeutic targets for clini-
cal tumor therapy.

In the present study, we demonstrated a sup-
pressive role of CLDN19 in breast tumor pro-
gression. We clarified that CLDN19 was down-
regulated in breast tumor tissues, and nega-
tively correlated with poor prognosis in patients
by utilizing the breast carcinoma database in
TCGA. Next, we predicted function and mecha-
nisms of CLDN19, and found that CLDN19
exerted a suppressive role to inhibit breast
tumor progression in vivo, in which CLDN19
suppressed UBC2E/Wnt/B-catenin activation
induced by ECM. Overall, during breast cancer
development, CLDN19 served as a tumor sup-
pressor to retard breast tumor development via
ECM/UBE2C/Wnt signaling, which described
novel insight into the role of claudins in breast
cancer progression.

Materials and methods
Cell culture

Human breast cancer cell lines MDA-MB-231
and T47D were purchased from American Type
Culture Collection (USA). Cells were cultured
and maintained in Roswell Park Memorial Ins-
titute-1640 medium supplemented with 10%
fetal bovine serum (Thermo Fisher, USA) under
standard conditions. CLDN19 overexpressed
MDA-MB-231 and T47D cell lines were pur-
chased from Cyagen Biotech (China) and de-
termined by western blotting. For 3D Matrigel
culture, tumor cells were seeded in Matrigel
Basement Membrane Matrix (356237, Corning,
USA). Matrigel Basement Membrane Matrix
was mixed with culture media at a concentra-
tion of 5 mg/ml. Cells were seeded at a density
of 5,000 cells per well. Spheroid formation was
assessed on day 3. Spheroid images were pic-
tured daily for colony growth analysis by Image
J 6.0 software.

Patient information

Expression of CLDN19 at mRNA in 1097 breast
tumor tissues and 114 normal was obtained
from http://ualcan.path.uab.edu/index.html. Tr-
anscriptome map and survival information of
816 breast cancer patients were obtained from
https://www.cbioportal.org/. 22 clinical breast
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tissues were obtained from the Fifth People’s
Hospital of Huai’an City, and divided into meta-
static (Mec, n=11) and non-metastatic (Non-M,
n=11) groups according to follow-up visit. All
patients agreed to participate in the study and
informed with written consent. All experiments
were performed according to the Declaration
of Helsinki. Ethical review was granted by the
Ethics Committee of the Fifth People’s Hospital
of Huai’an City.

RNA interference

Transfection of MDA-MB-231 or T47D cells with
siRNA targeting UBE2C was performed using
Lipofectamine™ 3000 Transfection Reagent
(Thermo Fisher, USA) at a final siRNA concen-
tration of 20 nM according to protocol. The
target UEB2C and CDC20 siRNA sequences
were obtained from Ruibo Biotech (China):
UBE2C, siRNA#1, 5'-GAAGTACCTGCAAGAAACC-
TACTCA-3” and siRNA#2, 5’-CAGCAGGAGCTGA-
TGACCCTCATG-3'. CDC20, siRNA#1, 5'-TCGCAT-
CTGGAATGTGTGCT-3’ and siRNA#2, 5-CCAGA-
AGGCUACCAGAA-3".

Cell proliferation

MDA-MB-231 or T47D cells were seeded into
each well of a 96-well plate at a density of 2 x
102 cells in 100 pl culture medium. The medi-
um was then replaced with 100 ul fresh medi-
um with 10% CCK-8 reagent after O, 24, 48 and
72 hours. Then the cells were incubated for 3
hours at 37°C. The absorbance was measured
at 450 nm using a Bio-rad micro-plate reader
(Bio-rad, USA). All experiments were performed
in triplicate.

Cell migration

MDA-MB-231 and T47D cells with a density of 1
x 10 in serum-free culture media were seeded
in Transwell chambers with the Matrigel mem-
brane covered. Cell migration assay was per-
formed with the condition media containing
10% fetal calf serum. After 24 hours, migrating
cells in chambers were stained with crystal vio-
let and counted. All experiments were per-
formed in triplicate.

Quantitative real-time polymerase chain reac-
tion (qPCR)

Total RNA was extracted from MDA-MB-231/
T47D cells using the TRIzol Reagent (Thermo
Fisher, USA). 1 ug RNA was converted into cDNA
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using PrimeScript RT Reagent kit (Takara,
Japan). Real-time PCR analysis involved 1 ng
cDNA, 10 ul SYBR Green PCR Master Mix
(Thermo Fisher, USA) and 2 pM primers in the
ABI StepOne Real-Time PCR System (Applied
Biosystems, USA). The PCR primer sequences
of AKT1, Wnt3A, SOX2, STAT3, NOTCH1, ERK1,
CDC20, UBC2E and MAPK1 were synthesized
by Sangon Biotech (China).

Western blotting

Protein extracts from MDA-MB-231 and T47D
cells were quantified and 20 pg proteins were
subjected to SDS-PAGE on 12% SDS-acryla-
mide gels (Biyuntian Biotech, China). Separat-
ed proteins were transferred to PVDF mem-
branes (Millipore, USA) and then blocked by
nonfat-dried milk. Primary antibodies for Wnt1l
(@ab15251, Abcam, UK), Wnt2 (ab227859, Ab-
cam, UK), Wnt3A (ab219412, Abcam, UK),
B-catenin (ab32572, Abcam, UK), CLDN19
(ABIN3183937, 4A Biotech, China) and UBE2C
(@b252940, Abcam, UK) were used for western
blot analysis, and incubated at a 1:1000 dilu-
tion, followed by incubation with respective
secondary antibodies.

Immunostaining

Sections of clinical specimens were treated
with 2.5% H,0, and blocked with 5% bovine
serum albumin for 30 minutes at room temper-
ature. Samples were incubated with primary
antibodies: anti-Wnt3A (ab219412, Abcam,
UK), anti-CLDN19 (ABIN3183937, 4A Biotech,
China), anti-UBE2C (ab252940, Abcam, UK),
anti-collagen | (@b138492, Abcam, UK), anti-
fibrinogen (@ab281924, Abcam, UK), anti-fibro-
nectin (ab3413, Abcam, UK), anti-CDC20 (ab-
185814, Abcam, UK) and anti-laminin (ab-
11575, Abcam, UK) overnight at 4°C. Then
samples were incubated with horseradish per-
oxidase-conjugated secondary antibodies for 1
hour at room temperature, visualized and ana-
lyzed under optical microscope (Leica, Ger-
many) for immunohistochemical method and
confocal microscope (OLYMPUS, Germany) for
immunofluorescence. Protein expression was
quantified by Image-Pro Plus 5.0 software.

Animal protocols

Female severe combined immunodeficiency
mice (8 weeks) were purchased from Huafu-
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kang (China) and maintained in a specific pa-
thogen-free facility. 1 x 108 vector or CLDN19
overexpressed MDA-MB-231 cells were subcu-
taneously injected into mice (n=5 in each
group). Tumor volume and survival information
were recorded daily. On day 20, part of mice
was sacrificed for tumor tissues isolated. The
protein level of UBE2C, Wnt3A, B-catenin, col-
lagen |, fibronectin, fibrinogen and laminin in
tumor tissues was examined by western blot-
ting or immunostaining. Meanwhile, 1 x 10°
tumor cells were isolated and injected into mice
by tail vein injection. Those mice were sacri-
ficed on day 25 for pulmonary metastasis anal-
ysis. The calculation formula of tumor volume:
tumor volume = length x width?/2. All animal
experiments were performed according to the
guidelines of the Institute Ethics Committee of
the Fifth People’s Hospital of Huai'an City.

Statistical analysis

All experimental data were analyzed using
Graphpad 5.0. The data are presented as mean
+ SEM. The differences between two groups
were compared using an independent sample t
test. Comparisons among multiple groups were
analyzed using one-way ANOVA, followed by
Tukey’s post hoc test. The Kaplan-Meier esti-
mator was performed to evaluate the overall
survival of patients or animals. Each experi-
ment was performed for at least three indepen-
dent times. Statistical significance was consid-
ered at P < 0.05.

Results

CLDN19 was downregulated and negatively
correlated with poor prognosis in breast can-
cer

To perform clinically relevant assessment of
the role of CLDN19 in breast cancer progres-
sion, we analyzed its transcriptome expression
in 1097 breast tumor tissues in comparison
with 114 normal tissues by utilizing TCGA data-
set. Remarkably, CLDN19 was downregulated
in breast tumor tissues compared to normal tis-
sues (Figure 1A). However, no significant differ-
ence was found in CLDN19 expression among
patients in different clinical stages (stage I-1V,
Figure 1B). We next explored whether increased
CLDN219 expression had an influence on overall
survival of breast cancer patients by divided
cohort (n=816) into CLDN19-high and CLDN19-
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Figure 1. CLDN19 was downregulated in breast cancer. (A) MRNA expression of CLDN19 in normal tissues (n=114)
and breast tumor tissues (n=1097) derived from TCGA data. (B) MRNA expression of CLDN19 in 816 breast tumor
tissues with different stages derived from TCGA data. (C) Kaplan-Meier overall survival curve was shown accord-
ing to high (n=407) and low (n=409) expression of CLDN19 in breast cancer patients derived from TCGA data.
(D) CLDN19 protein level of non-metastatic (n=11) and metastatic (n=11) breast tumor tissues was quantified by
immunohistochemical staining. The scale bar was 100 um. (E) Western blotting of CLDN19 in vector and CLDN19
overexpressed MDA-MB-231 and T47D cells. (F, G) Cell proliferation (F) and migration (G) of vector and CLDN19
overexpressed MDA-MB-231 and T47D cells. The scale bar in Transwell was 100 pm.

low groups. Patients with high level of CLDN19
displayed a remarkably longer survival time
than those in CLDN19-low group (Figure 1C). To
further validate the role of CLDN19, tumor tis-
sues from 22 clinical patients with breast can-
cer were collected and divided into non-meta-

5555

static and metastatic groups by follow-up visit.
We observed a prominent decrease in CLDN19
expression in tumor tissues derived from meta-
static patients in comparison with non-meta-
static group (Figure 1D). Those results indicat-
ed that CLDN19 served as a suppressive role in
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Figure 2. Excessive CLDN19 suppressed breast cancer cell growth in 3D microenvironment. (A, B) GO (A) and KEGG
(B) enrichment of major signaling pathways in high-(n=407) and low-(n=409) CLDN19 breast cancer patients de-
rived from TCGA data. (C, D) Colony formation (C) and growth (D) of vector and CLDN19 overexpressed MDA-MB-231
and T47D cells in Matrigel. The scale bar was 100 um. (E, F) Vector and CLDN19 overexpressed MDA-MB-231 and
T47D cells were seeded in flask or 3D Matrigel for 3 days. Then cells were isolated and cell proliferation/migration

was determined.

breast cancer. To further validate our hypothe-
sis, CLDN19 was overexpressed in breast can-
cer cell lines MDA-MB-231 and T47D (Figure
1E), and cell proliferation/migration was then
determined. However, no significant alterations
of cell proliferation (Figure 1F) or migration
(Figure 1G) were found in CLDN19 overex-
pressed group, indicating that CLDN19 might
participate in breast cancer progression regula-
tion in an indirect manner.

Excessive CLDN19 suppressed breast cancer
cell growth in 3D microenvironment

Next, we sought to elucidate the molecular
pathway driven by CLDN19 to modulate breast
cancer progression. We analyzed the mRNA
expression profile of CLDN19-high patients in
comparison with CLCN19-low patients by uti-
lizing TCGA dataset. Differentially expressed
genes were identified and enrichment analysis
was performed. The CLDN19 involved main
pathways for differentially expressed genes
were determined. Notably, GO and KEGG en-
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richment analysis indicated that CLDN19 dire-
ctly participated in modulating ECM signaling
and cell focal adhesion process (Figure 2A and
2B). As previously reported, the 3D extracellu-
lar matrix and focal adhesion kinase signaling
could regulate cancer stem cell function, result-
ing in sustained tumor development in vivo
[47, 18]. Thus, we supposed that excessive
CLDN19 expression disrupted extracellular
matrix-induced pro-survival signaling in breast
cancer cells, and suppressed tumor progres-
sion in an ECM-induced 3D microenvironment.
To validate our hypothesis, we seeded vector
and CLDN19 overexpressed MDA-MB-231/
T47D cells in 3D Matrigel, which has been re-
ported to support cancer stem cells selection
and amplification through 3D/ECM signaling.
Intriguingly, reduced colony formation (Figure
2C) and growth (Figure 2D) were found in
CLDN19 overexpressed MDA-MB-231 and
T47D cells. Furthermore, we isolated tumor
cells from 3D Matrigel and evaluated cell prolif-
eration/migration again. CLDN19 overexpres-
sion suppressed the proliferative/migrative

Am J Cancer Res 2022;12(12):5552-5563
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Figure 3. CLDN19 suppressed Wnt signaling activation in 3D microenvironment. A. Heatmap of mRNA expression
of AKT1, Wnt3A, SOX2, STAT3, NOTCH1, ERK1 and MAPK1 in flask or 3D Matrigel cultured MDA-MB-231 and T47D
cells (vector or CLDN19 overexpression). B. Western blotting of Wnt1, Wnt2, Wnt3A and B-catenin (in cytoplasm
and nucleus) in flask or 3D Matrigel cultured MDA-MB-231 and T47D cells (vector or CLDN19 overexpression).
C, D. Colony formation and growth of vector and CLDN19 overexpressed MDA-MB-231/T47D cells in 3D Matrigel
(treated with PBS or 20 nM HLY78). E, F. Vector or CLDN19 overexpressed MDA-MB-231/T47D cells were seeded
in 3D Matrigel (containing 20 nM HLY78 or not) for 3 days. Then cells were isolated and cell proliferation/migration
was determined. G. Wnt3A protein level of non-metastatic (n=11) and metastatic (n=11) breast tumor tissues was
quantified by immunohistochemical staining. The scale bar was 100 pm.

characteristics-induced by 3D Matrigel (Figure tably, elevated expression of Wnt3A was found
2E and 2F). Taken together, those data sug- in Matrigel-cultured tumor cells in comparison
gested that CLDN19 disrupted ECM-induced with flask-cultured group, whereas CLDN19
pro-survival signaling, resulting in a tumor sup- overexpression suppressed Wnt3A upregula-
pressive effect. tion (Figure 3A). Accordingly, elevated expres-

sion of Wnt 3A and B-catenin (nucleus) at pro-
tein level was found in 3D cultured cells, where-
as CLDN19 inhibited the activation of Wnt sig-

Motivated by prior results that CLDN19 disrupt- naling, W_hiCh was exami_ne(_j by_ means of west
ed ECM-associated pro-survival signaling, we ern blotting (Figure 3B), indicating that CLDN19

CLDN19 suppressed Wnt signaling activation
in 3D microenvironment

next sought to explore the mechanism underly- mlght Suppress Wnt_ signaling activation to
ing CLDN19-ECM-breast cancer progression. influence ECM associated tumor progression.
Compelling studies have provided evidence To further clarify the role of Wnt signaling, Wnt/
that compounds in ECM, including collagen and B-catenin inhibitor HLY78 was added into the
fibronectin, could mediate pro-survival signal- supernatant of 3D culture system. Accordingly,
ing pathways activation in tumor cells [19, 20]. HLY78 suppressed colony formation and
Thus, we examined mRNA levels of major pro- growth of 3D Matrigel cultured MDA-MB-231
survival signaling molecules, including AKT1, and T47D, whereas limited effects were found
Wnt3A, SOX2, STAT3, NOTCH1, ERK1 and in CLDN19 overexpressed group (Figure 3C
MAPK1 in MDA-MB-231 and T47D cells. No- and 3D). Meanwhile, blockade of Wnt signaling
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Figure 4. LDN19 downregulated UBE2C to regulate Wnt signaling pathway. A. MRNA level of UBE2C in CDLN19-high
patients (n=407) in comparison to CLDN19-low patients (n=409), derived from TCGA data. B. Kaplan-Meier overall
survival curve was shown according to high (n=408) and low (n=408) expression of UBE2C in breast cancer patients
derived from TCGA data. C. Western blotting of UBE2C in vector or CLDN19 overexpressed MDA-MB-231/T47D cells
cultured in flask or 3D Matrigel. D. MRNA level of UBE2C in MDA-MB-231/T47D cells treated with scramble or
UBE2C siRNA. E. Western blotting of Wnt3A and B-catenin in 3D Matrigel cultured MDA-MB-231/T47D cells, treated
with scramble or UBE2C siRNA. F, G. Colony formation and growth of MDA-MB-231/T47D cells treated with scramble
or UBE2C siRNA in 3D Matrigel. H. UBE2C protein level of non-metastatic (n=11) and metastatic (n=11) breast
tumor tissues was quantified by immunohistochemical staining. The scale bar was 100 pm. |. Immunostaining of
CDC20 in flask or 3D cultured MDA-MB-231/T47D cells (scramble or UEB2C siRNA treatment). The scale bar was
50 um. J. Western blotting of Wnt3A and B-actin in 3D cultured MDA-MB-231/T47D cells treated with scramble or
CDC20 siRNA.

by HLY78 suppressed cell proliferation and
migration induced by Matrigel, and had no obvi-
ous influence on CLDN19 overexpressed MDA-
MB-231 and T47D cells (Figure 3E and 3F).
Next, we performed immunostaining analysis
of Wnt3Ain 22 clinical specimens and obtained
similar results that tumor tissues derived from
metastatic patients displayed elevated expres-
sion of Wnt3A in comparison with non-meta-
static group (Figure 3G). Collectively, those
results revealed that CLDN19 suppressed Wnt
signaling activation in ECM microenvironment.

upregulated/downregulated genes in CLDN19-
high patients in comparison with LDN19-low
group. Intriguingly, we observed reduced UBE-
2C expression at mRNA level in CLDN19-high
patients (Figure 4A), which has been demon-
strated to promote Wnt signaling activation
in gastric cancer [21]. Indeed, patients with
high UBE2C expression exhibited a shortened
survival time compared to low-UBE2C group
(Figure 4B). Meanwhile, CLDN19 overexpres-
sion suppressed UBE2C expression in Matrigel
cultured MDA-MB-231 and T47D cells (Figure
4C). And suppression of UBE2C by siRNA
(Figure 4D) inhibited Wnt-B-catenin activation
in Matrigel cultured cells (Figure 4E). Silence of
UBE2C also hampered breast cancer cell colo-
ny formation and growth in Matrigel, whereas
no difference was found in CLDN19 overex-

CLDN19 downregulated UBE2C to regulate
Wnt signaling pathway

To further elucidate how CLDN19 inhibited Wnt
signaling in breast cancer, we analyzed the
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Figure 5. CLDN19 modulated tumor growth in vivo. A. Immunostaining of collagen |, fibrinogen, fibronectin and
laminin in flask cultured MDA-MB-231 cells or tumor tissues derived from vector/CLDN19 overexpressed MDA-MB-
231-bearing mice. The scale bar was 100 um. B. Tumor growth curve of vector/CLDN19 overexpressed MDA-MB-
231-bearing mice. C. Kaplan-Meier overall survival curve was shown in vector/CLDN19 overexpressed MDA-MB-
231-bearing mice. D. Western blotting of UBE2C, Wnt3A and B-catenin in tumor tissues derived from vector/CLDN19
overexpressed MDA-MB-231-bearing mice. E. Tumor cells were isolated from subcutaneous vector/CLDN19 over-
expressed MDA-MB-231-bearing mice (day 20), then injected into immunodeficient mice by tail vein injection. Lung
tissues were harvested on day 25 for metastasis analysis. F. H&E staining of lung tissues and pulmonary metastatic
tumor modules counting in vector/CLDN19 overexpressed MDA-MB-231-bearing mice. The scale bar was 200 pym.

pressed cells (Figure 4F and 4G). Next, we fur-
ther examined the expression of UBE2C in 22
clinical specimens, in which metastatic pa-
tients exhibited increased level of UBE2C in
comparison with non-metastatic group (Figure
4H). Next, we wondered how UBE2C modulated
Wnt signaling pathway in breast cancer. We
screened the protein-to-protein interaction of
UBE2C in String database, and found that
UBE2C contracted with CDC20, which has be-
en reported to promote Wnt signaling activa-
tion to mediate cell cycle control [22]. Thus, we
further examined the expression of CDC20 in
MDA-MB-231 and T47D cells. Indeed, 3D cul-
ture upregulated CDC20 expression in MDA-
MB-231/T47D cells, and inhibition of UBE2C
suppressed CDC20 expression in 3D culture
system (Figure 41). Silence of CDC20 by siRNA
interference also suppressed Wnt3A expres-
sion in MDA-MB-231 and T47D cells cultured in
3D gels (Figure 4J), indicating that UBE2C regu-
lated Wnt signaling through CDC20. Collec-
tively, all these results indicated that CLDN19
downregulated UBE2C to suppress Wnt signal-
ing pathway activation in breast cancer.

CLDN19 modulated tumor growth in vivo

Stemming from our in vitro results, we next
became interested in exploring the influence of
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CLDN19 on breast tumor growth in vivo. To do
this, vector and CLDN19 overexpressed MDA-
MB-231 cells were subcutaneously inoculated
into immunodeficient mice, and tumor volume
was recorded. Given the essential role of ECM
in CLDN19 associated tumor progression, we
firstly examined the expression of ECM com-
pounds, including collagen |, fibrinogen, fibro-
nectin and laminin in tumor tissues derived
from those mice. In line with our hypothesis,
abundant extracellular collagen | and fibrino-
gen were found in tumor tissues (day 20, Figure
5A). Subsequently, we further explored the
influence of CLDN19 on tumor progression in
vivo, and found that vector MDA-MB-231 cells
formed more rapidly growing tumors in com-
parison with CLDN19 overexpressed group
(Figure 5B). Meanwhile, vector MDA-MB-231-
bearing mice displayed a longer survival time
than CLDN19 overexpressed group (Figure
5C), indicating the tumor suppressive role of
CLDNA19 in vivo. In line with the higher expres-
sion of CLDN19, reduced expression of UBE2C,
Wnt3A and B-catenin was found in CLDN19
overexpressed MDA-MB-231-bearing mice (Fig-
ure 5D). Next, we sought to evaluate the influ-
ence of CLDN19 on cancer metastasis in vivo,
we isolated vector and CLDN19 overexpressed
MDA-MB-231 cells from those tumor-bearing
mice, which were injected into immunodeficient
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mice by tail vein injection. After 25 days, mice
were sacrificed and metastatic pulmonary
tumor nodules were counted (Figure 5E). As
excepted, excessive CDLN19 hampered the
pulmonary metastatic potential of MDA-MB-
231 cells in vivo (Figure 5F). Together, our
experiments suggested that CLDN19 played an
essential role in suppressing breast tumor
growth in vivo.

Discussion

This study described mechanistic insight into
the observation that CLDN19 served as a tu-
mor suppresser in breast cancer. Claudins
expression, especially claudin 1 and 2, has
been observed in most breast carcinomas [23];
however, the expression and role of CLDN19 in
carcinomas remain unclear in recent years.
Roles for claudins in both promoting and sup-
pressing cancer growth have recently been
reported [12]. Indeed, the elevated claudin-2
expression level has been shown to facilitate
colorectal cancer progression [24], and high
claudin-2 levels was found fibrolamellar hepa-
tocellular carcinomas [25]. However, in breast
cancer, claudin-2 expression is downregulated
in invasive breast carcinomas [26], and pa-
tients with low claudin-1 exhibited a longer sur-
vival time in comparison with high claudin-1
patients [27]. In this investigation, we firstly
found that CLDN19 expression was downregu-
lated in human breast cancer tissues.
Additionally, on the basis of TCGA dataset, we
found that low level of CLDN19 expression in
breast cancer patients was strongly corrected
with metastatic potential and poor survival in
patients. Those results indicated the potential
of CLDN19 to serve as prognostic indicator for
breast cancer progression.

To elucidate how CLDN19 affects the behavior
of breast cancer cells, we established CLDN19
overexpressed MDA-MB-231 and T47D cells.
Intriguingly, although expression levels of CLD-
N19 had a negative correlation with prognosis
in patients, modulation of CLDN19 expression
did not affect cell proliferation and migration in
MDA-MB-231 or T47D cells. However, we fur-
ther injected vector or CLDN19 overexpressed
MDA-MB-231 cells into immunodeficient mice,
and found slowed tumor growth curve in
CLDN19 overexpressed tumor-bearing mice,
suggesting that CLDN19 might participate in
breast tumor progression regulation indirectly.
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Tight junction proteins participated in a variety
of cellular processes that regulate cell differen-
tiation and transformation [28]. Notably, ECM
was enriched in tumor tissues and has been
reported to modulates tumor cell differentia-
tion and transformation to induce tumorigenic
potential [29]. This reminded us the potential
role of claudins in ECM associated tumor pro-
gression. Here, we further seeded vector or
CLDN19 overexpressed tumor cells in 3D Ma-
trigel, and found CLDN19 overexpressed cells
displayed reduced colony formation capability
and migrative potential in the presence of
extracellular components. More importantly,
CLDN19 overexpressed tumor cells displayed
weakened proliferative characteristics and me-
tastatic potential in the presence of ECM (col-
lagen and fibrinogen) in vivo. Our study firstly
indicated that excessive CLDN19 could sup-
press ECM-associated tumor progression in
vivo, inhibiting tumor cell growth and contribut-
ing to prolonged survival time in tumor-bearing
mice.

Claudins are tight junction membrane proteins
that expressed in epithelia and a variety of can-
cer cells [30]. And aberrant expression of clau-
dins in tumor cells is involved in the activation
of several pro-survival signaling pathways,
including B-catenin/TCF, ERK/MAPK and IL-6/
STAT3 signaling [31-33]. The Wnt/B3-catenin sig-
naling pathway comprises a family of proteins
that play essential roles in embryonic develop-
ment and adult tissue homeostasis [34].
Increasing evidence suggested that upregula-
tion of Wnt/B-catenin signaling promoted can-
cer stem cells proliferation, contributing in sus-
tained tumor growth and distant metastasis in
several cancer types, including colorectal can-
cer, lung cancer, and breast cancer [35].
Additionally, ECM proteins, including collagen,
have been reported to module Wnt/B3-catenin
signaling activation to stimulate tumorigenic
potential of cancer cells, resulting in enhanced
tumor stemness [36]. Our study further con-
firmed that 3D ECM could mediate Wnt signal-
ing upregulation in CLDN19 low breast cancer
cells. Excessive CLDN19 reduced Wnt3A ex-
pression at protein level, resulting in the tumor
suppressive effects in breast cancer in vivo.
UBE2C is a member of the anaphase promo-
ting complex/cyclosome, which facilitates the
degradation of several target proteins [37].
Recently, compelling investigations suggested
that UBE2C was overexpressed in many tumor
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tissues and displayed higher expression in
patients with advanced cancer [38, 39]. In-
triguingly, UBE2C has been reported to induce
epithelial-mesenchymal transition to promote
gastric cancer cell metastasis through Wnt/
B-catenin and PI3K/Akt signaling [21]. In this
study, we found that CLDN19 downregulated
UBE2C to suppress Wnt/B-catenin signaling
activation, which further disclosed the me-
chanism underlying UBE2C-induced tumor pro-
gression, and clarified the role of UBE2C in
ECM-associated tumor behaviors.

Based on the above results, our study illustrat-
ed that: (1) The expression of CLDN19 was
negatively correlated with the poor prognosis
and could be potentially translated into a prog-
nostic indicator for breast cancer patients. (2)
CLDN19 suppressed the proliferative proper-
ties and migratory ability of breast cancer cells
in 3D environment and in vivo. (3) The tu-
mor suppressive effects of CLDN19 mainly
depended on Wnt/B-catenin signaling pathway,
induced by extracellular matrix proteins. (4)
CLDN19 suppressed UBE2C to downregulated
Wnt/B-catenin signaling. (5) Overexpression of
CLDN19 hampered tumor growth and pulmo-
nary metastasis in tumor-bearing mice, which
pointed to a potential target for breast cancer
management.

In summary, our study suggests that CLDN19
has a suppressive role in breast cancer devel-
opment. By modulating CLDN19 expression, we
found that deficiency of CLDN19 is necessary
for tumor cells to induce the ECM-regulating
pro-survival signaling pathway (UBE2C/Wnt sig-
nals) activation. Our findings raise the possibil-
ity that CLDN19 might be exploited as a po-
tential diagnostic indicator for breast cancer
progression.
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