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Abstract: Gliomas are the most common malignancies of the central nervous system and are associated with high 
mortality rates. However, the pathogenesis of gliomas is unclear. In this study, we show that elevated claudin-4 
(CLDN4) levels in glioma tissues are associated with poor clinical outcomes. We found that upregulating the expres-
sion of CLND4 enhanced the proliferative and migratory capacities of glioma cells. Mechanistically, CLND4 upregu-
lated Neuronatin (NNAT) by activating Wnt3A signaling, and aided in the progression of the glioma. Most importantly, 
our in vivo data demonstrated that CLND4 overexpression caused rapid tumor growth in mice injected with LN229 
cells and reduced the survival of these mice. Our findings reveal that CLND4 modulates malignancy in glioma cells; 
targeting CLDN4 may open up new avenues for glioma treatment.
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Introduction

Gliomas are highly aggressive brain tumors 
characterized by a high degree of heterogeneity 
and mortality. Currently, the standard of care 
for glioma includes maximal safe resection, 
radiotherapy, and treatment with temozolomide 
(TMZ) [1]. Despite advances in therapeutic 
modalities, patients with gliomas continue to 
have dismal prognoses [2]. The limited efficacy 
of most therapies is in part due to the aggres-
sive characteristics of glioma cells that support 
metastasis and tumor relapse [3]. Therefore, it 
is critical to understand the molecular path-
ways involved in glioma occurrence and pro- 
gression.

Tumor metastasis requires a complex succes-
sion of events that include invasion, intravasa-
tion, and extravasation [3]. The process of inva-
sion occurs when neoplastic cells lose cell-to-
cell adhesion and disengage from the primary 
tumor mass. Tight junctions (TJs), which create 
a seal between adjacent polarized epithelial or 
endothelial cells, are therefore significant barri-

ers against tumor invasion [4]. A growing body 
of literature has linked failures in the mainte-
nance of TJs to malignant transformation [5, 6]. 
The main constituent membrane proteins of TJs 
are claudins. Claudins are a multigene family of 
proteins with 27 members; these genes main-
tain cell polarity and establish a selective per-
meability barrier between cells and control the 
fluxes of molecules between the cells [7]. 
Claudins may also modulate cellular behaviors 
by interacting with signaling proteins [8]. The 
aberrant expression of claudins in many malig-
nancies is known to have pro- or anti-tumori-
genic effects [9, 10]. For example, in renal cell 
carcinoma, the progressive loss of claudin-2 
(CLDN2) expression was correlated with poor 
patient survival, whereas CLDN2 overexpres-
sion retarded tumor growth in xenograft mice 
models [11]. Katsushima et al. have proposed 
that the upregulation of claudin-11 (CLDN11) 
expression may be required for glioma cell dif-
ferentiation and establishment of intra-tumoral 
heterogeneity [12]. Several lines of evidence 
point to claudin-4 (CLDN4) as being important 
for the overall survival of patients due to its 
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dual function in tumor progression [13]. In a 
study on pancreatic cancer, CLDN4 overexpres-
sion restricted pulmonary metastasis in vivo; 
the overexpression also promoted the forma-
tion of more cell-to-cell contacts [14]. In addi-
tion, CLDN4 overexpression enhanced the sen-
sitivity of gastric cancer cells to chemotherapy 
by suppressing the PI3K/Akt pathway [15]. 
Despite these studies, the role of the claudin 
family of proteins in the development and pro-
gression of gliomas remains to be investigated 
in detail.

In this study, we found that CLDN4 levels were 
positively correlated with the clinical stages of 
glioma patients. Our in vitro data demonstrates 
that increased CLDN4 expression accelerated 
glioma cell proliferation and migration. In addi-
tion, CLDN4 overexpression was associated 
with an increase in the sizes of tumors in glio-
ma xenograft models. We have also found that 
CLND4 affects the progression of gliomas 
through its effects on the NNAT/Wnt signaling 
pathway. The tumor-promoting role of the 
CLND4/NNAT axis was verified in glioma organ-
oids. Taken together, our results suggest that 
CLDN4 may be a useful biomarker and poten-
tial therapeutic target for the treatment of 
gliomas.

Materials and methods

Cell culture

The human glioma cell lines, LN229 and T98G, 
were obtained from the American Type Culture 
Collection, and grown in Roswell Park Memorial 
Institute (RPMI) 1640 medium (Thermo Fisher, 
USA) supplemented with 10% fetal calf serum 
(Thermo Fisher). The cells were cultured at 
37°C, 5% CO2. Transfected LN229 and T98G 
cells overexpressing CLDN4 were obtained 
from GenScript ProBio (China); the same cells 
transfected with the empty vector (without  
the CLDN4 gene) were also obtained from the 
same source. The levels of the CLDN4 protein 
in these cells were determined by western  
blotting before the experiments. The Wnt sig-
naling pathway inhibitor, pyrvinium pamoate, 
was obtained from Yeasen (China). 

Clinical specimens and patients-derived organ-
oids (PDOs) 

Data on the expression levels of CLDN4 in glio-
ma tissues (n=156) and adjacent normal tissue 

samples (n=5) were obtained from http://ual-
can.path.uab.edu/index.html. We also obtained 
data on 513 glioma patients from the same 
source for survival and correlation analysis.  
A total of 15 para-carcinoma tissues and 30 
glioma tissues (early stage or stage I-II (n=15) 
and late stage or stage III-IV (n=15)) were 
obtained from West China Hospital, Sichuan 
University. For culturing PDOs, fresh glioma tis-
sues were minced into 1-2 mm3 pieces and 
digested in DMEM (Thermo Fisher, USA) con-
taining type IV collagenase (Sigma, UK) and 
DNase I for 2 h. Following this, a 40 μm cell 
strainer (Thermo Fisher, USA) was used for fil-
tering out the disaggregated cell suspension. 
After lysing the red blood cells in the mixture, 
the glioma cells were seeded into 3D Matrigel 
containing a specific culture medium and 
required growth factors (1 mL DMEM: 1 mL F12 
medium, 1 mL Neurobasal medium, 0.002 mL 
100 × Glutamax, 0.002 mL 100 × low-gluta-
mate non-essential amino acids mixture; 
Thermo Fisher, USA) [16]. All experiments were 
approved by the ethics committee of West 
China Hospital, Sichuan University and were 
conducted as per the Declaration of Helsinki.

Cell proliferation and colony formation assay

Cell proliferation was measured with a Cell 
Counting Kit-8 (CCK-8; Solarbio, China). The 
single cell suspensions (1 × 103 per well) were 
cultured in a 96-well plate for 0, 24, 48 and 72 
h. Following this, 10 μL of the CCK-8 reagent 
was added to each well and incubated for 2 h. 
The absorbance at 450 nm was measured 
using a microplate reader (Biorad, USA).

For colony formation assays, the glioma cells 
were seeded into 6-well plates at a density of 
500 cells/well and incubated at 37°C over-
night. After 10 days, the cell colonies were fixed 
with 100% methanol, stained with 0.1% violet, 
and counted using a light microscope (Nikon, 
Japan). Any cluster of cells with >50 cells was 
considered a colony.

Cell migration assay

For Transwell assays, 1 × 105 glioma cells were 
seeded into the upper chamber (8 μm, Coring, 
USA) of the Transwell assay system. The lower 
chamber was filled with 1 ml of culture medium 
supplemented with 10% fetal calf serum. After 
24 h of incubation at 37°C, the adherent cells 
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on the lower surface of the insert were stained 
with Giemsa (Solarbio, China) and counted 
using a light microscope (Nikon, Japan).

RNA interference

For this experiment, either LN229 or T98G cells 
were seeded into 6-well plates at a density of 2 
× 105 cells per well. The cells were incubated 
without serum for 4 h at 37°C. The cells were 
transfected with siRNAs targeting the human 
NNAT and Wnt3A genes (Ruibo, China) using 
lipofectamine 3000 (Thermo Fisher, USA) as 
per the manufacturer’s instructions. Silence 
efficiency was determined by real-time quanti-
tative polymerase chain reaction (NNAT, siRNA 
#1, 73.4% and siRNA #2, 69.5%). 

Western blotting 

The expression levels of the CLDN4, NNAT, 
Wnt1, Wnt2, and Wnt3A proteins were assess- 
ed by standard western blot analysis. Anti-
CLDN4 antibody (ab210795, Abcam, UK), anti-
NNAT antibody (ab27266, Abcam, UK), anti-
Wnt1 antibody (ab15251, Abcam, UK), anti-
Wnt2 antibody (ab109222, Abcam, UK) and 
anti-Wnt3A antibody (ab219412, Abcam, UK) 
were diluted in TBST supplemented with 2% 
bovine serum albumin and incubated with the 
appropriate horseradish peroxidase-conjugat-
ed secondary antibodies. Blots were visualized 
using enhanced chemiluminescence and ex- 
posed to hypersensitive chemiluminescence 
film.

Immunostaining 

Sections of the tissue specimens or Matrigel 
layers (containing the PDOs) were treated with 
2.5% H2O2 and blocking buffer (5% bovine 
serum albumin) for 30 min at room tempera-
ture. Subsequently, the samples were incubat-
ed with primary antibodies: Anti-CLDN4 anti-
body (ab210795, Abcam, UK), anti-NNAT anti-
body (ab27266, Abcam, UK) and anti-Wnt3A 
antibody (ab219412, Abcam, UK) overnight at 
4°C. Following this, the sections were incubat-
ed with horseradish peroxidase-conjugated 
secondary antibodies for 1 h at room tempera-
ture. The sections were then visualized and 
analyzed using either an optical microscope 
(Leica, Germany) or a confocal microscope 
(Olympus, Germany). The protein expression 
levels were quantified using the Image-Pro Plus 
5.1 software (Media Cybernetics, USA).

Animal protocols

Female NOD-SCID mice (6-8 weeks) were pur-
chased from Huafukang (Beijing, China) and 
raised in a specialized pathogen-free facility. 
The mice were subcutaneously injected with 5 
× 105 LN229 cells (which were either overex-
pressing CLDN4 or were transfected with the 
empty vector; n=5 in each group). Tumor vol-
ume and survival information were recorded 
daily. Tumor volume was calculated as length × 
width2/2. All animal experiments were approved 
by the Institute Ethics Committee of West China 
Hospital, Sichuan University, and complied with 
the ARRIVE guidelines.

Statistical analysis

All experimental data were analyzed using 
GraphPad Prism 5.0. The data are presented 
as mean ± SD. Comparisons between any two 
groups were done using an independent sam-
ple t-test. Comparisons for multiple groups 
were done using one-way ANOVAs, followed by 
Tukey’s post-hoc tests. The overall survival of 
patients was analyzed using the Kaplan-Meier 
statistic. All experiments were independently 
performed at least thrice. Results were consid-
ered statistically significant at P<0.05.

Results

CLND4 promoted the development of malig-
nant characteristics in gliomas and is associ-
ated with poor prognosis 

To investigate the role of CLDN4 in the progres-
sion of gliomas, we evaluated the expression 
levels of CLDN4 in the transcriptomes of 156 
glioma tissue samples and compared them 
with those of normal tissues; these data were 
obtained from TCGA database. We found that 
CLDN4 expression was higher in glioma tumors 
than in normal tissues (Figure 1A). Immuno- 
histochemical staining of tissue specimens 
also demonstrated that the proteins levels of 
CLDN4 were higher in glioma tissues as com-
pared to those in para-carcinomatous tissues. 
We also found that the expression levels of 
CLDN4 were positively correlated with the  
clinical stage of the glioma (Figure 1B). Sub- 
sequently, we also found that patients with  
gliomas having low expression levels of CLDN4 
had longer survival times than patients with 
gliomas having high CLDN4 expression levels 
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(Figure 1C), indicating that CLDN4 expression 
was positively correlated with glioma progres-
sion. To further investigate the pro-tumorigenic 
effects of CLDN4, we overexpressed CLDN4 in 
the glioma cell lines LNN229 and T98G (Figure 
1D). The cells overexpressing CLDN4 had high-
er cell proliferation rates (Figure 1E), migration 
capacities (Figure 1F) and colony formation 
abilities (Figure 1G) than those not overex-
pressing CLDN4 (vector group). Together, these 
data indicate that CLDN4 promotes the devel-
opment of malignant characteristics and is 
associated with poor prognosis in patients with 
gliomas. 

CLDN4 stimulates the expression of NNAT 

Next, we investigated the molecular pathway 
through which CLDN4 affects glioma progres-
sion. We used data on 513 glioma patients 

from TCGA database for this analysis; the 
patients were divided into CLDN4-high and 
CLDN4-low groups, and differences in their 
gene expression patterns were analyzed. The 
top 30 genes which were found to be upregu-
lated in the CLDN4-high group as compared to 
the CLDN4-low group were identified (Figure 
2A). Among these genes, we identified NNAT, 
which is a stress-response protein found in the 
rod photoreceptors. Since high NNAT expres-
sion is associated with poor outcomes in breast 
cancer [17], we performed western blotting 
assays to ascertain the expression levels of 
NNAT in glioma cells overexpressing CLDN4. 
We found that both, the RNA and protein levels 
of NNAT were higher in the LN229 and T98G 
cells that overexpressed CLDN4 as compared 
to those that did not overexpress CLDN4 
(Figures 2B and S1A). In addition, we treated 
the LN229/T98G cells overexpressing CLDN4 

Figure 1. CLND4 promotes malignancy in glioma cells. A. Expression levels (mRNA) of CLDN4 in normal tissues 
(n=5) and glioma tissues (n=156); data derived from TCGA database. B. Representative images of immunohisto-
chemical staining for CLDN4 in para-carcinomatous tissues (n=15), early-stage glioma tissues (stage I-II, n=15), 
and late-stage glioma tissues (stage III-IV, n=15); scale bar =50 μm. C. Kaplan-Meier survival curve for high and 
low expression of CLDN4 in glioma patients (n=513); data from TCGA database. D. Western blotting for CLDN4 in 
LN229/T98G cells transfected with empty vector or a CLDN4-overexpression vector. E. Cell proliferation assay (CCK-
8 assay) for LN229/T98G cells transfected with empty vector or CLDN4-overexpression vector. T98G, P<0.05, 72 
hours; LN229, P<0.01, 72 hours. F. Cell migration assay (Transwell assay) for LN229/T98G cells transfected with 
empty vector or CLDN4-overexpression vector; scale bar =100 μm. G. Colony formation assay for LN229/T98G cells 
transfected with empty vector or CLDN4-overexpression vector.
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with siRNA targeted at NNAT. The knockdown of 
NNAT efficiently suppressed the cell prolifera-
tion (Figure 2C), migration (Figure 2D), and col-
ony formation abilities (Figure 2E) of the glioma 
cells overexpressing CLDN4. We further found 
that the tumor tissues of advanced-stage glio-
mas (stages III-IV) had higher protein levels of 
NNAT as compared to those from earlier stages 
(stages I-II, Figure 2F). Collectively, those find-
ings suggested that CLDN4 upregulates the 
expression of NNAT, which in turn, promotes 
glioma progression. 

The CLDN4/NNAT axis modulates glioma pro-
gression through Wnt signaling

To further elucidate how the CLDN4/NNAT axis 
regulates the pro-survival signaling in gliomas, 

we analyzed the major signaling pathways 
associated with CLDN4 and NNAT. A KEGG 
enrichment analysis was performed to deter-
mine the major pathways involved in the 
CLDN4- (Figure 3A) and NNAT-mediated pro-
gression in gliomas (Figure 3B). Both, CLDN4 
and NNAT, were closely associated with the Wnt 
signaling pathway. To validate the role of Wnt 
signaling in CLDN4-induced glioma progres-
sion, we examined the expression levels of 
Wnt1, Wnt2, and Wnt3A in the LN229 cells 
overexpressing CLDN4. We found that CLDN4 
overexpression greatly upregulated the levels 
of Wnt3A in these cells (Figure 3C). We also 
found that silencing the NNAT gene (using anti-
NNAT siRNA) suppressed the upregulation of 
Wnt3A expression in these cells (Figure 3D); 
this indicates that the CLDN4/NNAT axis stimu-

Figure 2. CLDN4-stimulated NNAT upregulation. A. The top 30 upregulated genes in patients with gliomas that had 
high CLDN4 expression levels as compared to those with gliomas having low CLDN4 expression levels; data derived 
from TCGA database (n=513). B. Western blotting for CLDN4 and NNAT in LN229/T98G cells transfected with empty 
vector or CLDN4-overexpression vector. C. Cell proliferation assays for LN229/T98G cells transfected with empty 
vector or CLDN4-overexpression vector treated with scramble or NNAT siRNAs. LN229, vector vs vector + siRNA, 
P>0.05, OE vs OE + siRNA, P<0.05, 72 hours; T98G, vector vs vector + siRNA, P>0.05, OE vs OE + siRNA, P<0.01, 
72 hours. D. Cell migration assay for LN229/T98G cells transfected with empty vector or CLDN4-overexpression 
vector treated with scramble or NNAT siRNAs. E. Colony formation assays for LN229/T98G cells transfected with 
empty vector or CLDN4-overexpression vector treated with scramble or NNAT siRNAs. F. Representative images of 
immunohistochemical staining for CLND4 in early-stage glioma tissues (stage I-II, n=15) and late-stage glioma tis-
sues (stage III-IV, n=15); scale bar =100 μm. 
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lates Wnt3A signaling in glioma cells. Sub- 
sequently, we treated cells overexpressing 
CLDN4 with pyrvinium pamoate, which is an 
inhibitor of Wnt signaling. Blocking the Wnt sig-
naling pathway efficiently suppressed cell pro-
liferation (Figure 3E), migration (Figure 3F),  
and colony formation (Figure 3G) in the cells 
overexpressing CLDN4. Similar results were 
found in glioma cells treated with the Wnt inhib-
itor (Figure S1B-E). These results suggest that 

the CLDN4/NNAT-mediated progression in  
gliomas is dependent on the Wnt signaling 
pathway. 

CLDN4 facilitated glioma growth in vivo

To investigate the effects of CLDN4 on glioma 
growth in vivo, we isolated primary human glio-
ma cells and examined the expression of 
CLDN4 in these cells. As shown in Figure 4A, 

Figure 3. The CLDN4/NNAT axis modulates glioma progression through Wnt signaling. (A and B) The results of the 
KEGG enrichment analysis for the major signaling pathways involved in glioma progression in 513 glioma patients 
divided into CLDN4-high/low (A) or NNAT-high/low (B) groups. (C) Western blotting for Wnt1, Wnt2, and Wnt3A 
in LN229 cells transfected with empty vector or CLDN4-overexpression vector. (D) Western blotting for Wnt3A in 
LN229/T98G cells transfected with empty vector or CLDN4-overexpression vector treated with scramble or NNAT 
siRNAs. (E) Cell proliferation assays for LN229/T98G cells transfected with empty vector or CLDN4-overexpression 
vector treated with PBS or pyrvinium pamoate (10 nM). LN229, vector vs vector + PP, P>0.05, OE vs OE + PP, 
P<0.05, 72 hours; T98G, vector vs vector + PP, P>0.05, OE vs OE + PP, P<0.05, 72 hours. (F) Cell migration assays 
for LN229/T98G cells transfected with empty vector or CLDN4-overexpression vector treated with PBS or pyrvinium 
pamoate (10 nM). (G) Colony formation assays for LN229/T98G cells transfected with empty vector or CLDN4-
overexpression vector treated with PBS or pyrvinium pamoate (10 nM).
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primary glioma cells derived from patients 
exhibited a wide range of CLDN4 expression 
levels. Subsequently, we established PDOs us- 
ing glioma tissues with high and low CLDN4 
expression levels (Figure 4B) and used western 
blotting to verify that the protein levels of NNAT 
and Wnt3Awere significantly increased (Figure 
4C). We also found that the expression levels  
of Ki67, a marker of cell proliferation, was sig-
nificantly higher in the CLDN4-high tumors as 
compared to the CLDN4-low tumors (Figure 
4D). Furthermore, to explore the influence of 
CLDN4 on tumor growth in vivo, we subcutane-
ously injected one set of mice with LN229 
transfected to overexpress CLDN4, while 
another set of mice was injected with LN229 
transfected with the empty vector. The tumor 
volumes and survival status of the mice were 
recorded daily. We found that the LN229 cells 
overexpressing CLND4 formed tumors that 
grew much more rapidly than those formed by 
the cells transfected with the empty vector 
(Figure 4E). The mice injected with the CLDN4-
overexpressing LN229 cells had shorter sur-
vival times than those injected with the LN229 
cells transfected with the empty vector (Figure 

4F). Together, those experiments indicate that 
CLDN4 plays an essential role in promoting 
NNAT/Wnt signaling and stimulating the growth 
of gliomas, which ultimately results in poor 
prognoses for patients. 

Discussion

Since many claudins show differential expres-
sion patterns in tumor tissues, many studies 
have investigated the functional relevance of 
claudins in the growth and progression of 
tumors. Here, we have identified CLDN4 as a 
crucial regulator of aggressive traits in glioma 
cells. In addition, we have shown that high 
CLDN4 levels are associated with a greater 
tumor burden in glioma patients. Our findings 
may be instrumental in gaining a comprehen-
sive understanding of the complexity of glioma 
progression.

Evidence shows that the altered expression of 
certain claudin isoforms can significantly affect 
tumor behavior [18]. Of the claudin multigene 
family, CLDN4 is one of the most closely stud-
ied genes. The upregulation of CLDN4 expres-
sion is commonly seen in most epithelial neo-

Figure 4. CLDN4 facilitates glioma growth in vivo. A. Western blotting for CLDN4 in primary glioma cells derived from 
6 patients. B. Representative images of PDOs derived from CLDN4-high and -low glioma tissues; scale bar =50 μm. 
C. Western blotting for Wnt3A and NNAT in PDOs derived from CLDN4-high and -low glioma tissues. D. Representa-
tive images for immunofluorescence staining for Ki67 in PDOs derived from CLDN4-high and -low glioma tissues; 
scale bar =50 μm. E. Tumor volumes of subcutaneous tumors formed by LN229 cells transfected with empty vector 
or CLDN4-overexpression vector (n=5 in each group). F. Kaplan-Meier survival curve for mice with tumors formed by 
LN229 cells transfected with empty vector or CLDN4-overexpression vector (n=5 in each group).
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plasms, where it may be pro-oncogenic or 
tumor-suppressive, depending on the cellular 
context [19]. In breast cancer, for instance, 
CLDN4 expression was positively correlated 
with tumor grade and could be useful as a prog-
nostic factor [20]. In addition, CLDN4 overex-
pression triggered increased cell mobility and 
invasiveness in ovarian cancers, which may be 
attributed to the activation of MMP proteins 
[21]. Conversely, Ohtani et al. have reported 
that low CLDN4 levels were associated with 
poor differentiation and increased metastatic 
dissemination in gastric cancers [22]. Although 
CLDN4 expression has been studied in many 
tumors, few investigations have analyzed the 
role of this protein in gliomas. Our study sug-
gests that increased expression levels of 
CLDN4 in gliomas are associated with poor 
prognoses. We further demonstrate that 
CLDN4-overexpressing cells had higher prolif-
erative and migratory capacities which could 
fuel the rapid growth of gliomas. 

Our experiments indicate that NNAT, which is a 
highly conserved proteolipid involved in brain 
development, mediates the effects of CLDN4 
on glioma growth and progression. The NNAT 
gene is maternally imprinted and changes in 
the methylation status of the maternal allele 
may lead to a loss of the imprinting, and there-
fore, affect cellular functions [23]. A growing 
body of literature has linked changes in the 
NNAT expression levels to neurological disor-
ders, diabetes, and even carcinogenesis [24]. 
Changes in the NNAT expression levels are 
common in pulmonary adenocarcinomas and 
could be useful as a prognostic marker [25]. In 
addition, NNAT overexpression in glioblastoma 
stem cells is associated with increased cellular 
proliferation [26]. Our study has shown that 
increases in the expression levels of NNAT facil-
itate glioma cell migration and colony formation 
and that silencing this gene reverses these 
effects. We have also shown that the tumor-
promoting effects of CLDN4 are mediated by 
NNAT, as the cells overexpressing CLDN4 also 
have increased expression levels of NNAT. We 
further show that Wnt signaling acts down-
stream of the CLDN4/NNAT axis to affect the 
malignant behaviors of glioma cells. The Wnt 
signaling pathway is an evolutionarily con-
served pathway involved in modulating diverse 
physiological processes such as proliferation, 
differentiation, apoptosis, and tissue homeo-

stasis [27]. Dysregulated components of the 
Wnt signaling pathway are often key players in 
tumorigenesis and have been investigated as 
therapeutic targets for many cancers [28]. 
Previous work on ovarian cancer has shown 
that the inactivation of the Wnt/β-catenin axis 
was blocked by the overexpression of CLDN4, 
hinting that the Wnt signaling pathway was like-
ly to be involved in the pro-oncogenic effects of 
CLDN4 [29]. Our findings demonstrate that the 
CLDN4/NNAT axis transmits signals through 
Wnt3A to induce malignant behavior in glioma 
cells; this effect could be reversed by the 
administration of the Wnt inhibitor, pyrvinium 
pamoate. We have also shown that in xenograft 
murine models, CLDN4 overexpression result-
ed in rapid tumor growth and decreased the 
survival of the mice. 

Based on the above results, our study has 
established the importance of CLDN4 in glioma 
progression. Firstly, our analysis of data from 
TCGA database revealed that high CLDN4 lev-
els were associated with lower overall survival 
times in glioma patients. Secondly, we have 
proven that glioma cells overexpressing CLDN4 
have increased proliferative and metastatic 
ability as compared to cells that do not overex-
press CLDN4. Thirdly, our work has revealed 
that CLDN4 drives glioma progression through 
the NNAT/Wnt signaling pathway. Fourthly, we 
have further validated the role of CLDN4 in the 
progression of gliomas using PDOs and xeno-
graft models.

Conclusion

In summary, our findings demonstrate that 
CLDN4 can enhance the malignancy of glioma 
cells via the NNAT/Wnt signaling pathway. 
Targeting CLDN4 may be useful in developing 
new treatments against gliomas.
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Figure S1. A. mRNA expression of NNAT in vector and CLDN4 overexpressed LN229/T98G. B. mRNA expression of 
Wnt3A in LN229/T98G cells, treated with scramble or Wnt3A siRNAs. C. Cell proliferation of vector and CLDN4 over-
expressed LN229/T98G cells, treated with scramble or Wnt3A siRNAs. LN229, vector vs vector + siRNA, P>0.05, 
OE vs OE + siRNA, P<0.05, 72 hours; T98G, vector vs vector + siRNA, P>0.05, OE vs OE + siRNA, P<0.01, 72 hours; 
D. Cell migration of vector and CLDN4 overexpressed LN229/T98G cells, treated with scramble or Wnt3A siRNAs. 
E. Colony formation capability of vector and CLDN4 overexpressed LN229/T98G cells, treated with scramble or 
Wnt3A siRNAs.


