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Colorectal cancer is the third leading cancer in the world in terms of incidence and mortality. �e role of di�erentially 
expressed Claudin-14 (CLDN14) in CRC has not been reported. We observed that CLDN14 was associated with the progres-
sion of CRC. Our functional studies have shown that CLDN14 promoted the proliferation of CRC cells. In addition, CLDN14 
also increased the migration and invasion of CRC cells. In vivo experiments also showed that CLDN14 promoted the growth 
of colorectal cancer via the PI3K/AKT/mTOR. In summary, our research suggests that CLDN14 promotes the progression of 
colorectal cancer. Our �ndings may provide new strategies for clinical management and patient prognosis of CRC. 
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Colorectal cancer (CRC) is currently third-ranked cancer 
in both incidence and mortality, accounting for 10% of all 
cancer-related deaths worldwide [1]. Treatment regimens 
for CRC include surgery, radiotherapy, and chemotherapy. 
Surgical treatment is still the main treatment strategy [2]. 
And for patients with advanced CRC, chemotherapy has 
severe side e�ects and is mostly ine�ective [3]. �erefore, 
in order to discover the prognostic biomarkers and thera-
peutic targets of colorectal cancer, more and more scholars 
are conducting research on the epigenetics of CRC and its 
underlying mechanisms [2, 4–7].

�e claudins are members of the transmembrane tight 
junction family of proteins that interact with sca�old proteins 
and other claudins to form pores and barriers that regulate 
the permeability and selectivity of cellular bypass pathways 
[8]. Many studies have shown that Claudin-14 (CLDN14) is 
related to hearing loss [9, 10]. Studies have also shown that 
CLDN14 is a new prognostic biomarker in hepatocellular 
carcinoma [11]. However, the role of CLDN14 in CRC has 
never been reported.

PI3K/AKT/mTOR signaling pathways play a vital role 
in regulating cell proliferation, cell apoptosis, and glucose 
metabolism through various potential mechanisms [12]. PI3K 
stimulates the signal transduction cascade and promotes the 

activation of AKT [13]. AKT is an important signal regulator 
of cell growth by responding to various cellular stimuli. 
mTOR is an atypical serine/threonine kinase that exists in 
two distinct complexes, which are mainly regulated by PI3K/
AKT/mTOR signal transduction pathway [14]. Currently, 
drugs targeting the PI3K/AKT/mTOR signaling pathway 
are also being developed and applied in clinics. However, 
the biological e�ects of CLDN14 on the PI3K/AKT/mTOR 
signaling pathway in CRC cells are still understood.

In this study, we �rst showed that CLDN14 was upregu-
lated in the tumor tissues of patients with CRC and was related 
to the survival of patients. Functional analysis showed that 
CLDN14 can promote proliferation, migration, and invasion 
of CRC cells. In vivo experiments proved that CLDN14 
promoted the progression of CRC through the PI3K/AKT/
mTOR pathway. �is study revealed that CLDN14 a�ects 
the progression of CRC, suggesting that CLDN14 may be a 
potential therapeutic target for patients with CRC.

Materials and methods

Cell lines and culture conditions. Human colorectal 
cancer cell line LOVO was purchased from the Shanghai 
Institutes for Biological Sciences (Shanghai, China). Human 
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normal colon epithelium cell line (NCM460) and human 
colorectal cancer cell lines (SW620, HT29, RKO, SW480, 
HCT116) were purchased from the American Type Culture 
Collection (ATCC, USA). HCT116 cell line was grown in 
McCoy’s 5A medium (Kaiji Biotechnology, China). SW480 
and SW620 cells were grown in Dulbecco’s modi�ed Eagle’s 
medium (DMEM) medium (GIBCO, USA). NCM460, RKO, 
HT29, and LOVO cells were grown in RPMI (1640) medium 
(GIBCO, USA). All cells were cultured in a constant temper-
ature and humidi�ed incubator at 37 °C with 5% CO2.

Cell transfection. �e lentiviral vector encoding 
CLDN14, short hairpin RNAs, and empty vector were 
purchased from Wanlei (Shenyang, China). A�er lentiviral 
transfection, stable expression cell lines were obtained a�er 
14 days of puromycin selection. See Supplementary Table S1 
for the sequence of speci�c short interfering RNAs.

RNA extraction and quantitative PCR. �e total RNA 
was extracted from the colorectal cancer cell lines by TRIzol 
(Invitrogen, Carlsbad, CA, USA), and then the cDNA was 
extracted and quanti�ed by reverse transcription. �e 
applied Biosystems 7500qpcr (Applied Biosystems, CA) was 
used to carry out quantitative PCR with SYBR Green reagent 
(�ermo Fisher Scienti�c, USA). See Supplementary Table 
S2 for primer sequences.

CCK-8 assay. �e initial 5,000 cells/well were cultured 
in 96-well microplates (Corning, Life Sciences, USA) for 24, 
48, 72, and 96 h. 10 µl of CCK-8 solution was added to the 
culture medium and incubated for 2 h to measure the optical 
density (OD) at 450 nm.

Colony formation. 1×103 cells were cultured in a 6-well 
plate (Corning, USA), and then 2 ml of the corresponding 
medium was supplemented with 10% FBS. A�er 14 days, 
cells were �xed with 4% paraformaldehyde for 15 min at 
room temperature, then washed three times with PBS, and 
�nally stained with 0.1% crystal violet for 10 min. A�er 
drying, photos were taken and cell colonies were counted 
using ImageJ so�ware.

Flow cytometry. �e apoptosis kit (BD Biosciences, CA) 
was used for �ow cytometry, and the Flowjo so�ware was 
used for the analysis.

Migration and invasion assays. �e wound-healing 
experiment was carried out on a six-well plate. A�er 
scratching with a 200 µl pipette tip, the degree of healing at 
0 and 24 h was photographed, and then ImageJ so�ware was 
used for the analysis.

For Transwell assays, we added 200 µl of serum-free 
medium to the upper layer and 600 µl of serum-containing 
medium to the lower layer of the chamber, then 1–2×105 

cells were added to the upper layer, and then cultured in an 
incubator at 37 °C for 24–48 h before testing. A�er �xing 
with 4% paraformaldehyde for 15 min, it was stained with 
0.1% crystal violet and then analyzed with ImageJ so�ware.

Tumor growth in xenogra�s. �is study was carried out 
with the approval of the Ethics Review Committee of the 
Second A�liated Hospital of Harbin Medical University. All 

animal research has been approved by the Harbin Medical 
University and was conducted in accordance with interna-
tional guidelines for the maintenance and care of laboratory 
animals. HCT116 cells transfected with shRNA were resus-
pended in McCoy’s 5A medium and subcutaneously injected 
into BALB/c nude male mice (4 weeks old). �e tumor 
volume was evaluated every 3 days using a caliper based on 
the following formula: (A×B2)/2, where A is the maximum 
diameter and B is the diameter perpendicular to A. A�er 4 
weeks, the nude mice were sacri�ced. Tumor xenogra�s were 
then harvested from dead nude mice and weighed. Tumor 
xenogra�s were �xed in 4% paraformaldehyde for subse-
quent immunohistochemical studies.

Western blotting assay and antibodies. Proteins were 
separated on a 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto a 
nitrocellulose membrane. �e blots were incubated with 
an antibody overnight at 4 °C. Following three washes, 
membranes were then incubated with a secondary antibody 
for 2 h at room temperature. Signals were visualized by ECL 
(Beyotime, China).

�e following antibodies were used: AKT (Wanlei Bio, 
WL0003b), p-AKT (Wanlei Bio, WL02908), mTOR (Wanlei 
Bio, WL02477), p-mTOR (Wanlei Bio, WL03694), GAPDH 
(ZSGB-Bio, TA-8).

Immunohistochemistry. �e tumor tissue was placed 
in 4% paraformaldehyde with 10–20 times volume, �xed 
for 24 h at room temperature, and then dehydrated and 
embedded. A�er the specimens were prepared into para�n 
sections, antibody staining was performed. �en, tissue 
sections were incubated overnight at 4 °C with the primary 
antibodies including anti-CLDN14 (Abclonal Technology, 
A7787), anti-p-AKT (Wanlei Bio, WL02908), and anti-p-
mTOR (Wanlei Bio, WLH3897). A�er 3 washing steps, the 
secondary antibody was added and incubated for 20 min. 
A�er washing, DAB solution (ZSGB-BIO, China) was added 
and then the slides were counterstained with hematoxylin.

Gene set enrichment analysis. A total of 380 primary 
samples of CRC were obtained from TCGA. �e functional 
gene set data were obtained from MSigDB, C2 curated gene 
sets from online pathway databases, publications in PubMed, 
and knowledge of domain experts and C6 oncogenic signa-
ture gene sets de�ned directly from microarray gene expres-
sion data from cancer gene perturbations.

Statistical analysis. Statistical analysis of all data was 
performed using SPSS 25.0 so�ware (IBM). Each experiment 
was performed independently at least three times, and the 
results were expressed as an average. An unpaired two-tailed 
Student’s t-test between two groups was applied. A p-value 
<0.05 was considered to be signi�cant.

Results

CLDN14 is associated with the prognosis of clinical 
CRC patients. In order to investigate the role of CLDN14 
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in patients with CRC, we �rst detected its expression in 
tumor tissues and normal tissues of patients with CRC in 
�e Cancer Genome Atlas (TCGA) datasets. �e results 
showed that the expression level of CLDN14 in human CRC 
tissues was signi�cantly higher than that in normal tissues 
(Figure 1A). Moreover, the survival analysis showed that the 
overall survival (OS) of patients in the CLDN14 high expres-
sion group was shorter than that of the CLDN14 low expres-
sion group (p=0.031, Figure 1B). So, we hypothesized that 
CLDN14 might be associated with the progression of CRC. 
By detecting the expression of CLDN14 in various CRC cell 
lines and normal colon epithelial cell line NCM460, we found 
that the expression of CLDN14 in CRC cell lines increased 
(Figure 1C). �erefore, the data de�ned the potential value 
of CLDN14 in predicting the occurrence and development of 
CRC, suggesting that the expression of CLDN14 is associated 
with the prognosis of clinical CRC patients.

CLDN14 promotes the proliferation of CRC cells. In 
order to determine the speci�c functions of CLDN14 in 
CRC, we performed loss- and gain-of-function experi-
ments by knockdown of CLDN14 in HCT116 cells (Figure 
2A) and by overexpressing CLDN14 in RKO cells, respec-
tively (Figure 2E). Next, �en, the CCK-8 and colony forma-
tion experiments were used to detect the growth of CRC 
cells. CLDN14 knockdown suppressed the cell growth and 
foci formation of HCT116 cells (Figures 2B, 2C), whereas 
CLDN14 overexpression promoted the cell proliferation 
and foci formation of RKO cells (Figures 2F, 2G). �en, 
we performed �ow cytometry analysis to examine whether 
CLDN14 would a�ect apoptosis. It showed that CLDN14 
knockdown increased the cell apoptosis (Figure 2D), whereas 
CLDN14 overexpression decreased the cell apoptosis (Figure 
2H). All the above results demonstrated that CLDN14 was 
associated with the proliferation of CRC cells.

CLDN14 promotes CRC cell migration and invasion. 
Next, we explored whether the increased or decreased 
CLDN14 expression in CRC cell lines can a�ect cell viability 
and invasiveness. Migration and invasion assays showed 
that CLDN14 downregulation in HCT116 cells signi�cantly 
reduced cell migration (Figure 3A) and invasion (Figure 3B), 
whereas CLDN14 upregulation in RKO cell line enhanced 
cell migration (Figure 3D) and invasion (Figure 3E). Wound-
healing assays showed that CLDN14 knockdown reduced 
HCT116 cells’ migration (Figure 3C) while CLDN14 overex-
pression accelerated RKO cells’ migration (Figure 3F). �ese 
results indicated that CLDN14 was linked to cell migration 
and invasion of CRC.

CLDN14 promotes the proliferation of CRC in vivo. 
We established subcutaneous tumor models to verify the 
�ndings in vivo. Tumor growth was evidently decreased in 
HCT116 cells with stable CLDN14 knockdown relative to the 
control group (Figures 4A, 4B). �e size and weight of the 
tumors were signi�cantly reduced (Figures 4C, 4D). �ese 
results indicated that CLDN14 promoted the proliferation of 
CRC in vivo.

CLDN14 promotes the proliferation of CRC via the 
PI3K/AKT/mTOR pathway. Gene set enrichment analysis 
(GSEA) is a tool and method for gene enrichment, which 
is used by more and more scholars to predict downstream 
signaling pathways [15–17]. And the GSEA of the expres-
sion of CLDN14 showed a strong correlation with the AKT/
mTOR pathway (Figure 5A). Western blot assay showed 
that the expression level of p-AKT and p-mTOR increased 
with the expression level of CLDN14 (Figures 5B, 5C). 
As expected, IHC analysis showed that the expression of 
CLDN14 in the knockdown group was signi�cantly lower 
than that in the control group (Figure 5D) and the expression 

Figure 1. CLDN14 expression in CRC. A) Analysis of expression patterns 
of CLDN14 in cancer and normal tissues from TCGA dataset. B) Kaplan-
Meier analysis of OS of CRC patients from TCGA dataset. C) Relative 
expression of CLDN14 in CRC cell lines and the normal colon epithelium 
cell line NCM460 by western blot.



950 Tian-Yu QIAO, et al.

Discussion

Claudin is a kind of tight-junction protein, which is 
involved in maintaining tight-junction. Its abnormal 
expression can damage the structure of epithelial cells and 
endothelial cells, and lead to serious dysfunction [18–20]. 
A study has shown that the increase of CLDN1 expres-
sion may be related to the migration, invasion, and EMT of 
bronchial epithelial cells, and it may regulate migration and 
EMT through the Notch signaling pathway [21]. CLDN6 

level of p-AKT and p-mTOR in the knockdown group was 
signi�cantly lower than that in the control group (Figures 5E, 
5F). In order to further con�rm that CLDN14 regulates the 
proliferation of CRC cells through the PI3K/AKT pathway, 
we treated the cell lines overexpressing CLDN14 with HS-173 
(an inhibitor of PI3K) and PKI-402 (an inhibitor of PI3K and 
mTOR). We could clearly see that a�er inhibiting PI3K, the 
trend of cell proliferation mediated by CLDN14 was reversed 
(Figures  5G, 5H). �is proved that CLDN14 a�ected the 
growth of CRC via the PI3K/AKT/mTOR pathway.

Figure 2. CLDN14 promotes proliferation and inhibits apoptosis of CRC cells. A, E) Validation of knockdown/overexpression e�cacy of CLDN14 in 
CRC cell line by qRT-PCR. ***p<0.001. B, F) Growth curves were plotted by CCK-8 assay. **p<0.01. C, G) Representative images of colony formation 
assays and colony counts. ***p<0.001. E, F) Apoptosis was detected by �ow cytometry.
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Figure 3. CLDN14 promotes the migration and invasion of CRC cells. A, D) Migration assays of the indicated cell lines. Scale bar = 100 µm. ***p<0.001. 
B, E) Invasion assays of the indicated cell lines. Scale bar = 100 µm. ***p<0.001. C, F) Wound-healing assays of the indicated cell lines. Scale bar = 
200 µm. ***p<0.001
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can also promote chemoresistance through GSTP1 in 
human breast cancer [22]. CLDN6 and CLDN18.2 were also 
found to be drug targets and markers of disease dynamics in 
non-small-cell lung cancer [23]. However, the function of 
CLDN14 in CRC is unclear. In this study, we explored the 
biological and underlying mechanism of CLDN14 in CRC. It 
has been reported that CLDN14 is overexpressed in hepato-
cellular carcinoma (HCC) and participates in tumorigenesis 
and metastasis [11]. Consistent with previous researches, 
we demonstrated that CLDN14 was overexpressed in CRC 
tissues and cell lines. Our results suggest that patients with 
high CLDN14 expression have a worse prognosis than 
patients with low CLDN14 expression. Our function experi-
ments revealed that CLDN14 abnormal expression a�ected 
CRC proliferation, motility, and invasiveness. �erefore, 
CLDN14 is a candidate oncogene for CRC risk prognostica-
tion and therapy.

�e PI3K/AKT/mTOR signaling pathway in�uenced the 
proliferation and is activated in various cancers including 
CRC [24, 25]. Our results indicated that CLDN14 mediated 
activation of the AKT signaling pathway and its downstream 
e�ects. In vivo experiments con�rmed that the PI3K/AKT/
mTOR signaling pathway activation contributed to the 

oncogenic e�ects of CLDN14 in CRC cells. We observed a 
positive correlation between CLDN14, p-AKT, and p-mTOR 
in xenogra�s. �e clinical e�ect of the combined prognostic 
value of CLDN14, p-AKT, and p-mTOR needs to be veri�ed 
by large size of samples. CLDN14 promotes CRC prolifera-
tion, at least in part, by activating the PI3K/AKT/mTOR 
signaling pathway.

What is more interesting is that we can see that CLDN14 
not only promotes the proliferation of CRC cells but also 
promotes the migration and invasion of CRC cells. It might 
be due to the complex network function of the PI3K/AKT/
mTOR pathway in tumor cells. Of course, other pathways, 
such as Wnt/β-catenin pathway, JAK/STAT3 pathway, or 
NF-κB pathway may also play an important role in this 
process.

�ere were still some limitations in our study. First of all, 
we only conducted experiments of proliferation in vivo. In 
order to get a more accurate conclusion, we should continue 
to construct the metastasis in vivo. Secondly, the mecha-
nism of CLDN14 mediating the activation of the PI3K/AKT/
mTOR pathway deserves further study.

In summary, our work shows that the expression of 
CLDN14 is upregulated in CRC tissues, correlated with 

Figure 4. CLDN14 promotes CRC proliferation and growth in vivo. A, B) Images of subcutaneous xenogra� tumors and nude mice of the indicated 
group (n=3/group). C, D) Subcutaneous xenogra� tumor volumes and weights were measured for the di�erent groups.
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patients’ survival, and may serve as a potential marker of 
clinical prognosis. Our �ndings revealed that CLDN14 can 
promote tumor migration and invasion. Moreover, CLDN14 
can promote the proliferation of colorectal cancer cells via the 

AKT/mTOR signaling pathway. More meaningfully, we may 
use the expression level of CLDN14 to e�ectively predict the 
prognosis of patients and perform di�erent clinical manage-
ment of CRC patients.

Figure 5. CLDN14 facilitates CRC proliferation by activating the PI3K/AKT/mTOR pathway. A) Gene set enrichment analysis of RNA-seq data of the 
di�erent expressions of CLDN14. FDR values are provided. B, C) AKT, p-AKT, mTOR, and p-mTOR were detected by western blotting. D–F) Repre-
sentative IHC staining of CLDN14 or p-AKT or p-mTOR in serial sections are shown. G) Growth curves were plotted by the CCK-8 assay a�er HS-173 
(0.1 μM) or PKI-402 (33 nM) treatment. **p<0.01, ***p<0.001. H) Representative images of colony formation assays a�er HS-173 (0.1 μM) or PKI-402 
(33 nM) treatment.
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Supplementary information is available in the online version 
of the paper.
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Supplementary Table S1. Sequences of shRNA.
sgRNA Sequence 5’-3’
CLDN14 shRNA CCCCCTACCTGAAAGGGCTCTGGATTCAAGAGATCCAGAGCCCTTTCAGGTAGGTTTTT
scramble for shRNA TTCTCCGAACGTGTCACGT

Supplementary Table S2. PCR primer sequences.
Primer name Sequence 5’-3’
CLDN14 FW CGGGATCCATGGCCAGCACGGCCGTGCAGCTTC
CLDN14 RW GGGAATTCTCACACGTAGTCGTTCAGCCTGTAC




