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Abstract. Cell adhesion molecule close homolog of L1 
(CHL1) is implicated in tumorigenesis of various malignan‑
cies. However, its role and underlying molecular mechanisms 
in colorectal cancer (CRC) remain unclear. The present study 
aimed to evaluate the specific biological functions and mecha‑
nisms of CHL1, in order to provide a theoretical basis for the 
use of CHL1 as a biological target in CRC. CHL1 expression 
was originally determined in CRC cell lines. Subsequently, 
CHL1 overexpression was induced by plasmid transfection 
in HT29 and SW480 cells, and cell proliferation, migration 
and invasion were evaluated using the Cell Counting Kit‑8, 
clone formation, organoids formation and Transwell assays. 
Immunofluorescence and western blotting were performed 
to assess the protein expression of E‑cadherin or N‑cadherin. 
Differentially expressed genes (DEGs) were further evaluated 
using RNA‑sequencing (RNA‑seq) in HT29 and SW480 cells 
following CHL1 overexpression and functional enrichment 
analysis. Western blotting was performed to validate the 
expression of proteins related to the nuclear factor κB (NF‑κB) 
signaling pathway. The TNMplot online database revealed 
the significant downregulation of CHL1 in CRC tissues. 
The results indicated that exogenous CHL1 overexpression 
significantly inhibited the proliferative, organoid‑forming, 
migratory and invasive abilities of HT29 and SW480 cells, 
and increased E‑cadherin protein expression. Additionally, 
CHL1 overexpression reduced xenograft tumor growth in vivo. 
RNA‑seq and functional analysis revealed that DEGs in CHL1 

overexpressing cells were mainly enriched in the NF‑κB 
signaling pathway. The expression of p‑p65 and p‑p65/p65 
ratio were significantly reduced in HT29 and SW480 cells, 
following CHL1 overexpression. Additionally, the inhibitory 
effects of CHL1 overexpression on CRC cell proliferation, 
organoid formation, migration and invasion were partially 
counteracted following the overexpression of p65 expres‑
sion. Overall, the present study demonstrates that CHL1 
inhibits CRC cell growth, migration and invasion through the 
inactivation of the NF‑κB signaling pathway.

Introduction

Colorectal cancer (CRC) is the third most prevalent type 
of cancer worldwide and the second largest cause of 
cancer‑related mortality (1). Among the individuals newly 
diagnosed with CRC, 20% of them present with metastatic 
disease upon presentation to the physician and another 
25% will develop metastases following the manifestation 
of localized disease (2). The 5‑year survival rate of patients 
with CRC who are diagnosed at an early stage is 90%, and 
patients with distant metastases exhibit a 5‑year survival rate 
of 10% (3). Studies have revealed that mortality from CRC 
may be reduced through screening and early detection (4). In 
recent years, a number of novel biomarkers have been identi‑
fied and applied for early diagnosis, personalized treatment 
selection and the prognosis of CRC, with advances being 
made in research on various aspects of CRC (5). Regardless 
of the progress made in CRC diagnosis and the determination 
of patient prognosis (6), the underlying molecular mechanisms 
require further investigation.

The cell adhesion molecule close homolog of L1 (CHL1) 
belongs to the cell adhesion molecule L1 (L1CAM) gene 
family (7), which is located at 3p26 and is involved in certain 
neurological diseases (8). Recently, CHL1 was defined to 
be involved in signal transduction pathways, as well as in 
the development of various human cancers, including breast 
cancer, CRC, bladder cancer and lung cancer (9,10). The 
downregulation of CHL1 expression has been observed in a 
variety of human tumors, including neuroblastoma, and breast 
and nasopharyngeal cancer (9,11,12). The downregulation 
of CHL1 has been shown to inhibit the growth and metas‑
tasis of nasopharyngeal carcinoma tumors by suppressing 
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the PI3K/AKT signaling pathway (11). Ognibene et al (12) 
indicated that the CHL1 gene plays an tumor suppressor 
role in human adult neuroblastoma. Qin et al (13) revealed 
that a reduced CHL1 expression predicted a poor prog‑
nosis of patients with renal clear cell carcinoma. However, 
Senchenko et al (9) detected the upregulated expression of 
the CHL1 gene in lung, ovarian, uterine, liver and tracheal 
cancers, in contrast to findings on CHL1 in the majority of 
other cancer types, including nasopharyngeal carcinoma 
tumors, renal clear cell carcinoma, neuroblastoma and 
bladder cancer (9,11,12). Yang et al (14) also revealed that 
CHL1 promoted the proliferation, metastasis and migration 
of human glioma cells both in vivo and in vitro. These find‑
ings indicate that CHL1 expression may play a bidirectional 
regulatory role in cancer. Concerning the role of CHL1 in 
CRC, Yu et al (15) revealed that microRNA‑21‑5p induced 
colon adenocarcinoma cell proliferation and invasion by 
targeting CHL1. They defined CHL1 as a tumor suppressor 
gene in colon cancer (15). However, only a limited number 
of studies have reported the role of CHL1 in CRC, and to 
the best of our knowledge, no studies to date have directly 
explored its specific functions and mechanisms of action 
in CRC. Therefore, the present study aimed to evaluate the 
specific biological functions and mechanisms of CHL1 in 
order to provide a theoretical basis for the use of CHL1 as a 
biological target in CRC.

Materials and methods

Cell lines and cell culture. CRC cell lines (HT29, SW480, 
SW620 and HCT116) were purchased from Cellcook Biotech 
Co., Ltd. The company performed short tandem repeat vali‑
dation on all of the aforementioned cells. The corresponding 
catalogue numbers were as follows: HT‑29, cat. no. CC0504; 
HCT‑116, cat. no. CC0506; SW480, cat. no. CC0505; and 
SW620, cat. no. CC0503. The cells were cultured in Dulbecco's 
modified Eagle's medium (Gibco; Thermo Fisher Scientific, 
Inc.), including 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.) and penicillin/streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.). The cells were then maintained 
in a cell incubator of 5% CO2 at 37˚C.

Cell transfection. General Biologicals Co., Ltd. constructed 
and synthesized the overexpression plasmid pcDNA3.1‑CHL1 
(CHL1 group, the name of the gene of interest is CHL1), 
pcDNA3.1‑RELA (RELA group, the name of the gene of 
interest is RELA), and the control vector pcDNA3.1 [normal 
control (NC) group, Invitrogen, Carlsbad, CA, USA]. 
These plasmids (5 µg) were transfected into the cells using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. After 6 h 
of incubation at 37˚C, culture was continued with the replace‑
ment of complete medium and continued for 48 h prior to 
further experiments.

Organoid culture. Organoid culture is a 3D culture model. In 
contrast to 2D culture, a matrix gel is used as a 3D culture 
scaffold to maintain the 3D structure. The culture plate is 
of a low‑adsorption type, and the 3D culture is more closely 
related to the in vivo environment in comparison with the 2D 

culture, particularly concerning cell‑cell interactions. In the 
present study, organoid culture was performed based on the 
descriptions of a previous study (16). The HT29 and SW480 
cells were digested into single cells and transfected with 
pcDNA3.1‑CHL1 (pcDNA3.1‑RELA) or the control vector 
for 2 h, Subsequently, the cells were resuspended with CRC 
organoid culture medium (Orgen Biotech) and resuspended 1:1 
with matrix glue (BD Biosciences). Following coagulation, the 
organoid culture medium was added to 48‑well plates (Biofil) 
and placed in a cell incubator of 5% CO2 at 37˚C to observe the 
growth of organoids daily.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the HT29, SW480, 
SW620 and HCT116 cells using TRizol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.), and the concentration of RNA 
was detected using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, Inc.). The cDNA was prepared using the 
PrimeScript RT kit (Takara Bio, Inc.), and the expression 
level of CHL1 was examined following the instructions of the 
SYBR‑Green Quantitative PCR kit (Takara Bio, Inc.). The 
thermocycling conditions were as follows: Initial denaturation 
for 2 min at 95˚C, followed by 40 cycles of 15 sec at 95˚C and 
30 sec at 60˚C. Relative gene expression was determined using 
the 2‑ΔΔCq method (17). GAPDH was used as an internal control. 
The primer sequences were as follows: CHL1 forward, 5'‑TGG 
AAA ACC GAT CAC GGA GG‑3' and reverse, 5'‑TCA GCT CCC 
GGC TCA AAT AC‑3'; and GAPDH forward, 5'‑GGT GAA 
GGT CGG AGT CAA CG‑3' and reverse, 5'‑CAA AGT TGT CAT 
GGA TGH ACC‑3'.

Western blotting. Total proteins were extracted from the 
transfected cells (HT‑29 and SW480) using RIPA lysis 
buffer (MilliporeSigma). A BCA protein assay kit (Beyotime 
Institute of Biotechnology) was used to measure the protein 
concentration. A total quantity of 20 µg of protein was then 
separated using 12% SDS‑PAGE and then transferred to 
the polyvinylidene fluoride membranes (MilliporeSigma). 
After blocking the membrane with 5% skimmed milk for 
1 h at 25˚C, it was incubated overnight with primary anti‑
body E‑cadherin (cat. no. 20874‑1‑AP, Proteintech Group, 
Inc., dilution 1:20,000), N‑cadherin (cat. no. 22018‑1‑AP, 
Proteintech Group, Inc., dilution 1:2,000), CHL1 (cat. 
no. 25250‑1‑AP, Proteintech Group, Inc., dilution 1:500), 
p‑p65 (cat. no. AP0475; ABclonal, Inc., dilution 1:500), 
p65 (cat. no. 10745‑1‑AP, Proteintech Group, Inc., dilution 
1:2,000) and GAPDH (cat. no. 10494‑1‑AP, Proteintech 
Group, Inc., dilution 1:6,000) at 4˚C. Subsequently, after 
washing the membrane with Tris‑buffered saline wash 
buffer with 5% Tween‑20 (TBST) for thrice (5 min per 
time), the membrane was incubated with horseradish perox‑
idase‑conjugated secondary antibodies [Anti‑Rabbit IgG 
(H+L), cat. no. SA00004‑2, Proteintech Group, Inc., dilution 
1:50,000] at room temperature for 2 h. The membrane was 
washed thrice with TBST (10 min per time) and visual‑
ized by ECL chemiluminescent reagent (cat. no. PK10001, 
Proteintech Group, Inc.) to acquire images. The gray level 
of protein bands was determined using ImageJ software 
(version 1.8.0, National Institutes of Health). GAPDH was 
used as an internal reference.
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Cell Counting Kit‑8 (CCK‑8). The CCK‑8 assay (Beyotime 
Institute of Biotechnology) was used to detect cell proliferation. 
The transfected cells (HT‑29 and SW480) were collected by 
digestion and inoculated in 96‑well plates (Biofil) at a density of 
5x103 cells/well. A total quantity of 20 µl of the CCK‑8 reagent 
was added to each well of cells after 24, 48 and 72 h of incubation 
and then incubated for 4 h at 37˚C. A microplate reader (Bio‑Rad 
168‑1130 iMark, Bio‑Rad Laboratories, Inc.) at 450 nm was used 
to determine the optical density (OD) of each well.

Clone formation assay. Clone formation reflects cell popula‑
tion dependence and proliferation ability (18). In the present 
study, cells (HT‑29 and SW480) were digested with 0.25% 
trypsin (Thermo Fisher Scientific, Inc.) and prepared into 
a cell suspension, adjusted to 1,000 cells/ml. They were 
seeded in six‑well plates (Biofil) at a density of 50, 100 and 
200 cells/well. The culture medium was changed every 3 days. 
The culture was terminated when there was obvious colony 
formation in the culture dish. The cells were stained with 
0.1% crystal violet (Beijing Solarbio Science & Technology 
Co., Ltd.) for 20 min at 25˚C after 15 min of fixation with 4% 
paraformaldehyde at 25˚C. Colonies containing >50 cells were 
counted and analyzed.

Transwell assay. Transwell assay was used to measure cell 
migration and invasion. The upper chamber of the Transwell 
(8.0 µm pore polycarbonate membrane insert, Corning, Inc.) 
was supplemented with 100 µl cell suspension and 700 µl 
medium that contained 10% FBS was added to the lower 
chamber for cell migration assay. The non‑migratory cells in 
the upper chamber were removed following 24 h of incubation 
at 37˚C. Cells that migrated to the lower chamber were fixed 
with 4% paraformaldehyde for 30 min and stained with 0.1% 
crystalline violet (Beijing Solarbio Science & Technology 
Co., Ltd.) for 12 h at 25˚C. The cells were washed with 
phosphate‑buffered saline and then observed under a light 
microscope (Guangzhou Micro‑shot Technology Co., Ltd.). 
Cell invasion assay was performed with the upper chamber 
pre‑coated with Matrigel (BD Biosciences) for 10 h at 37˚C. 
The other operations, from the upper chamber of the Transwell 
supplemented with cell suspension, until the migrated cells 
were obtained, were consistent with those of the migration 
assay.

Immunofluorescence (IF) staining. IF staining was performed 
as previously described (19). Cells that were cultured on 
coverslips were fixed in 4% paraformaldehyde (cat. no. P1110, 
Solarbio life sciences, Inc.) for 15 min at 37˚C, permeabilized 
with 0.3% Triton X‑100 (cat no. T8200, Beijing Solarbio Science 
& Technology Co., Ltd.), and closed with 5% bovine serum 
(cat. no. SW3015, Beijing Solarbio Science & Technology Co., 
Ltd.). The cells were incubated with antibodies E‑cadherin 
(cat. no. 20874‑1‑AP, Proteintech Group, Inc., dilution 1:200) or 
N‑cadherin (cat. no. 22018‑1‑AP, Proteintech Group, Inc., dilu‑
tion 1:100) overnight at 4˚C and then coupled with Alexa Fluor 
594 secondary antibody (cat. no. ab150080, 1:500; Abcam) for 
1 h at 25˚C. The nuclei were stained with DAPI (cat no. C0065, 
Beijing Solarbio Science & Technology Co., Ltd.) for 10 min at 
25˚C and images were observed under a fluorescence inverted 
microscope (Leica DM IL, Leica Microsystems GmbH).

Tumor xenograft experiment in nude mice. A total of 12 
female BALB/c nude mice (4 to 6 weeks old; SPF‑grade; 
weighing 18‑22 g) were purchased from Guangzhou Ruige 
Biotechnology Co., Ltd. The mice were kept in specific 
pathogen‑free conditions (temperature, 21‑23˚C; 12:12 h 
light‑dark cycle; humidity, 50%) with adequate food and water 
provided throughout the entire experimental process. A total 
of 12 mice were randomly divided into the NC and CHL1 
groups, with 6 mice in each group. The CHL1‑overexpressing 
and control HT29 stable strains (the HT‑29 cells were used 
as they had a lower expression of CHL1 compared with the 
SW480 cells) were respectively resuspended, and the cell 
suspension (5x106 cells/each) was subcutaneously injected into 
the right axilla of the nude mice. The tumor size was measured 
with calipers from day 5 after subcutaneous injection, and the 
tumor volume was calculated using the following formula: 
Volume=(length x width2)/2. After 35 days, all nude mice 
were euthanized using the cervical dislocation method (mouse 
breath cessation and loss of response to external stimuli, loss 
of heartbeat, breath cessation, pupil dilation). The tumors 
were then removed and weighed. Animal health and behavior 
were monitored every day. In the case that the tumor volume 
was >1,500 mm3, the mice were to be sacrificed with CO2 (no 
mouse had a tumor volume >1,500 mm3 during the experiment, 
therefore no mouse was sacrificed with CO2). There was no 
mouse death before the tumor was removed. The committee of 
Guangzhou Forevergen Biosciences Animal Center approved 
our experiments (Approval no. IACUC‑AEWC‑F2023021920). 
All experiments were performed under the IACUC Handbook 
(Third Edition) and reported following ARRIVE guidelines.

Hematoxylin and eosin (H&E) staining. All nude mice were 
euthanized using the cervical dislocation method, and CRC 
tissues were fixed in 4% paraformaldehyde for 24 h at 4˚C. The 
tissues were placed in an embedding box, rinsed in running 
water for 30 min, dehydrated in ethanol, and embedded in 
wax immersion in xylene. They were then cut into 5‑µm‑thick 
sections in a pathology slicer (HM340E, Thermo Fisher 
Scientific, Inc.) and dried in a thermostat for 20 min at 60˚C. 
All the following steps were performed at 25˚C. The sections 
were deparaffinized in xylene I and II for 10 min, and then 
placed into gradient ethanol dehydration and washed with 
distilled water in sequence. They were stained with H&E (cat 
no. G1005, Wuhan Servicebio Technology Co., Ltd.) for 2 min, 
and then sequentially placed in 95% ethanol I and II for 5 min 
each, anhydrous ethanol I and II for 5 min each to dehydrate, 
xylene I and II for transparent sections, and then removed 
to air‑dry before sealing them with neutral gum. The histo‑
pathologic structures were observed under a light microscope 
(Guangzhou Micro‑shot Technology Co., Ltd.).

RNA sequencing (RNA‑seq). Library construction and 
sequencing were performed as previously described (20,21). 
The TruSeq Stranded Total RNA Library Prep kit (cat. 
no. RS‑122‑2302, Illumina, Inc.) was used to construct cDNA 
libraries in a strand‑specific manner from 4 µg of DNase‑treated 
RNA. Libraries were quality tested and quantified using a 
BioAnalyzer 2100 system (Agilent Technologies, Inc.) and 
RT‑qPCR. Total RNA was then fragmented, cDNA synthesis was 
performed, and the connectors were ligated to double‑stranded 



BAO et al:  CHL1 INHIBITS CRC4

cDNA. Sequencing was conducted on the Illumina NovaSeq 
6000 and HiSeq X Ten platforms (150 nt paired‑end sequencing, 
Illumina, Inc.). Short reads, adaptors and low‑quality bases were 
discarded from raw data using the FASTX Toolkit (Version 
0.0.13; hannonlab.cshl.edu/fastx_toolkit/). Clean reads were 
aligned to the human GRCh38 genome using HISAT2 (version 
2.2.1). The genes were further analyzed.

Screening of differentially expressed genes (DEGs). DEGs in 
CHL1‑overexpressing cells compared with those of the NC 
group were determined using the ‘edgeR’ of Bioconductor 
(version 3.4) (20). All gene expression data were log2‑trans‑
formed. DEGs were identified with a false discovery rate 
corrected P<0.05 and |log fold‑change (FC)|>1. The intersec‑
tion of DEGs was obtained using Venny 2.1.0 (Juan Carlos 
Oliveros BioinfoGP, CNB‑CSIC, https://bioinfogp.cnb.csic.
es/tools/venny/).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG). A widely used web‑based genomic 
functional annotation tool (DAVID, https://david.ncifcrf.gov/) 
was used for data annotation analysis (21). Molecular function 
and pathway analyses of the DEGs were performed using GO 
analysis and KEGG pathway analysis. GO analysis included 
biological processes, cellular components and molecular 

functions. P<0.05 was considered to indicate a statistically 
significant difference.

Statistical analysis. SPSS version 20.0 software (IBM Corp.) 
was used for statistical analyses. Data are expressed as the 
mean ± standard deviation. An unpaired Student's t‑test was 
used for comparisons between two groups, and one‑way 
ANOVA followed by Tukey's post hoc test was used for 
comparisons among multiple groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

CHL1 is downregulated in CRC tissues. The gene expression 
of CHL1 in CRC tissues was assessed using the TNMplot 
online database (https://tnmplot.com/analysis/) to determine 
the expression of CHL1 in CRC tissues. CHL1 expression 
was significantly lower in CRC cancer tissues than in normal 
tissues, and even lower in metastatic colon cancer tissues, 
as shown in Fig. 1A‑C (P<0.05). These results indicated the 
involvement of CHL1 in CRC progression.

CHL1 inhibits CRC cell proliferation. CHL1 expression in CRC 
cell lines was first examined, in order to determine the function 
of CHL1 in CRC. The results of RT‑qPCR revealed that the 

Figure 1. CHL1 is downregulated in colorectal cancer tissues. (A) CHL1 gene expression in pan‑cancer tissues. (B) Normal, colon cancer, and rectal cancer 
tissues. (C) normal, colon cancer, and metastatic samples. All sample information was downloaded from the TNMplot online database. CHL1, cell adhesion 
molecule close homolog of L1.
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expression of CHL1 was reduced to a greater extent in HT29 
and SW480 cells, among the CRC cell lines analyzed (Fig. 2A). 
Therefore, CHL1 overexpression plasmids were transfected 
into HT29 and SW480 cells. The results revealed significantly 
elevated CHL1 mRNA and protein expression levels in the CRC 
cells following the transfection with overexpression plasmids 
(P<0.05; Fig. 2B and C). CCK‑8 assay revealed that the HT29 
and SW480 cell proliferative ability was significantly decreased 
following the induction of CHL1 overexpression, as compared 
with the NC group (P<0.05; Fig. 2D). Similarly, the results of 
colony formation assay further confirmed that CHL1 overex‑
pression significantly inhibited the colony formation ability 
of the HT29 and SW480 cells (P<0.05; Fig. 2E). The growth 
of the HT29 and SW480 cell organoids was also significantly 
restrained, due to the transfection with CHL1 overexpression 
plasmid (P<0.05; Fig. 2F).

CHL1 inhibits CRC cell migration and invasion. The cell 
migratory and invasive ability was then evaluated using 
Transwell assay. The results illustrated in Fig. 3A and B 

indicated that the HT29 and SW480 cell migratory and inva‑
sive ability was significantly suppressed in the CHL1 group, in 
comparison with the NC group (P<0.05). Immunofluorescence 
staining also revealed that the protein expression level of 
E‑cadherin was significantly increased following the induction 
of CHL1 overexpression (Fig. 3C). Additionally, the results 
of western blotting also revealed that CHL1 overexpression 
significantly upregulated E‑cadherin and downregulated 
N‑cadherin expression in HT29 and SW480 cells (Fig. 3D). 
These results indicated that CHL1 upregulation inhibits the 
migratory and invasive ability of CRC cells.

CHL1 overexpression suppresses CRC cell tumorigenesis 
in vivo. HT29 cells that stably expressed CHL1 or control 
HT29 cells were inoculated into BALB/c mice to investigate 
whether CHL1 expression affects the tumorigenicity of CRC 
cells. CHL1 overexpression significantly suppressed tumor 
volume and weight in the HT29 cell‑induced xenograft tumor 
model (Fig. 4A‑D). Additionally, H&E staining revealed the 
closely arranged cancer cells in the NC group and the sparsely 

Figure 2. CHL1 inhibits colorectal cancer cell proliferation. (A) CHL1 expression in colorectal cell lines (HT29, SW480, SW620 and HCT116) was detected 
by using RT‑qPCR. (B) RT‑qPCR analysis of relative CHL1 mRNA expression in HT29 and SW480 cells transfected with pcDNA3.1‑CHL1 vector (CHL1) 
and NC. (C) Western blotting was used to measure the protein expression of CHL1. (D) Cell proliferation was detected by using the Cell Counting Kit‑8 assay. 
(E) The proliferation capacity of HT29 and SW480 cells was determined by using clone formation assay. (F) The changes in HT29 and SW480 cell organoids 
cultured under the condition of CHL1 plasmid transfection for 7 days. *P<0.05, **P<0.01 and ***P<0.001 vs. the NC group. CHL1, cell adhesion molecule close 
homolog of L1; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; NC, normal control.
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arranged cancer cells in the group overexpressing CHL1 
(Fig. 4E).

DEG screening. The downstream genes regulated by CHL1 
were screened using RNA‑seq to further determine the 
mechanisms through which CHL1 regulates the molecular 

mechanisms of CRC cell function. The HT29 and SW480 
cells were transfected with CHL1 overexpression plasmids, 
followed by RNA‑seq analysis. The results revealed that a 
total of 96 DEGs were identified in the HT29‑CHL1 group, 
of which 12 were upregulated and 84 were downregulated, in 
comparison with the NC group. There were 67 DEGs identified 

Figure 3. CHL1 inhibits colorectal cancer cell migration and invasion. (A and B) Transwell assay was performed to measure the (A) migratory and (B) invasive 
ability of HT29 and SW480 cells that were transfected with pcDNA3.1‑CHL1 vector (CHL1) and NC. (C) Immunofluorescence labeling of E‑cadherin protein 
in HT29 and SW480 cells. (D) Western blotting was used to detect E‑cadherin and N‑cadherin protein levels in HT29 and SW480 cells. **P<0.01 and ***P<0.001 
vs. the NC group. CHL1, cell adhesion molecule close homolog of L1; NC, normal control.
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in SW480‑CHL1 cells, including 33 upregulated and 34 down‑
regulated DEGs. The cluster volcano of the DEGs is presented 
in Fig. 5A. GO functional and KEGG analyses were performed 
to further elucidate the biological functions of the DEGs. The 
results of GO analysis (Fig. 5B) revealed that the DEGs were 
mainly enriched in the regulation of macromolecule metabolic 
process, stress response and signal transduction regulation in 
HT29‑CHL1 cells. The DEGs were mainly enriched in DNA 
binding, chromosome and protein dimerization activity in the 
SW480 cells (Fig. 5B). KEGG analysis revealed that the DEGs 
of the HT29‑CHL1 cells (Fig. 5C) were enriched in the MAPK, 
cytokine‑cytokine receptor interaction, NF‑κB signaling 
pathway, tumor necrosis factor (TNF) signaling pathway. 
The DEGs of the SW480 cells were enriched in systemic 
lupus erythematosus, alcoholism, neutrophil extracellular trap 
formation. The common pathways were the interleukin (IL)‑17 
and TNF signaling pathways, in which the downstream key 
protein was NF‑κB (Fig. 5C).

CHL1 inhibits CRC cell proliferation, migration and invasion 
by regulating the NF‑κB pathway. Functional enrichment anal‑
ysis revealed a significantly enriched NF‑κB pathway in both 
the CHL1‑overexpressing HT29 and SW480 cells. Therefore, 
it was hypothesized that CHL1 may play a key role in CRC 
cells by regulating the NF‑κB pathway. The results presented 
in Fig. 6A indicated a significantly decreased expression of 
p‑p65 and a p‑p65/p65 ratio in CHL1‑overexpressing CRC 
cells. These results indicated that CHL1 overexpression inhib‑
ited NF‑κB pathway activity. Subsequently, p65 expression was 
induced by transfection with pcDNA3.1‑RELA overexpres‑
sion plasmid in CHL1‑overexpressing CRC cells. The results 
of RT‑qPCR and western blotting revealed (Fig. 6B and C) 
significantly upregulated mRNA and protein levels of p65 in 
the RELA group (P<0.05). Furthermore, CCK‑8, cell cloning 
and Transwell assays (Figs. 6D and E, and 7A and B) revealed 
that p65 overexpression partially counteracted the inhibitory 
effects of CHL1 overexpression on the proliferation, clone 
formation, migration and invasion of HT29 and SW480 cells. 

Additionally, the growth of HT29 and SW480 cell organoids 
was increased in the CHL1 + RELA group, as compared with 
the CHL1 group (Fig. 6F). Additionally, the IF experiments 
revealed a higher positive protein expression of E‑cadherin in 
the CHL1 + RELA group than in the CHL1 group (Fig. 7C).

Discussion

Cancer manifestation occurs due to changes in genome, 
providing tumor cells with a selective advantage over normal 
cells. These changes cause cancer cell development by altering 
cell phenotypes, including proliferation and invasion (22,23). 
CHL1 expression has been reported to be downregulated 
in breast cancer cells, inhibiting cancer cell proliferation 
and invasion (24). Furthermore, CHL1 deletion promotes 
esophageal squamous cell carcinoma cell proliferation and 
metastasis (25). At present, it is known that CHL1 is abnor‑
mally expressed in CRC (15); however, the specific regulatory 
mechanisms involved in CRC tumorigenesis remain unknown. 
The present study revealed that CHL1 overexpression signifi‑
cantly inhibited the proliferative and colony formation ability 
of CRC cells. Furthermore, CHL1 overexpression signifi‑
cantly inhibited the organoid‑formation ability of CRC cells. 
Additionally, in vivo xenograft tumor experiments revealed 
that CHL1 overexpression significantly reduced the HT‑29 
cell‑induced tumor growth rate. These results indicated that 
CHL1 overexpression inhibited CRC cell proliferation and 
tumorigenic capacity in vitro and in vivo, and that CHL1 func‑
tioned as a tumor suppressor in CRC.

E‑cadherin is a key component of adherence junctions and 
is essential for cell adhesion and cellular epithelial phenotype 
maintenance (26). Tumor progression has often been associ‑
ated with the loss of E‑cadherin function and a transition to 
a more motile and aggressive phenotype (27). E‑cadherin is 
considered as a tumor suppressor gene in colon tumorigen‑
esis (28). N‑cadherin is an epithelial‑mesenchymal transition 
(EMT)‑related gene, and Wang et al (29) confirmed that cinobu‑
facini inhibited CRC progression by promoting the expression 

Figure 4. CHL1 upregulation inhibits xenograft tumor growth in vivo. (A) Representative pictures of tumors in nude mice in the CHL1 and NC groups. 
(B) Mean growth curves of subcutaneous xenograft tumors in nude mice following HT29 cell inoculation. (C) Representative pictures of tumors of the CHL1 
and NC groups. (D) Weight of tumors in nude mice. (E) The pathological structure of the xenograft tumor was evaluated by using H&E staining. *P<0.05, vs. 
the NC group. CHL1, cell adhesion molecule close homolog of L1; NC, normal control.
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of the EMT‑related protein, E‑cadherin, while inhibiting the 
expression of the EMT‑related protein, N‑cadherin. Similarly, 
the results of the present study revealed a significantly upregu‑
lated E‑cadherin expression and downregulated N‑cadherin 

expression in HT29 and SW480 cells, following the induction 
of CHL1 overexpression. Moreover, Transwell assay revealed 
that CHL1 overexpression significantly suppressed CRC cell 
migration and invasion.

Figure 5. Identification of DEGs in CHL1‑overexpressing colorectal cancer cells. (A) Volcano plot of DEGs in the CHL1‑overexpressing HT29 and SW480 
cells. Red dots indicate upregulated genes, blue dots represent downregulated genes, and gray dots signify non‑significant DEGs. (B) Top 20 significantly 
enriched GO terms of DEGs. (C) KEGG pathway enrichment analyses of DEGs. DEGs, differentially expressed genes; CHL1, cell adhesion molecule close 
homolog of L1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 6. CHL1 inhibits colorectal cancer cell proliferation by regulating the NF‑κB pathway. (A) The expression of NF‑κB pathway protein (p65 and p‑p65) 
was measured using western blotting in CHL1‑overexpressing HT29 and SW480 cells. (B) RT‑qPCR and (C) western blotting were used to detect the mRNA 
and protein expression of p65. The expression of p65 was determined following the transfection of HT29 and SW480 cells with RELA (p65) overexpression 
plasmid for 48 h. (D) CCK‑8 assay was performed to detect cell proliferation. The CHL1 and RELA (p65) overexpression plasmid or NC plasmid were 
simultaneously transfected for 24, 48, and 72 h after performing this assay. (E) A clone formation assay was used to determine cell proliferation capacity. 
(F) Changes in the number of cell organoid formations. CHL1 and RELA (p65) overexpression plasmid or NC plasmid were simultaneously transfected for 
5 days and then used for subsequent experimentation. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. the NC group. #P<0.05, ##P<0.01 and ###P<0.001 vs. the 
CHL1 group. CHL1, cell adhesion molecule close homolog of L1; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; NC, normal control.
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RNA‑seq analysis of CHL1‑overexpressing HT29 and 
SW480 cells was performed to further determine the molec‑
ular mechanisms by which CHL1 regulates CRC cell function. 
Recently, RNA‑seq technology has appeared as a powerful 
method for analyzing colorectal cancer transcriptomes (30). 
Zhai et al (31) identified 434 DEGs in colon cancer and 
normal tissue samples using RNA‑seq, providing molecular 
markers for colon cancer metastasis and prognosis. The 
present study identified 96 DEGs in CHL1‑overexpressing 
HT29 cells and 67 DEGs in SW480‑CHL1 cells, as compared 
with the NC group. Furthermore, another notable finding that 
was obtained through GO and KEGG analyses, was that the 
IL‑17 and TNF signaling pathway, in which the downstream 
key protein was NF‑κB, were significantly enriched both in 
CHL1‑overexpressing HT29 and SW480 cells. Studies have 

revealed that NF‑κB plays a crucial role in tumor prolifera‑
tion, migration and invasion, which has become a hot spot 
target in tumor diagnosis and therapy studies (32,33). The 
NF‑κB transcription factor has five members in mammals, 
of which p65 is the most abundantly expressed in cells (34). 
TNF‑α activates NF‑κB signaling by translocating the p65 
DNA‑binding factor to the nucleus, which in turn regulates 
the transcription of various genes that are involved in cell 
survival, invasion, and metastasis (35,36). It has been reported 
that CRC metastasis and invasion are closely related to the 
NF‑κB signaling pathway (37). Wang et al (38) reported that 
PHD2 exerts an anti‑cancer effect by attenuating NF‑κB 
activity in colon cancer xenograft mice. However, no research 
has reported on NF‑κB signaling pathway regulation by 
CHL1 in CRC. The present study revealed significantly 

Figure 7. CHL1 inhibits colorectal cancer cell migration and invasion by regulating the TNF‑α/NF‑κB pathway. (A and B) Transwell assay was conducted 
to detect cell migration and invasion. (C) Immunofluorescence assay for positive protein expression of E‑cadherin. CHL1 and RELA (p65) overexpression 
plasmid or NC plasmid were simultaneously transfected for 2 days and then used for this assay. **P<0.01, and ***P<0.001 vs. the NC group. #P<0.05, ##P<0.01 
and ###P<0.001 vs. the CHL1 group. CHL1, cell adhesion molecule close homolog of L1; NC, normal control.
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reduced p65 phosphorylation and p‑p65/p65 ratio, as well 
as inactivated NF‑κB signaling pathway following CHL1 
overexpression. Previously, Crocin has been reported to 
inhibit angiogenesis and CRC cell metastasis by blocking the 
TNF‑α/NF‑κB/VEGF pathway (39). This was consistent with 
the findings of the present study. The results of the present 
study confirmed that CHL1 regulated the TNF‑α/NF‑κB 
signaling pathway in CRC.

The inactivation NF‑κB has inhibits the growth of cells 
in various types of cancer, including chronic myelogenous 
leukemia, breast cancer and CRC (40). Therefore, the present 
study further determined whether CHL1 regulates the cellular 
function of CRC through the NF‑κB signaling pathway. 
The inhibitory effects of CHL1 overexpression on HT29 
and SW480 cell proliferation, colony formation, organoid 
growth, migration and invasion were reversed following the 
upregulation of p65 expression. Additionally, the promotion 
of E‑cadherin expression was restrained. The aforementioned 
results indicate that CHL1 inhibits CRC cell proliferation, 
migration and invasion by regulating the NF‑κB signaling 
pathway.

HCT116 and SW620 cells have been reported to present 
with greater metastatic potential in comparison with 
SW480 (41,42). However, according to the results of the 
present study, it was initially observed that the expression of 
CHL1 was relatively reduced in HT29 and SW480, and not 
in HCT116 and SW620 cells. Also, no significant difference 
in the expression of CHL1 in SW480 and SW620 cells was 
observed. Therefore, the HT29 and SW480 cell lines were 
selected for inducing CHL1 overexpression herein, in order to 
explore its effects and mechanisms. It was speculated that in 
addition to CHL1 expression levels, the cell migratory ability 
was also regulated by other possible regulatory mechanisms, 
which warrant further investigations in order to explore these 
in HCT116 and SW620 cells.

However, the present study has with certain limitations. 
Clinical samples for the verification of the impact of CHL1 
expression alteration on CRC clinicopathology and prognosis 
were not evaluated. Additionally, the specific effects of CHL1 
knockdown and the mechanisms through which it is involved 
in malignant CRC progression require further investigation. 
Experiments involving animals and organoids are necessary 
for the confirmation of the effects of CHL1 expression on 
CRC tumor metastasis in vivo and in vitro. Moreover, related 
functional and mechanistic analyses of additional DEGs were 
not performed. In the future, the authors aim to conduct addi‑
tional in‑depth studies on related targets including IL‑17 and 
TNF signaling pathways. The transient introduction of NF‑κB 
regulates other pathways to influence cell proliferation; this 
thus requires further investigation.

In conclusion, the present study demonstrates that CHL1 
overexpression inhibits CRC cell proliferation, migration 
and invasion, being also associated with the activation of the 
NF‑κB signaling pathway. Furthermore, the present study may 
provide a novel molecular target for CRC clinical diagnosis 
and therapy.
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