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Abstract. To investigate the effect of keratin 23 (KRT23) 
on the anticancer activity of melatonin (MLT) against 
gastric cancer (GC) cells, microarray analysis was applied 
to screen differentially expressed genes in AGS GC cells 
following MLT treatment. Western blotting was used to detect 
the expression of KRT23 in GC cells and normal gastric 
epithelial cell line GES‑1. KRT23 knockout was achieved 
by CRISPR/Cas9. Assays of cell viability, colony forma‑
tion, cell cycle, electric cell‑substrate impedance sensing 
and western blotting were conducted to reveal the biological 
functions of KRT23‑knockout cells without or with MLT 
treatment. Genes downregulated by MLT were enriched in 
purine metabolism, pyrimidine metabolism, genetic informa‑
tion processing and cell cycle pathway. Expression levels of 
KRT23 were downregulated by MLT treatment. Expression 
levels of KRT23 in AGS and SNU‑216 GC cell lines were 
significantly higher compared with normal gastric epithelial 
cell line GES‑1. KRT23 knockout led to reduced phosphoryla‑
tion of ERK1/2 and p38, arrest of the cell cycle and inhibition 
of GC cell proliferation. Moreover, KRT23 knockout further 
enhanced the inhibitory activity of MLT on the tumor cell 

proliferation by inhibiting the phosphorylation of p38/ERK. 
KRT23 knockout contributes to the antitumor effects of MLT 
in GC via suppressing p38/ERK phosphorylation. In the future, 
KRT23 might be a potential prognostic biomarker and a novel 
molecular target for GC. 

Introduction

Gastric cancer (GC) is one of the most common gastrointestinal 
(GI) tract cancers worldwide, ranked fifth for its incidence and 
fourth for mortality (1). Chemotherapy, immunotherapy and 
targeted therapy have contributed to increased survival in the 
last decade. However, even precise targeted therapy based on 
the cellular and molecular levels have faced problems such as 
acquired drug resistance (2) and side effects (3). An improved 
understanding of molecular mechanisms and discovery of 
innovative potential molecular biomarkers are essential to 
improve the therapeutic effects. 

Keratin is the intermediate protein subunit involved in 
maintaining epithelial cell integrity and exerts various physi‑
ological functions including membrane trafficking, signaling, 
protein synthesis and cell motility. It has been reported that 
keratin proteins are associated with proliferation, apoptosis, 
migration and invasion of a number of cancers (4‑6). Keratin 
23 (KRT23) knockdown reduces cellular proliferation and 
decreases DNA damage response in colon cancer cells (7). 
MYC‑mediated amplification of KRT23 promotes the cell 
proliferation of liver cancer (8). A recent study showed that 
KRT23 exerts an important role in ovarian cancer migra‑
tion through epithelial‑mesenchymal transition by adjusting 
TGF‑β/Smad signaling pathway  (9). While increasing 
evidence indicates that KRT23 exhibits pro‑cancer effects in 
some tumors, its role in gastric and a number of other cancers 
has not been comprehensively studied.

Melatonin (MLT) is a neuroendocrine hormone synthe‑
sized by the pineal gland. As a hydrophobic small molecule, 
MLT mainly exerts biological effects though signal transduc‑
tion systems by binding to specific receptors on target cells. 
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MLT has a variety of physiological effects such as regulating 
the circadian rhythm, promoting sleep, enhancing immunity 
and scavenging free radicals, as well as anti‑oxidation and 
anti‑stress properties. MLT also displays antitumor activity 
including anti‑proliferation, pro‑apoptosis and anti‑metas‑
tasis (10,11). Based on the fact that MLT effectively inhibits 
a variety of tumors, it has been used in combination with 
chemotherapy drugs to enhance the sensitivity of tumor cells 
to chemotherapy and inhibit tumor drug resistance. This is 
performed not only with traditional chemotherapy drugs 
but also with novel targeted therapies (12,13). MLT can also 
act as a potential sensitizer, sensitizing cancer cells to γ‑ray 
ionizing radiation  (14). In addition, MLT counteracts the 
adverse effects of cancer therapy by displaying neuroprotec‑
tive effects, decreasing cisplatin‑induced ototoxicity and 
attenuating chemotherapy‑induced genotoxicity (15,16). Our 
previous work revealed that MLT promotes the apoptosis of 
GC cells through the mitochondrial pathway (17). MLT is also 
found to inhibit the proliferation of GC cells by reducing the 
accumulation of hypoxia‑inducible factor‑1 α and the expres‑
sion of VEGF (18). However, it is currently unclear whether the 
anti‑GC roles of MLT are related to keratin. These intriguing 
matters led us to further investigate whether KRT23 contrib‑
utes to the anti‑GC activity of MLT.

In the present study, expression profile chips were used 
to explore the mechanisms underlying MLT anti‑GC effects. 
The expression of KRT23 in GC cells and normal gastric 
epithelial cell line GES‑1 was analyzed. The function of 
KRT23 in GC cells was further investigated by inducing 
CRISPR/Cas9‑mediated knockout of KRT23. Finally, the 
present study focused on the effects of MLT on KRT23 
knockout (KRT23‑KO) cells to investigate whether KRT23 
knockout contributed to the anti‑GC effects of MLT and its 
potential molecular mechanism.

Material and methods

Cell culture. The GC cell line AGS was purchased from 
the Cell Bank of Shanghai Institute for Biological Science, 
Chinese Academy of Sciences. The GC cell line SNU‑216 was 
obtained from Nanjing Kangbai Biotechnology Co., Ltd. The 
normal gastric epithelial cell line GES‑1 was kindly provided 
by Professor Changming Huang (Fujian Medical University 
Union Hospital). AGS cells were cultured in HyClone 
DME/F‑12 (cat. no. SH30023; HyClone; Cytiva), 10% fetal 
bovine serum (cat. no. 04‑001‑1A; Biological Industries). The 
SNU‑216 and GES‑1 cells were cultured in HyClone RMPI 
Medium Modified (cat. no. SH30809.01; HyClone; Cytiva) 
medium supplemented with 10% fetal bovine serum. 

Cell viability. Cell viability was evaluated using the MTS assay. 
GC cell lines AGS and SNU‑216 were grown in 96‑well plates 
at a density of 1,000 cells per well. After growing for 24 h, cells 
were changed with fresh medium containing 0, 1, 2, 3, 4 or 5 mM 
MLT (cat. no. M5250; MilliporeSigma) for 24, 48 or 72 h. After 
the intervention, culture medium was replaced with 20 µl of the 
CellTiter 96 AQueous One Solution Cell Proliferation Assay 
(cat. no. G3582; Promega Corporation). and 80 µl of serum‑free 
medium for 2 h. The absorbance of each sample was measured 
at a wavelength of 490 nm.

RNA isolation and gene expression profiling. AGS cells were 
grown in 100 mm dishes at a density of 2.5x105 cells per 
dish. After a 24 h incubation, cells were treated with 2.5 mM 
MLT or 1% ethanol as control for another 24 h. Then, cells 
were washed with PBS three times. Total cellular RNA was 
extracted using the RNeasy Mini kit (cat. no. 74104; Qiagen 
GmbH). RNA quality was assessed using the Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc.). Fragmented cRNA 
was synthesized based on instructions provided by the manu‑
facturer and then hybridized with the customized Affymetrix 
GeneChip PrimeView Human Gene Expression Array 
(Affymetrix; Thermo Fisher Scientific, Inc.) to reveal the 
expression pattern of 19,042 genes. GeneChips were scanned 
using Affymetrix Genechip Scanner 3000 7G (Affymetrix; 
Thermo Fisher Scientific, Inc.). The acquired images were 
processed using GenePix Pro 6.0 software (Axon Instruments. 
Inc) for grid alignment and data extraction. Expression 
profiling data measured in our study would be deposited into 
the Gene Expression Omnibus database and the accession 
numbers provided upon request. 

Identification of differently expressed genes (DEGs) and 
functional enrichment analysis. The reproducibility‑based 
pairwise difference and pairwise fold change methods were 
combined to identify reproducible DEGs between the treat‑
ment group and the control group based on small‑scale 
cell line datasets (19). The two DEGs lists analyzed by two 
algorithms were combined based on the reproducibility of 
dysregulation directions. The initial step (the initial number 
of the top‑ranked genes) of the algorithms was set as 300 and 
the consistency threshold was 90%, according to the sugges‑
tions of previous study (19). Functional enrichment analysis 
of DEGs was conducted using the Kyoto Encyclopedia of 
Genes and Genomes (http://www.kegg.jp/ or http://www.
genome.jp/kegg/). The Benjamini‑Hochberg procedure (20) 
was applied to control the false discovery rate. The statistical 
significance was set to FDR <10%.

Reverse transcription‑quantitative (RT‑q) PCR. A RT‑qPCR 
quantification assay was performed to confirm results of the 
expression microarrays. Total RNA was extracted from GC 
cells (1x106 cells) using TRIzol® reagent (cat. no. 15596‑026; 
Thermo Fisher Scientific, Inc.) based on instructions provided 
by the manufacturer. cDNA synthesis was performed using the 
PrimeScript™ RT reagent kit (cat. no. RR037A; Takara Bio, Inc.) 
and qPCR was performed using the TB Green Fast qPCR Mix 
(cat. no. RR430B; Takara Bio, Inc.), according to the manufac‑
turer's protocols. The PCR cycling conditions were as follows: 
One cycle at 95˚C for 1 min, followed by 40 cycles at 95˚C for 
15 sec and 60˚C for 30 sec. A total of 18 differentially expressed 
genes were analyzed by RT‑qPCR in triplicate and normalized 
to the mean of GAPDH (Table SI). Normalized gene expression 
values were calculated based on the 2-ΔΔCq method (21). These 
experiments were replicated three times.

Knockout of KRT23 by CRISPR/Cas9. CRISPR/Cas9 targeted 
knockout was performed to delete KRT23 (GenBank accession 
number: NM_015515.5). The CRISPR/Cas9 vector PX260 
was kindly provided by Professor Pingsheng Liu (Institute of 
Biophysics, Chinese Academy of Sciences). The single guide 
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(sg)RNA was designed to target exon 2 of the KRT23 gene 
using the CRISPR design web tool (http://crispr.mit.edu/). The 
KRT23 sgRNA targeted sequence used was GCG​GCT​TTC​
CAG​CTT​CAT​GTT​GG, which was synthesized, annealed and 
inserted into the BbsI digestion site of PX260 vector. A total 
of 3x105 AGS or SNU‑216 cells were added to the wells of a 
6‑well plate. When cell density reached 70‑80% confluency, 
cells were transfected with KRT23 sgRNA expressing PX260 
vector or PX260 control vector by Lipofectamine® 3000 
(cat. no. L3000001; Invitrogen; Thermo Fisher Scientific, Inc.) 
for 6 h at 37˚C and cultured in complete medium for 42 h 
at 37˚C. After 48 h, cells were screened with 0.5 µg/ml puro‑
mycin to select positive cells. After 4 days, cells were separated 
as single cells into 96‑well plates for single cell cloning. After 
2 weeks, clones were plated onto 24‑well plates for expansion. 
Genomic DNA was extracted using the Genloci TNA extrac‑
tion kit (cat. no. GP0156; Genloci Biotechnologies Inc.) and 
amplified by PCR using the following cycling parameters: 
Initial denaturation at 98˚C for 2 min; 25 cycles of 98˚C for 
10 sec and 72˚C for 15 sec, and a final extension step at 72˚C 
for 5 min. PCR products were submitted for Sanger sequencing 
by Biosune Biotechnology Co., Ltd. KRT23 expression levels 
were detected in monoclonal cells using immunoblotting. 

Immunofluorescence staining. Cells were grown on cover‑
slips in 24‑well plates at a density of 8x104  cells/well for 
24 h. Cells were fixed in 4% paraformaldehyde for 30 min 
at room temperature (RT) and permeabilized in 0.5% Triton 
X‑100 for 20 min at RT. Then, cells were blocked with 5% 
bovine serum albumin for 2 h at RT and incubated overnight 
at  4˚C with anti‑KRT23 (1:100; cat.  no.  sc‑365892; Santa 
Cruz Biotechnology, Inc.). Afterwards, cells were incubated 
with Alexa Fluor 488 anti‑mouse secondary antibody (1:200; 
cat. no. A32723; Invitrogen; Thermo Fisher Scientific, Inc.) for 
1 h at RT and counterstained with Hoechst (cat. no. C1026; 
Beyotime Institute of Biotechnology) for 10 min at room 
temperature. Cell images were captured through a fluores‑
cence microscope (Zeiss Axio Observer A1; Zeiss AG).

Colony formation. For cell colony formation analysis, cells 
were grown at a density of 1,000 cells/well in 6‑well plates 
in triplicate. After 7‑10 days, colonies were fixed using 100% 
methanol for 15 min at room temperature, stained with crystal 
violet for 10 min at RT and scanned using ImageQuant LAS 
4000 mini (Cytiva). The number of colonies (50 cells/colony) 
were counted using ImageJ 1.44p Launcher software (National 
Institutes of Health). 

Cell cycle analysis. To assess the cell cycle, a total of 5x105 
cells were seeded in 6‑well plates for 24 h at 37˚C. Cells were 
harvested and washed twice with PBS. Cells were resuspended in 
75% ethanol overnight at 4˚C and then collected and stained using 
PI/RNase Staining Buffer (cat. no. C09‑550825; BD Biosciences) 
for 30 min at 4˚C. FACSCalibur Flow cytometry (BD Biosciences) 
was used to detect the cell cycle and the data were analyzed using 
ModFit LT 3.1 software (Verity Software House, Inc.).

Western blotting. Cells were lysed in RIPA lysis buffer 
(cat.  no.  P0013B; Beyotime Institute of Biotechnology) 
supplemented with phosphatase and protease inhibitors 

(cat. no. 5892791001; Roche Diagnostics). Protein concentra‑
tions were quantified using the Enhanced BCA Protein Assay 
kit (cat. no. P0010S; Beyotime Institute of Biotechnology) 
based on instructions provided by the manufacturer. Protein 
samples of the same concentrations (25 µg protein loaded per 
lane) were separated using a 12% SDS‑PAGE and transferred 
to polyvinylidene difluoride membranes (MilliporeSigma) 
using a trans‑blot apparatus (Bio‑Rad Laboratories Inc.). 
Membranes were then blocked in 0.5% bovine serum 
albumin for 1 h at RT and incubated with primary antibodies 
including anti‑p38 (1:1,000; cat. no. 8690S; Cell Signaling 
Technology, Inc.), anti‑phosphorylated (p)‑p38 (1:1,000; 
cat. no. 4511S; Cell Signaling Technology, Inc.), anti‑ERK1/2 
(1:1,000; cat. no. 4696S; Cell Signaling Technology, Inc.), 
anti‑p‑ERK1/2 (1:1,000; cat.  no.  4376S; Cell Signaling 
Technology, Inc.), anti‑KRT23 (1:1,000; cat. no. ab156569; 
Abcam) and anti‑GAPDH (1:1,000; cat.  no.  5174S; Cell 
Signaling Technology, Inc.). Anti‑GAPDH was used as a 
control. Membranes were incubated with alkaline phospha‑
tase‑conjugated secondary antibody, goat anti‑rabbit IgG 
(1:5,000; cat. no. ab98505; Abcam) or goat anti‑mouse IgG 
(1:1,000; cat. no. sc‑2008; Santa Cruz Biotechnology, Inc.) at 
room temperature for 30 min. The signal of target proteins 
was visualized using CDP‑Star (Roche Diagnostics, Germany) 
reagent. All protein bands were scanned using ImageQuant 
LAS 4000 mini (Cytiva). Band intensities were analyzed using 
ImageJ2x software (National Institutes of Health). 

Electric cell substrate impedance sensing (ECIS). The ECIS 
Ztheta (Applied BioPhysics, Inc.) system was used to simul‑
taneously monitor the impedance of electrode 8W10E arrays 
(Applied BioPhysics, Inc.). To maintain electrode capacitance, 
8W10E arrays were pre‑treated with 10  mM cysteine for 
15 min. Cells were seeded at a density of 1x104 cells/well 
in 400 µl of culture medium supplemented with 10% FBS. 
Electrical impedance analysis of cell growth was measured 
using the designated 11 frequencies from 62.5‑64000 Hz (62.5, 
125, 250, 500, 1,000, 2,000, 4,000, 8,000, 16,000, 32,000 and 
64,000 Hz) at 10 min intervals. During these measurements, 
the electrode array was placed in an array station located in 
the incubator connected to the ECIS Ztheta station controller 
outside the incubator. ECIS software version 1.2.123 (Applied 
BioPhysics, Inc.) was already installed on the PC and 
connected to the ECIS instrument, ready for the time course 
measurement of impedance values. Data were normalized to 
baseline.

Statistical analysis. All data were reported as the mean of 
three biological replicates with standard deviation. The inde‑
pendent‑samples t‑test was applied for comparison between 
two groups and one‑way ANOVA followed by Tukey's post hoc 
test was applied for comparison of multiple groups. Statistical 
analyses were performed with SPSS software (version 22.0; 
IBM Corp.) or GraphPad Prism 8 (Dotmatics). P<0.05 was 
considered to indicate a statistically significant difference.

Results

MLT inhibited the outgrowth of GC cells. GC cell lines AGS 
and SNU‑216 were exposed to 0, 1, 2, 3, 4 or 5 mM MLT for 
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24, 48 or 72 h. Cell viability was assessed by MTS assay. MLT 
inhibited the proliferation of AGS and SNU‑216 cells in a dose 
and time‑dependent manner (Fig. 1). The half maximal inhibi‑
tory concentration (IC50) of MLT on AGS and SNU‑216 cells 
at 24 h was 2.613 and 2.464 mM, respectively. In our previous 
studies, the commonly used concentration and exposure 
time of MLT to inhibit cell viability in GI cancer cells were 
2.5‑3 mM and 24 h (17,22). Based on these results, 2.5 mM and 
24 h were selected for subsequent experiments.

Identification and functional analysis of DEGs in GC cells 
treated with MLT. To systematically explore the mechanisms 
behind the anti‑GC effects of MLT, an expression profile chip was 
used to screen DEGs between MLT treated and untreated control 
AGS cells. Using the reproducibility‑based pairwise difference 
method, 9,378 DEGs were identified whereas 6,926 DEGs were 
found based on the pairwise fold change method with a consis‑
tency threshold of 90% and an initial step of 300. Combining the 
two methods, a total of 6,388 DEGs with the same dysregulated 
directions were obtained. Among the 6,388 DEGs, 2,741 genes 
were upregulated and 3,647 genes were downregulated in AGS 
cells treated with MLT as compared with control cells (Table I). 
These genes were significantly enriched in the pathways of class 
O forkhead box transcription factor (FoxO), ErbB, lysosome, 
pyrimidine metabolism, RNA transport, spliceosome and cell 
cycle (Fig. 2A). To investigate the anticancer mechanism of MLT 
and confirm the accuracy of microarray data, 11 genes closely 
related to cancer development among the most significantly 
down‑ or upregulated DEGs were quantitated using RT‑qPCR 
(Table SⅡ). The expression patterns of these selected genes 
were consistent with the microarray results (Fig. 2B). A series 
of keratin molecules including KRT7, KRT20, KRT23, KRT75 
and KRT81 mRNA levels in the human GC cell line AGS were 
downregulated after adding 2.5 mM of MLT for 24 h (P<0.05, 
Fig. 2C). mRNA expression levels of KRT23 in SNU‑216 was 
also downregulated after adding 2.5 mM of MLT (Fig. 2D). 

Protein expression levels of KRT23 in both AGS and 
SNU‑216 were further analyzed and confirmed that it was 
downregulated after adding 2.5 mM of MLT (Fig. 3A and B). 
Immunoblotting was performed to analyze the expression 
levels of KRT23 in the normal human gastric cell GES‑1 and 
GC cells. Compared with GES‑1, KRT23 protein was highly 
expressed in AGS and SNU‑216 GC cells (Fig. 3C and D).

Generation of KRT23 knockout GC cell lines. KRT23‑KO 
GC cell lines were generated using CRISPR/Cas9 technology 
(Fig. 4A). Sequencing results were compared with the standard 
KRT23 sequence to identify the CRISPR‑induced mutations 
(Fig. S1). The sgRNA selected led to 86 bases insertion in 
one allele of the second exon of KRT23‑KO AGS cell line 
and one T base deletion in the KRT23‑KO SNU‑216 cell 
line (Fig. 4B). Immunoblotting was used to confirm KRT23 
expression levels, which verified that KRT23 protein was not 
detectable in the KRT23‑KO AGS and SNU‑216 cell lines 
(Fig. 4C). To further identify the expression level of KRT23 
in KRT23‑KO and control cells, immunofluorescence staining 
was performed. Similar to immunoblotting, KRT23 deletion 
in KRT23‑KO AGS and SNU‑216 cells resulted in almost no 
staining of KRT23 (Fig. 4D). 

Knockout of KRT23 inhibits GC cell proliferation. The prolif‑
eration activity of cells was detected using the MTS assay and 
the corresponding growth curves were generated at different 
time points after 24, 48, 72, 96 or 120 h of inoculation. As 
demonstrated in Fig. 5A, the proliferation rate of AGS cells 
with KRT23‑KO was considerably reduced when compared 
with the control group. Similarly, KRT23‑KO SNU‑216 cells 
proliferated at a lower rate than control cells (Fig. 5A). Next, 
the cells in each group were plated in 6‑well plates with the 
same cell density. Results were collected and analyzed after 
7‑14 days and colonies with >50 cells in each group were 
calculated. The results showed that the clonal ability of GC 
cells was considerably decreased after KRT23 deletion 
(Fig. 5B). Then the number and proportion of cells in each 
stage of the cell cycle were detected using flow cytometry. 
Image fitting analysis was performed using ModFit software. 
KRT23‑KO AGS cells had a higher number of G1 phase cells 
and a lower proportion of S phase cells as compared with the 
control group. In SNU‑216 cells, KRT23 deletion enhanced 
the number of cells in G1 phase while decreasing the number 
of cells in S and G2/M phases (Fig. 5C). In addition, ECIS was 
used to monitor the growth of KRT23‑KO AGS and SNU‑216 
cells for 5 consecutive days. In AGS cells, the electrical 
impedance of the NC group reached a peak at ~100 h, yet the 
KRT23‑KO cells reached a peak at ~117 h and the peak value 
was lower compared with what was observed for the NC group. 
In SNU‑216 cells, the electrical impedance of the NC group 

Figure 1. Effects of melatonin on cell proliferation of gastric cancer cells AGS and SNU‑216. Cell viability was detected by MTS assay.
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Table I. DEGs detected in AGS cells by the reproducibility‑based PD and PFC.

Series	DE Gs	U pregulated	D own	C ommon	C onsistent	R atio	 P‑value

PD 	 9,738	 2,741	 3,647	 6,388	 6,388	 1	 0
PFC	 6,926						    

DEGs, differently expressed genes; PD, pairwise difference; PFC, pairwise fold change; Down, DEGs downregulated by melatonin; Ratio, 
consistency ratio.

Figure 2. Validation of microarray analysis. (A) Significantly enriched KEGG pathways associated with the upregulated (Red) and downregulated (Green) 
DEGs in AGS cells treated by MLT. (B) Expression of the highly DEGs were quantitated using reverse transcription‑quantitative PCR in AGS GC cells with 
or without 2.5 mM of MLT treatment for 24 h. Expression of these selected genes showed a consistent pattern with microarray results. (C) Changes in the 
mRNA expression levels of KRT7, KRT20, KRT23, KRT75 and KRT81 in AGS GC cells with or without 2.5 mM of MLT treatment for 24 h. (D) Changes in 
KRT23 mRNA expression levels in SNU‑216 GC cells with or without 2.5 mM of MLT treatment for 24 h. *P<0.05, **P<0.01 and ***P<0.001. KEGG, Kyoto 
Encyclopedia of Genes and Genomes; DEGs, differently expressed genes; KRT, keratin; Rel, Relative; MLT, melatonin.
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reached a peak of ~113 h, yet KRT23‑KO cells reached highest 
impedance at ~125 h and the peak value was lower compared 
with what was measured in the NC group (Fig.  6A). The 
expression levels of p38, ERK1/2, p‑p38 and p‑ERK1/2 were 
further analyzed by western blotting. p‑ERK1/2 and p‑p38 
expression levels were downregulated in the two KRT23‑KO 
GC cell lines. Total protein levels for ERK1/2 and p38 were 
not substantially different from the control group (Fig. 6B). 

Knockout of KRT23 enhances the inhibitory effects of MLT 
in GC cells. A total of 5x105 cells/well were added to 6‑well 
plates for 24 h to perform colony formation experiments and 
cell cycle analysis. A total of 9x103 cells were plated in 96‑well 
plates for 24 h to perform the MTS assay and then treated 

with 2.5 mM of MLT or vehicle control for 24 h. The effect of 
both MLT treatment and KRT23 knockout on GC cell prolif‑
eration was determined by colony formation, MTS and flow 
cytometry assays. Colony formation experiments revealed that 
both MLT intervention and KRT23 knockout decreased the 
number of colonies compared with the KO NC + Ctrl group 
(Fig. 7A). MTS assays revealed antiproliferative effects of 
MLT intervention on GC cells (Fig. 7B). MLT intervention 
raised the proportion of cells in G0/G1 phase, while decreasing 
the percentage of cells in S and G2 phases in AGS cell line, 
according to flow cytometry (Fig. 8A). Moreover, compared 
with the single MLT intervention group, a combination of MLT 
treatment with KRT23 depletion more profoundly suppressed 
colony formation, restrained cell multiplication and caused 

Figure 3. Western blot analysis of KRT23 expression in GC cells. Western blot analysis of KRT23 expression levels in (A) AGS and (B) SNU‑216 GC cells with 
or without 2.5 mM of MLT treatment for 24 h. Western blot analysis of KRT23 expression in (C) AGS and (D) SNU‑216 GC cells compared with the normal 
human gastric cell GES‑1. *P<0.05. KRT, keratin; GC, gastric cancer; MLT, melatonin.
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G0/G1 phase arrest (Figs. 7A and B and 8A). These data demon‑
strated that loss of KRT23 improved the anti‑proliferative 
action of MLT on GC cells. ECIS monitoring demonstrated 
that KRT23 knockout further increased the inhibitory effects 
of MLT. A total of 8x104 cells/well were added to an electrode 
8W10E array for 24 h. After adding MLT, ECIS was used to 
monitor the effect of MLT on KRT23‑KO cells for 24 h. MLT 
intervention and KRT23 knockout both decreased normal‑
ized impedances. Moreover, compared with the single MLT 

intervention group, MLT treatment and KRT23 deletion acted 
synergistically to decrease normalized impedances (Fig. 8B).

Knockout of KRT23 enhances the inhibitory effects of MLT 
via inhibiting p38/ERK phosphorylation in GC cells. The 
human KRT23 KO and control GC cell lines were treated with 
2.5 mM MLT or ethanol control for 24 h. The expression levels 
of KRT23, p‑p38, p38, p‑ERK1/2 and ERK1/2 were further 
analyzed by immunoblotting. Immunoblotting revealed 

Figure 4. KRT23 knockout using the CRISPR/Cas9 technique in GC cells. (A) Schematic depicting the KRT23 locus. Exon 2 of the KRT23 gene was the target 
site. The reference sequence in the targeted region and PAM motif was indicated. (B) Characterization of the mutations in KRT23‑KO AGS or SNU‑216 cells. 
(C) Verification of KRT23 knockout by western blotting. *P<0.05 and **P<0.01. (D) Immunofluorescence staining of KRT23‑KO AGS or SNU‑216 cells and 
corresponding control cells. Scale bars, 50 µm. KRT, keratin; GC, gastric cancer; KO, knockout; NC, negative control.
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that both MLT intervention and KRT23 deletion decreased 
the expression of KRT23 in AGS and SNU‑216 cell lines. 
Furthermore, p‑p38 expression levels were downregulated 
in both KO NC + MLT group and KO KRT23 + Ctrl group 
compared with the KO NC + Ctrl group. MLT intervention 

or loss of KRT23 decreased p‑ERK1/2 expression in AGS 
cell line. These results suggested that both MLT intervention 
and KRT23 knockout decreased the phosphorylation of p38 
and ERK1/2 in GC cell lines. Compared with the single MLT 
intervention group, a combination of MLT treatment with 

Figure 5. The effect of KRT23 knockout on the proliferation of AGS/SNU‑216 cells. (A) Growth curves of KRT23‑KO AGS and SNU‑216 cells with their 
control cells. (B) Representative photographs and colony formation assay of KRT23‑KO AGS and SNU‑216 cells and their control cells. (C) Cell cycle analysis 
for KRT23‑KO AGS and SNU‑216 cells and their control cells. KO NC vs. KO KRT23, *P<0.05 and **P<0.01. KRT, keratin; KO, knockout; NC, negative 
control.
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KRT23 deletion further reduced the phosphorylation of p38 
and ERK1/2. The total protein levels of ERK1/2 and p38 were 
not significantly different among groups (Fig. 9A and B). 

Discussion

MLT, the primary hormone produced by the pineal gland, is a 
versatile molecule with a variety of biological activities. The 

content of MLT in the GI tract is 400 times greater than the 
amount present in the pineal gland, 10 to 100 times higher than 
levels in serum and much higher than that which is observed 
in other tissues (23). This suggests a potential involvement of 
MLT in maintaining GI health and function (24). MLT shows 
direct beneficial effects on GI tissues through its antioxidant, 
immunomodulatory and mucosal microcirculation activi‑
ties (25). It also exerts indirect effects through the brain‑gut 

Figure 6. Dynamic monitoring and western blot analysis of KRT23‑KO GC cells. (A) Dynamic monitoring by ECIS revealed the growth status of KRT23‑KO 
AGS and SNU‑216 cells and their control cells for 5 consecutive days. (B) Western blot analysis of expression and activation of proteins in KRT23‑KO AGS 
and SNU‑216 cells and their control cells. *P<0.05 and **P<0.01. KRT, keratin; KO, knockout; GC, gastric cancer; NC, negative control; p‑, phosphorylated.
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axis, including gastroprotection and gut microbiota‑modu‑
lating  (26,27). The protective and therapeutic potential of 
MLT has been confirmed in a number of GI diseases such as 
gastritis, gastric ulcer and irritable bowel syndrome (28‑30). 

However, the nocturnal urinary excretion of MLT is depressed 
in patients with stomach and colon cancer (31). A significant 
reduction of circulating MLT is revealed in patients with 
GC (32). Decreased MLT synthesis/metabolism indexes are 

Figure 7. KRT23 knockout enhanced anti‑proliferative abilities of MLT on human GC cells. (A) Representative photographs and results of a colony formation 
assay with or without 2.5 mM of MLT treatment for 24 h. (B) Cell viability of AGS and SNU‑216 cells with or without 2.5 mM of MLT treatment for 24 h. 
*P<0.05, **P<0.01 and ***P<0.001 vs. KO NC + Ctrl group; #P<0.05 and ###P<0.001 vs. the KO NC + MLT group; &&P<0.01 and &&&P<0.001 vs. the KO KRT23 
+ Ctrl group. KRT, keratin; MLT, melatonin; GC, gastric cancer; KO, knockout; NC, negative control; p‑, phosphorylated.
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associated with reduced survival among patients with GC (33). 
A number of studies have explored the effects of MLT supple‑
mentation on GC, suggesting that MLT has multiple antitumor 
effects on GI tumors (34,35). It has also been shown to enhance 
the sensitivity of GC cells to chemotherapy (36,37) and reduce 
the side effects of chemotherapy (38). Its roles and underlying 
molecular mechanism in GC deserve further investigation. 

The current study systematically dissects the global 
mechanism behind the anti‑GC activity of MLT. Expression 

profile chips revealed that MLT influenced 3,647 down‑
regulated and 2,741 upregulated DEGs in AGS cells. MLT 
was found to significantly downregulate DEGs that play a 
pro‑cancer role in tumor occurrence and development, such 
as PSG11 (39), PSG2 (40), NOX1 (41) and CXCL11 (42). By 
contrast, microarray analyses also revealed upregulation 
of tumor suppressor genes as a result of MLT treatment, 
including ARRDC3  (43) and PTPN13  (44). The reverse 
regulation of these genes by MLT in cancer cells further 

Figure 8. Cell cycle analysis and dynamic monitoring of KRT23‑KO cells treated with or without MLT. (A) Flow cytometric analysis of KRT23‑KO GC 
cells with or without 2.5 mM of MLT treatment for 24 h. Percentages of cell populations at diverse stages of the cell cycle were listed within the panels. All 
histograms represented mean ± standard deviation values of three biological replicates. (B) Dynamic monitoring of KRT23 knockout cells treated with or 
without 2.5 mM of MLT for 24 h using the ECIS method. *P<0.05, **P<0.01 and ***P<0.001 vs. the KO NC + Ctrl group; #P<0.05 and ###P<0.001 vs. the KO NC + 
MLT group; &P<0.05 and &&&P<0.001 vs. the KO KRT23+Ctrl group. KRT, keratin; KO, knockout; NC, negative control; MLT, melatonin; GC, gastric cancer. 
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demonstrated anti‑tumor effects of MLT. In addition, the 
correlation between the anti‑tumor effects of MLT and DEGs 
as well as the molecular mechanisms behind this have not 
been completely studied. This provides a large number of 
potential molecular targets and new ideas for subsequent 
research related to the anticancer effects of MLT. 

Pathway analysis revealed that genes with reduced expres‑
sion were significantly enriched in pyrimidine metabolism, 
RNA transport, spliceosome and cell cycle pathways. High 
expression genes were associated with ErbB, FoxO and 
lysosome signaling pathways. These pathways have been 
previously linked to cancer genesis and progression. FoxO 

Figure 9. KRT23 knockout enhanced the inhibitory effects of MLT on human GC cells via suppressing p38/ERK phosphorylation. (A) Western blot analysis 
of expression and activation of proteins in AGS and SNU‑216 cells with or without 2.5 mM of MLT treatment for 24 h. (B) Statistical analysis of western blot 
results. *P<0.05, **P<0.01 and ***P<0.001 vs. the KO NC + Ctrl group; ##P<0.01 and ###P<0.001 vs. the KO NC + MLT group; &P<0.05 and &&&P<0.001 vs. the 
KO KRT23+Ctrl group. KRT, keratin; MLT, melatonin; GC, gastric cancer; KO, knockout; NC, negative control; p‑, phosphorylated; Rel, Relative.
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signaling pathway has been shown to inhibit cell proliferation, 
invasion and death in prostate cancer (45). Pyrimidines reverse 
DNA damage induced by carbamoyl phosphate synthetase‑1 
silencing and rescue growth in non‑small cell lung cancer (46). 
Tea polysaccharide induces apoptosis and suppresses HCT116 
cell growth via lysosome‑mediated cytotoxic autophagy (47). 
A study found that spliceosome‑targeted therapies trigger 
apoptosis through extrinsic mechanisms in breast cancer 
cells (48). The findings of the present study also suggested that 
MLT might have anticancer properties via these mechanisms. 
This is consistent with our previous work on three types of 
GI cancers, which indicates that MLT exerted pro‑apoptosis 
and anti‑proliferation roles through FoxO, spliceosome, RNA 
transport and cell cycle signaling pathways (22). 

A number of studies have discovered that a number of 
subtypes of keratin proteins are significantly expressed in a 
wide range of tumor tissues, associated with enhanced cancer 
stemness occurrence, development of tumors and cancer 
metastasis and aggressiveness (49‑51). Notably, the present 
study found that multiple keratin subtypes including KRT7, 
KRT20, KRT23, KRT75 and KRT81 were downregulated by 
MLT in GC cells. As previously reported, KRT7 expression 
is related to a poor prognosis in colorectal carcinoma (52). 
KRT7 also increases proliferation and promotes migration of 
ovarian cancer (53). High KRT20 expression is significantly 
associated with aggressive urothelial carcinoma variants (54). 
KRT81 is abundantly expressed in melanoma tissues and is 
thought to have a role in melanoma proliferation, invasion and 

migration (55). Similarly, KRT23 is abundant in hepatocel‑
lular carcinoma and has been confirmed as an independent 
molecular marker and drug target for human liver tumors (8). 
KRT23 promotes colorectal cancer cell growth via activating 
telomerase reverse transcriptase expression  (56). KRT23 
knockdown significantly inhibits colon cancer cell prolif‑
eration and DNA damage repair pathways (7). Together, these 
observations indicate that KRT23 might play an important role 
in the development and progression of GI tumors. Moreover, 
a bioinformatic study revealed that KRT23 is also a specific 
prognostic factor for GC (57). The data of the present study 
further confirmed that the protein levels of KRT23 were 
substantially higher in GC cells than that in human normal 
gastric epithelial cell line GES‑1. These results suggested that 
KRT23 had a close relationship with GC. Thus, KRT23 was 
considered as a molecular biomarker for GC and became the 
focus of current study. 

CRISPR/Cas9‑mediated KRT23 knockout model was 
constructed to explore the role of KRT23 in GC. KRT23 dele‑
tion inhibited proliferation and arrested cell cycle progression, 
decreasing the phosphorylation of ERK1/2, p38. A previous 
study revealed that stimulation of p38 MAPK signaling 
pathway promotes thyroid cancer proliferation (58). Increased 
phosphorylation of ERK promotes the growth of lung cancer 
cells (59). A number of treatments suppress cancer cell growth 
by inhibiting p38 or ERK signal pathways (60,61). Similar 
to the observations of the present study, KRT23 knockdown 
in colon cancer inhibits the occurrence and progression of 

Figure 10. Anti‑GC mechanism of MLT was explored by expression profile chip, and KRT23 was revealed as a potential molecular target. KRT23 is a novel 
GC oncogene contributing to GC progression. KRT23 knockout contributes to the antitumor effects of MLT in GC via suppressing p38/ERK phosphorylation. 
GC, gastric cancer; MLT, melatonin; KRT, keratin; p‑, phosphorylated; DEG, differently expressed genes.
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colon cancer by inhibiting the p38/MAPK and ERK/MAPK 
signaling pathways (56). 

A recent study reports that MLT‑induced cytoskeleton reor‑
ganization inhibited the proliferation of melanoma cells (62). 
Consistently, the present study found that MLT inhibited the 
expression of the cytoskeletal filament KRT23. Moreover, 
KRT23 knockout plus MLT treatment significantly inhibited 
the proliferation of GC cells than MLT treatment alone. 
KRT23 deletion strengthened the anti‑proliferation effect of 
MLT on GC cells. These data demonstrated that KRT23 dele‑
tion enhanced MLT's anti‑GC action. It has been reported that 
MLT inhibits the migration and invasion of prostate cancer 
by inhibiting the p38, c‑Jun, PLC signaling cascades  (63). 
Similarly, MLT reduces lung cancer metastasis by suppressing 
p38/ERK, PLC and β‑catenin signaling cascades (64). The 
nicotine‑induced increase in motility and invasiveness of 
MCF7 cancer cells is abrogated by MLT through inhibition of 
ERK phosphorylation (65). Consistent with previous studies, 
the present study revealed that MLT treatment inhibited GC 
cell proliferation by suppressing p38/ERK phosphorylation. 
Moreover, a combination of MLT intervention with KRT23 
deletion further strengthened the anti‑proliferation effect of 
MLT on GC cells and decreased the phosphorylation of p38 
and ERK1/2. Taken together, the present study indicated that 
MLT played a role as a potential KRT23 inhibitor and further 
loss of KRT23 enhanced MLT's anti‑GC action via inhibiting 
p38/ERK phosphorylation.

However, there remained some limitations in the present 
study. The specific mechanism by which MLT affects the 
expression and function of KRT23 remains unclear. This will 
become the next focus of future research. In addition, the 
in vitro results need to be further verified in vivo.

In conclusion, KRT23 expression is significantly 
upregulated in GC cells. KRT23 is a novel GC oncogene 
contributing to GC progression. MLT acts as a potential 
KRT23 inhibitor and suppresses GC cell proliferation via 
reducing p38/ERK phosphorylation (Fig.  10). Targeting 
KRT23 and combining it with MLT may provide a new 
strategy for GC therapy. 
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