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ARTICLE INFO ABSTRACT

Keywords: Tongue squamous cell carcinoma (TSCC) occupies a high proportion of oral squamous cell car-
Tongue squamous cell carcinoma cinoma. TSCC features high lymph node metastasis rates and chemotherapy resistance with a
i“d"pla_smm reticulum stress poor prognosis. Therefore, an effective therapy strategy is needed to improve patient prognosis.
AE?:;EZEY Melatonin (MT) is a natural indole compound shown to have anti-tumor effects in several cancers.

This study focused on the role and mechanism of MT in TSCC cells. The results of the study
suggest that MT could inhibit cell proliferation in CRL-1623 cells. Western blot analysis showed
the down-regulate of cyclin B1 and the up-regulate P21 protein by MT. MT was also shown to
down-regulate the expression of Zebl, Wnt5A/B, and p-catenin protein and up-regulate E-cad-
herin to inhibit the migration of CRL-1623 cells. MT also promoted the expression of ATF4, ATF6,
Bip, BAP31 and CHOP in CRL-1623 cells leading to endoplasmic reticulum stress, and induced
autophagy and apoptosis in CRL-1623 cells. Western blots showed that MT could promote the
expression of Bax, LC3, and Beclinl proteins and inhibit the expression of p62. We screened
differentially expressed long non-coding RNAs (IncRNAs) in MT-treated cells and found that the
expression of MALATI and H19 decreased. Moreover, MT inhibited tumor growth in nude mice
inoculated with CRL-1623 cells. These results suggest that MT could induce autophagy, promote
apoptosis, and provide a potential natural compound for the treatment of TSCC.

Cell migration

1. Introduction

Head and neck cancers, including oral cancer, are some of the most common malignancies worldwide [1]. Tongue squamous cell
carcinoma (TSCC) is the most prevalent type of oral malignancy [2]. Although modern medical therapy has made considerable
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progress, the effects of therapy for TSCC remain unsatisfactory, and the five-year survival rate of patients is low [3]. The therapeutic
strategies for TSCC include surgical resection combined with radiotherapy and chemotherapy [4]. However, this therapeutic strategy
reduces the patient’s quality of life [5], and chemotherapy resistance is a factor hindering the treatment of TSCC(6). Therefore,
exploring new therapeutic drugs is necessary. Natural compounds are promising anti-cancer drugs, and several natural molecular
compounds, such as curcumin [6], cucurbitacin B (CuB) [3], and melatonin (MT), have been used to treat cancer [7]. This study is
dedicated to elucidating the therapeutic potential of MT in TSCC.

MT is a natural indole compound that exists widely in animals and is mainly secreted by the pineal gland [8]. MT is also found in
many plants [9]. The most well-known function of MT is in regulating circadian rhythms [10]. However, MT also has immune
regulation [11], anti-inflammatory [12], anti-oxidant [13], vascular regulation [14], and anti-cancer activities [7]. Studies have
shown a close relationship between MT and cancer and the anti-cancer effects of MT on cancer cells [15,16]. MT inhibited the pro-
liferation and metastasis of prostate cancer and, thus, tumor progression [17]. MT was shown to promote apoptosis and activate the
p53 gene to inhibit breast cancer [15]. MT induced apoptosis, inhibited oxidative stress in cervical cancer cells and enhanced the effect
of chemotherapy in the treatment of cervical cancer [18]. Besides promoting apoptosis in cancer cells, MT was also shown to promote
autophagic cell death in cancer cells [19]. Previous reports suggested that MT could induce cellular autophagy and promote colorectal
cancer cell death [19]. These findings suggest that MT could inhibit tumor growth and induce tumor cell death through multiple
mechanisms. This study focuses on elucidating the mechanisms through which MT induces cell death in TSCC, contributing valuable
insights into its potential therapeutic applications for TSCC treatment.

In Addition, endoplasmic reticulum stress also induces cell death [20]. The endoplasmic reticulum (ER) plays a crucial role in
protein synthesis and maturation, as well as a calcium reservoir for maintaining intracellular calcium homeostasis [21]. When the
function of the ER is impaired due to various factors, the ER undergoes a stress response, which is manifested by the accumulation of
large amounts of unfolded and misfolded proteins within the ER compartments as well as disturbances in intracellular calcium ho-
meostasis [22,23]. The ER performs its normal role is maintained by the UPR through three signaling pathways, including PERK, IRE1,
and ATF6(24). These signaling pathways can maintain ER protein stability by dynamically adjusting ER folding capacity and sustain
cellular functions under endoplasmic reticulum stress [24]. However, prolonged UPR activation leads to cell death. Whether MT can
lead to cell death by inducing endoplasmic reticulum stress is also one of the concerns of this study.

Previous research has demonstrated that a multitude of long non-coding RNAs (LncRNAs) are abnormally expressed in TSCC,
playing a pivotal role in the regulatory mechanisms of tumor progression. Different LncRNAs exert distinct roles, influencing the
advancement of TSCC in various aspects such as cell migration, autophagy, apoptosis, proliferation, invasion, and cellular drug
resistance, through diverse signaling pathways [3,25,26,27]. A study suggested that knocking out LncRNA CASC9 in TSCC cells SCC15
and CAL27 significantly promotes autophagy and apoptosis while inhibiting proliferation [28,29]. Furthermore, the application of
certain drugs can target these LncRNAs to curb the growth of TSCC(3). A recent study found that ginsenoside Rd can inhibit the
expression of LncRNA H19, thereby impeding the progression of TSCC(29). In this study, we will also investigate whether MT can affect
the progression of TSCC through the modulation of LncRNAs.

2. Materials and methods
2.1. Cell culture and treatments

Human TSCC cell lines CAL-27 and CRL-1623 (SCC-15) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Gaithersburg, MD, USA) and SCC-9 in DMEM/F12 (DMEM/F12; Gibco). Fetal bovine serum (FBS, 10 %) (Gibco, Gaithersburg, MD,
USA) and penicillin/streptomycin (1 %) (Meilunbio, Dalian, China) were used in the medium for cell culture. The cell culture con-
ditions were 37 °Cin 5 % CO,. MT was procured from Sigma-Aldrich (Shanghai, China). During the experiments, MT was dissolved in a
mother liquor concentration of 5 mol/L DMSO and diluted to the desired concentration with cell culture medium so that the maximum
concentration of the drug was 5 mmol/L (maximum DMSO concentration was 1 %o). In order to the validation of melatonin’s effects,
rapamycin (Alfa Aesar, Ward Hill, MA, USA) was introduced into the experimental conditions to assist in confirming the impact of
melatonin on CRL-1623 cells. Rapamycin, dissolved in ethanol, was prepared as a stock solution with a concentration of 1 mmol/L and
stored at —20 °C. During the experimental procedures, rapamycin was diluted with cell culture medium to the desired concentration
for the treatment of CRL-1623 cells, ensuring that the maximum drug concentration in the experiments was 1000 nmol/L (with the
ethanol concentration not exceeding 1 %o).

2.2. Cell proliferation analysis

The proliferation of cells was analyzed by the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan). CAL-27, CRL-1623,
and SCC-9 cells were seeded in 96-well plates (4 x 10%) and treated with different concentrations of MT (0, 0.5, 1, 2.5, and 5 mmol/L).
Then 10 pL of CCK-8 solution was added to each well and incubated for 2 h at 37 °C in 5 % COa. Cell viability was determined by
absorbance (optical density) at 450 nm. The data were analyzed using GraphPad software (San Diego, California, USA) to determine
the effect of MT on the proliferation of TSCC cells.
2.3. Cell cycle analysis

After CRL-1623 cells (1 x 10%) were seeded into six-well plates and treated with MT (0, 0.5, 1, and 2.5 mmol/L) for 24 h, the cells
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were collected using 0.1 % trypsin and washed twice with precooled phosphate buffer solution (PBS). Then, 70 % ethanol was added,
and the cells were fixed at —20 °C overnight. Afterward, they were washed twice with pre-chilled PBS. After 15 min, the cells were
dyed with propidium iodide (PI)/RNase staining buffer (San Jose, CA, USA) in the dark. The cell samples were analyzed by flow
cytometry, and ModFit LT software was used to analyze the data.

2.4. Wound healing assay

The wound healing assay was performed to determine the migratory ability of the cells. CRL-1623 cells (5 x 10°) were seeded into
six-well plates and treated with MT (0, 0.5, 1, and 2.5 mmol/L) for 24 h. The scratched area of cell migration was observed at 0, 24 and
48 h, which was measured using ImageJ software to analyze the effect of MT on cell migration. All experiments were performed in
triplicate.

2.5. Transwell assay

The Transwell assay was used to determine cell migration behavior. CRL-1623 cells were treated with MT (0, 0.5, 1, and 2.5 mmol/
L) for 24 h, and 1 x 10* cells were added to the Transwell kit. Following this, 0.5 mL of medium containing 10 % FBS was added to the
floor of the chamber. The cells were cultured for 24 h, and the bottom cells were fixed with paraformaldehyde (4 %) and dyed with
crystal violet dye (0.1 %) (Solarbio, Beijing, China). Stained cells were observed using an inverted microscope.

2.6. Soft agar assay

CRL-1623 cells were treated with MT (0, 0.5, 1, and 2.5 mmol/L) for 24 h, and 0.5 % of the basal agar solution preheated to 37 °C
was added to the six-well plates and solidified at 4 °C for 2 h. Pre-treated CRL-1623 cells (1 x 103), 0.35 % agar solution at 37 °C, and
DMEM were added to the solidified basal agar. After the upper agar solution was solidified, it was cultured at 37 °C in 5 % CO2, for 21
days. After 21 days, the cells were fixed with paraformaldehyde (4 %) and dyed with crystal violet dye (0.1 %). The stained cells were
counted using an inverted microscope and ImageJ software.

2.7. Cell apoptosis analysis

CRL-1623 cells were treated with MT at (0, 0.5, 1, and 2.5 mmol/L) for 24 h and washed twice with PBS. The cells were collected
and incubated according to the instructions of the AnnexinV-FITC/PI kit (Beyotime, Shanghai, China, Cat No. C1062L). Flow
cytometry (CytoFLEX, Beckman Coulter biotechnology (Suzhou)) was used for cell fluorescence analysis.

2.8. Real-time quantitative PCR

CRL-1623 cells were treated with MT at (0, 0.5, 1, and 2.5 mmol/L) for 24 h. The TRIzol method was used to extract total RNA.
cDNA was synthesized using the BioRT cDNA (Bioer Technology, Hangzhou, China) first-strand synthesis kit according to the man-
ufacturer’s instructions. The BioEasy SYBR Green I Real-time PCR kit (Beijing Tiangen) was used for quantitative PCR (qPCR). The
qPCR experimental conditions were 95 °C for 3 min, then denaturation at 95 °C for 10 s and annealing at 60 °C for 15 s, followed by an
extension at 72 °C for 30 s. Thus, there was a total of 40 denaturation cycles. GAPDH was used as the internal control. The primer
sequences used for RT-qPCR are in Table S1. The mRNA expression of related genes was detected using the 2-2Tmethod.

2.9. Western blots

CRL-1623 cells were treated with MT (0, 0.5, 1, 2.5 mmol/L) for 24 h, extracted with Beyotime protein extraction buffer, and
quantitatively analyzed using the BCA protein analysis kit (Dalian Meilun, China). Then, 10 % sodium dodecyl sulfate-polyacrylamide
gel electrophoresis was applied to separate the proteins, which were transferred to a polyvinylidene membrane. The membranes were
then sealed with skim milk (5 %) powder and washed with TBST (Tris buffered salt solution with 0.1 % Tween-20). The membranes
were incubated overnight with primary antibodies, including anti-cyclin B1 (ab32053, Abcam, Cambridge, MA, USA), anti-P21
(ab109520, Abcam), anti-p-actin (ab8226, Abcam), anti-Zebl (ab203829, Abcam), anti-c-myc (ab32072, Abcam), anti-p-catenin
(ab32572, Abcam), anti-Wnt5A/B (55184-1-AP, Proteintech, Wuhan, China), anti-LC3 (ab62721, Abcam), anti-BAP31 (ab109304,
Abcam), anti-Beclinl (ab302669, Abcam), anti-BiP (ab21685, Abcam), anti-P62 (ab207305, Abcam), anti-p-c-myc (28915-1-AP,
Proteintech), anti-E-cadherin (60335-1-Ig, Proteintech), anti-Bax (50599-2-1g, Proteintech), anti-Bcl-2 (26593-1-AP, Proteintech),
anti-IREla (27528-1-AP, Proteintech), anti-CHOP (15204-1-AP, Proteintech) and anti-GAPDH (MB9231, Bioworld, Beijing, China),
then incubated for 2 h with affinity-purified goat IgG (Boster, Guangzhou, China) coupled with horseradish peroxidase (HRP), and
finally, developed with ECL SuperSignal (Pierce, Rockford, IL, USA). Grayscale analysis of the protein bands was performed using
ImageJ.

2.10. Staining of autophagic structures

DALGreen and DAPRed (Dojindo Molecular Technologies, Kumamoto, Japan) were used according to the supplier’s protocol as
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described below. The CRL-1623 cells were preincubated in a culture medium containing 1 pyM DALGreen and 0.1 pM DAPRed for 30
min. After washing out the staining medium, the cells were treated with various concentrations of MT (0, 0.5, 1, and 2.5 mmol/L) for
48 h. Subsequently, fluorescence images were captured using a fluorescence microscope under identical conditions (same laser power
and detector gains). The method was adapted from previously published research and has been appropriately cited in our study [30].

2.11. Animals and animal care

Ten 8-week-old nude mice (Control and experimental groups: three females, two males, about 20-25 g) were supplied by the
Experimental Animal Center of Jilin University (No. SY202109003). The nude mice were grouped in laboratory cages and raised in
specific-pathogen-free living conditions at 24 °C, relative humidity of 50-60 %, and 12 h light and dark cycles. The nude mice were
provided with national standard rodent food and water. All of the nude mice were in good health and uninfected throughout the
experiment. All surgeries were performed under germ-free conditions. Each nude mice were injected subcutaneously with CRL-1623
cells (8 x 10%/200 pL) on the left side of the axilla. The general condition and tumor growth of the nude mice were observed once a day.
After 10 days, the general condition of the nude mice was observed to be good, no death occurred, and the tumor volume was between
60 and 100 mm®, not more than 150 mm>. The nude mice did not show serious weight loss, no voluntary diet, infection, systemic organ
failure, or tumor rupture. If the above conditions occurred, euthanasia should be performed promptly. Under general anesthesia (0.41
ml/min at 4 L/min Fresh gas flow), MT was injected intraperitoneally every two days, and melatonin was administered 1 h before the
rise in endogenous melatonin levels at night (1 h before the room lighting was switched off), when tissues are most sensitive to the
hormone [31]. In the experimental group, mice were intraperitoneally injected with a melatonin solution prepared in DMSO, which
was originally concentrated 20 times and diluted to 75 mg/kg with saline before use. In the control group, mice were injected
intraperitoneally with the same solution without melatonin. The nude mice were observed daily for systemic conditions, with no
abnormalities noted. After 9 days no dead nude mice were found, the nude mice were placed in a small animal anesthesia chamber and
given isoflurane for general anesthesia (0.41 ml/min at 4 L/min Fresh gas flow). The nude mice were anesthetized and dislocated at the
cervical spine and executed. It was confirmed that the nude mice had no respiration, pulse, no heartbeat for more than 5 min by
touching the heart part of the chest, the corneal reflex disappeared, the pupils were dilated, and the nerve reflex disappeared. After
confirming the death of the nude mice, the nude mice were dissected and tumor data were recorded. The tumor volume was calculated
based on the recorded length (L) and width (W) of the tumor (L x w2/2) [3]. Length represents the longest diameter of the tumor,
while Width represents the perpendicular diameter of the tumor. The tumor volume and weight were then analyzed. The bodies were
packed and sealed in special bags, and then placed in the designated freezers in the laboratory animal center for centralized frozen
storage.
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Fig. 1. (A) Effect of MT on cell proliferation. CRL-1623, CAL-27 and SCC9 cells were treated with different concentrations of MT and cell viability
was assayed at different time points using CCK-8 assay. The results showed that MT had a dose-dependent inhibitory effect on the growth of the
three TSCC cells. (B) CRL-1623 cells were treated with different concentrations of MT and analyzed by Western blot to assess the expression of
Cyclin B1 and P21 protein. The bar graph shows the results of quantitative Western blot analysis. Non-adjusted images for Western blot are included
as Supplementary Material. (C) CRL-1623 cells were treated with different concentrations of MT and RT-qPCR analysis was performed to assess P21
mRNA levels. (D) CRL-1623 cells were treated with different concentrations of MT and analyzed by Western blot to assess the expression of P16
protein, and the bar graph shows the results of quantitative Western blotting analysis. Non-adjusted images for Western blot are included as
Supplementary Material. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. 0 mmol/L.
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2.12. Statistical analysis

Differences in data across experimental groups were assessed using the One-way ANOVA. Unpaired Student’s t-test was used to
analyze the tumor volume and weight of mice. Statistical analyses were performed using GraphPad Prism software (GraphPad Soft-
ware, Inc). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 were considered to be statistically significant.

3. Results
3.1. MT suppresses the proliferation of TSCC cells

The CCK-8 assay was used to analyze the effect of MT on the proliferation of TSCC cells. Three types of TSCC cells (CRL-1623, CAL-
27, and SCC-9) were treated with MT (0, 0.5, 1, 2.5, and 5 mmol/L) for 0, 24, 48, and 72 h. The results shown in Fig. 1A demonstrate
that 2.5 mmol/L MT was effective in inhibiting cell proliferation at 24 h. MT caused great toxicity to CAL-27 and SCC-9 cells at 24 h, so
CRL-1623 cells were selected for subsequent experiments. An MT concentration of 5 mmol/L was not chosen for subsequent exper-
iments due to toxicity.

Cell proliferation is closely related to cell cycles [32]. Cell cycle arrest can result in the prolongation of the cell growth cycle and the
slowing of cell proliferation [33]. CRL-1623 cells were treated with MT (0, 0.5, 1, and 2.5 mmol/L), and the protein expression levels of
cyclin B1 were analyzed to investigate the effect of MT on cell cycle distribution in CRL-1623 cells. As shown in Fig. 1B, 2.5 mmol/L MT
substantially downregulated cyclin B1 protein. Next, the expression of P21 protein was analyzed in CRL-1623 cells treated with MT.
Western blots and real-time qPCR (RT-qPCR) analysis demonstrated that 2.5 mmol/L MT could up-regulate P21 protein. Furthermore,
MT significantly promoted the expression level of P16 protein. These results indicate that MT can inhibit proliferation by blocking the
cell cycle (Fig. 1B, C, D and S1).

3.2. MT suppresses the migration of CRL-1623 cells

The metastasis rate of TSCC is high, so the role of MT in TSCC migration was investigated [34]. Transwell and wound healing assays
were used to determine changes in CRL-1623 cells migration after exposure to MT. CRL-1623 cells were treated with MT (0, 0.5, 1, and
2.5 mmol/L) for 24 h to determine changes in cell migration. The results in Fig. 2A and B shows that 2.5 mmol/L MT substantially
inhibited the migration of CRL-1623 cells. In the wound healing assay, CRL-1623 cells were treated with MT (0, 0.5, 1, and 2.5
mmol/L) for 24 h, and the migratory ability of CRL-1623 cells was analyzed at 0, 24, and 48 h. As shown in Fig. 2C-D and S2, at 48 h,
2.5 mmol/L MT effectively inhibited the migratory ability of CRL-1623 cells.

Some genes related to cell migration (Zeb1, Wnt5A/B, B-catenin, c-myc, p-c-myc, and E-cadherin) were analyzed to further explore
the mechanism of action of MT on the migration of CRL-1623 cells. The results in Fig. 3A show that MT could promote the expression of
E-cadherin protein. Zebl, Wnt5A/B, and f-catenin decreased substantially after treatment with 2.5 mmol/L MT (Fig. 3B-C, E). c-Myc
and p-c-myc, the target genes of Wnt/B-catenin signal transduction, also decreased (Fig. 3D and E). Furtherly, we assayed the
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Fig. 2. (A-D) The effect of MT on cell migration. (A-B) CRL-1623 cells were treated with different concentrations of MT and then analyzed by
Transwell assay. The bar graph shows the number of migrated cells. (C-D) Wound healing assay was performed after treatment of CRL-1623 cells
with different concentrations of MT; the bar graph is quantitative analysis of wound healing area. *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. 0
mmol/L.



H. Liu et al. Heliyon 10 (2024) e29291

expression of MMP9 protein and found that MT had no effect on MMP9 protein (Fig. S3). These results suggest that 2.5 mmol/L
inhibited the migration of CRL-1623 cells.

3.3. MT induces the death of CRL-1623 cells

This study analyzed changes in the apoptosis of CRL-1623 cells after MT treatment. As shown in Fig. 4A and B, MT substantially
induced the apoptosis of CRL-1623 cells in a dose-dependent manner. RT-qPCR and Western blot analyses were performed to
investigate the expression pattern of apoptosis-related genes to further investigate the mechanism of action of MT on the apoptosis of
CRL-1623 cells. The results in Fig. 4C-H shows that treatment with different concentrations of MT (0, 0.5, 1, and 2.5 mmol/L),
increased HRK, TNFRSF10A, and TNFRSF10B, and the Bax/Bcl2 protein ratio was also up-regulated. This indicates that MT could
induce apoptosis in CRL-1623 cells.

As MT may act similarly to the mTOR inhibitor rapamycin, we first verified the effect of rapamycin on CRL-1623 cells. CRL-1623
cells were processed with rapamycin at different concentrations (0, 50, 100, 200, 500, 1000 nmol/L) of rapamycin for 24 h, and
changes in Beclinl and LC3 proteins in the cells were analyzed. The results suggested that rapamycin promoted the expression of
Beclinl and LC3, which indicated that rapamycin might induce cellular autophagy (Fig. 5A and B). BAP31 and Bip were also increased,
which suggested that rapamycin might cause endoplasmic reticulum (ER) stress (Fig. 5C and D). Subsequently, to determine whether
MT induced autophagy in CRL-1623 cells, we further analyzed the expression of autophagy-related genes. As shown in Fig. 5E-1, the
expression of autophagy-related genes LC3 and Beclinl were up-regulated after MT treatment (0, 0.5, 1, and 2.5 mmol/L), whereas the
protein level of p62 was decreased, indicating that MT could induce autophagy and lead to CRL-1623 cell death. To further verify
whether MT induced autophagy, we detected the occurrence of autophagic flux by two novel probes DAL Green and DAPRed (Fig. S4).
As shown in Fig. S4, CRL-1623 cells treated with different concentrations MT were co-cultured with DALGreen and DAPRed probes,
respectively, and subsequently an increase in the signal intensity of DALGreen and DAPRed was observed under fluorescence mi-
croscope with the increase of MT concentration, which suggests that MT effectively promotes autophagic flux in CRL-1623 cells. The
above results suggest that MT could induce apoptosis and autophagy in CRL-1623 cells, leading to cell death. As rapamycin induced ER
stress, we further analyzed whether MT induced ER stress.
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Fig. 3. (A) Western Blot was performed to analyze the expression of E-cadherin protein after treatment of CRL-1623 cells with different concen-
trations of MT; the bar graph shows the quantitative analysis of E-cadherin protein. Non-adjusted images for Western blot are included as Sup-
plementary Material. (B-E) Western Blot analysis of the expression of cell migration-related proteins after treatment of CRL-1623 cells with different
concentrations of MT, and the bar graphs show the quantitative analysis of these proteins. Non-adjusted images for Western blot are included as
Supplementary Material. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 mmol/L.
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Fig. 4. (A) Effect of MT on apoptosis. The effect of MT on CRL-1623 cell apoptosis was analyzed by flow cytometry after treating CRL-1623 cells
with different concentrations of MT. (B) Apoptosis rate of CRL-1623 cells represented in a bar graph. (C-E) RT-qPCR experiments were conducted to
quantify the mRNA expression levels of HRK, TNFRSF10A, and TNFRSF10B in CRL-1623 cells following treatment with different concentrations of
MT. (F-H) Western Blot analysis was performed to evaluate the expression levels of Bax and Bcl-2 proteins in CRL-1623 cells treated with varying
concentrations of MT. The bar graph depicts the quantitative analysis of the Bax/Bcl-2 protein ratio. Non-adjusted images for Western blot are
included as Supplementary Material. *P < 0.05, ***P < 0.001 vs. 0 mmol/L.

3.4. MT induces endoplasmic reticulum stress in TSCC cells

ER stress can induce cell death [35]. As previous studies showed that MT could induce the death of TSCC cells, we analyzed whether
it could induce ER stress. ATF4, ATF6, Bip, BAP31, and CHOP were analyzed to determine whether MT could induce ER stress in
CRL-1623 cells (Fig. 6A-B, D-E). Genes related to ER stress were increased after MT treatment (Fig. 6A-B, D-E). We also found that the
IRE1-a pathway, associated with ER stress, was activated (Fig. 6C). The results showed that MT might interfere with the homeostasis of
cells and induce the death of CRL-1623 cells.

3.5. MT changes the expression of IncRNAs in CRL-1623 cells

Epigenetics perform essential roles in tumor cells are vital parts of epigenetic modifications [36]. We screened six IncRNAs to reveal
the effect of MT on IncRNA. We analyzed the expression patterns of these IncRNAs in HNSCC using bioinformatics. MALATI1, H19,
TUGI1, and PTTG3P were up-regulated in cancer tissues, and there was a statistical difference in the expression level of TUGI.
DICER1-AS1 and GAS5 were significantly decreased (Fig. 7A). RT-qPCR was performed to analyze whether the expression levels of
IncRNAs changed in CRL-1623 cells treated with MT (Fig. 7B). The RT-qPCR results showed that MALAT1 and H19 IncRNAs were
decreased after treatment with MT (0, 0.5, 1, and 2.5 mmol/L), whereas DICER1-AS1 and GAS5 were increased. The effect was
strongest at 2.5 mmol/L MT. However, the expression levels of PTTG3P and TUG1 did not change. These results suggest that MT may
exert anti-tumor effects by regulating MALATI, DICER1-AS1, H19, and GASS5.

3.6. The anti-tumor effects of MT in vivo

CRL-1623 transplantation tumor models were established in nude mice to analyze the inhibitory effect of MT on CRL-1623 in vivo.
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MT was injected intraperitoneally (75 mg/kg/2d) ten days after model establishment when the tumor volume reached 60-100 mm?
(Fig. 8A). The results show that tumor weight and volume were significantly reduced after MT treatment and suggest that MT could
inhibit tumor growth in vivo (Fig. 8B-D).

4. Discussion

Chemotherapy is usually used to prolong the survival of patients with advanced TSCC [37]. Nevertheless, resistance to chemo-
therapy usually appears during treatment and leads to more aggressive tumor behaviors and poor prognosis [37,38]. Chemotherapy
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resistance is still one of the major barriers to the clinical treatment of TSCC(38). Therefore, the search for less toxic natural alternatives
has become essential. MT is an indole compound shown to play a role in a variety of cancers [7]. Although MT has been associated with
excessive sedation, drowsiness, dizziness, nausea, and fatigue in patients [39,40], the combination of MT with chemotherapy drugs or
radiotherapy could reduce the side effects of radiotherapy or chemotherapy and improve treatment efficacy [41,42]. MT was previ-
ously suggested to promote the mitochondrial function of TSCC cells and enhance their sensitivity to cisplatin and radiation [43,44].
MT was also reported to inhibit folate metabolism and the progression of HNSCC(44). Our study suggested that MT could inhibit cell
growth and metastasis and induce autophagy and apoptosis. Thus, the results showed that MT exerted a certain inhibitory effect on
CRL-1623 cells (Fig. 9). The previous reports suggested that mice injected with 2 g/kg and 4 g/kg DMSO intraperitoneally did not show
any toxic effects [45]. However, toxic effects were observed when the DMSO dose reached 8 g/kg [45]. The MT concentration chosen
for our experiments does not produce any toxic effects in mice.

Cell death is critical for maintaining homeostasis [46] and the progression of cancer [47]. One of the characteristics of cancer cells
is resistance to death. Apoptosis and autophagic death are the classical forms of cell death [48]. The exogenous death receptor and
intrinsic mitochondrial pathways are the core pathways of cell apoptosis [49]. Exogenous pathways are initiated by tumor necrosis
factor receptors (TNFRs), Fas (CD95/Apol), and TNF-associated apoptosis-inducing ligand receptors (TRAILRs), which are death
receptors [50]. Intrinsic apoptotic pathways are regulated by proteins in the Bcl-2 family, including pro-apoptotic members (Bax, Bak,
Bad, Bcl-Xs, BID, Bik, Bim, HRK, Noxa, and PUMA) and anti-apoptotic members (Bcl-2, Bcl-Xl, Bcl-W, Bcl-1, and MCL-1) [51]. As the
results showed, MT promoted HRK, TNFRSF10A, and TNFRSF10B and increased the BAX/BCL-2 ratio. This suggests that MT might
induce CRL-1623 cell apoptosis through both the intrinsic mitochondrial pathway and exogenous pathways. Autophagy was initially
thought to be a cell survival mechanism [52,53]. However, recent studies suggested that it mediates cell death [52,53]. Autophagy is a
catabolic process in cells that aim to degrade and recover cytoplasmic or aggregated proteins and defective organelles [54] and is also a
critical process in tumor cells [55]. Beclinl and LC3 are markers of autophagy, and the p62 protein is the substrate of autophagy. When
autophagy is active, the expression of Beclinl and LC3 is up-regulated, whereas the expression of p62 is decreased [56]. In this study,
we found that MT could up-regulate the autophagy-related genes Beclinl and LC3 and decrease the expression level of p62 protein in
CRL-1623 cells, indicating that MT could induce autophagy and trigger cell death in CRL-1623 cells. Furthermore, a previous study
demonstrated that PI3K/AKT/mTOR signaling was closely associated with the progression of head and neck squamous cell carcinoma
(HNSCC) [57]. The mTOR inhibitor rapamycin targets the mTOR signaling pathway, and MT was found to work by regulating the
PI3K/AKT/mTOR signaling pathway to inhibit tumor growth [58]. Therefore, we validated the role of MT with the aid of rapamycin.
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Fig. 7. MT alters the expression levels of LncRNAs in cells. (A) Bioinformatics analysis of LncRNAs in HNSCC. Six LncRNAs were selected to analyze
their expression levels in HNSCC by bioinformatics. (B) The expression of the LncRNAs was analyzed by RT-qPCR assay after treating CRL-1623 cells
with different concentrations of MT. The bar graph shows the mRNA quantification of the LncRNAs. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0
mmol/L.

Apoptosis and autophagy are influenced by multiple factors, such as ER stress and epigenetic modification [59-62]. ER is an
important organelle in eukaryotic cells and plays critical roles [24] by participating in many biological processes, including protein
synthesis and calcium homeostasis [63]. ER is also involved in some other intracellular regulatory pathways, such as autophagy,
apoptosis, and inflammation [64]. The unfolded protein response (UPR) is a stress response to protect cells from stimulation, leading to
the accumulation of many immature proteins after ER environment damage [64]. ER stress plays a dual role in tumor cells [65,66]. In
the short term, the occurrence of UPR helps cancer cells to adapt to the anoxic environment, leading to the rapid growth of tumor cells.
However, long-term UPR leads to toxic effects and induces apoptosis [64]. The long-term activation of UPR was reported to induce cell
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apoptosis and autophagy, leading to cell death [54,67]. Our studies showed that MT induced ER stress by up-regulating the expression
of ATF4, ATF6, Bip, BAP31, and CHOP and activating the IRE1-a pathway in CRL-1623 cells.

LncRNAs have been proven to function in various cancers [68]. MALAT1 expression was elevated in oral squamous cell carcinoma
(OSCC) and promoted proliferation and metastasis [69]. Knocking down MALAT1 interfered with intracellular homeostasis, promoted
ER stress, induced autophagy and apoptosis, and blocked the cell cycle [69,70].The expression of H19 was increased in TSCC and
facilitated invasion and migration via miR-let-7(70). TUG1 promoted the invasion and migration of liver cancer cells [71]. PTTG3P
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promoted invasion, migration, and the proliferation of hepatocellular carcinoma in vitro [72]. DICER1-AS1 expression was decreased in
multidrug-resistant osteosarcoma cells and was involved in the mechanism of drug resistance [73]. GAS5 was expressed at low levels in
laryngeal squamous cell carcinoma, and the high expression of GAS5 promoted autophagy [74]. In our study, the expression of
MALAT1I decreased, while the expression of GAS5 increased in CRL-1623 cells treated with MT.

In summary, this study successfully unveils the significant anti-cancer properties of MT through in vitro experimentation. We
investigated the effects of MT on CRL-1623 cells, particularly its ability to stimulate ER stress responses through BAP31, IRE1la, CHOP,
and BIP. Additionally, we discovered that MT activates apoptotic and autophagic pathways involving bax, bcl-2, LC3, beclin-1, and
p62. MT also upregulated the expression of DICER1-AS1 and GAS5, and downregulated MALAT1 and H19. Combined with preliminary
in vivo experimental results, our findings lay a foundation for further exploration of MT’s potential in the treatment of TSCC. The
encouraging outcomes of our study suggest that MT, as a natural compound, holds significant value for further research in the
treatment of TSCC.
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