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Metallothioneins (MTs) are a class of cysteine-rich proteins that actively participate in the cellular 
defense against free radicals. However, owing to the high heterogeneity among different MTs, 
comprehensive investigations are needed to determine the biological activities and distribution 
patterns of each MT in different tissues. In the present study, ectopic expression of MT1H significantly 
inhibited the proliferation of gastric cancer cells. Mechanistically, MT1H was transported into 
the nucleus and regulated the expression of key genes involved in nutrient transportation and 
homeostasis, such as SLC6A19, TTC39B, and ADM2, and thereby activating the p53 and autophagy 
pathways. Additionally, survival analysis of data from the TCGA and other databases revealed that 
gastric cancer patients with high expression of MT1H had longer survival. Furthermore, MT1H 
was undetectable in most gastric cell lines, but its expression was increased upon treatment with 
dexamethasone (Dexa) and the metal ion zinc. Therefore, MT1H emerges as a valuable tumor 
suppressor, a biomarker for the prognosis, and a promising therapeutic target in gastric cancer 
patients.
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MTs are a class of cysteine-rich proteins that bind various metal ions1. They not only enhance the cellular defense 
against free radicals but also participate in metal ion-related events, ranging from detoxification to homeostasis, 
storage, and transfer of metal ions2,3. MTs consist of four major subtypes: MT1, MT2, MT3, and MT44. MT1 
and MT2 are ubiquitously expressed across tissues in response to excessive metal ions and oxidative stress6. In 
contrast, MT3 is constitutively expressed in the central nervous system2,7, and MT4 is prominently expressed in 
proliferative stratified epithelial tissues8. Notably, the primate MT1 family comprises 13 unique isoforms (MT1A 
to MT1J, MT1L, MT1M, and MT1X), which introduce significant complexity in delineating the biological roles 
of individual MT isoforms in humans9.

Increasing evidence shows that MTs play a pivotal role in tumor formation, progression, and drug resistance 
by regulating apoptosis, proliferation, angiogenesis, and the detoxification of heavy metals4,10,11. Furthermore, 
MTs are not universally expressed in human tumors but dependent on various factors, such as tumor type, 
stage, or cellular origin12. For example, MT1G inhibits the growth of thyroid tumors by regulating the PI3K/
Akt and Rb/E2F pathways13,14. MT1H is downregulated and associated with poor outcomes in prostate cancer 
patients15. In our current study, we found that MT1H suppresses tumor growth via p53 cell cycle arrest in gastric 
cancer. Mechanistically, MT1H affected the expression of key genes in nutrient homeostasis and resulted in the 
activation of p53-dependent autophagy pathways. In the patients with gastric cancer, high-MT1H is correlated 
with a longer survival time. But MT1H was generally downregulated in tumor tissue when compared to normal 
tissue. Interestingly, treatment with Dexa and zinc significantly induced the expression of MT1H in gastric 
cancer cells, thus giving a clue for the combination of MT1H inducers and the anti-tumor agents that are 
conventionally used in clinical practice.
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Results
MT1H is a unique primate metallothionein
MT1H is one of the arrayed duplicate MT1 genes9 and exists only in primates but not in other organisms. 
In humans, the MT1H gene is located on chromosome 16 and encodes a small protein of 61 amino acids, 
which contains a high content of cystines (Fig. 1A-C). Structural analysis revealed that MT1H is evolutionarily 
conserved, and its amino acid sequence is highly similar to that of other MT1s (Fig. 1D, E). Based on these 
findings, we speculated that MT1H has basic functions similar to those of other MTs, such as metal binding 
and antioxidant activity, and that MT1H participates in additional distinct biological processes due to peptide 
sequence variation.

MT1H is a tumor suppressor in gastric cancer
SGC-7901 and ASG, derived from gastric adenocarcinoma patients, are two cell lines widely used to study 
the biological behaviors and signaling pathways of gastric cancer, such as tumorigenesis, metastasis, and 
chemoresistance. To test whether MT1H affects the viability of gastric cancer cells, we created SGC-7901-tetO-
MT1H-OV and AGS-tetO-MT1H-OV cells and thus achieved a doxycycline (Dox)-induced expression of MT1H 
(Fig. 2A, B). We found MT1H caused a significant decrease of cell number coupled with morphological changes 
(Fig.  2C). Consistently, ATP-based Cell Titer and dehydrogenase-based CCK-8 assays revealed a declined 
viability in MT1H-expressing cells (Fig. 2D, E). In mice, SGC-7901 xenografts overexpressing MT1H exhibited 
a significant reduction in tumor growth (Fig.  2F-I). Next, we analyzed the cell cycle and apoptosis via flow 
cytometry to determine the biological processes affected by MT1H. We found that MT1H caused a reduction in 
the number of cells in the S/G2 phase and subsequent cell cycle arrest (Fig. 3A). No changes in apoptosis were 
observed between MT1H-overexpressing cells and control cells (Fig. 3B). These findings suggest that MT1H 
suppresses tumor growth via cell cycle arrest. We next aimed to elucidate the underlying mechanisms behind the 
tumor suppressor function of MT1H in gastric cancer.

Functional enrichment analysis of differentially expressed genes in MT1H-overexpressing 
cells
Transcriptionally regulating survival signaling is an important mechanism through which tumor suppressors 
exert their functions, such as p5316, Rb17. Interestingly, our subcellular fractionation assay revealed the 
localization of MT1H in both the cytoplasm and nucleus (Fig.  4A), a feature of transcription factors18–22. 
Together with the knowledge that the transcription factor activity is generally subject to the accessibility of the 
metal ion zinc23–26, we hypothesized that the metal-binding protein MT1H directly or indirectly regulates gene 
transcription. To determine this, a transcriptome analysis was performed in SGC-7901-tetO-MT1H-OV cells via 
bulk mRNA sequencing (RNA-Seq) (Fig. 4B). We identified 517 differentially expressed genes caused by MT1H 
overexpression (MT1H-DEGs) (Fig. 4C). First, MT1H-DEGs were shown in volcano plot and heat map, where 
the top ten upregulated and downregulated of them were annotated to ‌decipher MT’s anti-tumor function. 
(Fig.  4D, E, and Suppl. Extended Table  1). Next, functional enrichment analyses were performed to further 
understand the functions of the MT1H-DEGs. COG function classification revealed that MT1H-DEGs were 
enriched in “Signal transduction mechanisms”, “Posttranslational modification, protein turnover, chaperones”, 
“Amino acid transport and metabolism”, “Inorganic ion transport and metabolism”, and “Lipid transport and 
metabolism” (Fig. 5A). KEGG indicated that MT1H-DEGs were enriched mainly in cancer-related pathways, 
particularly the PI3K-Akt signaling pathway (Fig.  5B, C). In GO enrichment analysis, MT1H-DEGs were 
significantly enriched in the terms “Response to hypoxia”, “metal ion binding” and “sarcomere” (Fig. 5D-F). 
These data suggest that MT1H plays a role in the regulation of energy metabolism, metal ion transport, and 
muscle movement.

MT1H activates p53-dependent autophagy
Among these MT1H-DEGs, just a few of them were highly regulated by MT1H, the expressions of which were 
changed more than two-fold by MT1H (Extended Table 1). We performed semiquantitative PCR (Semi-qPCR) 
to verify the top 4 downregulated and 4 upregulated MT1H-DEGs. The primers were designed to span introns 
to avoid interference from genome DNA (Extended Table  2). Agarose Gel analysis of semi-qPCR products 
revealed that SLC6A19 was downregulated and TUBB2B/TTC39B/ADM2/ATP1B2 were upregulated in 
MT1H-overexpressing cells (Fig. 6A). Next, information about these genes was collected from multiple sources, 
including UniProt, Protein Atlas, InterPro, GeneCards, STRING (v12.0), NCBI as well as the PubMed literature. 
SLC6A19 is a transmembrane protein that actively transports most neutral amino acids across the apical 
membrane of renal and intestinal epithelial cells in a sodium-dependent and chloride-independent manner27,28. 
By regulating amino acid availability, SLC6A19 could influence the activation of mTORC1 and autophagy29,30. 
TTC39B maintains cellular homeostasis via lipid-induced autophagy. Mechanistically, TTC39B promotes the 
ubiquitination and degradation of the oxysterol receptors LXR, the activation of which is associated with lipid 
metabolism and autophagic regulation, especially in the context of lipid or mitochondrial stress31. ADM2 is a 
member of the calcitonin gene-related peptide (CGRP)/calcitonin family of hormones that play a role in the 
regulation of food-water intake32. Mechanistically, ADM2 could regulate autophagic processes by activating 
the cAMP-dependent pathway or promoting the ubiquitination and degradation of LXR receptors32 under 
stress conditions, such as oxidative stress or nutrient deprivation33,34. Consistent with the crosstalk between 
nutrient signaling and autophagy35,36, we found that overexpressing MT1H in cells upregulated p53 and LC3B 
(Fig. 6B). Together with the knowledge of the KEGG pathway (Fig. 6C), we concluded that MT1H regulates the 
transcription of nutrient-related genes and subsequently results in p53-dependent autophagy (Fig. 6D).
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Fig. 1.   MT1H is a unique member of the metallothionein family in primates. (A) Illustration of the MT 
family in human and mouse. In mice, the family comprises four functionally active genes (MT1 to MT4). In 
humans, MT1 family harbors a single-copy of MT2, MT3 and MT4, and a tandemly duplicated array of the 
MT1 duplicates spanning about 66.6 Kb. Among MT1 genes, the active gene is marked with an arrow showing 
transcription direction, and the inactive gene is indicated by an asterisk. Numbers corresponding to gene sizes 
and intergenic regions are given in Kb. (B) MT1H structure was predicted by SWISS-MODEL56 (SMR, ​h​t​t​p​s​:​/​
/​s​w​i​s​s​m​o​d​e​l​.​e​x​p​a​s​y​.​o​r​g​​​​​)​. (C) MT1H structure was predicted by AlphaFold257 (https://alphafold.ebi.ac.uk) and 
represented using PyMOL software (Version 2.6.2, https://pymol.org). (D) MT1H among species was aligned 
using SnapGene-Smith-Waterman (Version 6.0.2). E, MT1H alignment among metallothionein family with 
SnapGene-MUSCLE (Version 6.0.2).
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MT1H is a favorable biomarker for the prognosis of gastric cancer
Next, to assess the correlation between MT1H expression and survival in gastric cancer patients, we performed 
survival analysis via the online tool Kaplan‒Meier (KM) plotter37,38. A total of 875 patients from GSE14210 
(n = 145), GSE15459 (n = 200), GSE22377 (n = 43), GSE29272 (n = 268), GSE51105 (n = 94), and GSE62254 
(n = 300) were included. The patients were split into two groups according to the median expression of MT1H. 
KM plot analysis revealed that patients in the MT1H-high group had a significantly longer median overall 
survival than those in the MT1H-low group (Fig. 7A). Interestingly, HER2 status affected the predictive efficiency 
of MT1H. The survival of patients in the HER2 (-) group, but not in the HER2 (+) group, was significantly 
associated with the expression of MT1H (Fig. 7B, C). Therefore, it is reasonable to conclude that MT1H is a 
favorable survival biomarker in HER2 (-) gastric cancer.
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MT1H is downregulated in gastric cancer and can be rescued by the treatment of Dexa and 
zinc
Dysregulation of MTs has been observed in many cancers, but each cancer exhibits a tissue-specific expression 
pattern10,39–41. To analyze MT1H expression in gastric cancer, we first searched the TNM plot platform and 
gathered patient data from the GEO, GTex, TCGA, and TARGET databases42. RNA-Seq analysis indicated that 
MT1H was downregulated in gastric cancer (Fig. 8A), which was further confirmed via data from gene chips 
(Fig. 8B). Moreover, both TNM plot and GEPIA43 showed downregulation of MT1H in the cancers that are 
derived from other parts of the digestive system (Fig. 8C, D). Consistent with these findings, we found that the 
gastric cancer cell lines presented very low expression of MT1H (Fig. 9A, B).

To pharmaceutically restore MT1H expression in gastric cancer cells, we screened the literature and 
identified several candidate inducers of MT1H, including Dexa, cisplatin, zinc (Zn2+), copper (Cu2+) and iron 
(Fe2+). Gastric cells were treated with these candidates and subjected to a semi-qPCR assay. We found that 
Dexa/Cisplatin/zinc significantly induced the expression of MT1H (Fig. 9C-E), whereas copper/iron had no or 
negligible effects on MT1H expression (Fig. 9F, G). These findings give us a clue that adjuvant treatment with 
glucocorticoids or zinc may suppress tumor growth by upregulating MT1H during conventional anti-cancer 
interventions.

Discussion
The digestive system is the primary site for mineral absorption44. Increasing evidence suggests the contribution of 
dysregulated nutrient signaling to the tumorigenesis of the digestive system44,45. MTs, first identified in the horse 
kidney in 195746, participate in metal metabolism, detoxification, and antioxidant processes through binding 
metal ions, such as zinc, copper, cadmium, etc47. The involvement of MTs in tumorigenesis is documented in 
various human cancers derived from the digestive system4,10. For example, Zheng et al. showed that MT1H 
suppresses the proliferation of hepatocellular cancer (HCC) cells by inhibiting the Wnt/β-catenin pathway48. 
Hung et al. demonstrated that the simultaneous downregulation of six MT1 genes occurs in colorectal cancer 
(CRC), and the four-gene signature (MT1F, MT1G, MT1L, and MT1X) can accurately predict clinical outcomes 
of CRC patients49. Liu et al. further revealed that MT2A suppresses CRC cell proliferation by inhibiting the 
Hippo signaling pathway50. In this study, we demonstrated that MT1H functioned as a tumor suppressor in 
gastric cancer cells. Mechanistically, MT1H translocated into the nucleus and modulated the expression of key 
genes involved in nutrient homeostasis, leading to the activation of p53-dependent autophagy and cell cycle 
arrest.

Given that MT1H is downregulated in gastric cancer, it is plausible that enhancing its expression could 
suppress tumor growth. We observed that dexamethasone (Dexa) and zinc robustly induced MT1H expression 
in gastric cancer cells. Consequently, the clinical application of glucocorticoids and zinc as adjuvant therapy 
may offer therapeutic benefits for gastric cancer patients. Of course, studies assessing the pharmacokinetics 
and toxicity profiles of MT1H-targeting drugs in preclinical animal models will be crucial before advancing 
to clinical trials. The role of MT1H in cisplatin-based chemotherapy, however, remains controversial. While 
cisplatin-induced MT1H could inhibit tumor growth via its tumor-suppressive activity, it may simultaneously 
bind and inactivate cisplatin through its metal-binding capacity, thereby potentiating cisplatin resistance 
in gastric cancer. To resolve this paradox, further studies using MT1H-knockout cells or MT1H-transgenic 
models are warranted51,52. Additional experiments are also needed to explore the combinatorial effects of MT1H 
inducers and conventional anti-tumor agents both in vitro and in vivo.

The discovery of novel biomarkers is one of the ideal destinations for medical study. Tumor-specific or tumor-
related biomarkers themselves or combined with others provide promising direction, such as KMT2A-G3131S 
for familial myeloproliferative neoplasms53, GNL3L for acute myeloid leukemia54. In our study, the median 
overall survival (mOS) of gastric cancer patients is positively correlated with MT1H expression, suggesting its 
potential as a biomarker for predicting patient outcomes. Nonetheless, MT1H is neither a secretory protein nor 
a membrane protein, and the high homology among MMT subtypes makes it challenging to produce MT1H-

Fig. 2.   MT1H suppresses tumorigenic activities of both gastric cancer and liver cancer cells. (A) Tetracycline 
on (TetOn) system uses tetracycline (or one of its analogs like doxycycline) as a regulator of gene expression. 
Tetracycline-dependent promoter is created by placing a TRE upstream of a minimal promoter. TRE is 
7 repeats of tetracycline operator (tetO) sequence and is recognized by reverse tetracycline-controlled 
transactivator (rtTA). In the presence of tetracycline or one of its analogs like doxycycline (Dox), rtTA will 
bind to tetracycline and the TRE, permitting transcription. (B) Cells were transduced to express tetO-RFP or 
tetO-MT1H. To verify MT1H expression, cells were treated with Dox (2 µg/ml). 24 h later, cells were harvested 
and subjected to semi-qPCR assay. (C) Morphological changes by MT1H. Number of the cells expressing tetO-
RFP or tetO-MT1H was measured, and 1 × 105 cells were seeded into 6-well plate. Dox (2 µg/ml) was added 
to induce the expression of RFP or MT1H. 7 days later, images were taken to observe cells` morphological 
changes. (D) 1 × 102 of the cells expressing tetO-RFP or tetO-MT1H were seeded into 96-well plate. 7 days 
after Dox treatment, cells were subjected to ATP-based cell viability assay. (E) Similar to (D), except that cells 
were subjected to CCK-8 assay. (F) Tumor growth curve was measured after subcutaneous injection of RFP 
and SGC7901-MT1H. The tumor volume was calculated every 5 days. The error line represents the standard 
deviation. (G) Comparison of tumor volume between SGC7901-RFP and SGC7901-MT1H implanted in mice 
on day 25. (H) Comparison of tumor weight between SGC7901-RFP and SGC7901-MT1H implanted in mice 
on day 25. (I) Photos of the dissected tumors from nude mice. In F-I, the error bar represents the standard 
deviation (n = 5).
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specific antibodies. Therefore, conventional methods, including flow cytometry, immunohistochemistry, and 
serological testing, are unsuitable for MT1H detection. Currently, the most feasible method is to detect the mRNA 
level of MT1H in tumor tissue through quantitative PCR or RNA-Seq. Besides, MT1H was downregulated not 
only in gastric cancer but also in cancers from other parts of the digestive system (shown in Fig. 8), making it 
difficult to determine the source of cancer cells merely based on MT1H expression. Therefore, integrating MT1H 
status with other biomarkers should always be considered. For example, RNA chips can be designed to combine 
MT1H and other novel biomarkers that cannot be detected through conventional methods.

Fig. 3.  MT1H induces cell cycle arrest in gastric cancer cells. (A) 1 × 105 cells were seeded into 6-well plate. 
Dox (2 µg/ml) was added to induce the expression of RFP or MT1H. 3 days after Dox treatment, the cells 
were subjected to cell cycle analysis. (B) 1 × 105 cells were seeded into 6-well plate. Dox (2 µg/ml) was added to 
induce the expression of RFP or MT1H. 3 days after Dox treatment, the cells were harvested and subjected to 
apoptosis analysis using Annexin V/PI double staining kit. 
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Methods
Data reporting
No statistical methods were used to predetermine the sample size. The experiments were not randomized. 
Investigators were not blinded for allocation during the experiments or outcome assessment.

Fig. 4.  RNA-seq identifies the DEGs regulated by MT1H. (A) Subcellular Fractionation. SGC-7901 
cells transfected with MT1H were fractionated using Thermo Fisher Subcellular Fractionation Kit and 
immunoblotted with indicated antibodies. The proteins with clear subcellular distribution, including GAPDH, 
NA/K-ATPase ⍺1, and LSD1, were used as fractionation indicators. 10% WCL was included as input control. 
(B) Experimental procedure of RNA-Seq analysis. (C) Bar plot of MT1H-DEGs. To quantify gene expression 
levels, expression levels were estimated as fragments per kilobase of transcript per million fragments mapped. 
Differential expression analysis of two conditions/groups was performed via DESeq2 (Version 1.30.1). The 
resulting P values were adjusted via Benjamini and Hochberg’s approach for controlling the false discovery 
rate. Genes with an adjusted P value < 0.01 and a fold change ≥ 2 were considered differentially expressed. 
Blue represents all differentially expressed genes. Orange represents upregulated genes. Green represents 
downregulated genes. (D) MT1H-DEGs were shown in the volcano plot. Each point in the volcano plot 
represents a gene, with the x-axis representing the logarithmic value of the fold change in gene expression 
between two groups, and the y-axis representing the negative logarithmic value of the statistical significance 
of gene expression changes. The larger the absolute value on the x-axis, the greater the difference in expression 
levels between the two samples; the larger the value on the y-axis, the more significant the differential 
expression, and the more reliable the selected differentially expressed genes. The blue points in the plot 
represent downregulated differentially expressed genes, the red points represent upregulated differentially 
expressed genes, and the gray points represent non-differentially expressed genes. The top ten downregulated 
and upregulated MT1H-DEGs were annotated. (E) Heat map of top ten downregulated and upregulated 
MT1H-DEGs. Data conversion with Z-score normalization and archival Clustering were performed to ensure 
effective comparison and visualization of data between different samples or genes. The x-axis represents the 
sample names and the clustering results of the samples, while the y-axis represents the differentially expressed 
genes and the clustering results of the genes. Each column in the graph represents a different sample, and each 
row represents a different gene. The color represents the expression level of the gene in the sample (log10). 
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Ethics and consent to participate declarations
For the animal study, all methods were reviewed and approved by the Laboratory Animal Platform of Zhengzhou 
University (ZZU-LAC20240802[08]). All methods were carried out in accordance with relevant guidelines and 
regulations at Zhengzhou University. All methods are reported in accordance with ARRIVE guidelines. No 
human samples were used in this study.

Cell lines
The human immortalized gastric epithelial cell line GES-1, the human embryonic kidney epithelial cell line 
HEK293T, and the human gastric cancer cell lines AGS and SGC-7901 were purchased from the Chinese 
Academy of Sciences Shanghai Cell Bank (Shanghai, China). GES-1 and other cells were cultured in DMEM 
or RPMI 1640 (Gibco, Grand Island, NY, USA) media supplemented with 10% fetal bovine serum (Biological 
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Industries, Beit Haemek, Israel) and 5% CO2 in a 37 °C humidified incubator for cultivation. All the cells were 
cultured in clean and free medium from Mycoplasma or other infections.

Western blotting
The cells were lysed in 150 µL of RIPA buffer (Gibco). The protein samples were subjected to SDS‒PAGE and 
transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% nonfat milk 
for 1 h, followed by incubation with primary antibody (overnight at 4 °C) and secondary antibody (1 h at room 
temperature). The ECL (Thermo Fisher Scientific) mixture was added to the membrane, and the images were 
visualized, adjusted, and captured with the Bio-Rad ChemiDoc™ XRS + system (Bio-Rad, Hercules, CA, USA).

Antibodies and reagents
For immunoblotting, LSD1 (2184), NF-κB p65 (8242T), RelB (4922T), Erk1/2 (9102), p-Erk1/2 (Thr202/Tyr204) 
(C4370S), and the Human Reactive Cell Death and Autophagy Antibody Sampler Kit (42867) were purchased 
from Cell Signaling Technology. Anti-Flag (F1804) and anti-HA (H6908) antibodies were obtained from Sigma‒
Aldrich. Anti-Na+/K + ATPase α1 mouse (PTM-5533) was purchased from PTM Biolabs. Anti-His (66005-1), 
anti-GAPDH (600041-Ig), anti-mTOR (66888-1-Ig), anti-p-mTOR (67778-1-Ig) and anti-p53 (10442-1-AP) 
were purchased from Proteintech. Anti-β-actin (sc-47778) was purchased from Santa Cruz Biotechnology. 
β-catenin (ab2365) was purchased from Abcam.

Protease inhibitor (A32953), nuclear and cytoplasmic extraction kit (78833) and subcellular fractionation kit 
(78840) were purchased from Thermo Scientific. Phosphatase inhibitor (B15002) was purchased from Bimake. 
Annexin V-FITC/PI apoptosis kit (KGA107) was purchased from KeyGEN BioTECH. Cell cycle kit (C1052) 
was purchased from Beyotime BioTECH. Cisplatin (HY-17394) was purchased from MedChemExpress. ZnCl2 
(Z112532), CuCl2 (C106775), and FeCl2 (I106504) were purchased from Aladdin.

Semi-quantitative polymerase chain reaction (semi-qPCR)
To screen the inducers of MT1H expression, the cells were treated with the following conditions: Dexa (10 nM, 
100 nM; 4 h,8 h,16 h), cisplatin (10 µM, 50 µM; 24 h), ZnCl2 (25 µM, 50, 150µM), CuCl2 (1 µM, 10 µM, 100 µM) 
and FeCl2 (25µM, 50 µM, 150 µM; 24 h). TRIzol Reagent (15596018, Invitrogen) was used to extract the total 
RNA according to the manufacturer’s instructions. 1 µg of total RNA was used to synthesize prepare for cDNA 
templates for Semi-qPCR via a ReverTra-Ace qPCR RT kit (FSQ-101, TOYOBO). The primers were designed 
via NCBI primer BLAST, and the sequences are listed in Extended Table 2. The conditions for the PCR were 
optimized to obtain specific bands of the target genes, including the optimal annealing temperature and number 
of PCR cycles. To analyze the PCR products, 10 µl of each PCR product was loaded onto agarose (containing 
ethidium bromide). A DNA ladder was used to indicate the size of the PCR product. A negative control was 
included to determine DNA contamination from other sources. The intensity of a specific band was compared 
between different samples to estimate the relative abundance of the target DNA.

Apoptosis analysis kit
Gastric cancer cells with logarithmic growth were inoculated into 6-well plates and cultured in a 37 °C constant-
temperature carbon dioxide incubator for 3–7 days. The cell confluence was less than 90% at the time of detection. 
After the cell supernatant was collected, the adherent cells were digested with 0.25% trypsin without EDTA. The 
digestion was terminated with the corresponding cell supernatant, which was collected in a 1.5 mL EP tube. 

Fig. 5.   Gene functional annotation of MT1H-DEGs. For gene functional annotation, gene function was 
annotated via the following databases: Nr (NCBI nonredundant protein sequences); Pfam (Protein family); 
KOG/COG (Clusters of Orthologous Groups of proteins); Swiss-Prot (a manually annotated and reviewed 
protein sequence database); KO (KEGG Ortholog database); and GO (Gene Ontology). (A) COG Function 
Classification of MT1H-DEGs. KOG/COG (https://www.ncbi.nlm.nih.gov/COG/) is created by NCBI and 
primarily used for the homologous classification of gene products. MT1H-DEGs were classified according to 
COG Function Classification of Consensus Sequence. Shown is the bar plot of MT1H-DEGs. (B-C) KEGG 
pathway enrichment analysis of MT1H-DEGs. The KOBAS database and the clusterProfiler package (Version 
4.4.4, ​h​t​t​p​:​​​/​​/​w​w​​w​.​b​i​o​c​o​n​d​u​c​t​o​​r​​.​o​​r​g​/​​p​a​c​k​a​g​​​e​s​/​r​e​​l​e​​a​s​e​​/​b​​i​o​c​/​​h​t​m​l​/​c​l​u​s​t​e​r​P​r​o​f​​i​l​e​r​.​h​t​m​l) were used to test the 
statistical enrichment of MT1H-DEGs in KEGG pathways55. Shown are the bar plot (B) and bubble plot (C) 
of MT1H-DEGs. In C, the significance of a functional pathway is determined by the q-value, with a smaller 
q-value indicating a more significant pathway. The size of the dot represents the number of differentially 
expressed genes annotated in that pathway, and the color of the dot represents the q-value from the 
hypergeometric test. The dot closer to the top right corner has a higher reference value. (D-F) GO enrichment 
analysis of MT1H-DEGs. GO enrichment analysis was implemented via the clusterProfiler package (Version 
4.4.4)-based Wallenius noncentral hypergeometric distribution, which can adjust for gene length bias in DEGs. 
MT1H-DEGs were enriched for molecular function (D), biological process (E), and cellular component (F) 
which was shown as bar plot (left panel) and bubble plot (right panel). In a bubble plot, the significance of a 
functional pathway is determined by the q-value, with a smaller q-value indicating a more significant pathway. 
The size of the dot represents the number of differentially expressed genes annotated in that pathway, and 
the color of the dot represents the q-value from the hypergeometric test. Rich factor refers to the ratio of the 
proportion of DEGs annotated to a specific pathway to the proportion of all genes annotated to that pathway. 
The greater the rich factor is, the more significant the enrichment level of DEGs in that pathway. The dot closer 
to the top right corner has a higher reference value.

◂
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Then, 500 mL of binding buffer, SrL Annexin V-FITC, and 5 NL Propidium were added to each tube, mixed with 
the mixture, and incubated at room temperature in the dark for 15 min. The excitation wavelength Ex = 488 nm 
was detected via flow cytometry, and the emission wavelength Em = 530 nm was used. Annexin V-FITC green 
fluorescence by FLI detection; PI red fluorescence (flowEx = 488 nm, Em ≥ 630 nm) was detected by FL3.

Cell cycle
10 × 105 cells were harvested and fixed in 1 mL of precooled 75% anhydrous ethanol overnight at -20 °C. After 
fixation, the cells were centrifuged, and 1 mL of PBS was added. Subsequently, 1 mL of DNA staining solution 
was added to each tube. The tubes were incubated for 30 min at room temperature and protected from light. 
DNA staining was then detected at a slower flow rate via FL3 on a flow cytometer.

Cell counting kit-8 (CCK-8)
The cells in the control group and the experimental group were cultured in good condition, digested with 0.25% 
pancreatic enzyme, and counted with a blood cell counting plate, and approximately 2000 cells/well were seeded 
in 96-well plates. Ten microliters of CC-K8 solution were added to each well after 7 days of culture. After 1 h, the 
OD values of the cells at 450 nm were measured via a microplate absorbance.

Figure 5.  (continued)
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RNA extraction cDNA library preparation for transcriptome sequencing
Total RNA was extracted according to the instruction manual of TRizol Reagent (Life Technologies, California, 
USA). The RNA concentration and purity were measured via a NanoDrop 2000 (Thermo Fisher Scientific, 
Wilmington, DE). RNA integrity was assessed via the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 
2100 system (Agilent Technologies, CA, USA). A total of 1 µg of RNA per sample was used as input material for 
the RNA sample preparations. The sequencing libraries were generated via the Hieff NGS Ultima Dual-mode 
mRNA Library Prep Kit for Illumina (Yeasen Biotechnology Co., Ltd., Shanghai) following the manufacturer’s 

Fig. 6.   MT1H induces p53-dependent autophagy via regulating the key genes in nutrient transportation. (A) 
Semi-qPCR to verify the downregulated or upregulated genes by MT1H in AGS cells. AGS-tetO-MT1H cells 
were treated with Dox (2 µg/ml) to induce the expression of ectopic MT1H. 24 h later, cells were harvested for 
total RNA extraction and reverse transcription followed by semi-qPCR. (B) The cells expressing tetO-MT1H 
were treated with Dox (2 µg/ml) to induce the expression of ectopic MT1H. 24 h later, cells were harvested for 
immunoblot analysis with indicated antibodies. NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo) 
was used to fractionate cells into cytosol compartment and nuclear compartment. (C) MT1H biological 
functions by KEGG analysis. The participation in mineral absorption was predicted by KEGG-Pathway55 
(https://www.genome.jp/kegg/). (D) Illustrative diagram of MT1H biological functions in gastric cells. The 
information in the diagram is the combination of our current research and KEGG-Pathway.
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recommendations, and index codes were added to attribute the sequences to each sample. Briefly, mRNA was 
purified from total RNA using poly-T oligo-attached magnetic beads. First-strand cDNA was synthesized, and 
second-strand cDNA synthesis was subsequently performed. The remaining overhangs were converted into 
blunt ends using exonuclease/polymerase activities. After adenylation of the 3’ ends of the DNA fragments, 
NEBNext Adaptor with a hairpin loop structure was ligated to prepare for hybridization. The library fragments 
were purified with the AMPure XP system (Beckman Coulter, Beverly, USA). Then, 3 µl of USER Enzyme (NEB, 

Fig. 7.   MT1H is a favorable biomarker for the prognosis of gastric cancer. (A) KM plotter analysis of MT1H 
based on gene-chip profiling in patients with gastric cancer (n = 875). Association between MT1H expression 
and patient survival was analyzed via the online tool Kaplan-Meier Plotter (https://kmplot.com/analysis/). 
The following dataset(s) were recruited for KM plotter analysis: GSE14210 (n = 145), GSE15459 (n = 200), 
GSE22377 (n = 43), GSE29272 (n = 268), GSE51105 (n = 94), GSE62254 (n = 300). Patients were split by median 
expression of MT1H. Survival of patients was determined by median OS. For array quality control, biased 
arrays were excluded. (B-C) Similar to (A), except that patients were firstly grouped into HER2 (-) (B) and 
HER2 (+) (C) according to the expression of HER2.
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Fig. 8.    MT1H is downregulated in gastric cancer. (A) MT1H expression in gastric cancer patients was 
assessed via TNM plot (https://tnmplot.com/analysis/). RNA-Seq data from normal and cancer tissues 
were used for TNM-plot analysis. Normal samples were obtained from non-cancerous patients and further 
pediatric tissues. (B) Similar to A, except that MT1H expression in gastric cancer patients was analyzed using 
Gene-Chip data. Only the paired tumor and adjacent normal tissues were included. (C) Similar to A, except 
that MT1H expression from cancers of the digestive system was analyzed. RNA-Seq data from normal and 
cancer tissues were used for TNM-plot analysis. Red*: Mann-Whitney P< 0.05 and expression > 10 in tumor or 
normal. (D) MT1H expression in patients with different cancers was assessed via GEPIA ​(​​​h​t​t​p​:​/​/​g​e​p​i​a​.​c​a​n​c​e​r​-​p​
k​u​.​c​n​​​​​)​. For Gene Expression Profiling, the following parameters were used: ANOVA for Differential method; 1 
for ILog2FCI cutoff; 0.05 for q-value cutoff. Matched Normal data were from Match TCGA normal and GTEx 
data. log2(TPM + 1) for log-scale was used. Abbreviation: COAD, Colon adenocarcinoma; ESCA, Esophageal 
carcinoma; LIHC, Liver hepatocellular carcinoma; PAAD, Pancreatic adenocarcinoma; READ, Rectum 
adenocarcinoma; STAD, Stomach adenocarcinoma.
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USA) was used with size-selected, adaptor-ligated cDNA at 37 °C for 15 min, followed by 5 min at 95 °C before 
PCR. Then, PCR was performed with Phusion High-Fidelity DNA polymerase, universal PCR primers and Index 
(X) primers. Finally, the PCR products were purified (AMPure XP system), and library quality was assessed on 
an Agilent Bioanalyzer 2100 system.

RNA-seq and data processing
The libraries were sequenced on an Illumina NovaSeq platform to generate 150 bp paired-end reads according to 
the manufacturer’s instructions. The raw reads were further processed with a bioinformatic pipeline, BMKCloud 
(www.biocloud.net), online platform. For quality control, raw data (raw reads) in fastq format were first processed 
through in-house Perl scripts. In this step, clean data (clean reads) were obtained by removing reads containing 
adapters, reads containing poly-N sequences and low-quality reads from the raw data. Moreover, the Q20, Q30, 
GC content and sequence duplication level of the clean data were calculated. All the downstream analyses were 
based on high-quality, clean data. Before the reads were mapped to the reference genome, the adaptor sequences 
and low-quality sequence reads were removed from the datasets. The raw sequences were transformed into clean 
reads after data processing. These clean reads were then mapped to the reference genome sequence. Only reads 
with a perfect match or one mismatch were further analyzed and annotated based on the reference genome. 
HISAT2 tools (Version 2.0.4) were used for mapping with the reference genome.

Bioinformatic analysis of RNA-seq data
For gene functional annotation, gene function was annotated via the following databases: Nr (NCBI nonredundant 
protein sequences); Pfam (Protein family); KOG/COG (Clusters of Orthologous Groups of proteins); Swiss-
Prot (a manually annotated and reviewed protein sequence database); KO (KEGG Ortholog database); and GO 
(Gene Ontology). For quantification of gene expression levels, expression levels were estimated as fragments 
per kilobase of transcript per million fragments mapped. For differential expression analysis of the samples 
with biological replicates, differential expression analysis of two conditions/groups was performed via DESeq2 
(Version 1.30.1). DESeq2 provides statistical routines for determining differential expression in digital gene 
expression data via a model based on the negative binomial distribution. The resulting P values were adjusted via 
Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted P value < 0.01 
and a fold change ≥ 2 were considered differentially expressed. For differential expression analysis of the samples 
without biological replicates, differential expression analysis of two samples was performed via edgeR (Version 
3.32.1). An FDR < 0.01 and a fold change ≥ 2 were set as the thresholds for significantly differential expression. 
Gene Ontology (GO) enrichment analysis of the differentially expressed genes (DEGs) was implemented via 
the clusterProfiler package (Version 4.4.4)-based Wallenius noncentral hypergeometric distribution, which can 
adjust for gene length bias in DEGs. For KEGG pathway enrichment analysis, we used the KOBAS database and 
the clusterProfiler package (Version 4.4.4) to test the statistical enrichment of DEGs in KEGG pathways55.

Animal study
Ten BALB/c Nude male mice (18 ± 2 g) were purchased from Beijing Vital River Laboratory Animal Technology 
Co., Ltd. (Certificate No. SCXK2002-0003), approved by the Laboratory Animal Platform of Zhengzhou 

Fig. 9.   MT1H has a glucocorticoid/metal-induced expression in gastric cancer cells. (A) Primer design of 
MT1H mRNA. Annealing temperature was optimized to get the specific PCR amplification of MT1H. 58℃ 
was used for the following PCR experiments. (B) MT1H mRNA expression was detected in different GI cancer 
cells via semi-qPCR. (C) MT1H has a glucocorticoid-induced expression in GI cancer cells. Cells were treated 
with different concentrations of Dexa (10, 100 nM) and harvested at different time points (4, 8, 16 h). (D-G) 
MT1H has a metal-induced expression in GI cancer cells. Cells were treated with different concentrations of 
cisplatin (10, 50 µM for 24 h) (D), ZnCl2 (25, 50, 150 µM) (E), CuCl2 (0, 1, 10, 100 µM) (F) and FeCl2 (25, 50, 
150 µM) (G). 24 h later, cells were harvested and subjected to semi-PCR assay.
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University. Mice were kept at Room temperature 22 ± 1℃, controlled light (12 h light and dark cycle). 1 × 106 
of either SGC7901-RFP or SGC7901-MT1H were subctaneously inoculated into the right flank of mice (n = 5 
per group). The size of the tumor was monitored once every three days with calipers. Tumor volume (mm3) is 
calculated via the “(W x W x L) / 2” formula, where L is the longest diameter and W is the shortest diameter. On 
day 25, the mice were sacrificed using cervical dislocation under anesthesia. Tumors were excised for weighing 
and photographing.

Statistical analysis
Student’s t test was used to determine the differences between the two groups. Differences between tumor growth 
curves were compared by calculating the area under the curve values for each sample and then comparing 
different groups via Student’s t test. The results are presented as the mean and standard error of the mean (SEM). 
Statistical significance was assigned to P < 0.05. Tumor-free survival and Kaplan‒Meier analyses were performed 
via GraphPad Prism (Version 5.04) for Windows.

Reporting summary
Further information on the research design is available in the Research Reporting Summary linked to this paper.

Data availability
For the RNA-Seq, all data generated in this study were deposited in NCBI at Genbanks (PRJNA1202397), the 
SRA fastq files (SAMN45957133) are now undergoing the screening check on NCBI as well and will be released 
once they passed. The authors declare that all other data supporting the findings of this study are available in the 
paper and online supplementary material.
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