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Ferroptosis, a newly discovered way of cell death, has been proved to be involved in
the oncogenesis and development of cancers, including colorectal cancer (CRC).
Here, by identifying the differentially expressed genes (DEGs) from three CRC
transcriptome microarray datasets (GSE20842, GSE23878, and GSE25070), we
found that the expression of MT1G was significantly decreased in CRC tissues, and
the patients with a high level of MT1G displayed a poor prognosis. Quantitative PCR
(qPCR) further confirmed the downregulated MT1G in two CRC cells, HCT8 and
HCT116. The colony-forming assay indicated that the MT1G overexpression
exhibited a remarkable inhibition of cell proliferation in HCT8 and HCT116 cells. In
addition, we explored the co-expressed genes of MT1G to gain a better
understanding of its potential signaling pathways. Aberrantly expressed MT1G
also affected the immune response of CRC patients. Collectively, these findings
might deepen our comprehension on the potential biological implications of MT1G
in CRC.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignant tumors in humans, with the fourth
highest mortality among cancer-related diseases (Yang et al., 2019; Deng et al., 2021). There has been
significant progress in the development of diagnosis and treatment in CRC patients (Johdi and
Sukor, 2020), whereas the therapeutic effect of CRC is still not satisfactory. Therefore, it is essential to
explore and provide a novel targeted agent for an update on prognosis and therapeutics of colorectal
cancer patients.

Ferroptosis is a common non-apoptotic form of cell death, which is caused by acute or chronic
cellular stress due to abnormal metabolic and biochemical processes (Yan et al., 2021). Increasing
evidence has demonstrated the roles of ferroptosis-related genes in tumorigenesis, treatment, and
immune regulation in cancers, such as CRC, hepatocellular carcinoma, breast cancer, and so on (Li
et al., 2021; Xu et al., 2021; Zhang et al., 2021). For instance, β-elemene, a new ferroptosis inducer,
acts as a cetuximab sensitizer in KRAS-mutated CRC cells (Chen et al., 2020). F-box and WD repeat
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domain-containing 7 (FBW7) have the ability to activate
ferroptosis to strengthen the toxicity of gemcitabine-targeting
pancreatic adenocarcinoma cells (Ye et al., 2021).
Talaroconvolutin A (TalaA) could display the cancer
inhibitory activity by inducing cell ferroptosis (Xia et al., 2020).

Metallothionein-1G (MG1T), a ferroptosis-related gene, is a
member of metallothioneins (MTs) involved in the regulation of
oxidation and metalloproteinases (Si and Lang, 2018). To date,
several studies have indicated the potential roles of MG1T in
cancers. For example, Sun et al. have demonstrated that
abnormally expressed MG1T facilitates the resistance of
hepatocellular carcinoma cells to sorafenib by inhibiting
ferroptosis (Sun et al., 2016). Likewise, MG1T has also been
reported to be involved in ferroptosis of esophageal
adenocarcinoma (Zhu et al., 2021). However, the specific
mechanism of MT1G in CRC has not been elucidated.

Here, we used multiple public databases to investigate the
functional roles of MT1G in the progression and prognosis of
patients with CRC. The relevant signaling pathways and
biological functions of MT1G were also analyzed
systematically. Then, we also evaluated that aberrantly
expressed MT1G might affect the immune response of CRC
patients. Thus, our studies could provide a new perspective to
understand the important roles of MT1G in the progression and
treatment of CRC.

MATERIALS AND METHODS

Data Acquisition
The CRC datasets (GSE20842 (Gaedcke et al., 2010), GSE23878
(Uddin et al., 2011), and GSE25070 (Hinoue et al., 2012)) were
obtained from the GEO database, which provides an invaluable
resource of publicly available gene expression data and other
functional genomics data (Clough and Barrett, 2016). We
established the differentially expressed genes (DEGs) according
to the following criteria: p-value < 0.05 and | logFC| ≥ 1.5. Venn
analysis was performed by FunRich to search for co-DEGs
between the three GEO datasets and a ferroptosis-related gene
dataset (Zhou and Bao, 2020).

Expression Profile Analysis
Transcriptome data of 647 CRC cases and 51 adjacent tumor
samples were collected and analyzed from TCGA database
(McCain, 2006). Furthermore, multiple databases are used
together to validate the MT1G expression, such as GEPIA2
(Tang et al., 2019), UALCAN (Chandrashekar et al., 2022),
and TNMplot (Bartha and Győrffy, 2021).

Correlation Analysis
We used the LinkedOmics database (Vasaikar et al., 2018) to
obtain the co-expressed genes associated with MT1G. These
results were visualized via a volcano plot and heatmaps. In
addition, Gene Set Enrichment Analysis (GSEA) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways were
also conducted by LinkedOmics to reveal the potential biological
functions of MT1G.

Immunological Analysis
The single-sample GSEA (ssGSEA) algorithm was exploited to
evaluate the correlations between the MT1G expression and
tumor-infiltrating immune cells. Subsequently, these
associations were validated using TIMER2.0 (Li et al., 2020)
and TISIDB (Ru et al., 2019). We also utilized TISIDB to get
an evaluation of MT1G in the regulations of immunomodulators
and chemokines.

Cell Lines and Culture Conditions
CRC cell lines (HCT8 and HCT116) and human colorectal
epithelium NCM460 cell lines were acquired from the Center
for Molecular Medicine, Xiangya Hospital. These cell lines were
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco,
United States), which contained 10% FBS (Gibco,
United States) and 100 µ/ml streptomycin/penicillin (Gibco,
United States), and were incubated at 37°C in a humidified
incubator with 5% CO2.

Quantitative PCR
We used TRIzol reagent (Invitrogen, United States) to extract
total RNA from different cell lines. Then, total RNA was reverse
transcribed into cDNA using the PrimeScriptTM strand cDNA
synthesis kit (Takara, China). Quantitative PCR (qPCR) was
conducted to assess the expression level of MT1G. The
primers of MT1G were 5′-GACCCCAACTGCTCCTGTG-3′
and 5′-ACTTCTCCGATGCCCCTTTG-3′. β-actin served as a
quantitative gene for internal control.

Colony Forming Assay
We utilized MT1G-Flag-pcDNA3.1 to transfect the HCT8 and
HCT116 cells for 48 h. Then, about 1,000 cells were implanted in
six-well dishes and cultured for about 2 weeks. The visible
colonies were counted by crystal violet staining.

Statistical Analysis
SPSS 19.0 software was utilized to make a statistical analysis. All
experimental results were shown as mean ± standard deviation
(SD). Student’s t-test was exploited to analyze the expression of
MT1G in tumor and normal tissues. A p-value of less than 0.05
was considered statistically significant.

RESULTS

Identification of the Downregulated
Ferroptosis-Related Gene MT1G in CRC
Tissues and Cells
The DEGs in CRC and normal tissues were extracted from three
GEO datasets (Supplementary Table S1). Venn plots were
obtained from among these three GEO datasets and the
ferroptosis-related gene dataset. Figure 1A shows one co-
downregulated gene (MT1G), and Figure 1B shows two co-
upregulated genes (SLC7A5 and TRIB3) (Figures 1A,B). Then,
the PrognoScan database (Mizuno et al., 2009) and DRUGSURV
database (Amelio et al., 2014) were used to explore the prognostic
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values of these ferroptosis-related genes in CRC patients from
GSE17536 and GSE17538. As shown in Figures 2A–F, a high
level of MT1G indicated good prognosis in patients with CRC.
However, SLC7A5 and TRIB3 have no significant effects on the
prognostic values.

In addition, the downregulated MT1G was confirmed in
CRC patients from GSE20842 (Figure 3A), GSE23878
(Figure 3B), and GSE25070 (Figure 3C). Our works on

TCGA-CRC also suggested the low MT1G expression in
both unpaired (Figure 3D) and paired tissues (Figure 3E).
Moreover, all of the other databases, including UALCAN
(Figure 3F), TNMplot (Figure 3G), and GEPIA
(Figure 3H), demonstrated that the expression levels of
MT1G were downregulated in CRC. The reduced MT1G
expression was further confirmed in CRC cells, HCT8 and
HCT116, using qPCR (Figure 3 I). In addition, the

FIGURE1 | Identification of ferroptosis-associated genes in CRC. (A)Downregulated co-DEGs identified by Venn diagrams. (B)Upregulated co-DEGs identified by
Venn diagrams.

FIGURE 2 | Prognostic value analysis of MT1G, SLC7A5, and TRIB3 in CRC. (A–F) PrognoScan database and DRUGSURV database indicated the prognostic
values of MT1G, SLC7A5, and TRIB3 in CRC patients.
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overexpression of MT1G in HCT116 and HCT8 significantly
inhibited the colony formation rate (Figures 4A,B). Thus,
these data indicated the important roles of downregulated
MT1G in CRC.

Co-expression Analysis of MT1G in CRC
To investigate the biological roles of MT1G in CRC, we used
LinkedOmics to obtain the co-expression analysis of MT1G.
Figure 5A indicated that there were 3954 genes positively
associated with MT1G and 3337 genes negatively associated
with MT1G. The top 50 genes having a positive or negative
correlation with MT1G are shown in Figures 5B,C. Moreover,
these genes had an influence on the prognosis of patients with
CRC. Out of 50 positive genes, 29 owned a protective hazard ratio
(HR), indicating their favorable roles on the prognosis.
Conversely, 32 out of 50 negative genes owned adverse HR,
indicating their unfavorable roles on the prognosis
(Figure 5D). Furthermore, GSEA was designed to evaluate the
underlying biological function of MT1G in CRC. As shown in

Figure 5E, the top three signaling pathways were the Fanconi
anemia (FA) pathway, homologous recombination, and
aminoacyl-tRNA biosynthesis.

Roles of MT1G in the Immune
Microenvironment
Given the important roles of ferroptosis regulators in the immune
response (Friedmann Angeli et al., 2019), we used the ssGSEA
algorithm to analyze the association between the ferroptosis-
associated geneMT1G and immune infiltration cells. As shown in
Figure 6A, several immune cells, such as immature dendritic cells
(iDCs), mast cells, TFH cells, NK CD56dim cells, Th1 cells, and
Th17 cells, were all positively associated with MT1G, and the
TISIDB database was used to confirm these associations (Figures
6B–G). We also investigated the associations between the MT1G
level and several immune checkpoints. Figures 7A–F indicate the
positive correlations between the expression of MT1G and
multiple immune checkpoints, such as B7 homolog 3 protein

FIGURE 3 | Expression levels of MT1G verified in CRC tissues and cells. (A–H) Comparison of the MT1G expression between CRC and normal controls from (A)
GSE20842, (B)GSE23878, (C)GSE25070, (D) paired TCGA-CRC, (E) unpaired TCGA-CRC, (F) UALCAN, (G) TNMplot, and (H)GEPIA2. (I) Low expression of MT1G
was detected by qPCR. *p < 0.05; **p < 0.01; and ***p < 0.001.
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(CD276), hepatitis A virus cellular receptor 2 (HAVCR2),
indoleamine 2,3-dioxygenase 1 (IDO1), lymphocyte-activation
gene 3 (LAG3), programmed cell death 1 (PDCD1), and V-Set
immunoregulatory receptor (VSIR). Figure 7G implies the
negative association between the MT1G expression level and
sialic acid-binding Ig-like lectin 15 (SIGLEC15).

The following works focused on the other immunoregulation
effects of MT1G in CRC. The TISIDB database was exploited to
verify the roles of MT1G in several immune signatures, including
immunostimulators, immunoinhibitors, chemokines, and
chemokine receptors. Supplementary Figure S1A shows that
the tumor necrosis factor receptor superfamily member 18
(TNFRSF18) was the most significant immune-stimulating
molecule, followed by tumor necrosis factor receptor
superfamily member 13C (TNFRSF13C), tumor necrosis factor
ligand superfamily member 9 (TNFSF9), and tumor necrosis
factor receptor superfamily member 7 (CD27). Supplementary
Figure S1B displays the top four immunosuppressive molecules
containing LAG3, gamma-glutamyltransferase 1 (CD224),
PDCD1, and kinase insert domain-containing receptor (KDR).
Meanwhile, the associations betweenMT1G and chemokines and
receptors were explored. As shown in Supplementary Figure
S2A, C-C chemokine ligand 5 (CCL5), C-C chemokine ligand 2

(CCL2), C-C chemokine ligand 23 (CCL23), and C-C chemokine
ligand 28 (CCL28) were the most significantly positive
chemokines. Moreover, C-C chemokine receptor type 10
(CCR10), chemokine receptor 5 (CXCR5), chemokine receptor
6 (CXCR6), and C-C chemokine receptor type 7 (CCR7) were the
most significantly positive receptors (Supplementary Figure
S2B). Taken together, these findings showed the underlying
function of MT1G in the immune regulation in CRC patients.

DISCUSSION

Our team’s work identified that the ferroptosis-associated gene,
MT1G, had a great impact on the development and progression of
CRC. Its high expression implied a good prognosis. In addition,
our findings have also suggested that MT1G was significantly
correlated with the immune microenvironment of CRC patients.
It might play an important role in the prognosis of CRC patients
by regulating the immune response. In general, these results have
indicated that MT1G has a great capacity for being considered a
therapeutic biomarker for patients with CRC.

Ferroptosis, a newly discovered way of iron-dependent
oxidative cell death, was realized though the regulation of lipid

FIGURE 4 | Overexpression of MT1G inhibited CRC cell growth. (A) Overexpression of MT1G in HCT8 and HCT116 cells. (B) Colony formation rate of HCT8 and
HCT116 cells after the MT1G overexpression. *p < 0.05; **p < 0.01; and ***p < 0.001.
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peroxidation (Wang et al., 2021a; Chen et al., 2021). An
increasing body of evidence has suggested the functional roles
of ferroptosis in CRC tumorigenesis and treatment (Tang et al.,
2021). The activation of hypoxia-inducible factor 2α (HIF-2α) is
one of the ferroptosis-associated features, potentiating oxidative
cell death in CRC cells (Singhal et al., 2021). Lipocalin 2
participates in the regulation of iron homeostasis. It can
suppress ferroptosis and facilitate the therapeutic resistance of
CRC cells (Chaudhary et al., 2021). Moreover, several signaling
pathways are also involved in the regulation of ferroptosis.

Ferroptosis can be induced by inhibiting the KIF20A/NUAK1/
PP1β/GPX4 signaling pathway in CRC cells, thus improving the
oxaliplatin sensitivity (Yang et al., 2021). In our research, the
expression of MT1G showed an obvious decrease in CRC tissues
and cells. The MT1G overexpression inhibited the cell growth
and has an effect on immune regulation. These results suggested
that MT1G might be a potential biomarker for CRC patients.

GSEA assessment results indicated that the FA pathway,
homologous recombination, and aminoacyl-tRNA biosynthesis
were the top three signal pathways in which MT1G-associated

FIGURE 5 | Co-expression analysis of MT1G in CRC. (A)Genes remarkably related to MT1G by Pearson’s test. (B,C) Heatmap indicated the top 50 positively and
negatively co-expressed genes of MT1G. (D) Survival map of the top 50 positively or negatively co-expressed genes of MT1G. (E)GSEA analyses indicated the potential
signaling pathways regulated by MT1G.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8814476

Peng et al. Ferroptosis-Related MT1G in CRC

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


FIGURE 6 | Relationship of immune infiltration cells and the MT1G expression. (A) Correlations between a variety of immune infiltration cells and MT1G expression
though the ssGESA algorithm. (B–G) Associations between MT1G with several immune cells, such as iDCs, mast cells, NK CD56dim cells, Th1 cells, and Th17 cells,
were further validated by the TISIDB database.
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genes might be involved. FA is a genetic disorder participating in
tumorigenesis and development (Nalepa and Clapp, 2018).
Studies have demonstrated the vital roles of the FA-associated
DNA damage repair pathway in the inherited predisposition to
CRC (Esteban-Jurado et al., 2016). Homologous recombination
deficiency (HRD) is one of the common drivers for tumorigenesis
(Nguyen et al., 2020). The cancer cells with HRD frequently
display high sensitivity to platinum chemotherapy drugs and
poly(ADP-ribose) polymerase inhibitors in several malignancies,
including CRC (Papageorgiou et al., 2021; Moretto et al., 2022).
Aminoacyl-tRNA biosynthesis requires the activity of aminoacyl-
tRNA synthetases. Abnormal signaling pathways modulated by
aminoacyl-tRNA synthetases exhibit a promising effect on the
development of CRC (Zhou et al., 2020). These findings further
suggested the biological functions of MT1G in CRC.

The immune microenvironment consists of a variety of immune
cells and is widely considered a useful predictor for treatment
outcomes, particularly immunotherapy (Hinshaw and Shevde,
2019). Cancer immunotherapy has dramatically changed the
strategies for cancer patients by targeting the immune system
(Wang et al., 2021b). CRC has a high incidence and poor
prognosis worldwide. It is essential to explore novel biomarkers
and therapies for improving and prolonging the life of patients
with CRC. Nowadays, immunotherapy has rapidly become the
mainstay of treatment for CRC. Pembrolizumab and nivolumab,
the primary PDCD1 inhibitors, have gained the Food and Drug
Administration (FDA) approval for the CRC patients with high
microsatellite instability (MSI-H) (Ganesh et al., 2019). Our study
also identified the potential roles of MT1G in the immune

microenvironment in CRC. Several immune cells, such as iDCs,
mast cells, NK CD56dim cells, Th1 cells, and Th17 cells, have
significant positive correlations with MT1G. Furthermore, several
immunostimulators (TNFRSF18, TNFRSF13C, TNFSF9, and
CD27), immunoinhibitors (LAG3, CD224, PDCD1, and KDR),
chemokines (CCL5, CCL2, CCL23, and CCL28), and chemokine
receptors (CCR10, CXCR5, CXCR6, andCCR7)were also found to be
closely related to MT1G. Mast cells are regarded as important
regulators for shaping the tumor microenvironment (TME). After
entering the TME, mature mast cells could produce angiogenic
mediators and growth factors that ultimately promote accelerated
cancer cell growth (Derakhshani et al., 2019). TNFSF9 was mainly
expressed in tumor-associated macrophages and upregulated in the
CRC microenvironment (Wu et al., 2021). High macrophage
infiltration has been reported to be associated with improved
survival in CRC patients (Forssell et al., 2007). PDCD1, which acts
as an immune checkpoint, usually had a higher expression to generate
an immunosuppressive TME (Patel and Kurzrock, 2015). However,
PDCD1 immune checkpoint inhibitors have been approved to treat
metastatic CRC (Gelsomino et al., 2016; Zengin et al., 2021). CXCR5 is
the receptor of CXCR13, acting as an inflammatory factor. It has been
reported that the CXCL13-CXCR5 axis might activate the PI3K/AKT
pathway to enhance the growth andmetastasis of CRCcells (Zhu et al.,
2015). In our study, aberrantly expressed MT1G might have the
regulatory effects on multiple immune signaling pathways in CRC,
implying that MT1G could be developed as a novel target of
immunotherapy.

There were several limitations to this study. These
retrospective data were mainly obtained from several open-

FIGURE 7 | Association between MT1G and several immune checkpoints. (A–G) Several immune checkpoints, such as (A) CD267, (B) HAVCR2, (C) IDO1, (D)
LAG3, (E) PDCD1, (F) VSIR, and (G) SIGLEC15, displayed significant association with the MT1G expression in CRC.
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access databases, and we have only confirmed the downregulated
MT1G in CRC cells using the qPCR method. Future research
should focus on the exploration of underlying mechanisms and
clinical values of MT1G in CRC.

CONCLUSION

In summary, this study illustrated the downregulated ferroptosis-
associated geneMT1G and revealed that a lowMT1G level displayed
a worse prognosis in CRC patients. In addition, the MT1G
expression was closely related to the immune microenvironment
and involved in the progression of tumors. Therefore, MT1G, the
ferroptosis-related gene, could serve as a potential prognostic
biomarker and immune-regulation factor for CRC.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

BP and JP: acquisition of data. FK and WZ: analysis and
interpretation of data. EP: conception and design. PB and EP:
data curation. FK: development of methodology. PB and QH:
writing the manuscript and revision of the manuscript. All
authors contributed to the manuscript and approved the
submitted version.

FUNDING

This study is supported by grants from the Natural Science
Foundation of Hunan Province (2021JJ30904), the horizontal
project (1 43010100), and the Hunan Development and Reform
Investment (2019, No.412).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.881447/
full#supplementary-material

REFERENCES

Amelio, I., Gostev, M., Knight, R. A., Willis, A. E., Melino, G., and Antonov, A. V.
(2014). DRUGSURV: a Resource for Repositioning of Approved and
Experimental Drugs in Oncology Based on Patient Survival Information.
Cell Death Dis 5, e1051. doi:10.1038/cddis.2014.9

Bartha, Á., and Győrffy, B. (2021). TNMplot.com: AWeb Tool for the Comparison
of Gene Expression in Normal, Tumor and Metastatic Tissues. Ijms 22 (5),
2622. doi:10.3390/ijms22052622

Chandrashekar, D. S., Karthikeyan, S. K., Korla, P. K., Patel, H., Shovon, A. R.,
Athar, M., et al. (2022). UALCAN: An Update to the Integrated Cancer Data
Analysis Platform. Neoplasia 25, 18–27. doi:10.1016/j.neo.2022.01.001

Chaudhary, N., Choudhary, B. S., Shah, S. G., Khapare, N., Dwivedi, N., Gaikwad,
A., et al. (2021). Lipocalin 2 Expression Promotes Tumor Progression and
Therapy Resistance by Inhibiting Ferroptosis in Colorectal Cancer. Int.
J. Cancer 149 (7), 1495–1511. doi:10.1002/ijc.33711

Chen, P., Li, X., Zhang, R., Liu, S., Xiang, Y., Zhang, M., et al. (2020). Combinative
Treatment of β-elemene and Cetuximab Is Sensitive to KRAS Mutant
Colorectal Cancer Cells by Inducing Ferroptosis and Inhibiting Epithelial-
Mesenchymal Transformation. Theranostics 10 (11), 5107–5119. doi:10.7150/
thno.44705

Chen, S., Zhu, J.-y., Zang, X., and Zhai, Y.-z. (2021). The Emerging Role of
Ferroptosis in Liver Diseases. Front. Cel Dev. Biol. 9, 801365. doi:10.3389/fcell.
2021.801365

Clough, E., and Barrett, T. (2016). The Gene Expression Omnibus Database.
Methods Mol. Biol. 1418, 93–110. doi:10.1007/978-1-4939-3578-9_5

Deng, D., Luo, X., Zhang, S., and Xu, Z. (2021). Immune Cell Infiltration-
Associated Signature in colon Cancer and its Prognostic Implications. Aging
13 (15), 19696–19709. doi:10.18632/aging.203380

Derakhshani, A., Vahidian, F., Alihasanzadeh, M., Mokhtarzadeh, A., Lotfi
Nezhad, P., and Baradaran, B. (2019). Mast Cells: A Double-Edged Sword
in Cancer. Immunol. Lett. 209, 28–35. doi:10.1016/j.imlet.2019.03.011

Esteban-Jurado, C., Franch-Exposito, S., Franch-Expósito, S., Muñoz, J., Ocaña, T.,
Carballal, S., et al. (2016). The Fanconi Anemia DNA Damage Repair Pathway
in the Spotlight for Germline Predisposition to Colorectal Cancer. Eur. J. Hum.
Genet. 24 (10), 1501–1505. doi:10.1038/ejhg.2016.44

Forssell, J., Öberg, Å., Henriksson, M. L., Stenling, R., Jung, A., and Palmqvist, R.
(2007). High Macrophage Infiltration along the Tumor Front Correlates with
Improved Survival in colon Cancer. Clin. Cancer Res. 13 (5), 1472–1479. doi:10.
1158/1078-0432.CCR-06-2073

Friedmann Angeli, J. P., Krysko, D. V., and Conrad, M. (2019). Ferroptosis at the
Crossroads of Cancer-Acquired Drug Resistance and Immune Evasion. Nat.
Rev. Cancer 19 (7), 405–414. doi:10.1038/s41568-019-0149-1

Gaedcke, J., Grade, M., Jung, K., Camps, J., Jo, P., Emons, G., et al. (2010). Mutated
KRAS Results in Overexpression of DUSP4, a MAP-Kinase Phosphatase, and
SMYD3, a Histone Methyltransferase, in Rectal Carcinomas. Genes
Chromosom. Cancer 49 (11), 1024–1034. doi:10.1002/gcc.20811

Ganesh, K., Stadler, Z. K., Cercek, A., Mendelsohn, R. B., Shia, J., Segal, N. H., et al.
(2019). Immunotherapy in Colorectal Cancer: Rationale, Challenges and
Potential. Nat. Rev. Gastroenterol. Hepatol. 16 (6), 361–375. doi:10.1038/
s41575-019-0126-x

Gelsomino, F., Barbolini, M., Spallanzani, A., Pugliese, G., and Cascinu, S. (2016).
The Evolving Role of Microsatellite Instability in Colorectal Cancer: A Review.
Cancer Treat. Rev. 51, 19–26. doi:10.1016/j.ctrv.2016.10.005

Hinoue, T., Weisenberger, D. J., Lange, C. P. E., Shen, H., Byun, H.-M., Van Den
Berg, D., et al. (2012). Genome-scale Analysis of Aberrant DNAMethylation in
Colorectal Cancer. Genome Res. 22 (2), 271–282. doi:10.1101/gr.117523.110

Hinshaw, D. C., and Shevde, L. A. (2019). The Tumor Microenvironment Innately
Modulates Cancer Progression. Cancer Res. 79 (18), 4557–4566. doi:10.1158/
0008-5472.CAN-18-3962

Johdi, N. A., and Sukor, N. F. (2020). Colorectal Cancer Immunotherapy: Options
and Strategies. Front. Immunol. 11, 1624. doi:10.3389/fimmu.2020.01624

Li, H., Liu, L., Huang, T., Jin, M., Zheng, Z., Zhang, H., et al. (2021). Establishment
of a Novel Ferroptosis-Related lncRNA Pair Prognostic Model in colon
Adenocarcinoma. Aging 13 (19), 23072–23095. doi:10.18632/aging.203599

Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., et al. (2020). TIMER2.0 for
Analysis of Tumor-Infiltrating Immune Cells. Nucleic Acids Res. 48 (W1),
W509–W514. doi:10.1093/nar/gkaa407

McCain, J. (2006). The Cancer Genome Atlas: New Weapon in Old War?
Biotechnol. Healthc. 3 (2), 46–51B.

Mizuno, H., Kitada, K., Nakai, K., and Sarai, A. (2009). PrognoScan: a New
Database for Meta-Analysis of the Prognostic Value of Genes. BMC Med.
Genomics 2, 18. doi:10.1186/1755-8794-2-18

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8814479

Peng et al. Ferroptosis-Related MT1G in CRC

https://www.frontiersin.org/articles/10.3389/fcell.2022.881447/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.881447/full#supplementary-material
https://doi.org/10.1038/cddis.2014.9
https://doi.org/10.3390/ijms22052622
https://doi.org/10.1016/j.neo.2022.01.001
https://doi.org/10.1002/ijc.33711
https://doi.org/10.7150/thno.44705
https://doi.org/10.7150/thno.44705
https://doi.org/10.3389/fcell.2021.801365
https://doi.org/10.3389/fcell.2021.801365
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.18632/aging.203380
https://doi.org/10.1016/j.imlet.2019.03.011
https://doi.org/10.1038/ejhg.2016.44
https://doi.org/10.1158/1078-0432.CCR-06-2073
https://doi.org/10.1158/1078-0432.CCR-06-2073
https://doi.org/10.1038/s41568-019-0149-1
https://doi.org/10.1002/gcc.20811
https://doi.org/10.1038/s41575-019-0126-x
https://doi.org/10.1038/s41575-019-0126-x
https://doi.org/10.1016/j.ctrv.2016.10.005
https://doi.org/10.1101/gr.117523.110
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.3389/fimmu.2020.01624
https://doi.org/10.18632/aging.203599
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1186/1755-8794-2-18
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Moretto, R., Elliott, A., Zhang, J., Arai, H., Germani, M. M., Conca, V., et al. (2022).
Homologous Recombination Deficiency Alterations in Colorectal Cancer:
Clinical, Molecular, and Prognostic Implications. J. Natl. Cancer Inst. 114
(2), 271–279. doi:10.1093/jnci/djab169

Nalepa, G., and Clapp, D. W. (2018). Fanconi Anaemia and Cancer: an
Intricate Relationship. Nat. Rev. Cancer 18 (3), 168–185. doi:10.1038/
nrc.2017.116

Nguyen, L., W. M. Martens, A., and Cuppen, E. (2020). Pan-cancer Landscape of
Homologous Recombination Deficiency. Nat. Commun. 11 (1), 5584. doi:10.
1038/s41467-020-19406-4

Papageorgiou, G. I., Fergadis, E., Skouteris, N., Christakos, E., Tsakatikas, S. A.,
Lianos, E., et al. (2021). Case Report: Combination of Olaparib with
Chemotherapy in a Patient with ATM-Deficient Colorectal Cancer. Front.
Oncol. 11, 788809. doi:10.3389/fonc.2021.788809

Patel, S. P., and Kurzrock, R. (2015). PD-L1 Expression as a Predictive Biomarker
in Cancer Immunotherapy. Mol. Cancer Ther. 14 (4), 847–856. doi:10.1158/
1535-7163.MCT-14-0983

Ru, B., Wong, C. N., Tong, Y., Zhong, J. Y., Zhong, S. S. W.,Wu,W. C., et al. (2019).
TISIDB: an Integrated Repository portal for Tumor-Immune System
Interactions. Bioinformatics 35 (20), 4200–4202. doi:10.1093/bioinformatics/
btz210

Si, M., and Lang, J. (2018). The Roles of Metallothioneins in Carcinogenesis.
J. Hematol. Oncol. 11 (1), 107. doi:10.1186/s13045-018-0645-x

Singhal, R., Mitta, S. R., Das, N. K., Kerk, S. A., Sajjakulnukit, P., Solanki, S., et al.
(2021). HIF-2α Activation Potentiates Oxidative Cell Death in Colorectal
Cancers by Increasing Cellular Iron. J. Clin. Invest. 131 (12). doi:10.1172/
JCI143691

Sun, X., Niu, X., Chen, R., He, W., Chen, D., Kang, R., et al. (2016).
Metallothionein-1G Facilitates Sorafenib Resistance through Inhibition of
Ferroptosis. Hepatology 64 (2), 488–500. doi:10.1002/hep.28574

Tang, Z., Huang, Z., Huang, Y., Chen, Y., Huang, M., Liu, H., et al. (2021).
Ferroptosis: The Silver Lining of Cancer Therapy. Front. Cel Dev. Biol. 9,
765859. doi:10.3389/fcell.2021.765859

Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). GEPIA2: an
Enhanced Web Server for Large-Scale Expression Profiling and
Interactive Analysis. Nucleic Acids Res. 47 (W1), W556–W560. doi:10.
1093/nar/gkz430

Uddin, S., Ahmed, M., Hussain, A., Abubaker, J., Al-Sanea, N., AbdulJabbar, A.,
et al. (2011). Genome-wide Expression Analysis of Middle Eastern Colorectal
Cancer Reveals FOXM1 as a Novel Target for Cancer Therapy. Am. J. Pathol.
178 (2), 537–547. doi:10.1016/j.ajpath.2010.10.020

Vasaikar, S. V., Straub, P., Wang, J., and Zhang, B. (2018). LinkedOmics: Analyzing
Multi-Omics Data within and across 32 Cancer Types. Nucleic Acids Res. 46
(D1), D956–D963. doi:10.1093/nar/gkx1090

Wang, Q., Xie, B., Liu, S., Shi, Y., Tao, Y., Xiao, D., et al. (2021). What Happens to
the Immune Microenvironment after PD-1 Inhibitor Therapy? Front.
Immunol. 12, 773168. doi:10.3389/fimmu.2021.773168

Wang, Y., Zhao, Y., Ye, T., Yang, L., Shen, Y., and Li, H. (2021). Ferroptosis
Signaling and Regulators in Atherosclerosis. Front. Cel Dev. Biol. 9, 809457.
doi:10.3389/fcell.2021.809457

Wu, J., Wang, Y., Yang, Y., Liu, F., Chen, J., Jiang, Z., et al. (2021). TNFSF9
Promotes Metastasis of Pancreatic Cancer throughWnt/Snail Signaling andM2
Polarization of Macrophages. Aging 13 (17), 21571–21586. doi:10.18632/aging.
203497

Xia, Y., Liu, S., Li, C., Ai, Z., Shen, W., Ren, W., et al. (2020). Discovery of a Novel
Ferroptosis Inducer-Talaroconvolutin A-Killing Colorectal Cancer Cells In
Vitro and In Vivo. Cel Death Dis 11 (11), 988. doi:10.1038/s41419-020-
03194-2

Xu, Z., Peng, B., Liang, Q., Chen, X., Cai, Y., Zeng, S., et al. (2021). Construction of a
Ferroptosis-Related Nine-lncRNA Signature for Predicting Prognosis and
Immune Response in Hepatocellular Carcinoma. Front. Immunol. 12,
719175. doi:10.3389/fimmu.2021.719175

Yan, Y., Liang, Q., Xu, Z., Huang, J., Chen, X., Cai, Y., et al. (2021). Downregulated
Ferroptosis-Related Gene STEAP3 as a Novel Diagnostic and Prognostic Target
for Hepatocellular Carcinoma and its Roles in Immune Regulation. Front. Cel
Dev. Biol. 9, 743046. doi:10.3389/fcell.2021.743046

Yang, C., Zhang, Y., Lin, S., Liu, Y., and Li, W. (2021). Suppressing the KIF20A/
NUAK1/Nrf2/GPX4 Signaling Pathway Induces Ferroptosis and Enhances the
Sensitivity of Colorectal Cancer to Oxaliplatin. Aging 13 (10), 13515–13534.
doi:10.18632/aging.202774

Yang, X., Xu, Z.-J., Chen, X., Zeng, S.-S., Qian, L., Wei, J., et al. (2019). Clinical
Value of Preoperative Methylated Septin 9 in Chinese Colorectal Cancer
Patients. Wjg 25 (17), 2099–2109. doi:10.3748/wjg.v25.i17.2099

Ye, Z., Zhuo, Q., Hu, Q., Xu, X., Mengqi liu, L., Zhang, Z., et al. (2021). FBW7-
NRA41-SCD1 axis Synchronously Regulates Apoptosis and Ferroptosis in
Pancreatic Cancer Cells. Redox Biol. 38, 101807. doi:10.1016/j.redox.2020.
101807

Zengin, M., Zergeroğlu, S., Okcu, O., and Benek, S. (2021). PD-1 and PD-L2
Expression Predict Relapse Risk and Poor Survival in Patients with Stage III
Colorectal Cancer. Cell Oncol. 44 (2), 423–432. doi:10.1007/s13402-020-
00579-5

Zhang, Z., Qiu, X., Yan, Y., Liang, Q., Cai, Y., Peng, B., et al. (2021). Evaluation of
Ferroptosis-Related Gene AKR1C1 as a Novel Biomarker Associated with the
Immune Microenvironment and Prognosis in Breast Cancer. Ijgm 14,
6189–6200. doi:10.2147/IJGM.S329031

Zhou, N., and Bao, J. (2020). FerrDb: a Manually Curated Resource for Regulators
and Markers of Ferroptosis and Ferroptosis-Disease Associations. Database
(Oxford) 2020, baaa021. doi:10.1093/database/baaa021

Zhou, Z., Sun, B., Huang, S., Yu, D., and Zhang, X. (2020). Roles of Aminoacyl-
tRNA Synthetase-Interacting Multi-Functional Proteins in Physiology and
Cancer. Cel Death Dis 11 (7), 579. doi:10.1038/s41419-020-02794-2

Zhu, L., Yang, F., Wang, L., Dong, L., Huang, Z., Wang, G., et al. (2021).
Identification the Ferroptosis-Related Gene Signature in Patients with
Esophageal Adenocarcinoma. Cancer Cel Int 21 (1), 124. doi:10.1186/
s12935-021-01821-2

Zhu, Z., Zhang, X., Guo, H., Fu, L., Pan, G., and Sun, Y. (2015). CXCL13-CXCR5
axis Promotes the Growth and Invasion of colon Cancer Cells via PI3K/AKT
Pathway.Mol. Cel Biochem 400 (1-2), 287–295. doi:10.1007/s11010-014-2285-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Peng, Peng, Kang, Zhang, Peng and He. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 88144710

Peng et al. Ferroptosis-Related MT1G in CRC

https://doi.org/10.1093/jnci/djab169
https://doi.org/10.1038/nrc.2017.116
https://doi.org/10.1038/nrc.2017.116
https://doi.org/10.1038/s41467-020-19406-4
https://doi.org/10.1038/s41467-020-19406-4
https://doi.org/10.3389/fonc.2021.788809
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://doi.org/10.1158/1535-7163.MCT-14-0983
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1186/s13045-018-0645-x
https://doi.org/10.1172/JCI143691
https://doi.org/10.1172/JCI143691
https://doi.org/10.1002/hep.28574
https://doi.org/10.3389/fcell.2021.765859
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1016/j.ajpath.2010.10.020
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.3389/fimmu.2021.773168
https://doi.org/10.3389/fcell.2021.809457
https://doi.org/10.18632/aging.203497
https://doi.org/10.18632/aging.203497
https://doi.org/10.1038/s41419-020-03194-2
https://doi.org/10.1038/s41419-020-03194-2
https://doi.org/10.3389/fimmu.2021.719175
https://doi.org/10.3389/fcell.2021.743046
https://doi.org/10.18632/aging.202774
https://doi.org/10.3748/wjg.v25.i17.2099
https://doi.org/10.1016/j.redox.2020.101807
https://doi.org/10.1016/j.redox.2020.101807
https://doi.org/10.1007/s13402-020-00579-5
https://doi.org/10.1007/s13402-020-00579-5
https://doi.org/10.2147/IJGM.S329031
https://doi.org/10.1093/database/baaa021
https://doi.org/10.1038/s41419-020-02794-2
https://doi.org/10.1186/s12935-021-01821-2
https://doi.org/10.1186/s12935-021-01821-2
https://doi.org/10.1007/s11010-014-2285-y
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Ferroptosis-Related Gene MT1G as a Novel Biomarker Correlated With Prognosis and Immune Infiltration in Colorectal Cancer
	Introduction
	Materials and Methods
	Data Acquisition
	Expression Profile Analysis
	Correlation Analysis
	Immunological Analysis
	Cell Lines and Culture Conditions
	Quantitative PCR
	Colony Forming Assay
	Statistical Analysis

	Results
	Identification of the Downregulated Ferroptosis-Related Gene MT1G in CRC Tissues and Cells
	Co-expression Analysis of MT1G in CRC
	Roles of MT1G in the Immune Microenvironment

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


