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MDIG, a 2-oxoglutarate-dependent oxygenase, acts as an
oncogene and predicts the prognosis of multiple types of cancer
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Abstract. Recent studies have indicated that mineral
dust-induced gene (MDIG) is an oncogene induced by envi-
ronmental factors, which has a key role in the development and
progression of various tumor types, through epigenetic modi-
fications; however, there are no previous pan-cancer analyses
of MDIG. In the present study, a comprehensive pan-cancer
analysis of MDIG was performed using public databases. The
results demonstrated that MDIG was upregulated in tumor
tissue samples compared with normal tissue, that it was present
in all cancer cell lines and it was closely associated with the
prognosis of patients with different tumor types. Furthermore,
MDIG expression was closely associated with the immuno-
logical characteristics of the tumor microenvironment (TME),
such as the frequency of tumor-infiltrating immune cells,
TME-relevant signatures, immunostimulatory genes, immune
checkpoint genes, chemokine receptor genes, tumor mutational
burden and microsatellite instability. In parallel, high expres-
sion of MDIG was associated with improved overall survival
of patients and this was verified in a cohort of patients who
had received anti-programmed cell death 1 ligand 1 treatment.
Furthermore, high expression of MDIG led to multiple drug
resistance in The Cancer Genome Atlas-lung adenocarcinoma
cohort. In addition, gene set variant analysis and gene set
enrichment analysis indicated that MDIG was involved in cell
cycle regulation. In vitro experiments suggested that MDIG
promoted cell proliferation through the mTOR complex 2/Akt
and pyruvate dehydrogenase kinase 1/Akt signaling pathways.
In summary, the present study suggests that MDIG may be
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a prognostic biomarker and therapeutic target for various
cancer types.

Introduction

It is estimated that 19.3 million new cancer cases and nearly
10 million cancer-associated deaths occurred in 2020 world-
wide (1). Furthermore, the global cancer burden is projected to
reach 28.4 million cases in 2040, representing a 47% increase
from 2020 (1). Cancer is largely considered a disease of gene
alterations and mutations. Therefore, it is of great significance to
conduct comprehensive pan-cancer studies on genes associated
with the diagnosis, prognosis and treatment of cancer.

Mineral dust-induced gene (MDIG) is an oncogene that
may be induced by environmental factors, including mineral
dust (2), tobacco smoke (3), arsenic (4) and silica (5). It encodes
a nuclear protein with a molecular weight of 53 kDa (6) and is
also known as MYC induced nuclear antigen 53 (MINAS3) (6),
nucleolar protein 52 (7), ribosomal oxygenase 2 (RIOX2) (8)
and JmjC domain-containing protein 10 (9). MDIG contributes
to the occurrence and development of multiple tumors, mainly
through post-translational protein hydroxylation (10) and
epigenetic demethylation (via a hydroxylation reaction) (11).
Previous studies have suggested that MDIG is highly expressed
in a variety of tumor tissue types, including lung (12),
breast (13), liver (14), colon (15) and gastric cancer (16), as
well as renal cell carcinoma (17), gingival squamous cell carci-
noma (18) and lymphoma (19). Furthermore, high expression
of MDIG is usually associated with poor prognosis (20). Of
note, another study indicated that, compared with low expres-
sion of MDIG, high expression was associated with a favorable
prognosis in patients with lung cancer (21). Similarly, a study
on breast cancer indicated that the expression levels of MDIG
were associated with lymph node metastasis and that increased
MDIG expression predicted poor overall survival (OS) in
patients with lymph node metastasis (13,22,23). Furthermore,
MDIG may have different roles in different stages of tumor
development, promoting tumor proliferation in the early
stages of tumor occurrence, but inhibiting tumor invasion and
migration in the advanced stages of tumor progression (22).
In addition, MDIG also has an effect on tumor therapy. A
previous study by our group suggested that MDIG promoted
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cisplatin resistance in lung adenocarcinoma (LUAD) by
regulating ABC transporter expression via activation of the
Wnt/B-catenin signaling pathway (24). Furthermore, MDIG
deficiency sensitized glioblastoma cells to doxorubicin (25).
In addition, MDIG induced tumor angiogenesis by promoting
the activation of the EGFR/phosphorylated (P-) EGFR
(Tyr1068)/VEGF-A/VEGF-R1/R2 pathway (26). In the light
of these results, it may be hypothesized that MDIG is not only
closely linked to cancer diagnosis and prognosis but may also
affect chemotherapy and anti-angiogenic targeted therapy. It is
worth noting that studies on MDIG have so far been limited to a
small number of tumor types. Furthermore, studies evaluating
the association between MDIG and antitumor immunity are
still lacking.

The aim of the present study was to carry out a
pan-cancer analysis of MDIG expression and determine its
association with the prognosis and tumor microenvironment
(TME)-immunological characteristics using public datasets.
Furthermore, the prognostic effect of MDIG was validated
in a cohort of patients with bladder carcinoma (BLCA) who
had received anti-programmed cell death 1 ligand 1 (PD-L1)
immunotherapy. In addition, chemotherapeutic drug sensi-
tivity in The Cancer Genome Atlas (TCGA)-LUAD cohort
was assessed and gene set variant analysis (GSVA) and
gene set enrichment analysis (GSEA) were conducted in the
TCGA-LUAD cohort. Finally, in vitro experiments were used
to verify the molecular mechanisms.

Materials and methods

Analysis of MDIG expression in different types of cancer.
MDIG expression in normal tissue was assessed via the
Genotype-Tissue Expression (GTEx) database (https:/gtex-
portal.org) (27) using the gene symbol RIOX?2. In addition, data
downloaded from the Cancer Cell Line Encyclopedia (CCLE;
https://sites.broadinstitute.org/ccle/) for the gene symbol
RIOX2 were used to analyze the expression of MDIG in cancer
cell lines representing 30 types of cancer. Furthermore, the
TCGA database (https:/portal.gdc.cancer.gov/) (28), which is
the largest database of cancer genetic information available,
holds transcriptome data, clinical information and methyla-
tion data. The mRNA expression data from RNA-sequencing
(RNA-seq) of 33 tumor types of a pan-cancer panel were
downloaded for subsequent bioinformatics analysis. All data
were obtained in December 2021. First, RNA-seq datasets
for 33 types of cancer in TCGA were used to analyze the
differences in MDIG expression between tumor and paired
normal tissue samples. Next, the clinicopathological charac-
teristics of the patients (smoking and age) were obtained from
the TCGA-LUAD cohort and assessed for their association
with MDIG expression. For all gene expression analyses,
the RNA-seq data were downloaded as log, (TPM+1), where
TPM is the transformation to transcripts per million mapped
reads. Furthermore, immunohistochemical staining images of
MDIG expression in normal lung and lung cancer tissue were
obtained from the Human Protein Atlas (HPA; https:/www.
proteinatlas.org/) using the gene symbol RIOX2.

Survival analysis of MDIG in different types of cancer. The
OS and progression-free interval (PFI) data of patients with

different types of cancer were obtained from the University
of California Santa Cruz (UCSC) Xena database (https://xena.
ucsc.edu/) (29) using the gene symbol RIOX?2. Univariate Cox
regression (uniCox) and Kaplan-Meier (KM) analyses were
performed to examine the effect of MDIG on patient survival
using the R packages ‘forestplot (version 1.10.1)’, ‘survival
(version 3.210)” and ‘survminer (version 0.4.9)’. The expression
levels of MDIG in tumor and adjacent noncancerous tissue
samples were divided into a high- and a low-expression group
according to the median of the cohort.

Analysis of MDIG alterations in different types of cancer.
The mutational status (alteration frequency and mutation
type) of MDIG were all analyzed in TCGA tumor datasets
from cBioPortal (https://www.cbioportal.org/) (30) using the
‘quick selection’ section to investigate ‘TCGA Pan Cancer
Atlas Studies’. ‘RIOX2’ was entered for queries regarding the
genetic alteration. The ‘mutations’ module was used to explore
the mutated site of MDIG, which is displayed in the schematic
diagram of the protein structure or the three-dimensional struc-
ture. The analysis was performed and graphically presented
using the ‘Cancer Types Summary (version 1.20.0)’ and
‘Complex Heatmap (version 2.2.0)’ R packages, respectively.

Promoter methylation status and the association with
important oncogenes of MDIG in non-small cell lung cancer
(NSCLC). Data on the promoter methylation status of MDIG
in NSCLC were obtained from the UALCAN database
(http://ualcan.path.uab.edu/index.html) (31) using the gene
symbol MINA. The DNA methylation data were presented
as p-values ranging from O (unmethylated) to 1 (fully meth-
ylated). Furthermore, the Spearman's correlation between
the expression of MDIG and that of C-Myc, an important
proto-oncogene in NSCLC (32), or tumor protein 53 (TP53),
an important tumor suppressor gene in NSCLC (33), was
examined in the TCGA-LUAD cohort.

Correlation analysis of MDIG expression and immunological
characteristics. Cell type Identification by Estimating Relative
Subsets of RNA Transcripts (CIBERSORT) (34) was used
to analyze the relationship between MDIG and 22 types of
tumor-infiltrating immune cell in TCGA datasets. Furthermore,
the TME-relevant signatures were correlated with the immu-
notherapy response (35,36) and the CIBERSORT algorithm
was used to quantify the content of TME-relevant signatures
in different types of cancer in the CIBERSORT web portal
(https://cibersort.stanford.edu) using the gene symbol RIOX2.

In addition, the relationship between the expression of
MDIG and that of immune-relevant genes closely related to
tumor immune escape, as well as immunotherapy responsive-
ness (37), were examined using the tumor-immune system
interactions database (TISIDB) website (http://cis.hku.
hk/TISIDBY/) (38) using the gene symbol MINA. The analyzed
immune-relevant genes included immunostimulatory, immune
checkpoint and chemokine receptor.

Association analysis of MDIG with tumor mutational burden
(TMB) and microsatellite instability (MSI). The analysis of
the association between MDIG expression and TMB or MSI
was performed using Spearman's correlation coefficient. The
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‘fmsb (version 0.7.2)’, ‘limma (version 3.28.14)’ and ‘dplyr
(version 0.7.8)’ R package was used to analyze the pan-cancer
data of MDIG for 33 types of cancer.

Cohort validation of the prognostic value of MDIG for
immunotherapy. A systemic study of immune checkpoint
blockade gene expression profiles was performed. Gene
expression and immunotherapeutic efficacy were obtained
from the IMvigor210 cohort, which was a cohort with open
information from a previous study (39), with the ‘IMvigor210’
package. According to the correlation between MDIG expres-
sion (RNA-seq) and patient survival, the ‘surv-cutpoint’
function of the ‘survminer (version 0.4.9)’ R package was used
to divide patients into high and low MDIG expression groups
according to the median of the cohort. The KM method and
log-rank test were used to analyze patient OS.

Drug sensitivity analysis of MDIG in the TCGA-LUAD cohort.
The response to chemotherapy for LUAD was predicted using
the Genomics of Drug Sensitivity in Cancer (GDSC) database
(https://www.cancerrxgene.org/) (40). The expression levels
of MDIG (RNA-seq data) in the TCGA-LUAD cohort were
divided into a high and a low-expression group according to
the median. A total of 138 drugs had potential for the treat-
ment of cancer. The R software package ‘pRRophetic’ (41) was
used to predict the chemotherapy sensitivity of each sample. In
brief, the half-maximal inhibitory concentration (IC,) of the
LUAD samples was calculated through ridge regression and
the prediction accuracy was assessed by 10-fold cross-vali-
dation based on the GDSC training set (42). Furthermore,
the estimated ICs, for each specific chemotherapeutic agent
between a high- and a low-expression group was compared
using the Wilcoxon's rank-sum test.

Functional enrichment analysis of MDIG in the TCGA-LUAD
cohort. GSVA (43) and GSEA (44) were performed using
the ‘GSVA (version 1.20.0)’, ‘limma (version 3.28.14)’ and
‘clusterProfiler (version 3.16.1)" packages to identify the
pathways in which the genes co-expressed with MDIG were
significantly enriched in the TCGA-LUAD cohort. To deter-
mine significant gene sets in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and Gene Ontology (GO) analyses,
Inormalized enrichment scorel>1, P-value <0.05 and false
discovery rate (FDR) <0.25 were used as the threshold for
GSEA; pathways were considered significantly enriched when
they met the sub-conditions.

Cell culture, lentiviral transduction and treatments. The
human lung adenocarcinoma cell line A549 (cat. no. TCHu150)
and the human umbilical vein endothelial cell line EA.hy926
(cat.no. GNHu39) were purchased from the Cell Culture Center
of the Chinese Academy of Medical Sciences. The EA . hy926
cell line was originally established by fusing primary human
umbilical vein cells with a thioguanine-resistant clone of A549
by exposure to polyethylene glycol. The cells were identified
by short tandem repeat profiling and were free of mycoplasma
infection. The cells were cultured in RPMI-1640 culture
medium containing 10% fetal bovine serum (FBS; both from
Hyclone; Cytiva) in a 5% CO, cell incubator (Thermo Fisher
Scientific, Inc.) at 37°C.
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The MDIG overexpression lentiviral vector (LV-MDIG;
GenBank accession no. NM_032778), empty control lentiviral
vector (vector), MDIG short hairpin RNA (shRNA) silencing
lentiviral vectors (shRNAI, 5-GGGTGATTTGTTGTACTT
T-3"; shRNA2, 5“~AACGATTCAGTTTCACCAA-3") and a
control shRNA lentiviral vector (con, 5'-TTCTCCGAACGT
GTCACGT-3") were purchased from Shanghai GeneChem
Co., Ltd. The overexpression vector was sent for sequencing
and designated GV365 (pUbi-MCS-3FLAG-pCMV-EGFP)
and the knockdown vector was sent for sequencing and desig-
nated GV248 (phU6-MCS-PUbi-EGFP). The experimental
procedures were performed according to the manufacturer's
protocol. As described in a previous study by our group (26),
in brief, the day before transfection, 5 ml (5x10* cells/ml) of
the target cells were inoculated into a T25 flask (Corning, Inc.).
When confluence reached 30-50%, the cells were incubated
with lentivirus at a multiplicity of infection of 20 for A549
cells and 10 for EA.hy926 cells. The cells were maintained
at 37°C, with a 5% volume fraction of CO, and saturated
humidity. After 72 h, stably transfected A549 cells were grown
in RPMI-1640 medium supplemented with 2.0 g/ml puromycin
and 10% FBS for 2 weeks. Stably transfected EA.hy926 cells
were screened with 1.0 g/ml puromycin as described above.

To inhibit PI3K-dependent Akt phosphorylation and kinase
activity, EA.hy926 cells transduced with LV-MDIG were
treated with 30 M LY294002 (cat. no. 9901; Cell Signaling
Technology, Inc.) at 37.5°C for 24 h.

Cell proliferation assay. For EAU assays, cells were seeded
into 6-well plates at a density of 5x10° cells/ml. After being
subjected to the corresponding treatment, the cells were
cultured for 72 h and then used for EAU assays using a commer-
cial kit (cat. no. CO071S; Beyotime Institute of Biotechnology).
The cells were incubated with 50 uM EdU solution for 12 h,
fixed in 4% paraformaldehyde for 30 min at room temperature
and further incubated in 5% glycine for 5 min at room temper-
ature. The cells were washed in 1X PBS, followed by treatment
with 0.5% Triton X-100 at room temperature for 30 min. The
samples in each well were incubated with 100 ul Apollo®
mixture (cat. no. C0071S; Beyotime Institute of Biotechnology)
for 30 min at room temperature. Finally, the cell nuclei were
stained using Hoechst 33342 solution (cat. no. C0071S-6;
Beyotime Institute of Biotechnology) at 25°C for 25 min.
Images were captured using a fluorescence microscope
(Observer Al; ZEISS). The number of EdU-positive cells was
counted using ImagelJ software (version 1.8.0_172; National
Institutes of Health).

For Cell Counting Kit-8 (CCK-8) assays, transfected A549
and EA hy926 cells were seeded at a density of 5x10° cells/well
and were examined at 6, 24, 48, 72 and 96 h post-transfection
according to the manufacturer's protocols. Cell viability
was evaluated using a CCK-8 kit (Beyotime Institute of
Biotechnology). In brief, CCK-8 solution was added to each
well and the cells were incubated for an additional 2 h. The
absorbance at 450 nm was measured using a microplate reader
(Tecan Infinite M200PRO; Tecan Group, Ltd.).

Western blot analysis. Cells were lysed using lysis buffer
(cat. no. 9803S; Cell Signaling Technology, Inc.) supplemented
with a protease inhibitor cocktail (cat. no. 11697498001; Roche
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Diagnostics GmbH) for 30 min at 4°C. The protein concen-
tration was measured by a bicinchoninic acid assay (Thermo
Fisher Scientific, Inc.). A total of 30 ug protein per lane was
separated using 8-14% SDS-PAGE (Bio-Rad Laboratories,
Inc.) and transferred to PVDF membranes (Merck Life
Sciences, Inc.), which were then blocked at room temperature
for 2 h with 5% skimmed dried milk (cat. no. 1172GR500;
BioFroxx). The membranes were subsequently washed with
1X Tris-buffered saline containing 0.1% Tween®-20 deter-
gent (1X TBST) and then incubated with primary antibodies
against MINAS3 (cat. no. sc-398521), cyclin-dependent
kinase (CDK)2 (cat. no. sc-6248), CDK6 (cat. no. sc-7961),
CDK inhibitor 1A (CDKNI1A; cat. no. sc-6246), CDKN2D
(cat. no. sc-1665; all at 1:1,000 dilution; mouse monoclonal;
Santa Cruz Biotechnology, Inc.), pan-Akt (cat. no. 4691), pyru-
vate dehydrogenase kinase 1 (PDKI; cat. no. 13037), P-PDK1
(Ser241; cat. no. 3438), P-Akt (Thr308; cat. no. 13038), mTOR
(cat. no. 2983), GBL (cat. no. 3274), Rictor (cat. no. 9476),
P-Akt (Serd73; cat. no. 4060) and GAPDH (cat. no. 5174,
all at 1:1,000 dilution; rabbit monoclonal; Cell Signaling
Technology, Inc.) at 4°C overnight. After another wash with
1X TBST, the membranes were incubated with anti-mouse IgG
(cat. no. sc-2005; 1:3,000 dilution; Santa Cruz Biotechnology,
Inc.) or anti-rabbit IgG (cat. no. 7074; 1:3,000 dilution; Cell
Signaling Technology, Inc.) as the secondary antibody at room
temperature for 2 h. Immunoreactive bands were detected
using an enhanced chemiluminescence (ECL) western blotting
system (Clarity Western ECL Substrate; Bio-Rad Laboratories,
Inc.). The greyscale densities of the bands were measured using
Image J software (version 1.8.0_172; National Institutes of
Health), and the density ratio of each protein band was normal-
ized to that of GAPDH and expressed as the percentage of the
corresponding control group. Phosphoproteins were presented
as the ratio of phosphoprotein to total protein.

Statistical analysis. All statistical analyses were performed
using R (version 4.0.3) and R packages ‘ggplot2 (version 3.3.3)’,
‘ggpubr (version 0.4.0)’, ‘pheatmap (version 1.0.12)’ and
‘cowplot (version 1.1.1)" were used for visualization. In the
bioinformatics analyses, Kruskal-Wallis tests were performed
to examine the differences in MDIG expression between
different tissue types and cancer cell lines. Furthermore,
Kruskal-Wallis tests were performed to examine the differ-
ences in the clinicopathological characteristics of the patients
(smoking and age), followed by Dunn's test. The significance
of the difference in gene expression between cancerous and
para-cancerous normal tissues, the drug sensitivity analysis,
and the correlation analysis between MDIG expression and
TME-relevant signatures in BLCA were determined using
Wilcoxon's rank-sum test. Patient prognosis was evaluated
using uniCox and the results were presented as the hazard ratio
(HR) with 95% confidence interval and P-values. The KM
method with log-rank tests was used to estimate the survival
probability against time, but when there was a late-stage cross-
over between the groups, Renyi-type tests were used, with the
results presented as P-values. The correlation between MDIG
expression and immunological characteristics was evaluated
using Pearson's correlation or Spearman's correlation tests.
P<0.05 was considered to indicate a statistically significant
difference.

All data obtained from in vitro experiments were expressed
as the mean + standard deviation. Comparisons between
groups were performed using one-way ANOVA (CCK-8 assay,
EdU assay and western blotting) followed by Tukey's post-hoc
test by RStudio (RStudio; https:/www.rstudio.com). P<0.05
was considered to indicate a statistically significant difference.
All experiments were performed at least three times.

Results

Expression of MDIG in different types of cancer. In the
datasets obtained from the GTEx database, MDIG was
significantly differentially expressed in all human tissues and
organs, among which the thyroid gland and skeletal muscle
had high expression levels, while the testis and lung had low
expression levels (Fig. 1A). Furthermore, the expression levels
of MDIG in 1,363 cell lines from 30 types of cancer were
analyzed in CCLE datasets. The results indicated that MDIG
was significantly differentially expressed in most cancer cell
lines compared to each other (Fig. 1B).

MDIG expression in cancer and paired adjacent tissue
samples was then analyzed in TCGA datasets. MDIG was
significantly upregulated in BLCA, cholangiocarcinoma
(CHOL), colon adenocarcinoma (COAD), esophageal carci-
noma (ESCA), glioblastoma (GBM), liver hepatocellular
carcinoma (LTHC), LUAD, lung squamous cell carcinoma
(LUSC), prostate adenocarcinoma (PRAD), rectum adenocar-
cinoma (READ) and stomach adenocarcinoma (STAD) tumor
tissue compared with normal adjacent tissue. By contrast,
MDIG expression was significantly downregulated in breast
invasive carcinoma (BRCA), kidney renal clear cell carcinoma
(KIRC), kidney renal papillary cell carcinoma (KIRP) and
thyroid carcinoma (THCA) (Fig. 1C). At the protein level,
immunohistochemistry images from the HPA suggested that
MDIG protein was expressed at low levels in normal lung tissue
but markedly upregulated in lung cancer tissue (Fig. 2A). In
addition, MDIG expression was significantly higher in patients
with LUAD and a history of smoking than in those without
a history of smoking. Furthermore, MDIG expression levels
were significantly lower after smoking cessation but did not
change with the duration of cessation (Fig. 2B). However, age
did not affect MDIG expression in LUAD (Fig. 2C).

Survival analysis of MDIG in different types of cancer. Since
MDIG was highly expressed in several types of tumor tissue,
the UCSC Xena database was used to examine the associa-
tion between MDIG and clinical prognosis in different types
of cancer. The uniCox OS results indicated that MDIG was
a risk factor in KIRP (HR=1.352, P=0.002), brain lower
grade glioma (LGG) (HR=1.224, P<0.001), LTHC (HR=1.154,
P<0.001), pancreatic adenocarcinoma (PAAD) (HR=1.332,
P=0.022), PRAD (HR=1.458, P=0.028) and sarcoma (SARC)
(HR=1.157, P=0.010). Of note, the opposite results were
found for READ (HR=0.549, P=0.001) and uveal melanoma
(UVM) (HR=0.596, P=0.039) (Fig. 3). For the PFI, MDIG
was a risk factor in BLCA (HR=1.112, P=0.005), KIRP
(HR=1.244, P=0.019), LGG (HR=1.202, P<0.001), LIHC
(HR=1.097, P=0.009), PAAD (HR=1.304, P=0.026) and
uterine corpus endometrial carcinoma (UCEC) (HR=1.172,
P=0.006). However, the opposite result was obtained for
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Figure 1. MDIG expression in various types of cancer. (A) Different expression levels of MDIG among 27 normal tissue types in a GTEx dataset determined
using Kruskal-Wallis tests. (B) Different expression levels of MDIG among cancer cell lines representing 30 types of cancer in a CCLE dataset according
to Kruskal-Wallis tests. (C) Expression levels of MDIG in a dataset from TCGA comprising 33 tumor tissue types and paired adjacent noncancerous tissue
(Wilcoxon rank-sum test). Data in the box plot are presented as the median and 25-75th percentile, and the vertical bars indicate the standard deviation and
the dots outliers. “P<0.01, “**P<0.0001. ns, no significance; N, normal; T, tumor; MDIG, mineral dust-induced gene; TPM, transcripts per million mapped
reads; GTEx, Genotype-Tissue Expression; CCLE, Cancer Cell Line Encyclopedia; TCGA, The Cancer Genome Atlas; ACC, adrenocortical carcinoma;
BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon
adenocarcinoma; DLBC, diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma;
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG,
brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma;
OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarci-
noma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell
tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.

pheochromocytoma and paraganglioma (HR=0.581, P=0.031) mutations were not prevalent in any other types of cancer
(Fig. 3). tissue (Fig. SA). There was no significant association between
In addition, in the KM analysis of OS, high MDIG expres- MDIG mutations and patient prognosis (data not shown).
sion predicted unfavorable OS in patients with BRCA, KIRP,
LGG, LIHC, PAAD, SRAC and UCEC (Fig. 4). Furthermore, =~ Promoter methylation status and the association between
high MDIG expression predicted shorter PFI times in patients ~MDIG, C-Myc and TP53 expression in LUAD. As presented
with KIRP, LGG, LIHC, PAAD and UCEC (Fig. 4). in Fig. 5B, the promoter methylation levels of MDIG in LUSC
and LUAD were significantly lower than those in normal
Gene alteration analysis of MDIG in different types of cancer.  lung tissue from TCGA data. In addition, MDIG expression
The highest alteration frequency of MDIG (~8%) was observed ~ was significantly positively correlated with that of C-Myc in
in patients with LUSC. ‘Amplification’ was the primary type =~ LUAD (stages II/III). The correlation gradually increased
for LUSC, cervical squamous cell carcinoma and head and  from stage I to stage III, then decreased at stage IV and was
neck squamous cell carcinoma, with an alteration frequency  no longer statistically significant. Of note, the significance
of ~7, ~4 and ~3%, respectively (Fig. 5A). However, MDIG  became stronger with increasing stage was observed for the
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Figure 2. MDIG expression in lung cancer. (A) MDIG expression in normal lung and lung cancer tissue samples from the Human Protein Atlas (magnification,
x40). (B) MDIG expression in patients with LUAD from TCGA data stratified according to their smoking history (Kruskal-Wallis tests followed by Dunn's
tests). (C) MDIG expression in patients with LUAD from TCGA data stratified according to their age (Kruskal-Wallis tests followed by Dunn's tests). MDIG,
mineral dust-induced gene; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas; IHC, immunohistochemistry; TPM, transcripts per million

mapped reads.

correlation analysis between MDIG and TP53 expression
(Fig. 5C).

Correlation of MDIG expression with immunological
characteristics. In most types of cancer, MDIG expression
positively correlated with the frequency of ‘Macrophages M1’,
‘T cells CD4* memory activated’, and ‘T cells CD4* memory
resting’. However, MDIG expression significantly negatively
correlated with ‘T cells CD8*’, ‘NK cells activated’ and ‘T cells
regulatory (Tregs)’ (Fig. 6A). As indicated in Fig. 6B, MDIG
expression positively correlated with TME-relevant signatures
(such as ‘Nucleotide_excision_repair’, ‘Mismatch_Repair’,
‘DNA _replication’ and ‘DNA_damage_response’). However,
MDIG expression had a significant negative correlation with
TME-relevant signatures in KIRC and THCA.

Association of MDIG with immune-relevant genes, TMB
and MSI. MDIG expression correlated with that of several
immune-relevant genes, albeit with different patterns in
different tumor types. MDIG was positively correlated with
immunostimulatory genes in most types of cancer, such
as LIHC, CHOL, BLCA, thymoma (THYM) and LUAD.
However, there was a negative correlation between KIRC
and THCA (Fig. 7A). As presented in Fig. 7D, MDIG was
significantly associated with immune checkpoint genes in

most types of tumor. Furthermore, there was a significant
positive correlation between MDIG and PD-L1 in most
types of tumor. Of note, MDIG was negatively correlated
with immune checkpoint genes in KIRC and THCA. In
addition, MDIG was significantly positively correlated with
chemokine receptor genes in BLCA, PAAD, CHOL and
diffuse large B cell lymphoma (DLBC), amongst others, but
significantly negatively correlated with chemokine receptor
genes in KIRC and THCA (Fig. 7E). Overall, there was a close
correlation between immune-relevant genes and MDIG and
MDIG was always significantly negatively correlated with
immune-relevant genes in KIRC and THCA.

TMB (45) and MSI (46) are important molecular markers
for immune checkpoint block therapy. MDIG expression
positively correlated with TMB in LUAD, BLCA, STAD
and UCEC, but negatively correlated in KIRC and THCA
(Fig. 7B). As presented in Fig. 7C, MDIG also positively
correlated with MSI in STAD, THYM and LUSC. However,
the opposite results were observed in DLBC, THCA and skin
cutaneous melanoma.

Cohort validation of the prognostic role of MDIG for
immunotherapy. The effect of MDIG on TME-relevant
signatures in BLCA was analyzed using the CIBERSORT
algorithm. The results suggested that high expression of MDIG
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Figure 3. Relationship between high expression of MDIG and patient OS (left panel) and PFI (right panel). The forest plots were generated using univariate
survival analysis in various cancer types. HR>1 indicates that MDIG high expression represents a risk factor, whereas HR<1 suggests that it is a protective
factor. MDIG, mineral dust-induced gene; HR, hazard ratio; OS, overall survival; PFI, progression-free interval, ACC, adrenocortical carcinoma; BLCA,
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon
adenocarcinoma; DLBC, diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma;
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG,
brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma;
OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarci-
noma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell
tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.

was associated with ‘CD-8-T-effector’, Immune-Checkpoint’,
‘Antigen-processing-machinery’, ‘“TMEscoreA’, ‘Mismatch-
Repair’, ‘Nucleotide-excision-repair’, ‘pan tissue fibroblast
TGF-f response signature (Pan-F-TBRs)’, ‘epithelial-to-
mesenchymal transition (EMT)1/2/3’ and ‘TMEscoreB’
(Fig. 8A). Furthermore, KM analysis of OS indicated that
MDIG high expression was associated with favorable OS in
patients with BLCA who had received PD-L1 immunotherapy
(Fig. 8B).

Drug sensitivity analysis of MDIG in TCGA-LUAD cohort.
While several treatment options are available for lung cancer
at present, chemotherapy remains widely used (47). The GDSC
database was used to analyze the relationship between MDIG
expression and sensitivity to chemotherapeutic drugs in the
TCGA-LUAD cohort. As presented in Fig. 9, for AKT.inhib-
itor VIII, cisplatin, CCT018159, CGP.082996, gemcitabine and

camptothecin, the estimated ICs, was higher with high expres-
sion of MDIG as compared with the low-expression group.

Functional enrichment analysis of MDIG in LUAD. To
obtain deeper insight into the biological functions associ-
ated with MDIG, GSVA and GSEA were used to identify
pathways enriched by MDIG. As presented in Fig. 10A, the
results of the GSVA indicated that the pathways in which
the genes co-expressed with MDIG were enriched were
G2M-CHECKPOINT, E2F-TARGETS, UNFOLDED-
PROTEIN-RESPONSE, MTORCI-SIGNALING,
MYC-TARGETS-V1/2, SPERMATOGENESIS,
MITOTIC-SPINDLE, GLYCOLYSIS and PI3K-AKT-
MTOR-SIGNALING. Furthermore, GSEA-GO and
GSEA-KEGG were performed to identify enriched GO
terms in the category biological process (GOBP) and KEGG
pathways in association with MDIG in LUAD. The results
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Figure 4. Kaplan-Meier curves for OS and PFI of patients from TCGA datasets stratified according to MDIG gene expression. MDIG, mineral dust-induced
gene; OS, overall survival; PFI, progression-free interval; H, high expression; L, low expression; BRCA, breast invasive carcinoma; KIRP, kidney renal
papillary cell carcinoma; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; PAAD, pancreatic adenocarcinoma; SARC, sarcoma; UCEC,

uterine corpus endometrial carcinoma.

suggested that the genes co-expressed with MDIG were
enriched in biological process terms and pathways such as
GOBP-CELL-G1-S-PHASE-TRANSITION, GOBP-CELL-
DIVISION, GOBP-COVALENT-CHROMATIN-MODIF
ICATION, GOBP-DNA-CONFORMATION-CHANGE,
GOBP-DNA-REPAIR, KEGG-ARACHIDONIC-
ACID-METABOLISM, KEGG-ASTHMA,
KEGG-AUTOIMMUNE-THYROID-DISEASE, KEGG-
CARDIAC-MUSCLE-CONTRACTION and KEGG-CELL-
CYCLE (Fig. 10B).

MDIG promotes cell proliferation through the Akt signaling
pathway in vitro. The results suggested that MDIG was
upregulated in lung cancer cell lines and enrichment analysis
suggested that the main biological processes of MDIG were
related to the cell cycle and Akt signaling. To our knowledge,
there have been no previous studies indicating that MDIG
may promote cell proliferation through the Akt signaling
pathway; the Akt signaling pathway is one of the most impor-
tant signaling pathways that promote cell proliferation (48).
Therefore, the A549 cell line (with high expression of MDIG;
this cell line was thus used for MDIG knockdown studies) and
the EA.hy926 cell line (which lacks MDIG expression and
was thus used for MDIG overexpression studies; this cell line
may be more comparable to A549 cells than other cell lines
in terms of cell source) were selected for in vitro experiments
to verify that MDIG promotes cell proliferation through the

Akt signaling pathway. EAU and CCK-8 assays suggested that
MDIG silencing significantly inhibited A549 cell prolifera-
tion, whereas overexpression of MDIG significantly promoted
the proliferation of EA.hy926 cells. Furthermore, the addition
of PI3K/Akt inhibitor (LY294002) to MDIG-overexpressing
EA .hy926 cells significantly inhibited cell proliferation
(Fig. 11).

Furthermore, western blot analysis was performed on
MDIG-knockdown A549 cells and MDIG-overexpressing
EA .hy926 cells to examine the role of Akt signaling and
its downstream regulation of cell cycle-related proteins. In
MDIG-knockdown A549 cells, the levels of P-PDK1 (Ser241),
P-Akt (Thr308), GBL, Rictor, P-Akt (Ser473), CDK2 and
CDK6 were significantly reduced (Figs. 12 and 13), whereas
the expression levels of CDKN1A and CDKN2D were signifi-
cantly increased compared with those in the control group
(Fig. 13). However, the expression levels of Akt (pan), PDK1
and mTOR were not significantly altered (P>0.05; Fig. 12).
The opposite effects were obtained for MDIG-overexpressing
EA hy926 cells (Figs. 12 and 13). As indicated in Fig. 13, in
EA .hy926 cells, when comparing the LV-MDIG + LY294002
group with the LV-MDIG group, the effects of LV-MDIG on
the expression levels of P-Akt (Thr308), CDK2, CDK6 and
CDKNIA were reversed by LY294002, but those of CDKN2D
were not. These results suggested that MDIG promoted the
phosphorylation of PDK1 (Ser241) and the expression of GBL
and Rictor. This may promote the phosphorylation of Akt
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Figure 5. MDIG mutations and promoter methylation status in various cancer types and association of MDIG with C-Myc and TP53 expression in NSCLC.
(A) Alteration frequency and mutation count in the MDIG gene in TCGA datasets obtained through the cBioPortal database. (B) MDIG promoter methyla-
tion status in NSCLC datasets obtained from the UALCAN database. (C) Relationship between MDIG expression and C-Myc and TP53 in TCGA datasets.
""P<0.001. MDIG, mineral dust-induced gene; NSCLC, non-small cell lung cancer; TCGA, The Cancer Genome Atlas; LUAD, lung adenocarcinoma; LUSC,
lung squamous carcinoma; p, Spearman's correlation coefficient; TP53, tumor protein 53; CNA, copy number alteration.

(Thr308) and Akt (Ser473), leading to an increase in CDK?2
and CDKG6 and a decrease in CDKN1A and CDKN2D, which
may in turn promote cell proliferation.

Discussion
MDIG is a member of the Jumonji-C domain-containing

protein family. Evidence suggests that the MDIG protein is
mainly expressed in the nucleus, diffused uniformly in the

nucleoplasm and absent from the cytoplasm, but highly enriched
in the nuclear and nucleolar fractions (7). Furthermore, a
previous study indicated that MDIG promotes gene expression
through the demethylation of histones H3K9me3, H3K27me3
and H4K20me3, thus modulating the behavior of a variety of
tumors (11).

While previous clinical studies with small samples were
limited to a small number of cancer types and had certain
contradictory findings, the present pan-cancer analysis
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Figure 6. Correlation analysis between MDIG expression and the frequency of tumor-infiltrating immune cells and TME-relevant signatures in various cancer
types. (A) Correlation analysis between MDIG expression and the frequency of tumor-infiltrating immune cells. (B) Correlation analysis between MDIG
expression and TME-relevant signatures obtained through the CIBERSORT web portal. "P<0.05, “P<0.01, ““P<0.001. MDIG, mineral dust-induced gene;
TME, tumor microenvironment; CIBERSORT, Cell type Identification by Estimating Relative Subsets of RNA Transcripts; EMT, epithelial-to-mesenchymal
transition; Pan-F-TBR, pan tissue fibroblast TGF-f3 response signature; NK, natureal killer; ACC, adrenocortical carcinoma; BLCA, bladder urothelial carci-
noma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC,
diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chro-
mophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower grade
glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian
serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ,
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA,
thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.

comprehensively revealed the expression, prognosis and
gene function of MDIG in all common tumor types using
large samples with comprehensive information from public
databases. MDIG was expressed at low levels in almost all

normal human tissue types. These results suggested that
MDIG may have an important role in embryonic develop-
ment or basic physiological activities of cells. Of note, a
previous study indicated that MDIG was essential for normal
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Figure 7. Analysis of the correlation of MDIG with immune-relevant genes, TMB and MSI. (A) Correlation analysis between MDIG expression and immu-
nostimulatory genes. (B) Correlation between MDIG expression and TMB. (C) Correlation between MDIG expression and MSI. (D) Correlation analysis
between MDIG expression and immune checkpoint genes. (E) Correlation analysis between MDIG expression and chemokine receptor genes. "P<0.05,
“P<0.01, ""P<0.001. MDIG, mineral dust-induced gene; TMB, tumor mutational burden; MSI, microsatellite instability; ACC, adrenocortical carcinoma;
BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon
adenocarcinoma; DLBC, diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma; HNSC, head and neck squamous cell carcinoma;
KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG,
brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma;
OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarci-
noma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell
tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.

embryogenesis (5); in that study, the researchers were able to
obtain MDIG heterozygotic knockout (MDIG*") mice, but not
the homozygotic mice, indicating that MDIG is essential for

normal embryogenesis and was involved in ribosome forma-
tion by catalyzing (2S,3S)-3-hydroxyhistidine modification of
Rpl27a at residue 39 (10). Similarly, in the present enrichment
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Figure 9. Relationship between MDIG expression and drug sensitivity in TCGA-LUAD cohort (Wilcoxon rank-sum test). The boxes in the violin plots indicate
the pan-cancer samples (n=535) from the LUAD-TCGA cohort and were presented as the median and 25-75th percentile. MDIG, mineral dust-induced gene;
HEXxp, high MDIG expression; LExp, low MDIG expression; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome Atlas.

analysis, MDIG was indicated to be related to biological
processes such as RNA splicing, ribonucleoprotein complex
biogenesis and carbon metabolism. Furthermore, although
the expression of MDIG was not high in normal lung tissue, it
was highest in lung cancer cell lines. These results suggested
that MDIG may have an important role in the development
of lung cancer. Thus, studying the expression of MDIG in
cancer cell lines may help guide further cell experimental
studies on the regulation of gene expression in the future. In
addition, most of the cancer types examined in the present
study, including BLCA, CHOL, COAD, ESCA, GBM, LIHC,
LUAD, LUSC, PRAD, READ and STAD, exhibited higher
MDIG expression than para-cancerous normal tissue. These
results suggested that MDIG may be used as a diagnostic
marker for these tumors. By contrast, MDIG expression
was significantly downregulated in BRCA, KIRC, KIRP,
and THCA. This result was the opposite of findings from
previous studies with small clinical samples (13,17,49). This
may be because of a bias due to the different samples and
sample sizes, which requires to be verified by more clinical

studies. However, there was no study on the expression of
MDIG in patients with THCA.

As previously reported, MDIG expression may be
associated with smoking and the expression of MDIG was
significantly higher in lung cancer patients who smoked
compared with that in non-smokers (50). Since smoking is
closely associated with lung cancer, the results using large
samples of data from a public database verified that the
expression of MDIG in patients with LUAD who smoked was
significantly higher than that in patients who did not smoke,
suggesting that smoking may lead to high MDIG expression
in LUAD. According to the uniCox analysis and KM curves
for OS and PFI, high expression of MDIG was significantly
associated with poor prognosis in KIRP, LGG, LIHC, PAAD,
PRAD, SARC, BLCA, BRCA and UCEC. The present results
just confirmed the previous results of clinical studies indicating
that high expression of MDIG was significantly associated
with poor prognosis of KIRP (49), LIHC (14), PAAD (51) and
BRCA (13). At present, there is no literature report on the
relationship between MDIG expression and prognosis of LGG,
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adenocarcinoma.

BLCA, SARC and UCEC. In summary, MDIG was not only
upregulated in multiple tumor types but also associated with
prognosis, suggesting that MDIG may represent a biomarker
and prognostic indicator for certain types of tumor.

The results of the present pan-cancer analysis confirmed
that MDIG was highly expressed in a variety of tumor types.
Furthermore, the possible reasons for the increased expres-
sion of MDIG in tumor tissue were examined. The results
suggested that ‘Amplification’ was the main type of MDIG
genetic alteration in different types of cancer. Therefore, it
may be hypothesized that MDIG amplification may explain the
high expression of this gene in a variety of tumor tissues. DNA

methylation is one of the most studied epigenetic modifications
in mammals. In tumor cells, DNA demethylation was able
to promote the expression of certain oncogenes (52). For the
first time, the changes in MDIG promoter methylation levels
in tumors were explained. As MDIG was abnormally highly
expressed in NSCLC, as expected, the promoter methylation
levels of MDIG were significantly reduced in LUAD and
LUSC. This suggested that hypomethylation of the promoter
region of MDIG may be another reason for the high expres-
sion of MDIG in tumor tissues. Previous studies have indicated
that high expression of MDIG was associated with poor prog-
nosis of patients in the early stage of NSCLC but improved
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Figure 11. Effect of MDIG on A549 and EA hy926 cell proliferation. CCK-8 and EdU assays were performed using A549 cells transfected with MDIG-targeting
shRNAI and shRNA2 (top). CCK-8 and EdU assays were carried out in EA.hy926 cells transfected with LV-MDIG and treated with LY294002 (bottom)
(magnification, x100). “P<0.01 vs. Con or LV-MDIG group, one-way ANOVA followed by Tukey's post-hoc test. MDIG, mineral dust-induced gene;
Con, control; LV, lentiviral vector; shRNA, short hairpin RNA; CCK-8, Cell Counting Kit-8; OD, optical density.
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Figure 12. Regulation of the mTORC2/Akt and PDK1/Akt signaling pathway by MDIG. Western blot analysis was used to examine the mTORC2/Akt and
PDK1/Akt signaling pathways. GAPDH was used as the loading control. Phosphoproteins were presented as the ratio of phosphoprotein to total protein.
“P<0.05, *"P<0.01 vs. Con or Vector group (one-way ANOVA followed by Tukey's post-hoc test). MDIG, mineral dust-induced gene; Con, control; LV, lentiviral
vector; shRNA, short hairpin RNA; P, phosphorylated; PDK1, pyruvate dehydrogenase kinase 1; mMTORC2, mTOR complex 2.

prognosis in the late stage (22). Therefore, LUAD was selected  with that of C-Myc at stage II/I1I; it was previously reported
to study the correlation between MDIG expression and that of ~ that MDIG was a novel target gene of C-Myc and that the gene
C-Myc or TP53. MDIG expression was positively correlated  expression from the MDIG promoter was elevated by c-Myc
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Figure 13. Regulation of the expression of cell cycle-associated proteins by MDIG. Western blot analysis was used to determine the expression levels of cell
cycle-associated proteins. GAPDH was used as the loading control. Phosphoprotein was presented as the ratio of phosphoprotein to total protein. "P<0.05,
“P<0.01 vs. Con or LV-MDIG group (one-way ANOVA followed by Tukey's post-hoc test). MDIG, mineral dust-induced gene; Con, control; LV, lentiviral
vector; shRNA, short hairpin RNA; P, phosphorylated; CDK, cyclin-dependent kinase; CDKN1A, CDK inhibitor 1A.

through E-box sites (6), yet this correlation weakened and was
no longer statistically significant at stage IV in the present
study. These results indicated that MDIG may be the down-
stream target gene of C-Myc, but MDIG may not be regulated
solely by C-Myc and there may be other transcription factors
that may regulate its expression. In addition, the correlation
between MDIG and TP53 was weak and insignificant at
stage I/II/I11, but positive at stage I'V. This suggests that MDIG
may inhibit tumor progression by promoting the expression
of certain tumor suppressor genes in patients with advanced
LUAD. However, the underlying molecular mechanisms of
these relationships require to be confirmed.

The TME has been widely implicated in tumorigenesis,
as it harbors tumor cells that interact with surrounding cells
through the circulatory and lymphatic systems to modulate
the development and progression of cancer. In addition to
malignant cells, adipocytes, fibroblasts, tumor vasculature,
lymphocytes, dendritic cells and cancer-associated fibroblasts
are also present in the TME (53). Each of these cell types has
unique immunological functions that determine whether the
tumor will survive and affect neighboring cells (53). Previous
reports have demonstrated that MDIG was associated with a
variety of human diseases through immune regulation, such
as pulmonary fibrosis (5), asthma (54) and nematode expul-
sion (55). However, there were no studies on the association
of MDIG with tumor immunity. In the present study, MDIG
expression positively correlated with immune cell infiltration
in most types of tumors. However, the correlation of MDIG
expression with the infiltration of ‘T cells CD8", ‘NK cells
activated’ and ‘Tregs’ was negative. Since activated CD8* T
cells and NK-cell infiltration predicts favorable prognosis of
patients with cancer (53), such as those with gastric cancer (56)
and malignant pleural mesothelioma (57), MDIG may lead to a
poor prognosis by inhibiting their infiltration in the TME. The
negative correlation between MDIG and Treg infiltration was
also consistent with previous research, in which immunohisto-
chemistry using the Treg cell marker forkhead box p3 revealed

an increased presence of Tregs in the lung of the MDIG*"
mice in response to silica (5). Thus, the expression of MDIG
is closely related to immune cell infiltration, suggesting that
MDIG has an important role in the TME and may influence
the occurrence and development of a tumor by influencing the
type and number of infiltrating cells.

The clinical development of checkpoint inhibitor-based
immunotherapy has ushered in a promising era for cancer
treatment. Durable anti-PD-L1 immune checkpoint blockade
responses may be seen in patients with melanoma, LUAD,
BLCA and other malignancies (58). By increasing the activity
of the immune system, immune checkpoint blockade may have
inflammatory side effects, termed immune-related adverse
events. The development of predictive biomarkers is required
in order to optimize the patient benefit, minimize the risk of
toxicities and guide combination treatment approaches (59,60).
In the present study, MDIG positively correlated with
the frequency of certain tumor-infiltrating immune cells,
TME-relevant signatures, immunostimulatory genes, immune
checkpoint genes and chemokine receptor genes in most types
of tumor except for KIRC and THCA. Furthermore, there
was a significant positive correlation between the expression
of MDIG and that of PD-L1 in multiple tumor types. Based
on these results, it may be hypothesized that MDIG may be
a positive immunotherapy biomarker in several tumor types.
In addition, MDIG expression also correlated with TMB and
MSI in different types of cancer. Therefore, MDIG may be a
good prognostic biomarker for LUAD, BLCA, THYM, STAD,
UCEC and LUSC in immune checkpoint blockade therapy,
but a poor prognostic biomarker for KIRC and THCA. To test
this hypothesis, a cohort of patients who had received immu-
notherapy was used. The results demonstrated that patients
with BLCA and high MDIG expression had longer OS after
receiving PD-L1 treatment. This result suggested that high
expression of MDIG in BLCA may be used as a biomarker
for the clinical benefit of patients with cancer after receiving
PD-L1 treatment. However, further clinical and molecular
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biology studies are required to confirm this finding in different
types of cancer in the future.

Furthermore, high expression of MDIG led to multiple
drug resistance in the TCGA-LUAD cohort, consistent with
previous findings by our group that high expression of MDIG
leads to cisplatin resistance in A549 cells, in which MDIG
promotes cisplatin resistance of LUAD by regulating ABC
transporter expression via activation of the WNT/B-catenin
signaling pathway (24). More recently, MDIG-specific small
molecule inhibitors, 2-(aryl) alkylthio-3,4-dihydro-4-oxoypy-
rimidine-5-carboxylic acids, were reported to bind to MDIG
through direct interaction with iron cofactors (61). They not
only had anti-proliferative activity against cancer cells but
also sensitized cancer cells to conventional chemotherapy.
In addition, the anti-tumor effect of doxorubicin combined
with MDIG inhibitor was synergistic (61). Thus, combination
of MDIG inhibitors with existing chemotherapy, targeted
therapy and immunotherapy drugs may provide novel effec-
tive methods for the treatment of multiple cancer types in the
future.

The results of the present enrichment analysis indicated
that MDIG was related to the Akt signaling pathway and cell
proliferation. In addition, in vitro experiments confirmed that
MDIG modulated the expression of cycle-related proteins
(CDK2, CDK6, CDKNI1A and CDKN2D) and promoted
cell proliferation through the mTORC2/Akt and PDK1/Akt
signaling pathways. In the mTORC2/Akt pathway, MDIG
primarily promoted GPL and Rictor expression, which may in
turn activate Akt through phosphorylation at Ser473, without
affecting mTOR expression. Furthermore, MDIG promoted
phosphorylation of PDK1 at Ser241 and also the phosphory-
lation of Akt at Thr308, without affecting PDK1 expression.
In addition, PDK1/Akt inhibitors were used to verify this
molecular mechanism.

Although the present study comprehensively analyzed the
landscape of MDIG expression in different types of cancer,
there were several limitations. First, most of the data were
mined using public databases and most of them were results of
RNA-seq data. Furthermore, the absence of specific names of
the tumor cell lines from the CCLE database was another limi-
tation. In addition, as lung cancer is by far the most common
malignancy, the mechanisms of MDIG were primarily
explored in LUAD. Finally, in vitro experiments were only
performed to verify the effect of MDIG on cell proliferation
at the protein level, which was because signaling pathway
proteins were primarily regulated by post-transcriptional
modifications. However, the present study not only revealed the
roles of MDIG in different types of cancer but may also guide
future research on MDIG in various tumor types. Therefore,
more detailed and in-depth studies are required in the future to
clarify the significance of MDIG in different types of cancer.
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