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Abstract: Colorectal cancer (CRC) has the fourth-highest incidence of all cancer types, and its
incidence has steadily increased in the last decade. The general transcription factor III (GTF3) family,
comprising GTF3A, GTF3B, GTF3C1, and GTFC2, were stated to be linked with the expansion of
different types of cancers; however, their messenger (m)RNA expressions and prognostic values in
colorectal cancer need to be further investigated. To study the transcriptomic expression levels of
GTF3 gene members in colorectal cancer in both cancerous tissues and cell lines, we first performed
high-throughput screening using the Oncomine, GEPIA, and CCLE databases. We then applied
the Prognoscan database to query correlations of their mRNA expressions with the disease-specific
survival (DSS), overall survival (OS), and disease-free survival (DFS) status of the colorectal cancer
patient. Furthermore, proteomics expressions of GTF3 family members in clinical colorectal cancer
specimens were also examined using the Human Protein Atlas. Finally, genomic alterations of
GTF3 family gene expressions in colorectal cancer and their signal transduction pathways were
studied using cBioPortal, ClueGO, CluePedia, and MetaCore platform. Our findings revealed that
GTF3 family members’ expressions were significantly correlated with the cell cycle, oxidative stress,
WNT/β-catenin signaling, Rho GTPases, and G-protein-coupled receptors (GPCRs). Clinically, high
GTF3A and GTF3B expressions were significantly correlated with poor prognoses in colorectal cancer
patients. Collectively, our study declares that GTF3A was overexpressed in cancer tissues and cell
lines, particularly colorectal cancer, and it could possibly step in as a potential prognostic biomarker.

Keywords: colorectal cancer; bioinformatics; GTF3A; GTF3B; GTF3C1; GTF3C2

1. Introduction

According to global cancer statistics, colorectal cancer (CRC) causes more than
700,000 deaths every year, and there will be an estimated 53,200 CRC deaths in United
States in 2020 [1,2]. This evidence makes CRC one of the deadliest cancer types, along with
lung cancer, liver cancer, and stomach cancer. The incidence has slightly increased year
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to year as globalization trends have grown in developing countries [3]. More people are
shifting to western diets and lifestyles; therefore, CRC nowadays is known as a disease of
modernity [4]. Furthermore, the number of cancer patients is increasing due to population
growth and aging [5]. Recently, researchers demonstrated rapid advances in the field of
cancer therapy, where genetic alterations and the dysfunction of signal transduction path-
ways play important roles in cancer development [6–8]. Although cancer development’s
underlying mechanisms have been extensively studied, CRC patients in particular are still
coping with low survival rates. Therefore, novel and effective therapeutic treatments and
drug development are crucial [9–11].

However, a lack of information on biological pathways has been a problem for years.
Fortunately, with the rapid development of big data and more-rapid computing abilities,
several huge publicly available datasets have been established for academic research
purposes. In biomedical studies, bioinformatics analyses play a critical part due to their
strength and rapidness in screening potential candidates for particular diseases [12–17].
Various public databases, including the Gene Expression Omnibus (GEO), which includes
more than 94,000 datasets and over 2 million samples, are widely employed in cancer
research for both raw and processed dataset analyses [18]. Meanwhile, since altered gene
expressions of both oncogenic and tumor-suppressive genes have long been proposed
to play a part in cancer development, we followed this approach to explore biomarker
prognosticators by examining several databases. Therefore, the Oncomine platform has
been used to query transcript expression profiles of numerous cancer types and subtypes,
and it offers multiple types of analyses, allowing researchers to compare variations in gene
expressions between tumorous and normal matched tissues [19–22].

Members of the general transcription factor III (GTF3) family function as RNA poly-
merase III transcription factors to induce transcription of 5S ribosomal (r)RNA genes,
which are involved in ribosomal large-subunit biogenesis. Currently, this family of tran-
scription factors has four members, named in order of when they were discovered: GTF3A,
GTF3B, GTF3C1, GTF3C2. Northern analyses revealed their expressions in several tissues
examined; e.g., fluorescent in situ hybridization was used to locate the human TFIIIA gene
(GTF3A) on chromosome band 13q12.3→q13.1 [23]. A previous study demonstrated that
GTF3C1 is an immune related marker for triple-negative breast cancer (TNBC) [24], but the
supporting evidence in CRC is inconclusive. So far, however, no studies have associated
other genes in the family, such as GTF3B and GTF3C2 are still lacking development.

The functions and networks of GTF3 and its gene enrichment pathways were explored
using MetaCore, a high-quality biological platform including integrated pathway and
network analyses for multi-omics data. To confirm the prognostic statuses of GTF3 family
genes, we conducted integrative data analyses based on the PrognoScan database to explore
the relevance of transcript levels of various genes in clinical patients. In this study, functions
of GTF3 family members in CRC in terms of novel downstream-regulated networks were
systematically examined and discussed for the first time.

2. Materials and Methods
2.1. Oncomine Analysis and GEPIA Datasets

Oncomine is an online database that provides information on microarray cancer data.
ONCOMINE (https://www.oncomine.org/, accessed on 25 February 2021) and GEPIA
(http://gepia.cancer-pku.cn/, accessed on 25 February 2021) cancer databases also provide
details on gene expression in cancer and normal samples [19,25]. The ONCOMINE and
GEPIA analyses in this study were used to determine the expression levels of individual
members of the GTF3 family in CRC. Statistical testing was performed using Student’s
t-test comparisons. The p-value was used to make decisions on differences in the gene
expressions of GTF3 family members between normal controls and CRC samples. This
study used the parameter threshold p-value of <0.05, multiple of change of 2, and top 10%
gene ranking as we previously described [26–30].

https://www.oncomine.org/
http://gepia.cancer-pku.cn/
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2.2. Cancer Cell Line Encyclopedia (CCLE) Analysis

Over 1100 cell lines representing 37 cancer types were explored in the CCLE database
(https://portals.broadinstitute.org/ccle, accessed on 25 February 2021), which provides
extensive genomic information, computational analyses, and visualization [31]. This
study used the CCLE dataset to examine mRNA expression levels to further verify the
participation of these GTF3 family members in cancer cell lines. Expression profile values
were log-transformed and then visualized by a heatmap.

2.3. Differentially Expressed GTF3 Genes: Prognostic Significance and Expression

To determine the prognostic roles of mRNA members of GTF3 family genes in CRC,
this study used the PrognoScan (http://dna00.bio.kyutech.ac.jp/PrognoScan/, accessed
on 25 February 2021) and HPA databases (www.proteinatlas.org, accessed on 25 February
2021) [32]. The PrognoScan database was used to generate survival plots, with a p-value
threshold of 0.05 [33]. The HPA database provides a wealth of information on sequences,
pathology, expressions, and distributions in various cancer tissues. The first version of
this database contained more than 400,000 high-resolution images corresponding to more
than 700 antibodies to human proteins [34]. This study analyzed the differential status of
protein expressions and localization of select members of GTF3 family genes in CRC tissue
using this database.

2.4. Genomic Alterations Analysis

The c-BioPortal (https://www.cbioportal.org/, accessed on 28 February 2021) fa-
cilitates the exploration of multidimensional cancer genomic data by enabling the visu-
alization and cross-gene analyses of samples, data types, and changes in mRNAs and
microRNAs [35,36]. Furthermore, altered gene functions can also occur due to gene muta-
tions [37]. Therefore, we analyzed these genomic changes in GTF3 family members that
were differently expressed in CRC.

2.5. Functional Enrichment Analysis

We used a pathway enrichment analysis to advance our research, which is gener-
ally used to identify cancer risk pathways and describe tumorigenesis processes [38].
This study integrated a cohort profile dataset to illustrate the potential of key candidate
genes and pathways in CRC as we previously described [39–43]. Briefly, expression pro-
files of the GSE17536, GSE17537, and TCGA datasets were integrated and analyzed in
depth. The first step was to collect GTF3 family gene expressions in TCGA data using
Venny vers. 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/, accessed on 28 February
2021). After that, a Cytoscape study was conducted using the shared gene list. Cytoscape
(http://www.cytoscape.org/, accessed on 30 February 2021) [44] is used to visualize net-
works with expression profiles and other molecules. Furthermore, MetaCore software is
used to identify the functions and pathways of altered genes, determine biological pro-
cesses, disease biomarkers, tissues, colorectal neoplasms, and signaling and regulation
of regulated pathways. The results of the enrichment analysis provided a pathway with
p-value adjustment, and the log transformation was uploaded with a threshold p-value of
<0.05.

3. Results
3.1. Expression Pattern of GTF3 Family Genes in CRC

In the current study, the Oncomine database was used to reveal transcript expressions
of GTF3 family genes in cancerous and normal tissues and found that the expressions of
GTF3 family genes were associated with many types of cancers. Among all GTF3 members,
GTF3A was particularly highly expressed in CRC compared to normal tissues, whereas
GTF3B, GTF3C1, and GTF3C2 had low expression levels in other types of cancers such as
brain and central nervous system cancers, esophageal cancer, and leukemia (Figure 1). As
well as mRNA expression analysis, we also expanded and explored the expression levels of

https://portals.broadinstitute.org/ccle
http://dna00.bio.kyutech.ac.jp/PrognoScan/
www.proteinatlas.org
https://www.cbioportal.org/
https://bioinfogp.cnb.csic.es/tools/venny/
http://www.cytoscape.org/
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members of the GTF3 family in various cell lines using the Cancer Cell Line Encyclopedia
(CCLE) database (Figure 2). The results showed that CRC cell lines, such as HT29, SW48,
and COLO320, exhibited significantly high expression levels of GTF3A, GTF3B, GTF3C1,
and GTF3C2 (Figure 2A–E).

Figure 1. GTF3 gene expression patterns in different cancers (ONCOMINE). The expressions of GTF3
family genes in cancer patients were compared to that of normal patients. A reduction in a gene’s
rank percentile is represented by the color gradient. The thresholds applied were a p-value of <0.05,
a multiple of change of two-fold, and a percentile gene rank of <10% in cancer versus normal cases.
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Figure 2. Expressions of members of GTF3 family genes in colorectal cancer cell lines in the CCLE platform. (A) The CCLE
database was used to plot a heatmap for all rows representing colorectal cancer cells based on expression levels of GTF3
family genes. GTF3 expression levels varied among colorectal cancer cell lines. Red indicates overexpression (top column),
and blue indicates under-expression (bottom column) in cancer cells. (B) GTF3A expression in colorectal cancer cell lines.
(C) GTF3B expression in colorectal cancer cell lines. (D) GTF3C1 expression in colorectal cancer cell lines. (E) GTF3C2
expression in colorectal cancer cell lines.

Further analysis identified an association between GTF3 messenger (m)RNA levels
in CRC patients. We used GEPIA platform to compare GTF3 mRNA expressions in CRC
and normal tissues (Figure 3). Based on GEPIA analysis, the expression level of GTF3A
in CRC was higher in tumor tissue relative to normal tissues. In contrast, the expression
levels of GTF3B, GTF3C1, and GTF3C2 in CRC were lower in tumor tissue compared to
normal tissues (Figure 3A–F).
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Figure 3. GTF3 expressions in colorectal cancer (GEPIA). (A–D) Expressions of member genes of the
GTF3 family in various types of cancer. (E,F) Expressions of member genes of the GTF3 family in
colorectal cancer. The red bar and box plots show tumor expression while green/black represent
normal tissues.

3.2. Prognostic Values and Protein Expressions of GTF3 Family Genes in CRC

We investigated whether expressions of GTF3 family genes were correlated with
prognoses in CRC patients. The impacts of the expressions of members of this family
of genes on survival rates were evaluated using the PrognoScan database [33,45]. An
analysis of cohort data according to accession number GSE17536 covering 177 CRC samples
showed that GTF3A expression significantly influenced the poor prognosis of CRC patients
(disease-specific survival (DSS), hazard ratio (HR) (95% confidence interval [CI]) = 1.48
(1.00–2.19), Cox p-value = 0.049), as well as GTF3B (DSS, HR (95% CI) = 0.30 (0.09–0.95),
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Cox p-value = 0.040), GTFC1 expression insignificantly influenced the poor prognosis of
CRC patients and GTF3C2 (DSS, HR (95% CI) = 0.24 (0.06–0.88), Cox p-value = 0.031;
overall survival (OS), HR (95% CI) = 0.37 (0.15–0.92), Cox p-value = 0.032) (Figure 4A–L).
We next examined in situ expressions of GTF3 family genes at the protein level using
immunohistochemical (IHC) data in The Human Protein Atlas (HPA) database. IHC was
used to explore the protein levels of GTF3 family members in CRC tissues. We found that
GTF3A and GTF3C1 proteins were more highly expressed in CRC tissues than in normal
tissues (Figure 5).

Figure 4. Kaplan–Meier survival curve comparing high and low expressions of genes of members of the GTF3 family in
colorectal cancer using the PrognoScan database with GSE17536 cohort data (n = 177). The Kaplan–Meier survival curve
shows the correlation of disease-specific survival (DSS), overall survival (OS), and disease-free survival (DFS) of colorectal
cancer patients with high and low expression levels of GTF3 family members.
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Figure 5. Protein expression levels of members of the GTF3 family in all clinical colorectal cancer specimens from the
Human Protein Atlas. GTF3A and GTF3C1 had strong positive protein expressions in colorectal cancer, whereas GTF3B and
GTF3C2 had low protein expressions in colorectal cancer.

3.3. Genomic Alterations of GTF3 Family Gene Expressions in CRC

Alterations in gene expressions can occur as a result of amplification, deletion of
genes, or irregular transcription regulation. Furthermore, altered gene functions can
also occur due to gene mutations. Therefore, we analyzed these genomic changes of
the GTF3 gene family that were differentially expressed using the cBioPortal (Figure 6)
and found that genetic alteration rates of GTF3 family genes were in the order of GTF3A
(26%), BRF1/GTF3B (6%), GTF3C1 (7%), and GTF3C2 (5%) (Figure 6A). We also calculated
mRNA expression correlations among GTF3 gene family members and found that GTF3A
was negatively correlated with GTF3B, GTF3C1, and GTF3C2; GTF3B was positively
correlated with GTF3C1 and GTF3C2; and GTF3C1 was positively correlated with GTF3C2
(Figure 6B).
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Figure 6. Colorectal cancer has been linked to genomic alterations in differentially expressed GTF3 genes. (A) The cBioPortal
was used to perform an OncoPrint study of GTF3 family member genes, which showed the degree of gene amplification,
deep deletions, and nucleotide substitutions linked to colorectal cancer. (B) Correlations between different GTF3s in
colorectal cancer (cBioPortal) and insignificant correlations are marked by crosses. (C) Venn diagram of the GTF3 family
co-expression network in TCGA colorectal cancer databases. The intersection of co-expression genes lists of each gene in the
GTF3 family. The approach selected the top 15% of genes from the list of co-expression genes extracted from the TCGA
Pancancer dataset. (D) Through a Cytoscape analysis, high correlations between GTF3 members and metastasis markers
were observed.
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3.4. Pathway Enrichment Analysis

We then constructed a network of gene interactions, Gene Ontology (GO) biological
processes, and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway
analyses using 80 shared genes by Venny version 2.1.0, and then used this as an input for
ClueGO/CluePedia packages in cytoscape software package (Figure 6C). Statistical options
for the ClueGO/CluePedia enrichment analysis were set based on a hypergeometric test
that is two-sided with p ≤ 0.05, the Benjamini–Hochberg correction, and a kappa score of
≥2 as the primary criteria. Through Cytoscape analysis (GlueGO and CluePedia), we found
that members of the GTF3 gene family have a high correlation with metastatic markers
such as ABL1 [46,47], WDR6 [48], ARAP1-AS1 [49,50], DNMT1 [51–55], FASN [56,57]
(Figure 6D).

3.5. GTF Coexpressed Genes and Regulated Networks in TCGA Database

To understand how differentially expressed gene (DEG) lists are related to downstream
GTF-regulated networks in different biological processes and diseases, we performed an en-
richment analysis using MetaCore software. By uploading GTF3A coexpressed genes from
the TCGA-CRC dataset into the MetaCore, we revealed that cell cycle-related pathways
and networks including “DNA damage_ATM/ATR regulation of G2/M checkpoint: cyto-
plasmic signaling”, “Development_Positive regulation of WNT/Beta-catenin signaling in
the cytoplasm”, “Putative roles of SETDB1 and PLU-1 in melanoma”, “Proteolysis_Putative
ubiquitin pathway”, and “Immune response_BAFF-induced non-canonical NF-κB signal-
ing” (Figure 7).
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Figure 7. GTF3A differentially expressed genes pathway developed by MetaCore. Experimental data from TCGA were
linked to and visualized on pathway maps as thermometer-like figures. To study the gene networks and signaling pathways
that could be affected by the chosen genes, we exported genes expressed with GTF3A and then uploaded them to the
MetaCore platform for a path analysis. The MetaCore pathway analysis indicated that the “DNA damage_ATM/ATR
regulation of G2M checkpoint cytoplasmic signaling”-related pathway was correlated with colorectal cancer development.
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GTF3B co-expressed genes from the TCGA-CRC database were correlated with
“Chemotaxis_Lysophosphatidic acid signaling via GPCRs”, “Oxidative stress_ROS-induced
cellular signaling”, “Histone deacetylases in prostate cancer”, “Development_Negative
regulation of WNT/Beta-catenin signaling in the nucleus”, and “Cytoskeleton remodel-
ing_Regulation of actin cytoskeleton organization by the kinase effectors of Rho GTPases”
(Figure 8).
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Figure 8. GTF3B differentially expressed genes pathway developed by MetaCore. Experimental data from TCGA were
linked to and visualized on pathway maps as thermometer-like figures. To study the gene networks and signaling pathways
that could be affected by the chosen genes, we exported genes expressed with GTF3B and then uploaded them to the
MetaCore platform for a path analysis. The MetaCore pathway analysis indicated that the “chemotaxis lysophosphatidic
acid signaling via GPCRs”-related pathway was correlated with colorectal cancer development.

GTF3C1 co-expressed genes from the TCGA-CRC dataset were correlated with “Chemo-
taxis_Lysophosphatidic acid signaling via GPCRs”, “Regulation of lipid metabolism_Regulation
of lipid metabolism via LXR, NF-Y and SREBP”, “Transport_Induction of Macropinocy-
tosis”, “Notch signaling in breast cancer”, and “Cytoskeleton remodeling_Regulation of
actin cytoskeleton organization by the kinase effectors of Rho GTPases” (Figure 9).
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Figure 9. GTF3C1 differentially expressed genes pathway developed by MetaCore. Experimental data from TCGA were
linked to and visualized on pathway maps as thermometer-like figures. To study the gene networks and signaling
pathways that could be affected by the chosen genes, we exported genes expressed with GTF3C1 and then uploaded
them to the MetaCore platform for a path analysis. The MetaCore pathway analysis indicated that the “regulation of lipid
metabolism_Regulation of lipid metabolism via LXR, NF-Y, and SREBP”-related pathway was correlated with colorectal
cancer development.

GTF3C2 co-expressed genes from the TCGA-CRC dataset were correlated with “DNA
damage_Role of Brca1 and Brca2 in DNA repair”, “DNA damage_ATM/ATR regulation of
G1/S checkpoint”, “DNA damage_p53 activation by DNA damage”, “DNA damage_G2
checkpoint in response to DNA mismatches”, and “DNA damage_DNA-damage-induced
responses” (Figure 10).
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Figure 10. GTF3C1 differentially expressed genes pathway developed by MetaCore. Experimental data from TCGA were
linked to and visualized on pathway maps as thermometer-like figures. To study the gene networks and signaling pathways
that could be affected by the chosen genes, we exported genes expressed with GTF3C2 and then uploaded them to the
MetaCore platform for a path analysis. The MetaCore pathway analysis indicated that the “DNA damage_Role of Brca1
and Brca2 in DNA repair”-related pathway was correlated with colorectal cancer development.

4. Discussion

In recent decades, CRC research has dramatically advanced. Prognostic biomarkers,
therefore, have also been broadly investigated [58–61]. Novel targets and signal pathways
such as HER2 [62], PIK3CA [63], KRAS [64], and DPP7/2 [65] were discovered. These
discoveries have definitely contributed to a deeper understanding of the pathogenesis and
occurrence of CRC.

GTF3 family members play crucial roles as transcription factors, affecting several
important biological pathways. Nevertheless, these GTF3 transcription factor-related
pathways have not yet been clearly elucidated in cancers. Exploring the potential of GTF3s
could be a novel approach in cancer therapy for CRC treatment. However, basic studies
showed substantial discrepancies in different GTF3 family members’ specific roles in CRC
biology [66]. In this research, we systemically represented expression profiles of each
member of the GTF3 family, specifically related to CRC, in order to reveal that genes of this
family had significant differences by comparing mRNA expressions between CRC tissues
and normal colon and rectal tissues. By an integrative analysis with GEPIA, the expression
level of GTF3A in CRC was higher in CRC tissue relative to normal tissues. In contrast, the
expression levels of GTF3B, GTF3C1, and GTF3C2 in CRC were lower in CRC tissue than
those in normal tissues. Hence, among genes of this family, these results confirmed that the
GTF3A has distinct mRNA expression in CRC and might imply its effect to this disease.

In order to support these findings at the proteomic level, we examined in situ ex-
pressions of genes of the GTF3 family at the protein level using IHC data from the HPA
database. We found that GTF3A protein was more highly expressed in CRC tissues than in
normal tissues. The above results contradict the previous studies on the protective effect of
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GTF3A [66,67]. A possible explanation for this conflict may be that GTF3A acts differently
in different stages of tumor cells. Further investigations of GTF3A are still needed to resolve
these discrepancies.

According to our results, only GTF3A could be considered as a prognostic marker in
CRC compared to the other GTF3 family members. Therefore, we further focused on the
expression of GTF3A with different clinical parameters. Our Kaplan–Meier analysis via the
PrognoScan database revealed that GTF3A expression was positively related to DSS and
OS; however, it could not be considered a DFS prognosis marker for CRC patients, with
an HR of 0.8 and p-value of 0.399. Interestingly, increased in situ GTF3A expression at the
protein level using IHC data in the HPA database showed that there were distinguishable
patterns between weak and robust expressions in nuclei. Another important result in
this study is that we have used ClueGO/CluePedia to improve the biological interpreta-
tion of a large list of genes. Multiple lists of markers can be analyzed simultaneously to
underline their general or specific function. ClueGO/CluePedia analysis revealed that
members of the GTF3 gene family have a high correlation with several metastatic markers
in colorectal cancer, such as ABL1, which is highly expressed in tissue and CRC cells,
whose high expression is associated with tumor stage of CRC patients [46,47,49]; WDR6
being a potential target gene for miR-451a in CRC [48], lncRNA ARAP1 antisense RNA 1
(ARAP1-AS1) promotes the epithelial-mesenchymal transition (EMT) processes in CRC via
the Wnt/β-catenin signaling pathway [49,50]; DYRK2 expression downregulated through
transcription regulation by DNMT1 was found to increase colorectal cancer cell prolifera-
tion [52]. A high serum FASN level is a prognosis marker of late stage colorectal cancer
patients [57]. This study has also revealed that there is a high correlation of GTF3A and
the pathway “the DNA damage_ATM/ATR regulation of G2/M checkpoint: cytoplasmic
signaling” in CRC development [68]. When DNA double-strand breaks, ATM is a DNA
damage signaling [69], and the reduction of ATM was found in CRC tumors [70], Plk1
was elevated in carcinomas of the non-small cell lung and other types of tumor, and it’s
also play a crutial role in G2/M checkpoint recovery [71]. The high correlation between
GTF3B and the pathway “Chemotaxis_Lysophosphatidic acid signaling via GPCRs” was
demonstrated to be involved in CRC development in previous studies [72,73]. Lysophos-
phatidic acid (LPA) is the smallest bioactive lipid that mediates critical responses such as
cell proliferation, migration, and cytoskeletal reorganization by interaction with several
G protein-coupled receptors (GPCRs) [74]. LPA signaling promotes cancer development
and metastasis by modulating cell proliferation, invasion, adhesion, angiogenesis, and
survival [75]. LPA has also been linked to the induction of DNA synthesis and colorectal
cancer cell migration [76].

In addition, we also found several genes involved in apoptosis resistance/metastasis
through the pathway “DNA_ATM damage/ATR regulation of the G2/M checkpoint: cyto-
plasmic signaling”, as well as Cell Division Cycle (CDC) family genes such as CDC25A,
CDC25B, CDC25C, and CCNB1 (Cyclin B1) [77]. CDC25A has a role in apoptosis/metastasis
regulator; CDC25A overexpression increases tumorigenesis, and is often observed in vari-
ous types of cancer [78]. In expansion to DNA damage, hypoxia was reported to influence
CDC25A expression in colon cancer cells [79]. CDC25B was recognized as a target of
miRNA-148a which may regulate pancreatic ductal adenocarcinoma development [80].
In vulvar squamous cell carcinoma, overexpression of CDC25B, CDC25C, and phosphor-
CDC25C is linked to malignant features and aggressive cancer phenotypes [81]. CCNB1
inhibition causes apoptotic death in certain colorectal cancer cells [82]. Furthermore,
CCNB1, which is activated by Chk1, plays an oncogenic function in colorectal cancer cells
and may be useful in the development of new colorectal cancer therapies [82].

5. Conclusions

In summary, we explored as well as integrated several databases, and high through-
put analysis approach revealed that expressions of GTF3 family members play important
roles in malignancy development. These result provide useful evidence for prospective
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research of CRC associations with GTF3 family genes, and these data also suggested that
GTF3A might be a potential prognostic biomarker for CRC, although more investiga-
tions are needed to determine comprehensively the role of GTF3A in CRC for further
translational research.

Author Contributions: G.A., W.-C.T., K.-H.L., C.-Y.W. performed bioinformatics analysis, conceived
the project and wrote the manuscript. N.N.P. was responsible for manuscript editing and proofreading
as well as provided thoughtful comments for improving the overall quality of the manuscript.
H.D.K.T., Y.-H.L., Y.-F.W. performed the data analysis and revised the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: Bioinformatics analyses and data mining were conducted by the Bioinformatics Core
Facility at Taipei Medical University. The study was supported by grants from the Ministry of Science
and Technology (MOST) of Taiwan (MOST109–2320-B-038-009-MY2 to C-Y.W.), the Ministry Health
and Welfare Surcharge of Education Tobacco Products of Taiwan (Wan-Fang Hospital, Chi-Mei
Medical Center, and Hualien Tzu-Chi Hospital Joint Cancer Center Grant-Focus on Colon Cancer
Research; grant no.: MOHW110-TDU-B-212-144020, awarded to K.-H.L.), Ministry of Education of
Taiwan (grant no.: DP2-110-21121-03-C-03-03), Taipei Medical University (grant TMU-108-AE1-B16
to C.-Y.W.), and the “TMU Research Center of Cancer Translational Medicine” from The Featured
Areas Research Center Program within the framework of the Higher Education Sprout Project by
the Ministry of Education (MOE) in Taiwan. The authors give special thanks to Mr. Daniel P.
Chamberlin for his professional English editing from the Office of Research and Development at
Taipei Medical University.

Data Availability Statement: Data are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021. [CrossRef]
2. Siegel, R.L.; Miller, K.D.; Goding Sauer, A.; Fedewa, S.A.; Butterly, L.F.; Anderson, J.C.; Cercek, A.; Smith, R.A.; Jemal, A.

Colorectal cancer statistics. CA Cancer J. Clin. 2020, 70, 145–164. [CrossRef]
3. Bishehsari, F.; Mahdavinia, M.; Vacca, M.; Malekzadeh, R.; Mariani-Costantini, R. Epidemiological transition of colorectal cancer

in developing countries: Environmental factors, molecular pathways, and opportunities for prevention. World J. Gastroenterol.
2014, 20, 6055–6072. [CrossRef] [PubMed]

4. Kuipers, E.J.; Grady, W.M.; Lieberman, D.; Seufferlein, T.; Sung, J.J. Colorectal cancer. Nat. Rev. Dis. Primers 2015, 1, 15065.
[CrossRef] [PubMed]

5. Yancik, R. Population aging and cancer: A cross-national concern. Cancer J. 2005, 11, 437–441. [CrossRef] [PubMed]
6. Kuo, T.-T.; Chang, H.-Y.; Chen, T.-Y.; Liu, B.-C.; Chen, H.-Y.; Hsiung, Y.-C.; Hsia, S.-M.; Chang, C.-J.; Huang, T.-C. Melissa

officinalis Extract Induces Apoptosis and Inhibits Migration in Human Colorectal Cancer Cells. ACS Omega 2020, 5. [CrossRef]
7. Leung, S.W.; Chou, C.-J.; Huang, T.-C.; Yang, P.-M.A. integrated bioinformatics analysis repurposes an antihelminthic drug

niclosamide for treating HMGA2-overexpressing human colorectal cancer. Cancers 2019, 11, 1482. [CrossRef] [PubMed]
8. Huang, H.-L.; Liu, Y.-M.; Sung, T.-Y.; Huang, T.-C.; Cheng, Y.-W.; Liou, J.-P.; Pan, S.-L. TIMP3 expression associates with prognosis

in colorectal cancer and its novel arylsulfonamide inducer, MPT0B390, inhibits tumor growth, metastasis and angiogenesis.
Theranostics 2019, 9, 6676. [CrossRef] [PubMed]

9. Lee, C.-H.; Lin, Y.-F.; Chen, Y.-C.; Wong, S.-M.; Juan, S.-H.; Huang, H.-M. MPT0B169 and MPT0B002, new tubulin inhibitors,
induce growth inhibition, G2/M cell cycle arrest, and apoptosis in human colorectal cancer cells. Pharmacology 2018, 102, 262–271.
[CrossRef] [PubMed]

10. Lee, W.-R.; Shen, S.-C.; Shih, Y.-H.; Chou, C.-L.; Tseng, J.T.-P.; Chin, S.-Y.; Liu, K.-H.; Chen, Y.-C.; Jiang, M.-C. Early decline in
serum phospho-CSE1L levels in vemurafenib/sunitinib-treated melanoma and sorafenib/lapatinib-treated colorectal tumor
xenografts. J. Transl. Med. 2015, 13, 1–12. [CrossRef] [PubMed]

11. Chien, C.-C.; Wu, M.-S.; Shen, S.-C.; Ko, C.-H.; Chen, C.-H.; Yang, L.-L.; Chen, Y.-C. Activation of JNK contributes to evodiamine-
induced apoptosis and G 2/M arrest in human colorectal carcinoma cells: A structure-activity study of evodiamine. PLoS ONE
2014, 9, 99729. [CrossRef] [PubMed]

12. Nguyen, T.T.; Le, N.Q.; Ho, Q.T.; Phan, D.V.; Ou, Y.Y. TNFPred: Identifying tumor necrosis factors using hybrid features based on
word embeddings. BMC Med. Genomics. 2020, 13, 155. [CrossRef] [PubMed]

13. Hsu, J.B.; Lee, G.A.; Chang, T.H.; Huang, S.W.; Le, N.Q.K.; Chen, Y.C.; Kuo, D.P.; Li, Y.T.; Chen, C.Y. Radiomic Immunophenotyp-
ing of GSEA-Assessed Immunophenotypes of Glioblastoma and Its Implications for Prognosis: A Feasibility Study. Cancers 2020,
12, 3039. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21660
http://doi.org/10.3322/caac.21601
http://doi.org/10.3748/wjg.v20.i20.6055
http://www.ncbi.nlm.nih.gov/pubmed/24876728
http://doi.org/10.1038/nrdp.2015.65
http://www.ncbi.nlm.nih.gov/pubmed/27189416
http://doi.org/10.1097/00130404-200511000-00002
http://www.ncbi.nlm.nih.gov/pubmed/16393477
http://doi.org/10.1021/acsomega.0c04489
http://doi.org/10.3390/cancers11101482
http://www.ncbi.nlm.nih.gov/pubmed/31581665
http://doi.org/10.7150/thno.34020
http://www.ncbi.nlm.nih.gov/pubmed/31588243
http://doi.org/10.1159/000492494
http://www.ncbi.nlm.nih.gov/pubmed/30227438
http://doi.org/10.1186/s12967-015-0553-6
http://www.ncbi.nlm.nih.gov/pubmed/26070816
http://doi.org/10.1371/journal.pone.0099729
http://www.ncbi.nlm.nih.gov/pubmed/24959718
http://doi.org/10.1186/s12920-020-00779-w
http://www.ncbi.nlm.nih.gov/pubmed/33087125
http://doi.org/10.3390/cancers12103039
http://www.ncbi.nlm.nih.gov/pubmed/33086550


Curr. Issues Mol. Biol. 2021, 43 17

14. Nagarajan, N.; Yapp, E.K.Y.; Le, N.Q.K.; Kamaraj, B.; Al-Subaie, A.M.; Yeh, H.Y. Application of Computational Biology and
Artificial Intelligence Technologies in Cancer Precision Drug Discovery. Biomed. Res. Int. 2019, 2019, 8427042. [CrossRef]

15. Lee, T.Y.; Huang, K.Y.; Chuang, C.H.; Lee, C.Y.; Chang, T.H. Incorporating deep learning and multi-omics autoencoding for
analysis of lung adenocarcinoma prognostication. Comput. Biol. Chem. 2020, 87, 107277. [CrossRef] [PubMed]

16. Yadav, V.K.; Lee, T.Y.; Hsu, J.B.; Huang, H.D.; Yang, W.V.; Chang, T.H. Computational analysis for identification of the extracellular
matrix molecules involved in endometrial cancer progression. PLoS ONE 2020, 15, e0231594. [CrossRef]

17. Chang, Y.A.; Weng, S.L.; Yang, S.F.; Chou, C.H.; Huang, W.C.; Tu, S.J.; Chang, T.H.; Huang, C.N.; Jong, Y.J.; Huang, H.D. A
Three-MicroRNA Signature as a Potential Biomarker for the Early Detection of Oral Cancer. Int. J. Mol. Sci. 2018, 19, 758.
[CrossRef] [PubMed]

18. Barrett, T.; Wilhite, S.E.; Ledoux, P.; Evangelista, C.; Kim, I.F.; Tomashevsky, M.; Marshall, K.A.; Phillippy, K.H.; Sherman, P.M.;
Holko, M. NCBI GEO: Archive for functional genomics data sets—update. Nucleic Acids Res. 2012, 41, 991–995. [CrossRef]
[PubMed]

19. Rhodes, D.R.; Kalyana-Sundaram, S.; Mahavisno, V.; Varambally, R.; Yu, J.; Briggs, B.B.; Barrette, T.R.; Anstet, M.J.; Kincead-Beal,
C.; Kulkarni, P.; et al. Oncomine 3.0: Genes, pathways, and networks in a collection of 18,000 cancer gene expression profiles.
Neoplasia 2007, 9, 166–180. [CrossRef]

20. Liu, T.-P.; Hong, Y.-H.; Tung, K.-Y.; Yang, P.-M. In silico and experimental analyses predict the therapeutic value of an EZH2
inhibitor GSK343 against hepatocellular carcinoma through the induction of metallothionein genes. Oncoscience 2016, 3, 9.
[CrossRef]

21. Hsieh, Y.-Y.; Liu, T.-P.; Yang, P.M. In silico repurposing the Rac1 inhibitor NSC23766 for treating PTTG1-high expressing clear cell
renal carcinoma. Pathol. Res. Pract. 2019, 215, 152373. [CrossRef] [PubMed]

22. Yang, P.-M.; Lin, L.-S.; Liu, T.P. Sorafenib inhibits ribonucleotide reductase regulatory subunit M2 (RRM2) in hepatocellular
carcinoma cells. Biomolecules 2020, 10, 117. [CrossRef] [PubMed]

23. Arakawa, H.; Nagase, H.; Hayashi, N.; Ogawa, M.; Nagata, M.; Fujiwara, T.; Takahashi, E.; Shin, S.; Nakamura, Y. Molecular
cloning, characterization, and chromosomal mapping of a novel human gene (GTF3A) that is highly homologous to Xenopus
transcription factor IIIA. Cytogenet. Cell Genet. 1995, 70, 235–238. [CrossRef]

24. Kim, J.Y.; Jung, H.H.; Sohn, I.; Woo, S.Y.; Cho, H.; Cho, E.Y.; Lee, J.E.; Kim, S.W.; Nam, S.J.; Park, Y.H.; et al. Prognostication of a
13-immune-related-gene signature in patients with early triple-negative breast cancer. Breast Cancer Res. Treat. 2020, 184, 325–334.
[CrossRef] [PubMed]

25. Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and
interactive analyses. Nucleic Acids Res. 2017, 45, 98–102. [CrossRef] [PubMed]

26. Chen, P.S.; Hsu, H.P.; Phan, N.N.; Yen, M.C.; Chen, F.W.; Liu, Y.W.; Lin, F.P.; Feng, S.Y.; Cheng, T.L.; Yeh, P.H.; et al. CCDC167
as a potential therapeutic target and regulator of cell cycle-related networks in breast cancer. Aging 2021, 12, 4157. [CrossRef]
[PubMed]

27. Wu, P.S.; Yen, J.H.; Wang, C.Y.; Chen, P.Y.; Hung, J.H.; Wu, M.J. 8-Hydroxydaidzein, an Isoflavone from Fermented Soybean,
Induces Autophagy, Apoptosis, Differentiation, and Degradation of Oncoprotein BCR-ABL in K562 Cells. Biomedicines 2020, 8,
506. [CrossRef] [PubMed]

28. Wu, C.C.; Ekanem, T.I.; Phan, N.N.; Loan, D.T.T.; Hou, S.Y.; Lee, K.H.; Wang, C.Y. Gene signatures and prognostic analyses of the
Tob/BTG pituitary tumor-transforming gene (PTTG) family in clinical breast cancer patients. Int. J. Med. Sci. 2020, 17, 3112–3124.
[CrossRef]

29. Lin, Y.Y.; Wang, C.Y.; Phan, N.N.; Chiao, C.C.; Li, C.Y.; Sun, Z.; Hung, J.H.; Chen, Y.L.; Yen, M.C.; Weng, T.Y.; et al. PODXL2
maintains cellular stemness and promotes breast cancer development through the Rac1/Akt pathway. Int. J. Med. Sci. 2020, 17,
1639–1651. [CrossRef] [PubMed]

30. Phan, N.N.; Liu, S.; Wang, C.Y.; Hsu, H.P.; Lai, M.D.; Li, C.Y.; Chen, C.F.; Chiao, C.C.; Yen, M.C.; Sun, Z.; et al. Overexpressed
gene signature of EPH receptor A/B family in cancer patients-comprehensive analyses from the public high-throughput database.
Int. J. Clin. Exp. Pathol. 2020, 13, 1220–1242. [PubMed]

31. Barretina, J.; Caponigro, G.; Stransky, N.; Venkatesan, K.; Margolin, A.A.; Kim, S.; Wilson, C.J.; Lehar, J.; Kryukov, G.V.; Sonkin, D.;
et al. The Cancer Cell Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature 2012, 483, 603–607.
[CrossRef] [PubMed]

32. Chen, B.; Lai, J.; Dai, D.; Chen, R.; Li, X.; Liao, N. JAK1 as a prognostic marker and its correlation with immune infiltrates in
breast cancer. Aging 2019, 11, 11124. [CrossRef] [PubMed]

33. Mizuno, H.; Kitada, K.; Nakai, K.; Sarai, A. PrognoScan: A new database for meta-analysis of the prognostic value of genes. BMC
Med. Genomics. 2009, 2, 18. [CrossRef] [PubMed]

34. Uhlen, M.; Bjorling, E.; Agaton, C.; Szigyarto, C.A.; Amini, B.; Andersen, E.; Andersson, A.C.; Angelidou, P.; Asplund, A.;
Asplund, C.; et al. A human protein atlas for normal and cancer tissues based on antibody proteomics. Mol. Cell Proteomics. 2005,
4, 1920–1932. [CrossRef] [PubMed]

35. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, 1. [CrossRef]

http://doi.org/10.1155/2019/8427042
http://doi.org/10.1016/j.compbiolchem.2020.107277
http://www.ncbi.nlm.nih.gov/pubmed/32512487
http://doi.org/10.1371/journal.pone.0231594
http://doi.org/10.3390/ijms19030758
http://www.ncbi.nlm.nih.gov/pubmed/29518940
http://doi.org/10.1093/nar/gks1193
http://www.ncbi.nlm.nih.gov/pubmed/23193258
http://doi.org/10.1593/neo.07112
http://doi.org/10.18632/oncoscience.285
http://doi.org/10.1016/j.prp.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30871916
http://doi.org/10.3390/biom10010117
http://www.ncbi.nlm.nih.gov/pubmed/31936661
http://doi.org/10.1159/000134041
http://doi.org/10.1007/s10549-020-05874-1
http://www.ncbi.nlm.nih.gov/pubmed/32812178
http://doi.org/10.1093/nar/gkx247
http://www.ncbi.nlm.nih.gov/pubmed/28407145
http://doi.org/10.18632/aging.202382
http://www.ncbi.nlm.nih.gov/pubmed/33461170
http://doi.org/10.3390/biomedicines8110506
http://www.ncbi.nlm.nih.gov/pubmed/33207739
http://doi.org/10.7150/ijms.49652
http://doi.org/10.7150/ijms.46125
http://www.ncbi.nlm.nih.gov/pubmed/32669966
http://www.ncbi.nlm.nih.gov/pubmed/32509099
http://doi.org/10.1038/nature11003
http://www.ncbi.nlm.nih.gov/pubmed/22460905
http://doi.org/10.18632/aging.102514
http://www.ncbi.nlm.nih.gov/pubmed/31790361
http://doi.org/10.1186/1755-8794-2-18
http://www.ncbi.nlm.nih.gov/pubmed/19393097
http://doi.org/10.1074/mcp.M500279-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16127175
http://doi.org/10.1126/scisignal.2004088


Curr. Issues Mol. Biol. 2021, 43 18

36. Jiang, H.H.; Zhang, Z.Y.; Wang, X.Y.; Tang, X.; Liu, H.L.; Wang, A.L.; Li, H.G.; Tang, E.J.; Lin, M.B. Prognostic significance
of lymphovascular invasion in colorectal cancer and its association with genomic alterations. World J. Gastroenterol. 2019, 25,
2489–2502. [CrossRef]

37. Anand, S.; Khan, M.A.; Khushman, M.; Dasgupta, S.; Singh, S.; Singh, A.P. Comprehensive Analysis of Expression, Clinico-
pathological Association and Potential Prognostic Significance of RABs in Pancreatic Cancer. Int. J. Mol. Sci. 2020, 21, 5580.
[CrossRef]

38. Yang, Q.; Wang, S.; Dai, E.; Zhou, S.; Liu, D.; Liu, H.; Meng, Q.; Jiang, B.; Jiang, W. Pathway enrichment analysis approach based
on topological structure and updated annotation of pathway. Brief. Bioinform. 2019, 20, 168–177. [CrossRef]

39. Wang, C.Y.; Chiao, C.C.; Phan, N.N.; Li, C.Y.; Sun, Z.D.; Jiang, J.Z.; Hung, J.H.; Chen, Y.L.; Yen, M.C.; Weng, T.Y.; et al. Gene
signatures and potential therapeutic targets of amino acid metabolism in estrogen receptor-positive breast cancer. Am. J. Cancer
Res. 2020, 10, 95–113. [PubMed]

40. Wu, Y.H.; Yeh, I.J.; Phan, N.N.; Yen, M.C.; Liu, H.L.; Wang, C.Y.; Hsu, H.P. Severe acute respiratory syndrome coronavirus
(SARS-CoV)-2 infection induces dysregulation of immunity: In silico gene expression analysis. Int. J. Med. Sci. 2021, 18, 1143–1152.
[CrossRef] [PubMed]

41. Wang, C.Y.; Chao, Y.J.; Chen, Y.L.; Wang, T.W.; Phan, N.N.; Hsu, H.P.; Shan, Y.S.; Lai, M.D. Upregulation of peroxisome
proliferator-activated receptor-α and the lipid metabolism pathway promotes carcinogenesis of ampullary cancer. Int. J. Med. Sci.
2021, 18, 256–269. [CrossRef] [PubMed]

42. Cheng, L.C.; Chao, Y.J.; Wang, C.Y.; Phan, N.N.; Chen, Y.L.; Wang, T.W.; Hsu, H.P.; Lin, Y.J.; Shan, Y.S.; Lai, M.D. Cancer-Derived
Transforming Growth Factor-β Modulates Tumor-Associated Macrophages in Ampullary Cancer. Onco. Targets Ther. 2020, 13,
7503–7516. [CrossRef] [PubMed]

43. Liu, H.L.; Yeh, I.J.; Phan, N.N.; Wu, Y.H.; Yen, M.C.; Hung, J.H.; Chiao, C.C.; Chen, C.F.; Sun, Z.; Jiang, J.Z.; et al. Gene signatures
of SARS-CoV/SARS-CoV-2-infected ferret lungs in short- and long-term models. Infect. Genet. Evol. 2020, 85, 1044. [CrossRef]

44. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]
[PubMed]

45. Smith, J.J.; Deane, N.G.; Wu, F.; Merchant, N.B.; Zhang, B.; Jiang, A.; Lu, P.; Johnson, J.C.; Schmidt, C.; Bailey, C.E. Experimentally
derived metastasis gene expression profile predicts recurrence and death in patients with colon cancer. Gastroenterology 2010, 138,
958–968. [CrossRef] [PubMed]

46. Liu, Y.; Cao, J.; Zhu, Y.N.; Ma, Y.; Murtaza, G.; Li, Y.; Wang, J.H.; Pu, Y.S. C1222C Deletion in Exon 8 of ABL1 Is Involved in
Carcinogenesis and Cell Cycle Control. of Colorectal Cancer Through IRS1/PI3K/Akt Pathway. Front Oncol. 2020, 10, 1385.
[CrossRef] [PubMed]

47. Douglas, J.K.; Callahan, R.E.; Hothem, Z.A.; Cousineau, C.S.; Kawak, S.; Thibodeau, B.J.; Bergeron, S.; Li, W.; Peeples, C.E.;
Wasvary, H.J. Genomic variation as a marker of response to neoadjuvant therapy in locally advanced rectal cancer. Mol. Cell
Oncol. 2020, 7, 1716618. [CrossRef] [PubMed]

48. Xu, K.; Zhang, Y.Y.; Han, B.; Bai, Y.; Xiong, Y.; Song, Y.; Zhou, L.M. Suppression subtractive hybridization identified differen-
tially expressed genes in colorectal cancer: microRNA-451a as a novel colorectal cancer-related gene. Tumour Biol. 2017, 39,
1010428317705504. [CrossRef]

49. Jiang, Y.H.; Zhu, X.Y.; Guo, Z.Y.; Yang, Z.H. Increased long non-coding RNA ARAP1-AS1 expression and its prognostic
significance in human gastric cancer: A preliminary study. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 1815–1820.

50. Ye, Y.; Gu, B.; Wang, Y.; Shen, S.; Huang, W. YY1-Induced Upregulation of Long Noncoding RNA ARAP1-AS1 Promotes Cell
Migration and Invasion in Colorectal Cancer Through the Wnt/beta-Catenin Signaling Pathway. Cancer Biother. Radiopharm. 2019,
34, 519–528. [CrossRef] [PubMed]

51. Luo, Y.; Xie, C.; Brocker, C.N.; Fan, J.; Wu, X.; Feng, L.; Wang, Q.; Zhao, J.; Lu, D.; Tandon, M.; et al. Intestinal PPARalpha Protects
Against Colon Carcinogenesis via Regulation of Methyltransferases DNMT1 and PRMT6. Gastroenterology 2019, 157, 744–759.
[CrossRef] [PubMed]

52. Kumamoto, T.; Yamada, K.; Yoshida, S.; Aoki, K.; Hirooka, S.; Eto, K.; Yanaga, K.; Yoshida, K. Impairment of DYRK2 by
DNMT1mediated transcription augments carcinogenesis in human colorectal cancer. Int. J. Oncol. 2020, 56, 1529–1539. [PubMed]

53. Bowler, E.H.; Smith-Vidal, A.; Lester, A.; Bell, J.; Wang, Z.; Bell, C.G.; Wang, Y.; Divecha, N.; Skipp, P.J.; Ewing, R.M. Deep
proteomic analysis of Dnmt1 mutant/hypomorphic colorectal cancer cells reveals dysregulation of epithelial-mesenchymal
transition and subcellular re-localization of Beta-Catenin. Epigenetics 2020, 15, 107–121. [CrossRef] [PubMed]

54. Wang, C.; Ma, X.; Zhang, J.; Jia, X.; Huang, M. DNMT1 maintains the methylation of miR-152-3p to regulate TMSB10 expression,
thereby affecting the biological characteristics of colorectal cancer cells. IUBMB Life 2020, 72, 2432–2443. [CrossRef]

55. Han, G.; Wei, Z.; Cui, H.; Zhang, W.; Wei, X.; Lu, Z.; Bai, X. NUSAP1 gene silencing inhibits cell proliferation, migration and
invasion through inhibiting DNMT1 gene expression in human colorectal cancer. Exp. Cell Res. 2018, 367, 216–221. [CrossRef]
[PubMed]

56. Yu, W.; Ling, J.; Yu, H.; Du, J.; Liu, T. AZGP1 suppresses the process of colorectal cancer after upregulating FASN expression via
mTOR signal pathway. Gen. Physiol. Biophys. 2020, 39, 239–248. [CrossRef]

57. Long, Q.Q.; Yi, Y.X.; Qiu, J.; Xu, C.J.; Huang, P.L. Fatty acid synthase (FASN) levels in serum of colorectal cancer patients:
Correlation with clinical outcomes. Tumour Biol. 2014, 35, 3855–3859. [CrossRef] [PubMed]

http://doi.org/10.3748/wjg.v25.i20.2489
http://doi.org/10.3390/ijms21155580
http://doi.org/10.1093/bib/bbx091
http://www.ncbi.nlm.nih.gov/pubmed/32064155
http://doi.org/10.7150/ijms.52256
http://www.ncbi.nlm.nih.gov/pubmed/33526974
http://doi.org/10.7150/ijms.48123
http://www.ncbi.nlm.nih.gov/pubmed/33390794
http://doi.org/10.2147/OTT.S246714
http://www.ncbi.nlm.nih.gov/pubmed/32821120
http://doi.org/10.1016/j.meegid.2020.104438
http://doi.org/10.1101/gr.1239303
http://www.ncbi.nlm.nih.gov/pubmed/14597658
http://doi.org/10.1053/j.gastro.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19914252
http://doi.org/10.3389/fonc.2020.01385
http://www.ncbi.nlm.nih.gov/pubmed/32850446
http://doi.org/10.1080/23723556.2020.1716618
http://www.ncbi.nlm.nih.gov/pubmed/32391418
http://doi.org/10.1177/1010428317705504
http://doi.org/10.1089/cbr.2018.2745
http://www.ncbi.nlm.nih.gov/pubmed/31173500
http://doi.org/10.1053/j.gastro.2019.05.057
http://www.ncbi.nlm.nih.gov/pubmed/31154022
http://www.ncbi.nlm.nih.gov/pubmed/32236621
http://doi.org/10.1080/15592294.2019.1656154
http://www.ncbi.nlm.nih.gov/pubmed/31448663
http://doi.org/10.1002/iub.2366
http://doi.org/10.1016/j.yexcr.2018.03.039
http://www.ncbi.nlm.nih.gov/pubmed/29608915
http://doi.org/10.4149/gpb_2019061
http://doi.org/10.1007/s13277-013-1510-8
http://www.ncbi.nlm.nih.gov/pubmed/24430360


Curr. Issues Mol. Biol. 2021, 43 19

58. Makondi, P.T.; Lee, C.-H.; Huang, C.-Y.; Chu, C.-M.; Chang, Y.-J.; Wei, P.-L. Prediction of novel target genes and pathways
involved in bevacizumab-resistant colorectal cancer. PLoS ONE 2018, 13, e0189582. [CrossRef] [PubMed]

59. Makondi, P.T.; Wei, P.-L.; Huang, C.-Y.; Chang, Y.-J. Development of novel predictive miRNA/target gene pathways for colorectal
cancer distance metastasis to the liver using a bioinformatic approach. PLoS ONE 2019, 14, e0211968. [CrossRef] [PubMed]

60. Chang, T.-C.; Wei, P.-L.; Makondi, P.T.; Chen, W.-T.; Huang, C.-Y.; Chang, Y.-J. Bromelain inhibits the ability of colorectal cancer
cells to proliferate via activation of ROS production and autophagy. PLoS ONE 2019, 14, e0210274. [CrossRef] [PubMed]

61. Huang, C.-Y.; Wei, P.-L.; Chen, W.-Y.; Chang, W.-C.; Chang, Y.-J. Silencing heat shock protein 27 inhibits the progression and
metastasis of colorectal cancer (CRC) by maintaining the stability of stromal interaction molecule 1 (STIM1) proteins. Cells 2018, 7,
262. [CrossRef] [PubMed]

62. Greally, M.; Kelly, C.M.; Cercek, A. HER2: An. emerging target in colorectal cancer. Curr. Probl. Cancer 2018, 42, 560–571.
[CrossRef] [PubMed]

63. Bhullar, D.S.; Barriuso, J.; Mullamitha, S.; Saunders, M.P.; O’Dwyer, S.T.; Aziz, O. Biomarker concordance between primary
colorectal cancer and its metastases. EBioMedicine 2019, 40, 363–374. [CrossRef]

64. Dienstmann, R.; Vermeulen, L.; Guinney, J.; Kopetz, S.; Tejpar, S.; Tabernero, J. Consensus molecular subtypes and the evolution
of precision medicine in colorectal cancer. Nat. Rev. Cancer 2017, 17, 79–92. [CrossRef] [PubMed]

65. Ahluwalia, P.; Mondal, A.K.; Bloomer, C.; Fulzele, S.; Jones, K.; Ananth, S.; Gahlay, G.K.; Heneidi, S.; Rojiani, A.M.; Kota, V.; et al.
Identification and Clinical Validation of a Novel 4 Gene-Signature with Prognostic Utility in Colorectal Cancer. Int. J. Mol. Sci.
2019, 20, 3818. [CrossRef] [PubMed]

66. Choi, Y.; Kwon, C.H.; Lee, S.J.; Park, J.; Shin, J.Y.; Park, D.Y. Integrative analysis of oncogenic fusion genes and their functional
impact in colorectal cancer. Br. J. Cancer 2018, 119, 230–240. [CrossRef] [PubMed]

67. Pagani, F.; Randon, G.; Guarini, V.; Raimondi, A.; Prisciandaro, M.; Lobefaro, R.; Di Bartolomeo, M.; Sozzi, G.; de Braud, F.;
Gasparini, P.; et al. The Landscape of Actionable Gene Fusions in Colorectal Cancer. Int. J. Mol. Sci. 2019, 20, 5319.

68. Wang, Y.; Ji, P.; Liu, J.; Broaddus, R.R.; Xue, F.; Zhang, W. Centrosome-associated regulators of the G2/M checkpoint as targets for
cancer therapy. Mol. Cancer 2009, 8, 8. [CrossRef] [PubMed]

69. Bakkenist, C.J.; Kastan, M.B. DNA damage activates ATM through intermolecular autophosphorylation and dimer dissociation.
Nature 2003, 421, 499–506. [CrossRef] [PubMed]

70. Beggs, A.D.; Domingo, E.; McGregor, M.; Presz, M.; Johnstone, E.; Midgley, R.; Kerr, D.; Oukrif, D.; Novelli, M.; Abulafi, M.; et al.
Loss of expression of the double strand break repair protein ATM is associated with worse prognosis in colorectal cancer and loss
of Ku70 expression is associated with CIN. Oncotarget 2012, 3, 1348–1355.

71. Takai, N.; Hamanaka, R.; Yoshimatsu, J.; Miyakawa, I. Polo-like kinases (Plks) and cancer. Oncogene 2005, 24, 287–291. [CrossRef]
[PubMed]

72. Thompson, B.J. YAP/TAZ: Drivers of Tumor Growth, Metastasis, and Resistance to Therapy. Bioessays 2020, 42, 1900162.
[CrossRef] [PubMed]

73. Ji, B.; Feng, Y.; Sun, Y.; Ji, D.; Qian, W.; Zhang, Z.; Wang, Q.; Zhang, Y.; Zhang, C.; Sun, Y. GPR56 promotes proliferation of
colorectal cancer cells and enhances metastasis via epithelial-mesenchymal transition through PI3K/AKT signaling activation.
Oncol. Rep. 2018, 40, 1885–1896. [CrossRef]

74. Geraldo, L.H.M.; Spohr, T.C.L.d.S.; Amaral, R.F.d.; Fonseca, A.C.C.d.; Garcia, C.; Mendes, F.d.A.; Freitas, C.; dos Santos, M.F.;
Lima, F.R.S. Role of lysophosphatidic acid and its receptors in health and disease: Novel therapeutic strategies. Signal Transduct.
Target. Ther. 2021, 6, 45. [CrossRef]

75. Yun, C.C. Lysophosphatidic Acid and Autotaxin-associated Effects on the Initiation and Progression of Colorectal Cancer. Cancers
2019, 11, 958. [CrossRef] [PubMed]

76. Tveteraas, I.H.; Aasrum, M.; Brusevold, I.J.; Ødegård, J.; Christoffersen, T.; Sandnes, D. Lysophosphatidic acid induces both
EGFR-dependent and EGFR-independent effects on DNA synthesis and migration in pancreatic and colorectal carcinoma cells.
Tumor Biol. 2016, 37, 2519–2526. [CrossRef] [PubMed]

77. Karlsson-Rosenthal, C.; Millar, J.B. Cdc25: Mechanisms of checkpoint inhibition and recovery. Trends Cell Biol. 2006, 16, 285–292.
[CrossRef]

78. Shen, T.; Huang, S. The role of Cdc25A in the regulation of cell proliferation and apoptosis. Anticancer Agents Med. Chem. 2012, 12,
631–639. [CrossRef] [PubMed]

79. De Oliveira, P.E.; Zhang, L.; Wang, Z.; Lazo, J.S. Hypoxia-mediated regulation of Cdc25A phosphatase by p21 and miR-21. Cell
Cycle 2009, 8, 3157–3164. [CrossRef] [PubMed]

80. Liffers, S.T.; Munding, J.B.; Vogt, M.; Kuhlmann, J.D.; Verdoodt, B.; Nambiar, S.; Maghnouj, A.; Mirmohammadsadegh, A.; Hahn,
S.A.; Tannapfel, A. MicroRNA-148a is down-regulated in human pancreatic ductal adenocarcinomas and regulates cell survival
by targeting CDC25B. Lab. Investig. 2011, 91, 1472–1479. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0189582
http://www.ncbi.nlm.nih.gov/pubmed/29342159
http://doi.org/10.1371/journal.pone.0211968
http://www.ncbi.nlm.nih.gov/pubmed/30807603
http://doi.org/10.1371/journal.pone.0210274
http://www.ncbi.nlm.nih.gov/pubmed/30657763
http://doi.org/10.3390/cells7120262
http://www.ncbi.nlm.nih.gov/pubmed/30544747
http://doi.org/10.1016/j.currproblcancer.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30100092
http://doi.org/10.1016/j.ebiom.2019.01.050
http://doi.org/10.1038/nrc.2016.126
http://www.ncbi.nlm.nih.gov/pubmed/28050011
http://doi.org/10.3390/ijms20153818
http://www.ncbi.nlm.nih.gov/pubmed/31387239
http://doi.org/10.1038/s41416-018-0153-3
http://www.ncbi.nlm.nih.gov/pubmed/29955133
http://doi.org/10.1186/1476-4598-8-8
http://www.ncbi.nlm.nih.gov/pubmed/19216791
http://doi.org/10.1038/nature01368
http://www.ncbi.nlm.nih.gov/pubmed/12556884
http://doi.org/10.1038/sj.onc.1208272
http://www.ncbi.nlm.nih.gov/pubmed/15640844
http://doi.org/10.1002/bies.201900162
http://www.ncbi.nlm.nih.gov/pubmed/32128850
http://doi.org/10.3892/or.2018.6582
http://doi.org/10.1038/s41392-020-00367-5
http://doi.org/10.3390/cancers11070958
http://www.ncbi.nlm.nih.gov/pubmed/31323936
http://doi.org/10.1007/s13277-015-4010-1
http://www.ncbi.nlm.nih.gov/pubmed/26386720
http://doi.org/10.1016/j.tcb.2006.04.002
http://doi.org/10.2174/187152012800617678
http://www.ncbi.nlm.nih.gov/pubmed/22263797
http://doi.org/10.4161/cc.8.19.9704
http://www.ncbi.nlm.nih.gov/pubmed/19738433
http://doi.org/10.1038/labinvest.2011.99
http://www.ncbi.nlm.nih.gov/pubmed/21709669


Curr. Issues Mol. Biol. 2021, 43 20

81. Wang, Z.; Trope, C.G.; Florenes, V.A.; Suo, Z.; Nesland, J.M.; Holm, R. Overexpression of CDC25B, CDC25C and phospho-
CDC25C (Ser216) in vulvar squamous cell carcinomas are associated with malignant features and aggressive cancer phenotypes.
BMC Cancer 2010, 10, 233. [CrossRef] [PubMed]

82. Fang, Y.; Yu, H.; Liang, X.; Xu, J.; Cai, X. Chk1-induced CCNB1 overexpression promotes cell proliferation and tumor growth in
human colorectal cancer. Cancer Biol. Ther. 2014, 15, 1268–1279. [CrossRef] [PubMed]

http://doi.org/10.1186/1471-2407-10-233
http://www.ncbi.nlm.nih.gov/pubmed/20500813
http://doi.org/10.4161/cbt.29691
http://www.ncbi.nlm.nih.gov/pubmed/24971465

	Introduction 
	Materials and Methods 
	Oncomine Analysis and GEPIA Datasets 
	Cancer Cell Line Encyclopedia (CCLE) Analysis 
	Differentially Expressed GTF3 Genes: Prognostic Significance and Expression 
	Genomic Alterations Analysis 
	Functional Enrichment Analysis 

	Results 
	Expression Pattern of GTF3 Family Genes in CRC 
	Prognostic Values and Protein Expressions of GTF3 Family Genes in CRC 
	Genomic Alterations of GTF3 Family Gene Expressions in CRC 
	Pathway Enrichment Analysis 
	GTF Coexpressed Genes and Regulated Networks in TCGA Database 

	Discussion 
	Conclusions 
	References

