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Abstract: Breast invasive cancer (BIC) is one of the most commonly observed and the deadliest
cancer among women. Despite the progress that has been made in improving breast cancer
outcomes by the development of advanced treatment options, due to the heterogeneity and
complexity of the disease, more studies are required to explore underlying molecular mechanisms
of breast cancer which may provide useful insights to overcome the constraints related to current
therapeutic options. The goal of this study was to reveal the crucial roles of m6A regulatory proteins
in BIC development using various publicly available datasets and databases. We first conducted a
comprehensive analysis to depict the mutation frequency and types for m6A regulatory genes in
sub-types of BIC for the evaluation of the genetic alterations landscape of breast cancer. Changes
in expression levels of m6A regulatory factors were identified as the key genetic alteration in BIC.
Implementation of Kaplan-Meier tool to assess the predictive value of m®A pathway components
in BIC validated the use of VIRMA, METTL14, RBM15B, EIF3B, YTHDF1, and YTHDF3 as
prognostic biomarkers of breast cancer. We then examined the enriched gene ontology (GO) terms
and KEGG pathways for the tumor samples with genetic alterations in the m®A pathway.
Dysregulation of m®A regulatory factors in BIC was associated with cell division and survival-
related pathways such as ‘nuclear division” and ‘chromosome segregation’ via the upregulation of
the genes functioning in these biological processes and the gained overactivity of these pathways
may account for poor prognosis of the disease. The performed analyses highlighted m®A pathway
genes as potential regulators of BIC growth and as a valuable set to be utilized as clinical
biomarkers in BIC disease.

Keywords: breast invasive carcinoma; m®A RNA modification; epitranscriptomics pathways;
genetic alterations; gen set enrichment analysis
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1. Introduction

Breast cancer is the second commonly diagnosed cancer with the highest mortality rate
among women all around the world [1,2] The subtypes of malignant breast invasive cancers reflect
the type of the mutations and primary tumor site [3]. Breast invasive ductal carcinoma (BIDC) is
the most frequently identified breast cancer and is primarily characterized by tumor formation in
milk ducts [3,4]. The second most common breast cancer, breast invasive lobular carcinoma, arises
from the milk-producing lobules [5]. Breast mucinous carcinoma originating from mucus-
producing cancer cells is a rare type of breast cancer and classified into two subtypes. In breast
invasive pure mucinous, carcinoma transformed cells are surrounded by extracellular mucin layer.
On the other hand, breast invasive mixed mucinous carcinoma (BIMC) consists of cells from other
types of breast cancers such as infiltrating ductal carcinoma, aside from the mucinous cells [6].
Furthermore, breast invasive cancers which cannot be classified into defined cancers due to lacking
specific features are termed as not otherwise specified (NOS) [7,8]. Poor prognosis and
aggressiveness of the BIC limit the benefit of current surgery, chemo and radiotherapy treatment
options and therefore new therapeutic approaches are necessary to extend the toolbox for the cure
of BIC by the discovery of new biomolecules to target. In this respect, reexamination of essential
pathways is required to uncover their association with BIC progression and prognosis.

RNA modification refers to the chemical modification of RNA molecules co-transcriptionally
or at the post-transcription level by the regulatory proteins highly conserved among various species
[9]. Up to date, more than 170 modifications such as N®-metyhladenosine, N-metyhladenosine, 5-
methylcytosine, 5-hydroxymethylcytosine, pseudouridine, and inosine have been identified and
these modifications have diverse roles on stability, localization, secondary structure, and decay of
modified RNAs depending on the type and site of the modifications [10-13]. Although the vast
majority of the characterized modifications are associated with tRNA and rRNA molecules, studies
to dissect the roles of MRNA modifications particularly methylation of mMRNAs have been gained
momentum considering the emerging roles of these modifications on mRNA stability and
translation which open the era of epitranscriptome.

mMRNA methylations are controlled by dynamic reversible mechanisms and dysregulation of
this mechanism is related to a broad range of diseases due to the alterations in the numerous
biological processes[14-17]. Methyl group is added by a special group of proteins called “writers”,
interpreted by “readers” and removed by “erasers”. Writer proteins catalyze methylation of target
mRNA molecules in a context-dependent manner which can be reversed by the activity of eraser
proteins through the demethylation reaction. Reader proteins which determine the fate of the
modified mMRNASs depending on the reader protein type and mRNA interactions, recognize
methylated bases and bind to the methylated mRNAs [18].

Methylation of the adenosine base on the 6" nitrogen position is termed as N°&-
methyladenosine (mPA) modification which is the most abundant messenger-RNA (MRNA)
modification in mammals [19,20]. The distribution of m®A on an mRNA is not random, and in
general, methylated bases are located within clusters in the 3’UTR regions and near the stop codon
of the transcripts [21,22]. m®A modification has a substantial impact on mRNA metabolism,
transcription, splicing, export, translation, degradation, stability, and localization [11,13].
Consequently, a wide range of vital biological activities at the cell and organism levels such as cell
cycle, apoptosis, self-renewal, RNA metabolism, and development are affected and modulated by
mPA modification [14,23-25]. At the molecular level, m®A modification destabilizes the intrinsic
secondary structure, and by exposing the concealed protein-binding sites to the reader proteins,
alternative splicing can be affected directly or indirectly by binding of reader proteins to methylated
MRNA. Based on the evidence, reader proteins are also involved in the nuclear export of modified
MRNASs to the cytoplasm by interacting with exporting complexes [13]. As another imperative role,
reader proteins take part in the enhanced translation of modified mMRNA molecules by binding to
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translation elongation factors and ribosome’s subunits [13,26]. The link between m®A modification
and mRNA stability and degradation is established by reader proteins by recruiting mRNASs to
degradation complexes or protecting methylated mRNAs from decay [13,27].

As another type of adenosine methylation, 1% nitrogen of adenosine base can be methylated as
well. This modification, N-methyladenosine (m!A), occurs mostly in tRNA molecules and
regulates its secondary structure. Along with tRNA, m*!A modification is detected in mMRNA
molecules with the potential function of stabilizing the mRNA-protein interactions. Although the
exact function of m*A modification in mMRNA remains largely unclear, recent studies suggest that
m*A modification may decrease the rate of translation [28]. Modification at the 5" carbon of
cytosine has a remarkable the methylated mRNAs’ impact on nuclear export and protein translation
rate. m°C methylation has dual roles to regulate the translation rate in a way that methylation in
5’UTR is a signal for inhibition of translation and 3’UTR region methylation enhances the
translational activity [29].

Alterations in epitranscriptome pathways have been associated with many different cancer
types [30,31]. Changes in stability and translation rate of modified mMRNAs fluctuate the final
amount of produced proteins and thereby may account for modulation of molecular mechanisms
underlying the cancer progression. Across various cancer types, binary roles of the m®A pathway
in tumor progression or tumor suppression have been demonstrated. In glioblastoma multiforme
(GBM), class IV neoplasia of glial cells, m®A modification leads to tumor growth, and poor
prognosis of the disease by enhancing the renewal capacity of glioblastoma stem cells [32].
Elevated levels of writer proteins in the m®A pathway have been also correlated with increased
self-renewal capacity of leukemia stem cells in acute myeloid leukemia (AML) [33] due to the
increased translation rate of oncogenic and anti-apoptotic factors, such as c-Myc and PTEN, and
BCL-2, respectively [34]. The oncogenic role of FTO, an eraser protein component of the m°A
pathway, in AML is evident by targeting the tumor suppressor proteins such as ASB2 and RARA
which contribute to hematopoietic cells transformation [35]. In hepatocellular carcinoma (HCC),
depletion of SOCS2 mRNA by the activity of reader protein YTHDF2 and upregulated writer
protein METTL3 promotes tumor formation [36]. Deficit METTL14 in HCC patients was linked
to the higher metastatic capacity of cancer [37]. YTHDF2 is found to be upregulated in prostate
cancer, and as shown in a recent study, knockdown of YTHDF2 inhibits cancer cell proliferation
and migration [38]. Another study revealed that YTHDF2 is upregulated also in pancreatic cancer
cells and increased YTHDF2 levels induce tumor progression via activating AKT, GSK-3B, and
cylinD1. Controversially, increased levels of YTHDF2 are also a limiting factor for metastasis of
pancreatic cancer cells [39].

Reduced levels of demethylating factor ALKBHS5 in pancreatic cancer cells alter the migration
and invasion capacity. Methylation of KCNK14-AS1, a long non-coding RNA responsible for
inhibition of cell migration and invasion, makes it unstable and stimulates its degradation [40]. In
a subtype of cervical cancer, cervical squamous cell carcinoma (CSCC), a highly expressed FTO
protein catalyzes the demethylation of B-catenin mMRNAS to increase its expression, and as a
consequence, CSCC patients become more resistant to chemotherapy and radiotherapy [41].
Diminished PHLPP2 and elevated m-TORC2 translation rate in endometrial cancer were due to
these mMRNAs ’decreased methylation levels. These genes are negative and positive AKT pathway
regulators respectively, and induced activation of AKT pathway by dysregulation m°A
modification is described as one of the key contributors of tumorigenesis in endometrial cancer
[42].

Abnormal alterations in the m®A pathway have been described in breast cancer as well.
Hypoxic tumor microenvironment induces ALKBHS5 expression and increased levels of ALKBH5
lowers NANOG mRNA methylation to enhance NANOG mRNA stability. NANOG is an essential
transcription factor in maintaining pluripotency in cancer stem cells and upregulated ALKBH5
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levels increase the metastatic and invasive capacity of breast tumors through the stabilization of
NANOG [43]. Wang et. al. reported that METTLS3 level is raised in breast cancer which favors the
anti-apoptotic activity of the cancer cells by methylation of BCL-2. [44]. Another study exploiting
the TCGA datasets reported that high expression levels of methylation factor VIRMA in breast
cancer patients’ samples compared to normal tissues was detected. The finding of decreased overall
survival rate of patients with high expression of VIRMA in this study was notable. In vitro and in
vivo assays confirm the association of VIRMA with breast cancer progression and metastasis by
acting on CDK1, an important cell cycle regulatory protein [45]. As shown in another recent study,
upregulated FTO in breast cancer cell lines stimulates the demethylation of pro-apoptotic BNIP3
mRNA and induces its degradation. Therefore, increased FTO level was correlated with lower
survival rate, accelerated cell proliferation, colony formation, and metastasis [46].

Here, we performed a comprehensive bioinformatics analysis to explore the putative link
between mPA, m*A, and m°C mRNA modification pathways and breast invasive cancer by utilizing
several publicly available databases and BIC datasets. Molecular alterations in and expression level
differences at both mRNA and protein levels of regulatory proteins belonging to these pathways in
BIC were investigated. The followed in-silico experimental study revealed critical roles of
epitranscriptomic pathways in BIC manifested in survival, apoptotic and proliferation-related
pathways, which may open a new avenue for BIC research.

2. Materials and Methods
2.1 Used TCGA Datasets From cBioPortal

In this study, publicly available datasets on the TCGA database (http://cancergenome.nih.gov)
for Breast Invasive Carcinoma (TCGA, Pan Cancer Atlas) which contains 1084 breast cancer
patient samples were utilized. To analyze the mutations, structural variant, copy-number
alterations, and mMRNA expression z-Scores (RNA Seq V2 RSEM) for each gene, acquired data
from the TCGA datasets came from the cBioportal database (https://www.cbioportal.org/) were
used. Oncoprint and cancer type summary (n= 780 for Breast Invasive Ductal Carcinoma, n= 201
for Breast Invasive Lobular Carcinoma, n= 77 for Breast Invasive Carcinoma (NOS), n= 17 for
Breast Invasive Mixed Mucinous Carcinoma, n= 8 for Metaplastic Breast Cancer and n=1 for
Invasive Breast Carcinoma) of each gene were depicted to portrait the type of genetic alterations
(missense mutation, amplification, splice mutation, deep deletion, truncating mutation, mMRNA up-
or down-regulation) and alteration frequency for each gene and subtypes of cancer.

2.2 Volcano plot and Functional Enrichment Analysis

Differentially expressed genes (DEGs, |[FC|>1.5 and p<0.01) between altered (observed
mutation in epitranscriptomic pathway genes) and unaltered (no mutations in epitranscriptomic
pathway genes) groups for breast cancer patients were downloaded from the cBioPortal database.
DEGs were displayed on a volcano plot using the ‘enhanced volcano’ R package. Top ten DEGs
for both altered and unaltered groups were highlighted on the volcano plot. To explore the Gene
Ontology (GO) categories enriched by DEGs between altered and unaltered groups at biological
process (BP), molecular function (MF), and cellular component (CC) levels, the R language
“clusterProfiler" package [47] was used. The same package was implemented to perform Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment, and Gene Set Enrichment Analysis
(GSEA) of the genes belonging to altered and unaltered groups. To calculate the statistical
significance, Fisher’s exact test was utilized. Enriched GO terms and KEGG pathways with
adjusted P <0.05 were considered statistically significant, false discovery rate (FDR) <0.05 was
used as the cutoff, and the results were visualized by ‘enrichplot’ and ‘ggplot2’ packages [48] with
dotplot, barplot, ridgeplot or cnetplot visualization methods as used elsewhere [49,50]
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2.3 UALCAN dataset analysis for the mRNA expression and promoter methylation of
epitranscriptomic pathway genes

TCGA breast invasive cancer dataset on UALCAN database (publicly available
at http://ualcan.path.uab.edu) was used to analyze the mRNA expression level of mbA pathway
genes between breast cancer patients (n=1097) and normal (n=114) samples. Gene expression level
by means of transcripts per million is plotted for normal and primary tumor samples for breast
invasive carcinoma. Furthermore, the same dataset was used to compare and plot the mRNA level
based on individual cancer stages, and the significance of comparison is depicted in the figures.
Promoter methylation levels of m°A pathway genes were investigated using the UALCAN database
as well. Beta value to compare the levels of methylation of m®A genes between cancer and normal
groups indicates a level of DNA methylation ranging from 0 (unmethylated) to 1 (fully
methylated).

2.4 Kaplan-Meier Plots for expression level and mutation frequency

Kaplan-Meier survival analysis method was used to compare the survival ratio within the
breast cancer patients group by using the Kaplan-Meier Plotter database (https://kmplot.com/) [51].
Overall survival graphs were generated for breast cancer patients displaying low and high m®A
pathway gene expression, and for the patients with or without mutations in m6A pathway
components. P values (as Log-rank means) were used to evaluate the statistical significance of the
analysis.

2.5 Human Protein Atlas data

The representative immunohistochemistry (IHC) images of m®A pathway genes were retrieved
from The Human Protein Atlas [52], a publicly available database containing normal and cancer
tissues labeled with a wide range of antibodies to show the spatial distribution of proteins. This
high-resolution image collection was generated by using the same antibody to stain the protein of
interest in both cancer and normal tissues for a particular gene. Representative IHC images of méA
pathway proteins in cancer and normal tissues were downloaded from the database
(http://www.proteinatlas.org/). In addition to employing specific antibodies to label the target
protein, hematoxylin staining was performed to provide the contrast.

2.6 Protein-protein interactions networks

Protein-protein interaction (PPI) networks were analyzed and visualized using the STRINGdb
v11.0 (Search Tool for the Retrieval of Interacting Genes/Proteins) [53]. Genes enriched in the top
significant BPs (’Nuclear division’ for altered groups and enriched in ‘Regulation of membrane
potential® for unaltered groups) were selected to generate an interaction network with méA pathway
genes.

2.7 The communality of DEGs and Enriched Terms

In order to find the unique and shared enriched GO terms among epitranscriptomic pathways
for both altered and unaltered groups, jvenn, a web-based tool [54], was implemented to construct
the venn diagrams. The same tool was employed to identify the commonly found and unique genes
in altered and unaltered groups among m°C, m°A, and m*A pathways. The common 42 enriched
GO terms for altered and 31 enriched terms for unaltered groups were clustered based on euclidian
distance measure and complete linkage method. Plotting of common GO terms was performed
using the ComplexHeat map R package) [55].
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2.8 Statistical Analysis

R language (4.3.2) was used for statistical analysis and graphing. For pairwise comparisons
between cancer and control samples, student’s t-test was performed and ANOVA test was applied
to interrogate the significance among the cancer subtypes. Statistical significance was set as p <
0.05 for all.

3. Results
3.1. Mutation analyses overview of m®A pathway genes in breast invasive cancer

To explore the mPA pathway genetic alterations in BIC, comprehensive bioinformatics
analysis has been performed using the R language and publicly available databases listed in the
methods section. As the alterations of m®A pathway components at mMRNA expression and DNA
levels have been linked to several cancers by many recently published reports, we interrogated the
genomic and transcriptomic landscape of m°A genes in the TCGA pan-cancer BIC dataset
involving 1084 patients. We first analyzed the frequency and type of observed mutations (Figure
1) to display the alterations in méA RNA modification enzymes.
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Figure 1. Mutation analysis of m®A RNA modification regulatory proteins in breast invasive
carcinoma. Oncoprint visualization of TCGA datasets for the m8A RNA modifying genes using
the cBioportal database. The gene alteration frequencies of m®A regulators in BIC were 29% in
YTHDFL1, 24% in VIRMA, and 22% in YTHDF3, etc.

The frequency of genetic alteration of m®A pathway genes (classified as writers: VIRMA,
METTL14, METTL3, METTL4, RBM15, RBM15B, WTAP, readers: DGCR8, EIF3A, EIF3B,
ELAVL1, HNRNPA2B1, HNRNPC, SFRS2, YTHDC1, YTHDC2, YTHDF1, YTHDF2,
YTHDF3, and erasers: ALKBH5, FTO) varies from 4% to 29% (Figure 1). Many types of
mutations in m®A RNA methylation regulators were observed and particularly amplification, high
MRNA levels, and deep deletion were the most abundant genetic alterations for the analyzed genes
(Figure 1). Overall, about 80.4% of the samples (820/1084) had genetic changes in at least one of
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the mPA regulators (Figure 2). Among the others, YTHDF1 (29%), VIRMA (24%), and YTHDF3
(22%) genes were found as frequently altered, and FTO (4%), HNRNPC (6%), and DGCR8 (6%)
were identified as least altered genes. Remarkably, for frequently altered genes, high mRNA
expression (22.8%, 13.6% and 15.2%, respectively), amplification (0.2%, 5.3% and 2.4%,
respectively) and multiple alterations (4.0%, 4.8% and 3.4%, respectively) were the commonly
detected genetic alterations. These results suggest that m°A pathway regulators are frequently
mutated in breast cancer and may play an important role in disease pathogenesis.
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Figure 2. Mutations of m°A pathway components in subtypes of breast invasive carcinoma.
Mutation, fusion, deep deletion, mMRNA high, mRNA low, and multiple alterations were the main
genetic alterations and alteration frequency for each gene in subtypes of BIC (Breast Invasive
Ductal Carcinoma, Breast Invasive Lobular Carcinoma, Breast Invasive Mixed Mucinous
Carcinoma and Not Otherwise Specified) was demonstrated. About 85% of BIMC samples, 70%
of BIDC samples, 68% of NOS samples and 64% of BILC samples have at least one of the genetic
alterations for m®A pathway genes.

To evaluate the distribution of mutation frequency for subtypes of breast invasive cancer,
genetic alteration for each gene in Breast Invasive Ductal Carcinoma (BIDC), Breast Invasive
Lobular Carcinoma (BILC), Breast Invasive Carcinoma (NOS), and Breast Invasive Mixed
Mucinous Carcinoma (BIMC) was investigated (Figure 2). Although for most of the genes
(VIRMA, METTL14, METTL3, METTL4, RBM15, RBM15B, ELAVL1, HNRNPA2B1,
HNRNPC1, SFRS2, YTHDC1, YTHDC2, YTHDF1, and YTHDF3) genetic alterations were
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observable in BIDC, BILC turned out to be the main subtype of breast cancer for DGCRS, EIF3A,
and YTHDF2 genetic alterations, and the rest of the genes (WTAP, EIF3B, ALKBH5, and FTO)
were found as mainly altered in BIMC (Figure 2). The type and frequency of all detected mutations
for each gene in all subtypes were shown in detail in Figure 2.

3.2 Expresion levels of m®A pathway genes revealed significant differences between cancer and
control samples

As a complementary analysis to the genetic alteration profile, we next compared the expression
levels of mPA regulatory genes for primary tumor and control (normal) groups using the TCGA
BIC dataset on UALCAN database (http://ualcan.path.uab.edu). Differential expression profile
(tumor vs normal) for each gene was illustrated in Figure 3. Expression levels of the 8 genes of the
pathway (VIRMA, RBM15, EIF3B, ELAVL1, HNRNPA2B1, HNRNPC, SFRS2, YTHDF1) were
significantly upregulated in primary tumor samples, whereas 5 genes (METTL14, WTAP, EIF3A,
YTHDC1, FTO) were found as significantly downregulated in primary tumor samples compared
to normal ones (Figure 3). No significant difference in the expression level of the other 8 genes
(METTL3, METTL4, RBM15B, DGCR8, YTHDC2, YTHDF2, YTHDF3, ALKBH5) was
observed between primary tumor and control groups (Figure 3).

SuTILH

N Fikan wiavia HiNpa

ALKDIG

Figure 3: Analysis of expression of m®A RNA modification regulatory genes in Breast Invasive
Carcinoma. UALCAN dataset was analyzed for the expression of m®A genes in 1097 primary
tumor samples and 114 corresponding normal tissue samples. Expression of m®A genes in patient-
derived tumor samples was compared with patient-derived healthy tissue samples. Statistically
significant expression levels are shown in red color. *P < 0.05, *+P < 0.01, and **xP < 0.001
between the primary tumor and normal groups.

To gain more insight into the expression level of m8A RNA modifying genes, we then focused
on the comparison between pathological stages of cancer (stage I, stage Il, stage 11, and stage V)
and normal samples (Figure S1 and Table S1). As can be seen from the figure, the trend of the gene
expression level in different stages of breast cancer and control samples is highly similar with the
comparison based on primary tissue and control samples for most of the investigated genes such
as EIF3B, ELVALL, METTL14, WTAP, METTL3 and METTL4 (Figure S1). Upregulation of
EIF3B and ELAVL1 gene expression in primary tissue is also followed in all stages, and for the
downregulated genes in primary tissue such as METTL14 and WTAP, under-expression at all
stages compared to normal samples was obtained (Figure S1). For the majority of the genes such
as METTL3 and METTL4 with no significant differences in expression level between primary
tissue and control samples, comparison expression levels between the pathological stages and
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normal samples was not significant as well (Figure S1). On the other hand, for some genes
including VIRMA, EIF3A, and SFRS2, differential expression level between stage IV and control
samples was detected as nonsignificant (Figure S1) highlighting the importance of investigation at
substages along with the primary tissue level analysis.

3.3 Promoter methylation levels poorly overlapped with expression levels of the m®A pathway
genes

We reasoned that transcriptional alterations of the m®A pathway genes could be due to changes
at the promoter methylation level. To evaluate this, the significance of methylation level
differences between cancer and normal tissue samples for the same gene set was investigated.
Previous studies [56] defined the beta value cut-off for hyper-methylation as beta value > 0.7 and
for hypo-methylation as beta value <0.3. Remarkably, by employing this cut-off, promoters of all
m°A pathway genes can be considered as hypo-methylated in both tumor and non-tumor samples
except the promoter of DGCR whose beta value is over 0.7 in cancer and normal samples (Figure
S2). Differential methylation analyses revealed that promoter of the 7 genes (METTL14, RBM15B,
DGCRS, YTHDCL1, YTHDF1, YTHDF2, and HNRNPA2B1) were significantly more methylated
in tumor samples than the normal ones (Figure S2). Compared with the non-tumor samples, 6 of
méA pathway genes (METTL3, METTL4, EIF3B, YTHDC2, SRSF2, and HNRNPC) in tumor
tissues were found as significantly less methylated, and there was no significant difference at
methylation level of the promoter for the rest of the genes (Figure S2). Loss of the correlation
between promoter methylation and expression levels was notable.

Next, we checked the methylation status of the promoters for four pathological stages of breast
invasive cancer (Figure S3). The result demonstrated that the methylation level of promoters for
pathological stages was generally in accordance with the trend of the methylation profile shown in
Figure S2. However, as in the expression level, the significance of methylation alteration between
stage 1V and control samples was identified contradictory to the general trend (Figure S3), which
emphasized the necessity of analysis at stage level complementary to primary tissue level
investigation. Significant alterations were marked in the figures and associated p-values are listed
in Table S2.

3.4 Association of expression level and mutation frequency of méA pathway genes and the
prognosis of cancer patients

Clinical information in the TCGA database was retrieved and the overall survival metric was
considered to explore the influence of the pathway genes expression on survival rate. The patient’s
survival rate for high and low expression of the m®A genes was evaluated through the use of the
Kaplan-Meier plotter (https://kmplot.com/) [51] (Figure 4). Of these genes, 6 of them have a
significant effect on the survival rate. High expression of VIRMA, METTL14, and RBM15B genes
was significantly associated with longer overall survival in patients (p-value <0.05, Figure 4).
Noticeably, low expression of EIF3B, YTHDF1, and YTHDF3 was associated with significantly
high overall survival compared to the patients with high gene expression levels (Figure 4). Overall
survival of the patients was similar for the rest of the genes regardless of the expression levels of
the genes. This analysis extrapolated the association of the prolonged survival and expression levels
of several m®A pathway components in breast invasive carcinoma.
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Figure 4. Kaplan—Meier survival curves of m®A regulatory genes in breast invasive carcinoma
regarding the expression level. Overall survival curves were calculated and drawn based on the
differential expression levels of mPA regulatory genes in BIC. The black and red curves represented
the survival curves of the wild type and all mutation groups, respectively. Statistically
significant expression levels are shown in red. *P < 0.05 and **P < 0.01 between the two groups.

Furthermore, the prognostic value of mutation frequency of examined genes in breast cancer
was assessed. A significant association between breast cancer patients’ survival and mutation
frequency of the m8A pathway genes was sought and specifically, patients with tumors displaying
the mutations in one of the nine genes (METTL14, RBM15, WTAP, HNRNPA2B1, SRSF2,
YTHDF1, YTHDF2, YTHDF3, and ALKBH5) had significantly lower overall survival in
comparison to mutation free patients (Figure S4).

3.5 Analysis of m°A pathway proteins’ expression in cancer and normal tissue

To further dissect the potential link between the expression level of m®A genes and breast
invasive cancer, protein expression profile in cancer and normal tissues was inspected using The
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Human Protein Atlas data [52]. Human Protein Atlas is a valuable online database with the spatial
expression data of proteins, and its broad antibody collection allows us to map and compare the
proteins in tumors and corresponding normal tissues. Among our list, 3 of the investigated genes
(METTL3, YTHDF1, and YTHDF3) have not been profiled in the atlas yet. Based on the scoring
system of the database, 1 of the genes were identified as lowly expressed (<25%), 2 of them were
considered as moderately expressed (25% to 75%) and 15 of them were found as highly expressed
(>75%) (Figure 5). IHC staining of m®A genes coding proteins for the breast invasive cancer and
corresponding normal counterpart tissues confirmed that these proteins were overexpressed in BIC
samples compared to normal tissue (Figure 5). According to the IHC data, there is a poor
correlation of upregulated mRNA levels and increased protein levels for m®A pathway genes.
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Figure 5. Analysis of expression of m°A regulatory proteins in Breast Invasive Carcinoma through
the use of The Human Protein Atlas. Representative images of immunohistochemical staining of
the mPA regulatory genes in patient-derived breast cancer samples as well as healthy breast tissue
samples from The Human Protein Atlas data.

3.6 Enriched pathways associated with genetic alterations in the m°A pathway

We then analyzed the transcripts whose levels were modulated upon genetic alteration
(mutation, amplification, deep deletion, high or low mRNA levels) of m®A regulatory genes. The
altered group consists of the patients’ samples with genetic alteration in the m®A pathway and the
unaltered group is formed by the patients’ samples without genetic alteration. DEGs (p<0.01 and
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|FC|>1.5) between altered (310 genes) and unaltered (1186 genes) groups were displayed on a
volcano plot (Figure 6A) and listed in Table S3. The selected top 10 DEGs for altered (PRAME,
A2ML1, MYBL2, INAVA, BIRC5, MCM10, UBE2C, CBX2, PLCH1, and ONECUT2) and
unaltered (ANKRD30A, PIP, TFF1, SCGB2A2, ADH1B, PTPRT, CAPN8, HMGCS2, NEK10,
and LRRC31) were highlighted on the volcano map (Figure 6A). In order to explore the GO terms
enriched by the DEGs, firstly, a merged list of altered and unaltered DEGs was enriched to depict
the terms at BP, MF, and CC levels. All the identified terms were summarized in Table S4. Top 5
BPs (‘organelle fission’, ‘nuclear division’, ‘mitotic nuclear division’, ‘mitotic sister chromatid
segregation” and ‘sister chromatid segregation’) formed two main clusters with enriched altered
and unaltered genes were displayed in a cnet figure (Figure 6B). The presence of shared DEGs in
different pathways within the clusters is notable and these DEGs might take a role in cross-talking
of the pathways.

DEGs in Altered Vs Unaltered Samples MTER Wi MTFR2
DCN® 1 RADS4L
CCNE2 MND1 TEX1S EME1

coNB2 o

RADSIB EONE oo
PDE3A uszs ANLN cgocs BF1 auria
BRIP ©pc2sc PKMYT1 s

FANCA
MysL1 MYBLSeerRRt UBE2C HASPIN O
560

NEK2

50
BMPS  cksz

40

RADST BIRCS. organ

KIF11
aaaaaa ASPM
c

PTTG!
NUF2 K“;uana CENPF
CDCAS: -1
KiFc1-20C2° |
CENPE

MTBP.
CNET KIF188:

TPX2 CDCE - TRIP13 i
MAPT NCAPG CCNB1--<_DSCC1

TOPZA e NUSAPT ZWINT Ll e DLGAPS

.
[ 3
HORMADT KIF1BA Espia b4
(Aza RACGAPT KIET mitotic sister chromatd sedreuation o~
BUBT
PRC1 s’ aumie RADZ1 | sister chromatd solféiifion Y ®
SPAGS CDT1

5
L7
ziﬁg

I ‘27;‘5’

TTK

FANEE
n%‘;

i

MAD2L1 CDCAS

$
.
il ‘,ﬁ;

)

-4 =2 0
Logs fold change

RMI2
a Not significant ® Significant total = 20090 variables b SMC1B

Enriched GO Terms in altered group Enriched GO Terms in unaltered group

uuuuuu

Figure 6. Differential expression of genes and overrepresented pathways. a) Volcano plot depicting
the significance of the genes (p < 0.05) in altered and unaltered groups. b) Gene-concept network
of the top 5 overrepresented pathways enriched by the DEGs in altered and unaltered lists. Dotplot
of the top 10 enriched terms of each GO category (BP, MF, and CC) by the DEGs in C) m°A altered
group (upregulated genes as a result of genetic alteration in m®A pathway) D) m®A unaltered group
(downregulated genes as a result of genetic alteration in méA pathway)

As the following analysis, DEGs in altered and unaltered lists were enriched separately to
figure out the pathways associated with altered and unaltered samples resulting in significant
(p<0.05) 243 BPs, 17 MFs and 39 CCs for altered, and 373 BPs, 51 MFs and 49 CCs for the
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unaltered group which was summarized in Table S5. Dot plots were constructed using the enriched
GO terms for both groups (Figure 6C-D). Surprisingly, almost all of the top 10 detected BPs
(‘nuclear division’, ‘chromosome segregation’, ‘mitotic nuclear division’, ‘sister chromatid
segregation’, ‘nuclear chromosome segregation’, ‘mitotic sister chromatid segregation’,
’regulation of chromosome segregation’, ‘regulation of mitotic nuclear division” and ‘meiotic cell
cycle’) in altered groups (Figure 6C) were strongly associated with proliferation which may
indicate that genetic alteration in m8A pathway components had a remarkable impact on cell
division. Those DEGs in the altered list enriched several cellular components, such as
‘chromosomal region’, ‘spindle’, ’centromeric region’, ‘condensed chromosome’, and
‘kinetochore’ (Figure 6C). The genes are also enriched in various molecular functions such as
‘tubulin binding’, ‘microtubule binding’, ‘ATPase activity’, ‘catalytic activity acting on DNA’,
and ‘DNA-dependent ATPase activity’ (Fig 6C). Enriched terms in MF and CC categories provided
support to the potential effect of genetic alteration in m®A genes on cell cycle-related biological
processes.

Same enrichment was conducted using the DEGs list for unaltered samples and the top terms
in all categories were shown in figure 6D. BPs such as ‘regulation of membrane potential’,
‘extracellular matrix organization’, ‘extracellular structure organization’, ‘cell junction assembly’,
and ‘cell-cell adhesion via plasma-membrane adhesion molecules’ were found among the top 10
BPs enriched by the genes in unaltered samples (Figure 6D). ‘Collagen containing extracellular
matrix’, ‘synaptic membrane’ and ‘apical part of the cell” were identified as top CC terms, and
‘channel activity’, ‘passive transmembrane transporter activity’ and ‘ion channel activity’ were the
top MF terms (Figure 6D).

An alternative method to the over-representation test is an application of one of the functional
class scoring approaches such as gene set enrichment analysis (GSEA). To further extend the
information on biological processes we employed GSEA using the same set of significant mMRNAs
without a fold change cut-off. The appearing list of genes was enriched in all ontologies (BP, MF,
and CC) and KEGG pathways (Figure S5 and Table S6). Aside from cell cycle-related biological
processes (i.e. “cell cycle’, ‘mitotic cell cycle’, “’mitotic cell cycle process’, ‘nuclear division’),
RNA binding and processing related processes such as ‘RNA binding’, ‘ncRNA metabolic
process’, ‘nCRNA processing’, ‘mRNA processing’ and organelle organization related process
such as ‘ribosome biogenesis’ were enriched for the over-expressed genes in altered samples
(Figure S5A). Whereas the top BPs enriched by over-expressed genes in unaltered samples were
found as ‘extracellular matrix’, ‘collagen-containing extracellular matrix’, ‘biological adhesion’,
and ‘cell adhesion’ (Figure S5A). Moreover, enriched KEGG pathways by over-expressed mMRNAS
in altered and unaltered samples were portrayed on a ridge plot (Figure S5B) and listed in Table
S6. Several pathways, as ‘spliceosome’, ‘RNA transport’ and ‘cell cycle’, were enriched by the
altered samples and over-expressed genes in unaltered samples enriched the pathways such as “cell
adhesion molecules’ and ‘ECM-receptor interaction’ (Figure S5B).

3.7 Interaction of downstream pathway proteins

Next, we interrogated the interaction of differential proteins in top BP terms with m®A pathway
regulatory proteins via the implementation of the STRING database [53]. By being the most
significant terms, ‘nuclear division’ for the altered group with 72 differential proteins and
‘regulation of membrane potential’ for the unaltered group with 70 differential proteins were
prioritized to carry out this analysis. The protein-protein interaction network was mapped (Figure
7) and UBE2C, CCNE1, CCNEZ2, and PKMYT1 were identified as important connections between
nuclear division network and m®A pathway proteins (Fig 7A). For the interaction of regulation of
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membrane potential and m°A pathway proteins, GLRB and MAPT were found as chief connections
(Figure 7B).
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Figure 7. Multicenter protein-protein interaction (PPI) network of top significant BPs and m°%A
pathway. PPI network was constructed between m°A regulatory proteins and differential proteins
in the (A) Nuclear division and (B) regulation of membrane potential pathways using the STRING
database.

3.8 Enriched pathways associated with genetic alterations in m°C and m*A pathways

The compelling link established by our analyses between genetic alterations in m8A genes and
cancer-associated pathways such as cell cycle, DNA repair, and RNA biogenesis processes
promoted us to inspect the m°C and m*A pathways whose components take roles in methylation of
cytosine and adenosine of RNA, respectively. The altered gene expression profile upon genetic
alteration in m°C pathway genes was retrieved and analyzed as did for m®A pathway components,
yielded 646 DEGs in altered and 796 DEGs in unaltered samples (p<0.01 and |FC|>1.5). The same
examination was conducted for m*A regulator mutation as well and 252 and 345 DEGs were
identified in altered and unaltered samples, respectively. GO terms over-representation analyses of
the DEGs in altered and unaltered groups for m®C and m*A were performed, presented in Table
S7, and displayed on Figure 8. Very remarkably, top enriched BPs by upregulated genes such as
‘chromosome segregation’, ‘nuclear division’, ‘mitotic nuclear division’, ‘sister chromatid
segregation’ and ‘mitotic sister chromatid segregation’ in both genetically altered samples with
genetic alteration in m°C and m*A pathway genes were related to cell cycle and proliferation as
observed in altered list of m®A regulatory components (Fig 8A, C). DEGs in altered samples in
both m°C and m*A lists exhibited similar CC terms such as ‘chromosome, centromeric region’,
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‘condensed chromosome, centromeric region’ and ‘spindle’ (Fig 8A, C). MF terms such as
‘microtubule binding’, ‘chemokine activity’, and ‘tubulin binding’ were common for both lists.
These results highlighted the strong correlation of the enriched terms for the upregulated DEGs in
the patient samples with genetic alterations in m®C and m*A pathway genes.

Enrichad GO Terms in 5mC alterad group Enriched GO Terms in SmC unaltered group
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Figure 8. GO of the differentially expressed genes in altered and unaltered groups. Barplots
illustrating the top enriched terms of each GO category (BP, MF, and CC) by the DEGs in: A) m°C
altered group (upregulated genes as a result of genetic alteration in m°C pathway) B) m°C unaltered
group (downregulated genes as a result of genetic alteration in m®C pathway) C) m*A altered group
(upregulated genes as a result of genetic alteration in m*A pathway) D) m°C unaltered group
(downregulated genes as a result of genetic alteration in m*A pathway)

Top 5 enriched terms by the upregulated DEGs in the patient samples without genetic
alterations in m®C pathway genes were ‘axoneme assembly’, “cardiac conduction’, ‘multicellular
organismal signaling’, ‘hormone transport’ and ‘hormone secretion’ at BP level, ‘collagen-
containing extracellular matrix’, ‘axoneme’, ciliary plasm’, ‘motile cilium’ and ‘transmembrane
transporter complex’ at CC level, and ‘gated channel activity’, ‘ion channel activity’, ‘channel
activity’, ‘passive membrane transport activity’ and ‘metal ion transmembrane transport activity’
at MF level (Figure 8B). Several terms were enriched by the upregulated DEGs in the patient
samples without genetic alterations in m*A pathway genes, and the top 5 terms were as following:
‘regulation of membrane potential’, ‘multicellular organismal signaling’, ‘sodium ion
homeostasis’, ‘action potential’ and ‘developmental maturation’ for BPs, ‘transmembrane
transporter complex’, ‘transporter complex’, ‘sodium channel complex’, ‘collagen-containing
extracellular complex’ and ‘cation channel complex’ for CCs, ‘channel activity’, ‘passive
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membrane transport activity’, ‘gated channel activity’, ‘ion channel activity’ and ‘cation channel
activity’ for MFs (Figure 8D).

3.9 Common downstream pathways for m®A, m°C and m*A genetic alterations

Overlapping top BPs enriched by upregulated DEGs in the patient samples with genetic
alterations in any of the m®A, m°C or m'A pathways was noteworthy, and this observation
stimulated us to monitor the common and unique BPs among these pathways. The distribution of
the enriched BPs among the three pathways was depicted on a Venn diagram, and 42 common BPs
were identified (Figure 9A). The number of unique BPs (175 in total, in m®A 55 BPs and m°C 120
BPs) was not far greater than shared BPs, indicating the notion of common BPs as evidence of a
similar impact of these three pathways in breast invasive carcinoma. 42 common BPs were
displayed on a heatmap (Figure 9B) and proliferation-related BPs such as ‘nuclear division’,
‘chromosome segregation’, and ‘mitotic nuclear division” were evident for the identified common
BPs.
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Figure 9. Comparison of differentially expressed genes in altered and unaltered groups of
epitranscriptomic pathways. Venn diagrams portraying the commonality between or uniqueness of
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of common BPs enriched by the DEGs of C) altered and D) unaltered groups. -logp value is
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For the upregulated DEGs in the patient samples without genetic alterations in any of the m°A,
m°C, or m*A pathway genes, the same analysis resulted in 31 common and 441 unique (393 for
méA, 47 for m°C, and 1 for m*A) BPs (Figure 9C). As shown in Figure 9D, common BPs were not
closely related. Diverse BPs such as ‘regulation of membrane potential’, ‘multicellular organismal
signaling’, and ‘muscle contraction’ specified the top BPs that are commonly observed among
three comparisons. Common and unique DEGs among three comparisons were also identified and
the obtained results were demonstrated in Figure S6.

4. Discussion

More than 170 different types of RNA modifications have been characterized so far, and
among these modifications, several of them affect numerous biological processes by acting on
MRNA [13]. Chemical modification of mMRNA is highly diverse and its effect is considered to be
highly specific to regulate the stability, translation efficiency, translocation, and splicing of the
mRNAs [57,58]. Particularly, N6-methyladenosine (m®A) is the most abundant mRNA
modification, and m°A is co-transcriptionally generated by a methyltransferase complex [58,59].
This study presents a comprehensive analysis of the impact of genetic alteration in m®A pathway
genes on breast invasive carcinoma.

In this study, we first explored the genetic alteration frequency of m®A pathway genes in BIC.
YTHDF1 (29%), VIRMA (24%), and YTHDF3 (22%) were found as the highly altered genes in
BIC, and mRNA level differences were the dominant type of genetic alterations (Figure 1). YTH
N6-methyladenosine RNA binding proteins 1, 2, and 3 (YTHDF1, YTHDF2, and YTHDF3;
respectively) are members of the YTH domain family and act as reader proteins of m°A
modification. YTHDF1 promotes and facilitates translation initiation and increases the translation
efficiency [26], whereas YTHDF2 negatively regulates the translation of m®A-modified mRNAs
by functioning in the decay of methylated MRNAs [27]. Dual roles of YTHDF3 in mRNA stability
and translation are manifested in elevated protein synthesis via interaction with YTHDF1 and
degradation of methylated mRNAs through YTHDF2 [60]. Over-expression and activity of
YTHDF1 are associated with hepatocellular carcinoma [61], melanoma and colon cancer [62], and
colorectal cancer [63,64] by modulating the cell proliferation, stemness, and anti-tumor immunity
processes. A recent study demonstrated the over-expression of YTHDF1 and YTHDF3 is due to
frequent amplification of YTHDF1 and YTHDF3 in breast cancer and is linked to metastasis and
poor prognosis in breast invasive cancer [65]. According to this study, the synergetic interaction
between YTHDF3 and YTHDF1 proteins enhances the translation efficiency of methylated
mRNAs and this might be the key step to regulate the tumorigenicity [65]. VIRMA (Vir-like m®A
methyltransferase associated protein) is one of the writer proteins functioning in the methylation
of mMRNA and non-coding RNAs [66]. Upregulated VIRMA levels in multiple cancers such as lung
squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), liver hepatocellular carcinoma
(LIHC), stomach adenocarcinoma (STAD), and breast invasive carcinoma (BRCA) have been
demonstrated in a study covering the pan-cancer datasets [67]. According to current literature,
increased levels of m®A modification and its impact on diverse biological processes by the activity
of reader proteins are essential in carcinogenesis and our data on genetic alterations in m®A pathway
components confirmed this notion for breast invasive cancer.

Across different subtypes of breast cancer, the most commonly observed one is Breast Invasive
Ductal Carcinoma (BIDC) with 70%-75% of the cases, followed by Breast Invasive Lobular
Carcinoma (BILC) with 5%-15% of the cases [68,69]. While mapping genetic alterations in breast
invasive cancer recognize all samples coming from different subtypes, subsequent analyses
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highlighted that alterations are concentrated mainly in BIDC followed by BILC (Figure 2). BILC
has a better prognosis in comparison to BIDC with a low histological grade and a good response
to hormone therapy [70]. Since genetic alterations in m®A pathway components are generally
associated with the progression and aggressiveness of cancer [32,71,72] our obtained results on the
accumulation of genetic alterations of this pathway members in BIDC cases rather than BILC ones
are consistent with the previously published studies.

We noticed that the expression level of several m®A pathway genes was altered between BIC
and normal tissues (Figure 3). This finding agreed well with data from the in-depth gene expression
analyses at pathological stages (Figure S1). However, inconsistency in expression level data at
stage 1V underlined the necessity of investigation at substages along with the primary tissue level
for diagnostic or prognostic use of these genes as biomarkers. Significant overexpression of
VIRMA, RBM15, EIF3B, ELAVL1, HNRNPA2B1, HNRNPC, SFRS2, and YTHDF1, and
downregulation of METTL14, WTAP, EIF3A, YTHDCL, and FTO in BIC samples compared to
normal tissues were observed. It was noteworthy to observe that some of the writer and reader
proteins were significantly upregulated and a couple of them were significantly downregulated in
cancer samples compared to normal tissues. The opposite trend in expression levels for the genes
with similar catalytic activity might be due to the specificity of the interactions between m®A
components and target mMRNAs or redundancy of the proteins for functional compensation of the
m8A pathway. Further studies are needed to unveil the molecular causes of opposite expression
directionality. Furthermore, expression level and function variation of m®A genes among the cancer
types may imply the tumor type-specific roles of this pathway. As an example, METTL14 can act
as a tumor-suppressor as in colorectal cancer [73], renal cell carcinoma [74] and breast cancer [75],
or oncogene as in pancreatic cancer [76] which might be due to the target RNA composition
specific to cancer types. Therefore, as performed in this study, analysis of these genes using the
comprehensive datasets would be more informative to approximate the exact function of the genes
across the possible multiple roles of m®A pathway components in investigated cancers.

Regarding the genomic instability in cancer cells, gene expression level shift in cancer might
be related to copy number alterations (CNA) as shown in previous studies [77,78]. Our data
revealed that CNA is not the distinguished source of genetic alterations in m®A pathway
components and not plausible enough to explain the changes at mMRNA levels in breast cancer
patients. Therefore, promoter methylation levels were examined to elucidate the molecular
mechanism of altered gene expression levels with negligible CNA events (Figure S2-3). Hypo-
methylation of the m®A pathway genes’ promoters in both cancer and normal tissues pinpointed
the active transcriptional methylation signature of these genes for both cancer and normal tissues.
Limited overlap of the genes with significant differences at promoter methylation status and gene
expression level signified that gene expression level is regulated most probably by other
mechanisms such as chromatin organization rather than promoter methylation status.

The expression of m8A RNA methylation regulators was tested for their prognostic signature,
and 6 of them (VIRMA, METTL14, RBM15B, EIF3B, YTHDF1, and YTHDF3) related to overall
survival were identified as predictive genes (p < 0.05). Our study indicated that high expression of
VIRMA, METTL14, and RBM15B, and low expression of EIF3B, YTHDF1, and YTHDF3 is
correlated with longer OS, and these genes could serve as markers to predict the prognosis of BIC
(Figure 4). There are common and unique genes in the final set of identified genes as prognostic
markers in our and the other cancer studies [63,75,79] which highlight the diverse roles of the m°A
pathway genes in the progression of different human malignancies. To get more insights into the
underlying mechanisms, the association of mutation frequency of the genes with prognostic value
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was examined and nine of the m®A pathway genes (METTL14, RBM15, WTAP, HNRNPA2B1,
SRSF2, YTHDF1, YTHDF2, YTHDF3, and ALKBH5) were correlated with the prognosis of BIC
(Figure S4). Mutations in these genes are related to lower overall survival in BIC. METTL14,
YTHDF1, and YTHDF3 were measured as predictive genes in BIC for both expression level and
mutation frequency and may be considered as promising targets in novel therapies of BIC.
However, the low number of patients with mutations is a limiting factor to elaborate the putative
association between overall survival and the mutation status of the studied genes.

Moreover, we performed an IHC analysis to study the protein expression profile of m°A
pathway components at the protein level based on The Human Protein Atlas database (Figure 5).
Protein expression data of normal and cancer tissues were compared and out of 18 proteins, 15
proteins were highly expressed (>75%) in the majority of the cancer specimens indicating the
dysregulation of m°A regulatory proteins in BIC. Similar results were previously reported in a
bunch of cancers such as melanoma [80], liver cancer [36], and colorectal cancer [81].

In order to shed light on downstream processes affected by genetic alterations in the m°®A
pathway, we sought to explore the significant DEGs and significantly enriched pathways between
altered and unaltered groups (Figure 6). The top upregulated genes in the altered group conferring
critical roles in proliferation were remarkable. Upregulated ‘preferentially expressed antigen in
melanoma’ (PRAME) expression is associated with the progression of several cancers including
breast cancer [82], hematological malignancies [83], lung cancer [84], ovarian cancer [85] and
melanoma [86]. PRAME is a repressor of retinoic acid receptor-mediated differentiation and
apoptosis [87] and increased expression levels of PRAME provide an advantage to breast cancer
cells by enhancing cell motility and invasion [88]. MYBL2, another significantly upregulated gene
in the altered group, is a member of MYB transcription family and a positive regulator of the cell
cycle which binds to the promoter of G2/M phase genes, such as CCNB1, CDK1, CCNA2, BCL2,
and BIRC5 [89,90]. Over-expression of MYBL2 is defined in several cancers such as breast [91]
lung [92], esophagus [93], colorectal [94], bladder [95] and prostate [96] cancers. BIRC5S is a well-
characterized anti-apoptotic gene playing a role in the presentation of apoptosis, and our results
described it as one of the top upregulated genes in the altered group compared to the unaltered
samples. High expression of BIRC5 during tumorigenesis in various cancer types including breast
[97,98], esophagus [99], colorectal [100], ovarian [101] and lung [102] cancers have been
documented. Association of upregulated genes in an altered group such as MCM10 [103], UBE2C
[104-106] and CBX2 [107,108] with cancer progression corroborates impact of m®A pathway
dysregulation on tumorigenesis. Significant upregulation of the cancer-related genes in the
patients’ samples with genetic alteration in the m®A pathway provides another layer for evidence
to support the link between the progression of BIC and the m®A pathway. This notion is well-
preserved for the biological processes enriched by significantly upregulated genes in the altered
group. As the most significant BPs such as ‘nuclear division’, ‘chromosome segregation’, ‘mitotic
nuclear division’, were related to cell division, it is reasonable to suggest that genetic alterations in
the m®A pathway may have an imposing effect on BIC progression. On the other hand, top
significantly down-regulated genes in the altered group enriched the BPs containing ‘tubulin
binding’, ‘microtubule binding’ and ‘ATPase activity’ important for the maintenance of cellular
activities. Very similar findings obtained from the KEGG and GSEA (Figure S5) for the list of
genes in altered and unaltered groups further confirm the over-representation enrichment analyses.

We next construct the PPI network between the most significant BPs and m®A pathway to
reveal the linker proteins in these BPs directly interacting with m®A pathway components. Cell
cycle-related proteins UBE2C, CCNE1, CCNE2, and PKMYT1 were identified as linker members
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of ‘nuclear division’ pathway with m®A regulatory proteins, and GLRB and MAPT proteins were
‘regulation of membrane potential’ to the m®A pathway (Figure 12). Initiation or progression of
various cancers such as breast, gastric, ovarian, and lung cancers was accompanied by over-
expression of G1/S-specific cyclin E1 and E2 [109-112]. Protein kinase membrane-associated
tyrosine/threonine 1 (PKMYT1) can play tumor-suppressor or oncogenic roles and its expression
in many cancers is elevated as well [113,114]. Hence, tumorigenicity-associated roles of connector
proteins belonging to the nuclear division process are noticeable.

Strong association of genetic alterations in the m®A pathway and BIC progression based on
the performed analysis cued us to extend our examination comprising the m°C and m*A pathways.
A similar altered vs unaltered comparison regarding the genetic alterations in these pathways was
carried out as done for the m®A pathway. Very remarkably, cell cycle-related processes such as
‘chromosome segregation’, ‘nuclear division’, ‘mitotic nuclear division’, and ‘sister chromatid
segregation' were detected as enriched BPs in the altered group of m°C or mA pathways (Figure
8). These findings extrapolated the common basis of different epitranscriptomic pathways to
progress the BIC by modulating the expression level of the genes taking essential roles in
proliferation and cell cycle. Therefore, from our findings, we can speculate that aberrant expression
of epitranscriptomic pathways results in upregulation of cell cycle and anti-apoptotic related genes
and thereby increase the cell survival and proliferation rate of cancer cells.

Finally, to place the last piece of the puzzle, we investigated the common and unique BPs
affected by the genetic alterations in m®A, m°C, or m!A pathways (Figure 9) to assess the
commonality in downstream processes modulated by these pathways. Among the high number of
shared BPs enriched by upregulated genes, surprisingly, most of them were found as cell cycle and
proliferation-related processes which indicates the overlap of proto-oncogenes as upregulated
DEGs in downstream processes. We observed that, within the BIC samples, genetic alterations of
RNA modifying genes eventually lead to significant upregulation of survival and cell division-
related genes and most probably account for progression and poor prognosis of BIC.
Correspondingly, downregulated genes enriching BPs largely differed among m®A, m°C, or m*A
pathways. Identified unique BPs for each epitranscriptomic pathway can be classified in the non-
cancer-related pathways and this may underline the fact that besides the tumorigenic pathways,
other cellular BPs are divergently affected by the genetic alterations in mbA, m°C, or m!A
pathways.

Overall, the findings of this study support the link between dysregulation of RNA
modifications and BIC initiation and progression. In accordance with previous studies, our data
demonstrated that several elements of RNA modification pathways might be adopted as promising
predictive biomarkers for BIC progression. Furthermore, the association of genetic alterations in
epitranscriptome pathways with cell division and cell cycle-related BPs uncover the RNA
modifying genes as candidate target genes for more effective treatment of BIC.

5. Conclusions

Our study has demonstrated the critical impact of genetic alterations in RNA modification
pathways on BIC progression. Harnessing publicly available datasets and online databases, the
presented study provides a comprehensive analysis of how the m°®A pathway is associated with
BIC pathogenesis and progression. We demonstrated that cell cycle, proliferation, and anti-
apoptotic genes are particularly affected by the dysregulation of epitranscriptomic pathways. We
anticipate that the generated data in this study is a useful catalog for the research community to
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design large-scale wet-lab experimental studies to confirm the therapeutic and prognostic
significance of RNA modification genes in breast cancer treatment and prognosis.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure
S1: Expression levels of m®A RNA modification regulatory genes in Breast Invasive Carcinoma
pathological grades, Figure S2: Analysis of promoter methylation levels of m®A modification
regulatory genes in Breast Invasive Carcinoma, Figure S3: Methylation status of m®A modification
regulatory genes in Breast Invasive Carcinoma pathological grades, Figure S4: Kaplan-Meier
survival curves of m°A regulatory genes in Breast Invasive Carcinoma regarding the mutation
status, Figure S5: Genetic alterations in m®A pathway impact on KEGG pathways and gene
ontologies based on GSEA.

Author Contributions: Conceptualization, T.D.; methodology, T.D.; formal analysis, T.D., S.A,;
investigation, T.D., S.A., M.Y.; writing—original draft preparation, T.D, M.Y.; writing—review
and editing, T.D.; visualization, T.D., S.A., M.Y.; supervision, T.D; All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data analyzed and generated during this study retrieved from
publicly available TCGA database (http://cancergenome.nih.gov) for Breast Invasive Carcinoma
(TCGA, Pan Cancer Atlas).

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

References

1. Fahad Ullah, M. Breast Cancer: Current Perspectives on the Disease Status. In Advances in
Experimental Medicine and Biology; Springer New York LLC, 2019; Vol. 1152, pp. 51-64.
2. Simon, A.; Robb, K. Cancer: Breast. In Cambridge Handbook of Psychology, Health and
Medicine, Second Edition; Cambridge University Press, 2014; pp. 577-580 ISBN

9780511543579.

3. Sahin, A.; Zhang, H. Invasive Breast Carcinoma. In Pathobiology of Human Disease: A
Dynamic Encyclopedia of Disease Mechanisms; Elsevier Inc., 2014; pp. 934-951 ISBN
9780123864567.

4. Makki, J. Diversity of breast carcinoma: Histological subtypes and clinical relevance. Clin.
Med. Insights Pathol. 2015, 8, 23-31, doi:10.4137/CPath.s31563.

5. Thomas, M.; Downs Kelly, E.; Abraham, J.; Kruse, M. Invasive lobular breast cancer: A
review of pathogenesis, diagnosis, management, and future directions of early stage disease.
Semin. Oncol. 2019, 46, 121-132, doi:10.1053/j.seminoncol.2019.03.002.

6. Rasmussen, B.B.; Rose, C.; Christensen, I. Prognostic factors in primary mucinous breast
carcinoma. Am. J. Clin. Pathol. 1987, 87, 155-160, doi:10.1093/ajcp/87.2.155.

7. Tsang, J.Y.S.; Tse, G.M. Molecular Classification of Breast Cancer. Adv. Anat. Pathol.
2020, 27, 27-35.

8. Feng, Y.; Spezia, M.; Huang, S.; Yuan, C.; Zeng, Z.; Zhang, L.; Ji, X.; Liu, W.; Huang, B.;
Luo, W.; et al. Breast cancer development and progression: Risk factors, cancer stem cells,
signaling pathways, genomics, and molecular pathogenesis. Genes Dis. 2018, 5, 77-106.

9. Nachtergaele, S.; He, C. The emerging biology of RNA post-transcriptional modifications.
RNA Biol. 2017, 14, 156-163.


http://cancergenome.nih.gov/
https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10. Zhao, B.S.; Roundtree, ILA.; He, C. Post-transcriptional gene regulation by mRNA
modifications. Nat. Rev. Mol. Cell Biol. 2016, 18, 31-42.

11.  Han, S.H.; Choe, J. Diverse molecular functions of m6A mRNA modification in cancer.
Exp. Mol. Med. 2020, 52, 738-749.

12.  Wiener, D.; Schwartz, S. The epitranscriptome beyond m6A. Nat. Rev. Genet. 2021, 22,
119-131.

13.  Livneh, I.; Moshitch-Moshkovitz, S.; Amariglio, N.; Rechavi, G.; Dominissini, D. The m6A
epitranscriptome: transcriptome plasticity in brain development and function. Nat. Rev.
Neurosci. 2020, 21, 36-51.

14. Jiang, X.; Liu, B.; Nie, Z.; Duan, L.; Xiong, Q.; Jin, Z.; Yang, C.; Chen, Y. The role of m6A
modification in the biological functions and diseases. Signal Transduct. Target. Ther. 2021,
6, 1-16.

15.  Fang, X.; Li, M.; Yu, T.; Liu, G.; Wang, J. Reversible N6-methyladenosine of RNA: The
regulatory mechanisms on gene expression and implications in physiology and pathology.
Genes Dis. 2020, 7, 585-597.

16. Qin, Y. Li, L.; Luo, E.; Hou, J.; Yan, G.; Wang, d. O.; Qiao, Y.; Tang, c. Heng.H. Role of
m6A RNA methylation in cardiovascular disease (Review). Int. J. Mol. Med. 2020, 46,
1958-1972.

17. Wardowska, A. M6a rna methylation in systemic autoimmune diseases—a new target for
epigenetic-based therapy? Pharmaceuticals 2021, 14.

18. Li, X.; Xiong, X.; Yi, C. Epitranscriptome sequencing technologies: Decoding RNA
modifications. Nat. Methods 2016, 14, 23-31.

19.  Niu, Y.; Zhao, X.; Wu, Y.S.; Li, M.M.; Wang, X.J.; Yang, Y.G. N6-methyl-adenosine
(m6A) in RNA: An Old Modification with A Novel Epigenetic Function. Genomics,
Proteomics Bioinforma. 2013, 11, 8-17.

20.  Yue, Y.; Liu, J.; He, C. RNA N6-methyladenosine methylation in post-transcriptional gene
expression regulation. Genes Dev. 2015, 29, 1343-1355.

21. Meyer, K.D.; Saletore, Y.; Zumbo, P.; Elemento, O.; Mason, C.E.; Jaffrey, S.R.
Comprehensive analysis of mRNA methylation reveals enrichment in 3" UTRs and near stop
codons. Cell 2012, 149, 1635-1646, doi:10.1016/j.cell.2012.05.003.

22.  Ke, S.; Alemu, E.A.; Mertens, C.; Gantman, E.C.; Fak, J.J.; Mele, A.; Haripal, B.; Zucker-
Scharff, I.; Moore, M.J.; Park, C.Y.; et al. A majority of m6A residues are in the last exons,
allowing the potential for 3" UTR regulation. Genes Dev. 2015, 29, 2037-2053,
doi:10.1101/gad.269415.115.

23. Frye, M.; Harada, B.T.; Behm, M.; He, C. RNA modifications modulate gene expression
during development. Science (80-. ). 2018, 361, 1346-1349, doi:10.1126/science.aaul646.

24.  Maity, A.; Das, B. N6-methyladenosine modification in mRNA: Machinery, function and
implications for health and diseases. FEBS J. 2016, 283, 1607-1630.

25. Batista, P.J.; Molinie, B.; Wang, J.; Qu, K.; Zhang, J.; Li, L.; Bouley, D.M.; Lujan, E.;
Haddad, B.; Daneshvar, K.; et al. M6A RNA modification controls cell fate transition in
mammalian embryonic stem cells. Cell Stem Cell 2014, 15, 707-719,
doi:10.1016/j.stem.2014.09.0109.

26. Wang, X.; Zhao, B.S.; Roundtree, I.A.; Lu, Z.; Han, D.; Ma, H.; Weng, X.; Chen, K.; Shi,
H.; He, C. N6-methyladenosine modulates messenger RNA translation efficiency. Cell
2015, 161, 1388-1399, doi:10.1016/j.cell.2015.05.014.

27. Wang, X.; Lu, Z.; Gomez, A.; Hon, G.C.; Yue, Y.; Han, D.; Fu, Y.; Parisien, M.; Dai, Q.;
Jia, G.; et al. N 6-methyladenosine-dependent regulation of messenger RNA stability.


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Nature 2014, 505, 117-120, doi:10.1038/nature12730.

28. Zhang, C.; Jia, G. Reversible RNA Modification N1-methyladenosine (m1A) in mRNA and
tRNA. Genomics, Proteomics Bioinforma. 2018, 16, 155-161.

29.  Trixl, L.; Lusser, A. The dynamic RNA modification 5-methylcytosine and its emerging role
as an epitranscriptomic mark. Wiley Interdiscip. Rev. RNA 2019, 10.

30. Deng, X.; Su, R.; Feng, X.; Wei, M.; Chen, J. Role of N 6 -methyladenosine modification
in cancer. Curr. Opin. Genet. Dev. 2018, 48, 1-7.

31. Sun, T.; Wu, R;; Ming, L. The role of m6A RNA methylation in cancer. Biomed.
Pharmacother. 2019, 112, 108613.

32.  Cui, Q.; Shi, H.; Ye, P.; Li, L.; Qu, Q.; Sun, G.; Sun, G.; Lu, Z.; Huang, Y.; Yang, C.G.; et
al. m6A RNA Methylation Regulates the Self-Renewal and Tumorigenesis of Glioblastoma
Stem Cells. Cell Rep. 2017, 18, 2622-2634, d0i:10.1016/j.celrep.2017.02.059.

33.  Barbieri, I.; Tzelepis, K.; Pandolfini, L.; Shi, J.; Millan-Zambrano, G.; Robson, S.C.; Aspris,
D.; Migliori, V.; Bannister, AJ.; Han, N.; et al. Promoter-bound METTL3 maintains
myeloid leukaemia by m6A-dependent translation control. Nature 2017, 552, 126131,
doi:10.1038/nature24678.

34. Vu, L.P.; Pickering, B.F.; Cheng, Y.; Zaccara, S.; Nguyen, D.; Minuesa, G.; Chou, T.;
Chow, A.; Saletore, Y.; Mackay, M.; et al. The N 6 -methyladenosine (m 6 A)-forming
enzyme METTL3 controls myeloid differentiation of normal hematopoietic and leukemia
cells. Nat. Med. 2017, 23, 1369-1376, d0i:10.1038/nm.4416.

35. Li, Z.; Weng, H.; Su, R.; Weng, X.; Zuo, Z.; Li, C.; Huang, H.; Nachtergaele, S.; Dong, L.;
Hu, C.; et al. FTO Plays an Oncogenic Role in Acute Myeloid Leukemia as a N6-
Methyladenosine RNA  Demethylase. Cancer Cell 2017, 31, 127-141,
doi:10.1016/j.ccell.2016.11.017.

36. Chen, M.; Wei, L.; Law, C.T.; Tsang, F.H.C.; Shen, J.; Cheng, C.L.H.; Tsang, L.H.; Ho,
D.W.H.; Chiu, D.K.C.; Lee, J.M.F.; et al. RNA N6-methyladenosine methyltransferase-like
3 promotes liver cancer progression through YTHDF2-dependent posttranscriptional
silencing of SOCS2. Hepatology 2018, 67, 2254-2270, doi:10.1002/hep.29683.

37. Ma,J.Z.;Yang, F.; Zhou, C.C.; Liu, F.; Yuan, J.H.; Wang, F.; Wang, T.T.; Xu, Q.G.; Zhou,
W.P.; Sun, S.H. METTL14 suppresses the metastatic potential of hepatocellular carcinoma
by modulating N6-methyladenosine-dependent primary MicroRNA processing. Hepatology
2017, 65, 529-543, d0i:10.1002/hep.28885.

38. Li, J.; Meng, S.; Xu, M.; Wang, S.; He, L.; Xu, X.; Wang, X.; Xie, L. Downregulation of
N6-methyladenosine binding YTHDF2 protein mediated by miR-493-3p suppresses
prostate cancer by elevating N6-methyladenosine levels. Oncotarget 2018, 9, 3752-3764,
doi:10.18632/oncotarget.23365.

39. Chen, J.; Sun, Y.; Xu, X.; Wang, D.; He, J.; Zhou, H.; Lu, Y.; Zeng, J.; Du, F.; Gong, A.; et
al. YTH domain family 2 orchestrates epithelial-mesenchymal transition/proliferation
dichotomy in pancreatic cancer cells. Cell Cycle 2017, 16, 2259-2271,
doi:10.1080/15384101.2017.1380125.

40. He, Y.; Hu, H.; Wang, Y.; Yuan, H.; Lu, Z.; Wu, P.; Liu, D.; Tian, L.; Yin, J.; Jiang, K.; et
al. ALKBHS5 Inhibits Pancreatic Cancer Motility by Decreasing Long Non-Coding RNA
KCNK15-AS1 Methylation. Cell. Physiol. Biochem. 2018, 48, 838-846,
d0i:10.1159/000491915.

41. Zhou, S.; Bai, Z.L.; Xia, D.; Zhao, Z.J.; Zhao, R.; Wang, Y.Y.; Zhe, H. FTO regulates the
chemo-radiotherapy resistance of cervical squamous cell carcinoma (CSCC) by targeting [3-
catenin through mRNA demethylation. Mol. Carcinog. 2018, 57, 590-597,


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

doi:10.1002/mc.22782.

42.  Liu, J.; Eckert, M.A.; Harada, B.T.; Liu, S.M.; Lu, Z.; Yu, K.; Tienda, S.M.; Chryplewicz,
A.; Zhu, A.C.; Yang, Y.; etal. m 6 A mRNA methylation regulates AKT activity to promote
the proliferation and tumorigenicity of endometrial cancer. Nat. Cell Biol. 2018, 20, 1074—
1083, doi:10.1038/s41556-018-0174-4.

43.  Zhang, C.; Samanta, D.; Lu, H.; Bullen, JW.; Zhang, H.; Chen, I.; He, X.; Semenza, G.L.
Hypoxia induces the breast cancer stem cell phenotype by HIF-dependent and ALKBH5-
mediated m6A-demethylation of NANOG mRNA. Proc. Natl. Acad. Sci. U. S. A. 2016, 113,
E2047-E2056, doi:10.1073/pnas.1602883113.

44.  Wang, H.; Xu, B.; Shi, J. N6-methyladenosine METTL3 promotes the breast cancer
progression via targeting Bcl-2. Gene 2020, 722, 144076, doi:10.1016/j.gene.2019.144076.

45.  Qian, J.Y.; Gao, J.; Sun, X.; Cao, M. Da; Shi, L.; Xia, T.S.; Zhou, W. Bin; Wang, S.; Ding,
Q.; Weli, J.F. KIAA1429 acts as an oncogenic factor in breast cancer by regulating CDKL1 in
an N6-methyladenosine-independent manner. Oncogene 2019, 38, 6123-6141,
doi:10.1038/s41388-019-0861-z.

46.  Niu, Y.; Lin, Z.; Wan, A.; Chen, H.; Liang, H.; Sun, L.; Wang, Y.; Li, X.; Xiong, X.F.; Wei,
B.; et al. RNA N6-methyladenosine demethylase FTO promotes breast tumor progression
through inhibiting BNIP3. Mol. Cancer 2019, 18, 1-16, doi:10.1186/s12943-019-1004-4.

47. Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. ClusterProfiler: An R package for comparing
biological themes among gene clusters. Omi. A J. Integr. Biol. 2012, 16, 284-287,
doi:10.1089/0mi.2011.0118.

48.  Wickham, H. ggplot2. Wiley Interdiscip. Rev. Comput. Stat. 2011, 3, 180-185,
doi:10.1002/wics.147.

49.  Sibai, M.; Parlayan, C.; Tuglu, P.; Oztiirk, G.; Demircan, T. Integrative Analysis of Axolotl
Gene Expression Data from Regenerative and Wound Healing Limb Tissues. Sci. Rep. 2019,
9, 1-15, doi:10.1038/s41598-019-56829-6.

50. Sibai, M.; Altuntas, E.; Siizek, B.E.; Sahin, B.; Parlayan, C.; Oztiirk, G.; Baykal, A.T.;
Demircan, T. Comparison of protein expression profile of limb regeneration between
neotenic and metamorphic axolotl. Biochem. Biophys. Res. Commun. 2020, 522, 428-434,
doi:10.1016/j.bbrc.2019.11.118.

51. Lénczky, A.; Nagy, A.; Bottai, G.; Munkacsy, G.; Szabd, A.; Santarpia, L.; Gyorffy, B.
miRpower: a web-tool to validate survival-associated miRNAs utilizing expression data
from 2178 breast cancer patients. Breast Cancer Res. Treat. 2016, 160, 439-446,
doi:10.1007/s10549-016-4013-7.

52.  Uhlén, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.;
Sivertsson, A.; Kampf, C.; Sjdstedt, E.; Asplund, A.; et al. Tissue-based map of the human
proteome. Science (80-. ). 2015, 347, doi:10.1126/science.1260419.

53.  Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic,
M.; Doncheva, N.T.; Morris, J.H.; Bork, P.; et al. STRING v11: Protein-protein association
networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 2019, 47, D607-D613, doi:10.1093/nar/gky1131.

54.  -Venny-. Venn Diagrams for comparing lists. By Juan Carlos Oliveros. Available online:
https://bioinfogp.cnb.csic.es/tools/venny_old/venny.php (accessed on May 30, 2021).

55. Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in
multidimensional  genomic  data.  Bioinformatics 2016, 32, 2847-2849,
doi:10.1093/bioinformatics/btw313.

56. Men, C.; Chai, H.; Song, X.; Li, Y.; Du, H.; Ren, Q. Identification of DNA methylation


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

associated gene signatures in endometrial cancer via integrated analysis of dna methylation
and gene expression  systematically. J.  Gynecol. Oncol. 2017, 28,
doi:10.3802/jg0.2017.28.e83.

57. Huang, H.; Weng, H.; Chen, J. The Biogenesis and Precise Control of RNA m6A
Methylation. Trends Genet. 2020, 36, 44-52.

58.  Shi, H.; Wei, J.; He, C. Where, When, and How: Context-Dependent Functions of RNA
Methylation Writers, Readers, and Erasers. Mol. Cell 2019, 74, 640-650.

59. Liu,J.;; Yue, Y.; Han, D.; Wang, X.; Fu, Y.; Zhang, L.; Jia, G.; Yu, M,; Lu, Z.; Deng, X.; et
al. A METTL3-METTL14 complex mediates mammalian nuclear RNA N6-adenosine
methylation. Nat. Chem. Biol. 2014, 10, 93-95, doi:10.1038/nchembio.1432.

60. Shi, H.; Wang, X.; Lu, Z.; Zhao, B.S.; Ma, H.; Hsu, P.J.; Liu, C.; He, C. YTHDF3 facilitates
translation and decay of N 6-methyladenosine-modified RNA. Cell Res. 2017, 27, 315-328,
doi:10.1038/cr.2017.15.

61. Zhao, X.; Chen, Y.; Mao, Q.; Jiang, X.; Jiang, W.; Chen, J.; Xu, W.; Zhong, L.; Sun, X.
Overexpression of YTHDF1 is associated with poor prognosis in patients with
hepatocellular carcinoma. Cancer Biomarkers 2018, 21, 859-868, doi:10.3233/CBM-
170791.

62. Han, D.; Liu, J.; Chen, C.; Dong, L.; Liu, Y.; Chang, R.; Huang, X.; Liu, Y.; Wang, J.;
Dougherty, U.; et al. Anti-tumour immunity controlled through mMRNA m6A methylation
and YTHDF1 in dendritic cells. Nature 2019, 566, 270-274, doi:10.1038/s41586-019-0916-
X.

63. Nishizawa, Y.; Konno, M.; Asai, A.; Koseki, J.; Kawamoto, K.; Miyoshi, N.; Takahashi, H.;
Nishida, N.; Haraguchi, N.; Sakai, D.; et al. Oncogene c-Myc promotes epitranscriptome
m6A reader YTHDFL1 expression in colorectal cancer. Oncotarget 2018, 9, 74767486,
doi:10.18632/oncotarget.23554.

64. Bai, Y.; Yang, C.; Wu, R.; Huang, L.; Song, S.; Li, W.; Yan, P.; Lin, C,; Li, D.; Zhang, Y.
YTHDF1 regulates tumorigenicity and cancer stem cell-like activity in human colorectal
carcinoma. Front. Oncol. 2019, 9, 332, doi:10.3389/fonc.2019.00332.

65. Anita, R.; Paramasivam, A.; Priyadharsini, J.V.; Chitra, S. The m6A readers YTHDF1 and
YTHDEF3 aberrations associated with metastasis and predict poor prognosis in breast cancer
patients. Am. J. Cancer Res. 2020, 10, 2546-2554.

66. Meyer, K.D.; Jaffrey, S.R. Rethinking m6A readers, writers, and erasers. Annu. Rev. Cell
Dev. Biol. 2017, 33, 319-342.

67. Li, Y.; Xiao, J.; Bai, J.; Tian, Y.; Qu, Y.; Chen, X.; Wang, Q.; Li, X.; Zhang, Y.; Xu, J.
Molecular characterization and clinical relevance of m6A regulators across 33 cancer types.
Mol. Cancer 2019, 18, 137, d0i:10.1186/s12943-019-1066-3.

68. Pestalozzi, B.C.; Zahrieh, D.; Mallon, E.; Gusterson, B.A.; Price, K.N.; Gelber, R.D.;
Holmberg, S.B.; Lindtner, J.; Snyder, R.; Thiirlimann, B.; et al. Distinct clinical and
prognostic features of infiltrating lobular carcinoma of the breast: Combined results of 15
International Breast Cancer Study Group clinical trials. J. Clin. Oncol. 2008, 26, 30063014,
doi:10.1200/JC0.2007.14.9336.

69. Corben, A.D. Pathology of Invasive Breast Disease. Surg. Clin. North Am. 2013, 93, 363—
392.

70. Barroso-Sousa, R.; Metzger-Filho, O. Differences between invasive lobular and invasive
ductal carcinoma of the breast: Results and therapeutic implications. Ther. Adv. Med. Oncol.
2016, 8, 261-266.

71.  Ji, G.; Huang, C.; He, S.; Gong, Y.; Song, G.; Li, X.; Zhou, L. Comprehensive analysis of


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

mMG6A regulators prognostic value in prostate cancer. Aging (Albany. NY). 2020, 12, 14863
14884, doi:10.18632/aging.103549.

72.  Zhou, Z.; Zhang, J.; Xu, C.; Yang, J.; Zhang, Y.; Liu, M.; Shi, X.; Li, X.; Zhan, H.; Chen,
W.; et al. An integrated model of NG6-methyladenosine regulators to predict tumor
aggressiveness and immune evasion in pancreatic cancer. EBioMedicine 2021, 65, 103271,
doi:10.1016/j.ebiom.2021.103271.

73.  Yang, X.; Zhang, S.; He, C.; Xue, P.; Zhang, L.; He, Z.; Zang, L.; Feng, B.; Sun, J.; Zheng,
M. METTL14 suppresses proliferation and metastasis of colorectal cancer by down-
regulating oncogenic long non-coding RNA XIST. Mol. Cancer 2020, 19, 1-16,
do0i:10.1186/s12943-020-1146-4.

74. Zhang, C.; Chen, L.; Liu, Y.; Huang, J.; Liu, A.; Xu, Y.; Shen, Y.; He, H.; Xu, D.
Downregulated METTL14 accumulates BPTF that reinforces super-enhancers and distal
lung metastasis via glycolytic reprogramming in renal cell carcinoma. Theranostics 2021,
11, 36763693, d0i:10.7150/THNO.55424.

75. Gong, P.J.; Shao, Y.C.; Yang, Y.; Song, W.J.; He, X.; Zeng, Y.F.; Huang, S.R.; Wei, L.;
Zhang, J.W. Analysis of N6-Methyladenosine Methyltransferase Reveals METTL14 and
ZC3H13 as Tumor Suppressor Genes in Breast Cancer. Front. Oncol. 2020, 10, 578963,
doi:10.3389/fonc.2020.578963.

76. Wang, M.; Liu, J.; Zhao, Y.; He, R.; Xu, X.; Guo, X.; Li, X.; Xu, S.; Miao, J.; Guo, J.; et al.
Upregulation of METTL14 mediates the elevation of PERP mRNA N6adenosine
methylation promoting the growth and metastasis of pancreatic cancer. Mol. Cancer 2020,
19, 1-15, doi:10.1186/512943-020-01249-8.

77. Carvalho, B.; Postma, C.; Mongera, S.; Hopmans, E.; Diskin, S.; Van De Wiel, M.A.; Van
Criekinge, W.; Thas, O.; Matthii, A.; Cuesta, M.A.; et al. Multiple putative oncogenes at
the chromosome 20q amplicon contribute to colorectal adenoma to carcinoma progression.
Gut 2009, 58, 79-89, doi:10.1136/gut.2007.143065.

78.  Shao, X.; Lv, N.; Liao, J.; Long, J.; Xue, R.; Ai, N.; Xu, D.; Fan, X. Copy humber variation
is highly correlated with differential gene expression: A pan-cancer study. BMC Med. Genet.
2019, 20, 1-14, doi:10.1186/512881-019-0909-5.

79. Wang, X.; Tian, L.; Li, Y.; Wang, J.; Yan, B.; Yang, L.; Li, Q.; Zhao, R.; Liu, M.; Wang,
P.; et al. RBM15 facilitates laryngeal squamous cell carcinoma progression by regulating
TMBIMG stability through IGF2BP3 dependent. J. Exp. Clin. Cancer Res. 2021, 40, 1-18,
doi:10.1186/s13046-021-01871-4.

80. Malvi, P.; Wang, B.; Shah, S.; Gupta, R. Dissecting the role of RNA modification regulatory
proteins in melanoma. Oncotarget 2019, 10, 3745-3759, doi:10.18632/oncotarget.26959.

81. Liu, X,; Liu, L.; Dong, Z.; Li, J.; Yu, Y.; Chen, X.; Ren, F.; Cui, G.; Sun, R. Expression
patterns and prognostic value of m6A-related genes in colorectal cancer. Am. J. Transl. Res.
2019, 11, 3972-3991.

82. Sun, Z.; Wu, Z.; Zhang, F.; Guo, Q.; li, L.; li, K.; Chen, H.; Zhao, J.; Song, D.; Huang, Q.;
et al. PRAME is critical for breast cancer growth and metastasis. Gene 2016, 594, 160-164,
doi:10.1016/j.gene.2016.09.016.

83.  Quintarelli, C.; Dotti, G.; Hasan, S.T.; De Angelis, B.; Hoyos, V.; Errichiello, S.; Mims, M.;
Luciano, L.; Shafer, J.; Leen, A.M.; et al. High-avidity cytotoxic T lymphocytes specific for
a new PRAME-derived peptide can target leukemic and leukemic-precursor cells. Blood
2011, 117, 3353-3362, doi:10.1182/blood-2010-08-300376.

84. Pan, S.H.; Su, K.Y.; Spiessens, B.; Kusuma, N.; Delahaye, N.F.; Gruselle, O.; Myo, A.; de
Creus, A.; Louahed, J.; Chang, G.C.; et al. Gene expression of MAGE-A3 and PRAME


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

tumor antigens and EGFR mutational status in Taiwanese non-small cell lung cancer
patients. Asia. Pac. J. Clin. Oncol. 2017, 13, e212—e223, doi:10.1111/ajc0.12586.

85.  Adib, T.R.; Henderson, S.; Perrett, C.; Hewitt, D.; Bourmpoulia, D.; Ledermann, J.; Boshoff,
C. Predicting biomarkers for ovarian cancer using gene-expression microarrays. Br. J.
Cancer 2004, 90, 686—692, doi:10.1038/sj.bjc.6601603.

86. Lee, Y.K,; Park, U.H.; Kim, E.J.; Hwang, J.T.; Jeong, J.C.; Um, S.J. Tumor antigen PRAME
is up-regulated by MZF1 in cooperation with DNA hypomethylation in melanoma cells.
Cancer Lett. 2017, 403, 144-151, doi:10.1016/j.canlet.2017.06.015.

87. Epping, M.T.; Wang, L.; Edel, M.J.; Carlée, L.; Hernandez, M.; Bernards, R. The human
tumor antigen PRAME is a dominant repressor of retinoic acid receptor signaling. Cell 2005,
122, 835-847, doi:10.1016/j.cell.2005.07.003.

88.  Al-Khadairi, G.; Naik, A.; Thomas, R.; Al-Sulaiti, B.; Rizly, S.; Decock, J. PRAME
promotes epithelial-to-mesenchymal transition in triple negative breast cancer 11 Medical
and Health Sciences 1112 Oncology and Carcinogenesis. J. Transl. Med. 2019, 17,
doi:10.1186/s12967-018-1757-3.

89. Zhu, W.; Giangrande, P.H.; Nevins, J.R. E2Fs link the control of G1/S and G2/M
transcription. EMBO J. 2004, 23, 4615-4626, doi:10.1038/sj.emb0j.7600459.

90. Khnight, A.S.; Notaridou, M.; Watson, R.J. A Lin-9 complex is recruited by B-Myb to
activate transcription of G 2 /M genes in undifferentiated embryonal carcinoma cells.
Oncogene 2009, 28, 1737-1747, doi:10.1038/onc.2009.22.

91. Thorner, A.R.; Hoadley, K.A.; Parker, J.S.; Winkel, S.; Millikan, R.C.; Perou, C.M. In vitro
and in vivo analysis of B-Myb in basal-like breast cancer. Oncogene 2009, 28, 742—751,
doi:10.1038/0nc.2008.430.

92. Xiong, Y.C.; Wang, J.; Cheng, Y.; Zhang, X.Y.; Ye, X.Q. Overexpression of MYBL2
promotes proliferation and migration of non-small-cell lung cancer via upregulating
NCAPH. Mol. Cell. Biochem. 2020, 468, 185-193, doi:10.1007/s11010-020-03721-x.

93. Qin, H. De; Liao, X.Y.; Chen, Y. Bin; Huang, S.Y.; Xue, W.Q.; Li, F.F.; Ge, X.S.; Liu,
D.Q.; Cai, Q.; Long, J.; et al. Genomic Characterization of Esophageal Squamous Cell
Carcinoma Reveals Critical Genes Underlying Tumorigenesis and Poor Prognosis. Am. J.
Hum. Genet. 2016, 98, 709727, doi:10.1016/j.ajhg.2016.02.021.

94. Ren, F.; Wang, L.; Shen, X.; Xiao, X.; Liu, Z.; Wei, P.; Wang, Y.; Qi, P.; Shen, C.; Sheng,
W.; etal. MYBL2 is an independent prognostic marker that has tumor-promoting functions
in colorectal cancer. Am. J. Cancer Res. 2015, 5, 1542-1552.

95. Nord, H.; Segersten, U.; Sandgren, J.; Wester, K.; Busch, C.; Menzel, U.; Komorowski, J.;
Dumanski, J.P.; Malmstrém, P.U.; De Stahl, T.D. Focal amplifications are associated with
high grade and recurrences in stage Ta bladder carcinoma. Int. J. Cancer 2010, 126, 1390-
1402, doi:10.1002/ijc.24954.

96. Li, Q.; Wang, M.; Hu, Y.; Zhao, E.; Li, J.; Ren, L.; Wang, M.; Xu, Y.; Liang, Q.; Zhang,
D.; et al. MYBL2 disrupts the Hippo-YAP pathway and confers castration resistance and
metastatic potential in prostate cancer. Theranostics 2021, 11, 5794-5812,
doi:10.7150/thno.56604.

97. Ghaffari, K.; Hashemi, M.; Ebrahimi, E.; Shirkoohi, R. BIRC5 genomic copy number
variation in early-onset breast cancer. lran. Biomed. J. 2016, 20, 241-245,
d0i:10.7508/ibj.2016.04.009.

98. Dai, J.B.; Zhu, B.; Lin, W.J.; Gao, H.Y.; Dai, H.; Zheng, L.; Shi, W.H.; Chen, W.X.
Identification of prognostic significance of BIRC5 in breast cancer using integrative
bioinformatics analysis. Biosci. Rep. 2020, 40, doi:10.1042/BSR20193678.


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

99. Shang, X.; Liu, G.; Zhang, Y.; Tang, P.; Zhang, H.; Jiang, H.; Yu, Z. Downregulation of
BIRCS5 inhibits the migration and invasion of esophageal cancer cells by interacting with the
PI3K/Akt signaling pathway. Oncol. Lett. 2018, 16, 3373-3379, doi:10.3892/01.2018.8986.

100. Wang, H.; Zhang, X.; Wang, L.; Zheng, G.; Du, L.; Yang, Y.; Dong, Z.; Liu, Y.; Qu, A,;
Wang, C. Investigation of cell free BIRC5 mRNA as a serum diagnostic and prognostic
biomarker for colorectal cancer. J. Surg. Oncol. 2014, 109, 574-579, d0i:10.1002/js0.23526.

101. Zhao, G.; Wang, Q.; Gu, Q.; Qiang, W.; Wei, J.J.; Dong, P.; Watari, H.; Li, W.; Yue, J.
Lentiviral CRISPR/Cas9 nickase vector mediated BIRC5 editing inhibits epithelial to
mesenchymal transition in ovarian cancer cells. Oncotarget 2017, 8, 94666-94680,
doi:10.18632/oncotarget.21863.

102. Falleni, M.; Pellegrini, C.; Marchetti, A.; Oprandi, B.; Buttitta, F.; Barassi, F.;
Santambrogio, L.; Coggi, G.; Bosari, S. Survivin gene expression in early-stage non-small
cell lung cancer. J. Pathol. 2003, 200, 620-626, doi:10.1002/path.1388.

103. Yang, W.D.; Wang, L. MCM10 facilitates the invaded/migrated potentials of breast cancer
cells via Wnt/B-catenin signaling and is positively interlinked with poor prognosis in breast
carcinoma. J. Biochem. Mol. Toxicol. 2019, 33, 22330, doi:10.1002/jbt.22330.

104. Parris, T.Z.; Danielsson, A.; Nemes, S.; Kovacs, A.; Delle, U.; Fallenius, G.; Mollerstrom,
E.; Karlsson, P.; Helou, K. Clinical implications of gene dosage and gene expression patterns
in diploid breast carcinoma. Clin. Cancer Res. 2010, 16, 3860-3874, doi:10.1158/1078-
0432.CCR-10-0889.

105. Ma, R.; Kang, X.; Zhang, G.; Fang, F.; Du, Y.; Lv, H. High expression of UBE2C is
associated with the aggressive progression and poor outcome of malignant glioma. Oncol.
Lett. 2016, 11, 2300-2304, d0i:10.3892/01.2016.4171.

106. Wagner, K.W.; Sapinoso, L.M.; El-Rifai, W.; Frierson, H.F.; Butz, N.; Mestan, J.; Hofmann,
F.; Deveraux, Q.L.; Hampton, G.M. Overexpression, genomic amplification and therapeutic
potential of inhibiting the UbcH10 ubiquitin conjugase in human carcinomas of diverse
anatomic origin. Oncogene 2004, 23, 66216629, doi:10.1038/sj.onc.1207861.

107. Zheng, S.; Lv, P.; Su, J.; Miao, K.; Xu, H.; Li, M. Overexpression of CBX2 in breast cancer
promotes tumor progression through the PISK/AKT signaling pathway. Am. J. Transl. Res.
2019, 11, 1668-1682.

108. Mao, J.; Tian, Y.; Wang, C.; Jiang, K.; Li, R.; Yao, Y.; Zhang, R.; Sun, D.; Liang, R.; Gao,
Z.; et al. Cbx2 regulates proliferation and apoptosis via the phosphorylation of YAP in
hepatocellular carcinoma. J. Cancer 2019, 10, 2706-2719, doi:10.7150/jca.31845.

109. Dapas, B.; Farra, R.; Grassi, M.; Giansante, C.; Fiotti, N.; Uxa, L.; Rainaldi, G.; Mercatanti,
A.; Colombatti, A.; Spessotto, P.; et al. Role of E2F1-cyclin E1-cyclin E2 circuit in human
coronary smooth muscle cell proliferation and therapeutic potential of its downregulation by
siRNAs. Mol. Med. 2009, 15, 297-306, doi:10.2119/molmed.2009.00030.

110. Zhao, Z.M.; Yost, S.E.; Hutchinson, K.E.; Li, S.M.; Yuan, Y.C.; Noorbakhsh, J.; Liu, Z.;
Warden, C.; Johnson, R.M.; Wu, X.; et al. CCNE1 amplification is associated with poor
prognosis in patients with triple negative breast cancer. BMC Cancer 2019, 19, 1-11,
doi:10.1186/s12885-019-5290-4.

111. Zhang, C.; Zhu, Q.; Gu, J.; Chen, S.; Li, Q.; Ying, L. Down-regulation of CCNE1 expression
suppresses cell proliferation and sensitizes gastric carcinoma cells to Cisplatin. Biosci. Rep.
2019, 39, 20190381, doi:10.1042/BSR20190381.

112. Caldon, C.E.; Sergio, C.M.; Kang, J.; Muthukaruppan, A.; Boersma, M.N.; Stone, A,;
Barraclough, J.; Lee, C.S.; Black, M.A.; Miller, L.D.; et al. Cyclin E2 overexpression is
associated with endocrine resistance but not insensitivity to CDK2 inhibition in human


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447359; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

breast cancer cells. Mol. Cancer Ther. 2012, 11, 1488-1499, d0i:10.1158/1535-7163.MCT-
11-0963.

113. Zhang, Q.Y.; Chen, X.Q.; Liu, X.C.; Wu, D.M. PKMYT1 promotes gastric cancer cell
proliferation and apoptosis resistance. Onco. Targets. Ther. 2020, 13, 7747-7757,
doi:10.2147/0TT.S255746.

114. Wang, J.; Wang, L.; Chen, S.; Peng, H.; Xiao, L.; E Du; Liu, Y.; Lin, D.; Wang, Y.; Xu, Y.;
etal. PKMYTL is associated with prostate cancer malignancy and may serve as a therapeutic
target. Gene 2020, 744, 144608-144608, doi:10.1016/j.gene.2020.144608.


https://doi.org/10.1101/2021.06.07.447359
http://creativecommons.org/licenses/by-nc-nd/4.0/

