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Abstract

Background: Breast cancer (BC) is the most common malignancy in women worldwide. Altered miRNA profile
can disturb the metabolic homeostatic via regulation of gene expression in BC. Methods: In the present study to
evaluate which miRNA, regulate metabolic pathways according to their stage, we performed comprehensive analysis
of BC expression (mRNA and miRNA) of a set of patients by comparing samples of solid tumor tissue and adjacent
tissue. The mRNA and miRNA data of breast cancer were downloaded from the cancer genome database (TCGA)
using TCGAbiolinks package. Differentially expressed (mRNAs and miRNAs) was determined by DESeq2 package
and predict valid miRNA-mRNA pairs using multiMiR package. All analyses were performed using the R software.
Compound-reaction-enzyme-gene network was constructed using the Metscape a plugin for Cytoscape software.
Then, core subnetwork computed by CentiScaPe, another plugin for Cytoscape. Results: In Stage I, hsa-miR-592,
hsa-miR-449a and hsa-miR-1269a targeted HS3ST4, ACSL1 and USP9Y genes respectively. In stage 11, hsa-miR-3662,
Hsa-miR-429, and hsa-miR-1269a targeted GYS2, HAS3, ASPA, TRHDE, USP44, GDA, DGAT2, and USP9Y genes.
In stage 111, hsa-miR-3662 targeted TRHDE, GYS2, DPYS, HAS3, NMNAT2, ASPA genes. In stage IV, hsa-miR-429,
has-miR-23c, and hsa-miR-449a targeted genes GDA, DGAT2, PDK4, ALDH1A2, ENPP2, and KL. Those miRNAs and
their targets were identified as the discriminative elements for the four stages of breast cancer. Conclusion: The most
notable differences between BC and normal tissue in four stages involved multiple pathways and metabolites include:
carbohydrate metabolism (e.g., Amylose, N-acetyl-D-glucosamin, beta-D-Glucuronoside, “”’g””’-CEHC-glucuronide,
“”a””-CEHC-glucuronide, Heparan-glucosamine, 5,6-Dihydrouracil, 5,6-Dihydrothymine), branch-chain amino
acid metabolism (e.g., N-Acetyl-L-aspartate, N-Formyl-L-aspartate, N'-acetyl-L-asparagine), Retinal metabolism
(e.g., Retinal, 9-"cis’-retinal, 13-cis’-retinal) and (FAD, NAD) as central coenzymes of metabolism. Set of crucial
microRNAs and targeted genes plus the related metabolites were introduced for four stages of BC that can be consider
for therapeutic and diagnostic purposes in the different stages of disease.
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Introduction on exquisite least invasive methods for early detection
of breast cancer and risk prediction. In the recent years,
liquid biopsy is a new method for measuring the markers,

which means using the most accessible biologic fluids like

Studies show that breast cancer (BC) is the most
common cancer among women. In 2020, more than 2.26

million new patients registered suffering from this type
of cancer (Sung et al., 2021). Diagnosing the disease in
early stages, improves the 5-year survival rate of patients
and therefore; they will be able to live longer. Survival
rates in patients whose cancer have spread locally is low,
but for those who have metastasized or spread in distant
parts of body, is very low (Rezaianzadeh et al., 2017).
Mammograms, Ultrasounds and MRIs are mostly used for
initial diagnosis, but in order to confirm the presence of
cancer, a tissue sample (biopsy) must be taken. Based on
that, the researchers and scientist have shifted their focus

saliva, urine and peripheral blood and this accessibility
has made it quite attractive and has increasingly become
an investigated field of research (Tay and Tan, 2021).
Genomic alterations lead to some changes in the landscape
of transcriptome, proteome and metabolome which
consequently cause cancer. miRNAs are small noncoding
RNAs that their size ranges from 18 to 24 nucleotides
which can regulate the expression of specific genes by
two main means: inhibition of translation target messenger
RNAs (mRNAs) or by targeting complementary mRNAs
for degradation. Since some miRNAs regulate specific
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individual targets, others can function as master regulators
of a process, so key miRNAs regulate the expression
levels of hundreds of genes simultaneously, and many
types of miRNAs regulate their targets cooperatively
(Galvao-Limaetal., 2021). Circulating levels of miRNAs
are very effective biomarkers can be used as diagnostic,
prognostic and predictive biomarkers in cancer. Moreover,
gene expression or genomic alteration in key enzymes of
cancer-related metabolic pathways, support oncogenic
transformation and these changes are followed tightly with
alterations at the metabolite levels therefore; it enables
tumor growth and progression. This procedure leads to
metabolic reprogramming of the tumor microenvironment
as another marker of cancer diagnosis (Seo et al.,
2019). Systems biology provides a strong approach to
integrate high-content data generated from genomics
transcriptomics, proteomics and metabolomics. Biomarker
is a molecule that can be used for disease detection and/
or prognosis prediction. in recent years, transcriptomic
including messenger RNAs (mRNAs), microRNAs
(miRNAs), and different types of long noncoding RNAs
(IncRNAs) and metabolomic studies identified the
variation in transcripts and metabolites profiles related
with BC compared with control cases. Instability in the
environment and low specificities restrict the application
of mRNA. both methods miRNA and metabolomics
ultimately be combined to bring out more reliable
biomarker than each individual test for early detection
and prognosis prediction of breast cancer.

In this study, the mRNA and miRNA data of breast
cancer (BC) were downloaded from the cancer genome
database. DESeq2 package was used to analyze the
differentially expressed gene (DEG) and differentially
expressed microRNA (DE miRNA). Applied pathway-
based enrichment analysis was used to identify alterations
in several metabolic pathways in breast cancer. The
significant central molecular events related to breast
cancer were introduced.

Materials and Methods

To access data of BC, the mRNA and miRNA data of
breast cancer were downloaded from the cancer genome
database (TCGA) (https://portal.gdc.cancer.gov) using
TCGAbiolinks package(Colaprico et al., 2015). In this
study, only the participant ID of the TCGA barcode as
query barcode (e.g., participant ID in bold: TCGA.B6.
A401.01A.11R.A239.07) was used. All analyses were
performed using the R software (v. 4.1.2) (Team, 2013).

Total of 1141 participants were analyzed that have
expression data (MRNA and miRNA) of both primary
solid tumor and adjacent tissue samples. Expression data
were visualized by boxplot and volcano plot presentation.
By using “DESeq2” package (v. 1.34.0) differentially
expressed miRNAs (DEMs) and differentially expressed
genes (DEGs) between the cancer tissue (stage I, II, [IT and
IV) and normal tissue were identified(Love et al., 2014).
The differentially expressed mRNAs and miRNAs were
identified by using the thresholds which are [log2fold-
change (FC)| > 2.0 and p < 0.05.

Using program multiMiR package (v.1.16.0), which
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cover 14 miRNA-mRNA interaction databases, led to
predict valid miRNA-mRNA pairs for the studied stage.
Downregulated mRNAs were selected as possible targets
for upregulated miRNAs and vice versa upregulated
mRNAs were selected for downregulated miRNAs(Ru
etal., 2014).

Visualization of genes, enzymes, metabolites,
pathways and their relationships is an essential step in
comprehending molecular mechanisms of diseases. The
principal idea behind pathway mapping is the contextual
visualization of metabolomics. Metscape is a plugin for
Cytoscape which provides a bioinformatics framework for
identifying enriched pathways from expression profiling
data, and visualizing changes in metabolite data. MetScape
uses an internal relational database that integrates data
from KEGG and EHMN. Metscape 3 (http://MetScape.
ncibi.org) is a Cytoscape plug-in that was used to build
genes and metabolic networks from predicted target genes
that obtained from multimer package (Karnovsky et al.,
2012).

The list of predicted miRNA—targets (gene names)
that obtained from multimir package was loaded in
the Metscape, to construct the compound-reaction-
enzyme-gene network and analyze the networks of genes
and metabolites. On these networks, nodes represent
metabolites and edges (connecting lines) represent
enzymatic conversions. Then, the node centrality
parameters, such as eccentricity and centroid value, were
computed by CentiScaPe, another plugin for Cytoscape,
to extract the core subnetwork data displaying a critical
role in the breast cancer. The centroid value suggests
that a specific node has a central position within a graph
region characterized by a high density of interacting nodes
(Scardoni et al., 2014).

Results

Differential expression analysis of the mRNA

The mRNA and miRNA expression profiles of patients
were evaluated via boxplot and volcano plot analysis.
The findings are presented in the Figures 1-2. Based on
these findings there are many significant DE mRNAs
and miRNAs which discriminate the cancerous from the
adjacent samples. List of the significant dysregulated
mRNA and miRNA is showed in the Table 1.

Table 1. List of DE mRNA and miRNA Related to
the Analysis of Expression Profiles of BC patients.
Adjacent tissue is used as control in each analysis for an
investigated stage of cancer

Stage of breast mRNA/miRNA  Up regulated Down regulated

cancer Number Number

Stage I mRNA 716 639
miRNA 18 17

Stage II mRNA 454 945
miRNA 29 20

Stage I1I mRNA 380 629
miRNA 23 16

Stage IV mRNA 490 655
miRNA 26 25
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Figure 1. Volcano Plot Presentation of mRNA Eexpression Profiles of Each Stage of BC Patients

miRNA-mRNA Interaction Analysis

It was proposed that DE miRNAs and genes are
responsible to initiate and promotion cancer and
interactions between these miRNAs and target genes
play important role in breast cancer. For demonstration,
multiMiR was utilized to detect relationship between the
upregulated miRNAs and the targeted downregulated
genes or the downregulated miRNAs and the targeted
upregulated genes. The Multimir package was used to
predict the potential target genes of the DE-miRNAs, if
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a certain miIRNA-mRNA pair was obtained by predicted
database, it was considered as a putative interacting pair.
Results of miIRNA-mRNA pair analysis is shown in the
Figure 3.

Metscape analysis

List of genes that were input in MetScape and their
miRNA which target them are shown in Table2.
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Figure 2. Volcano Plot Presentation of miRNA Expression Profiles of Each Stage of BC Patients
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Figure 3. Compound-Reaction-Enzyme-Gene Networks of Targeted Genes of the Upregulated-miRNAs of Breast
Tissue (stage I) vs. Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively. A)

R04064, RE3074, R02418 reactions

Metscape analysis for stage 1

Based on metscape findings, Three reactions R04064,
R02418 and RE3074 which are shown as the followin
description have a central position within a graph region
characterized by a high density of interacting nodes
(Figure 3).

R04064:73’-Phosphoadenylylsulfate+Heparan gl
ucosamine=Adenosine3’,5’bisphosphate+Heparan-
glucosamine 3-O-sulfate”

RE3074 :”ATP+CoA+(2'S",6'R",10'R")-pristanate =
AMP+PP(,i)+(2°S")-pristanoyl-CoA”

(Galj2
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{LF ery1
"1,3-beta-D-Galactosyl-H-acetyl- %mlml—i;ﬁ EIOSA

R02418: Ubiquitin C-terminal thiolester+H20
=Ubiquitin+Thiol

“3’-Phosphoadenylyl sulfate”, “Adenosine
3’,5’-bisphosphate”, “Heparan-glucosamine”,
“Heparan-glucosamine 3-O-sulfate”, “Thiol, Ubiquitin,
Ubiquitin C-terminal thioester”, “2S-pristanoyl-CoA”,
and “(2S,6R,10R)-pristanate” were selected as hub
metabolites. Meanwhile, three enzymes, such as [Heparan
sulfate]-glucosamine 3-sulfotransferase 1, Long-chain-
fatty-acid-CoA ligase, and Ubiquitin thiol esterase were
involved in this subnetworks that were encoded by
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Figure 4. Compound-Reaction-Enzyme-Gene Networks of Targeted Genes of the Downregulated-miRNAs of
Breast Tissue (stage I) vs. Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively.
A) RO6155, R06163, RO6165 reactions.
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Figure 5. Compound-Reaction-Enzyme-Gene Networks of Targeted Genes of the Upregulated-miRNAs of Breast
Tissue (stage II) vs. Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively. RO1676,
R00292, R05327, RE2306, R00488, R00526, RE2644, R02251, R02418 reactions

HS3ST4, ACSL1 and, USP9Y genes respectively. These
findings are related to the gene list of downregulated
mRNAs of stage 1.

On the other hand, “1,3-beta-D-Galactosyl-N-
acetyl-D-glucosaminyl-1,3-beta-D-galactosyl”, “Gal-
alphal->3(Fuc-alphal->2)Gal-betal->3GIlcNAc-betal-
>3LacCer”, “Fuc-alphal->2Gal-betal->3GlcNAc-
betal->3Gal-betal->4Glc-betal-1’Cer”, “ (Gal)3 (Glc)l
(GIeNAc)1 (LFuc)2 (Cer)1”, “ (Gal)2 (GalNAc)1 (Gle)l
(GIeNAc)1 (LFuc)1 (Cer)1”, “ (Gal)2 (GalNAc)1 (Gle)l
(GIeNAc)1 (LFuc)2 (Cer)1”, “ (Gal)2 (Glc)1 (GleNAc)1
(LFuc)2 (Cer)l), ((Gal)2 (Glc)l (GleNAc)!l (LFuc)l
(Cer)1”, “ (Gal)2 (Gle)1 (GleNAc)1 (NeuSAc)! (Cer)l”,

“(Gal)2 (Gle)1 (GleNAc)1 (LFuc)l (NeuSAc)l (Cer)l”
were selected as hub metabolites and enzyme 3-galactosyl-
N-acetylglucosaminide 4-alpha-L-fucosyltransferase was
involved in this subnetwork that enriched with FUT3
From upregulated mRNAs of stage I(Figure4). The related
reactions are listed below:

R0O6155: GDP-L-fucose+Lc4Cer=GDP+Fuc-
Lc4Cer

R06163: “GDP-L-fucose+IV2Fuc-
Lc4Cer=GDP+IV2Fuc, [114Fuc-Lc4Cer”

R06165: GDP-L-fucose+3’-isoLM 1=GDP+Fuc-3’-
isoLM1

Asian Pacific Journal of Cancer Prevention, Vol 24 1575
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Figure 6. Compound-Reaction-Enzyme-Gene Networks of Targeted Genes of the Downregulated-miRNAs of Breast
Tissue (stage II) vs. Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively. RO6155,

R06162, R0O6163, R0O6164, RO6165 reactions.

Metscape analysis for stage 11

According to metscape findings, reactions: R01676,
R00292, R05327, RE2306, R00488, R00526, RE2644,
R02251, and R02418 have a central position within a
graph region which is characterized by a high density of
interacting nodes(Figure5). The mentioned reactions are
represented as follow:

R01676: Guanine+H20O=Xanthine+NH3

R00292: UDPglucose+Amylose=UDP+Amylose

R05327: n UDP-N-acetyl-D-glucosamine+n UDPglu
curonate=Hyaluronate+2nUDP

RE2306: “H (,2) O+thyrotropin releasing hormone =
5-oxo-L-proline+histidyl-prolinamide”

R00488: N-Acetyl-L-aspartate+tH20=Acetate+L-
Aspartate

R00526: N-Formyl-L-aspartate+H2O=Formate+L-
Aspartate

RE2644: “H (,2) O+ N'-acetyl-L-asparagine =
acetate+L-asparagine”

3 Ulei@‘lyrﬂe

Figure 7. Gene-Metabolite Networks of Targeted Genes of the Upregulated miRNAs of Breast Tissue (stage III) vs.
Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively. R02269, R03055, R00137,
R03005 reactions.
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R02251: “Triacylglycerol+CoA=1,2-Diacyl-sn-
glycerol+Acyl-CoA”

R02418: Ubiquitin
thiolester+H2O0=Ubiquitin+Thiol

Guanine”, “ Xanthine”, “UDP-N-acetyl-D-
glucosamine”, “ UDPglucuronate”, *“ Hyaluronate”,
“5-Oxo0-L-proline”, “ Thyrotropin releasing hormone”, “
histidyl-prolinamide”, “ UDP-N-acetyl-D-glucosamine,
UDPglucuronate”, *“ Hyaluronate”, “UDP”, “N-Acetyl-
L-aspartate”, “ Acetate, L-Aspartate”, “ N-Formyl-L-
aspartate”, “ Formate”, “ L-Aspartate”, “ N -acetyl-L-
asparagine ”, ““ acetate-asparagine”, “thyrotropin releasing
hormone ”, “5-oxo-L-proline,histidyl-prolinamide”,
“ Triacylglycerol”, “CoA”, “1,2-Diacyl-sn-glycerol”,
“Acyl-CoA”, “Ubiquitin C-terminal thiolester”, “
Ubiquitin”, “Thiol were selected as hub metabolites.
Whereas, Guanine deaminase, Glycogen(starch) synthase,
Hyaluronan synthase, Aspartoacylase, Diacylglycerol
O-acyltransferase, Pyroglutamyl-peptidase II and
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Figure 8. Gene-Metabolite Networks of Targeted Genes
of the Downregulated miRNAs of Breast Tissue (stage
II) vs.Normal Tissue. Dots and hexagons indicate
regulated genes or metabolites, respectively. R00162,
R03632 reactions.
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Ubiquitin thiol esterase were involved in this subnetwork
that enriched with GDA, GYS2, HAS3, ASPA, TRHDE,
DGAT2, USP9Y, USP44 genes from gene list of
downregulated mRNAs of stage II.

Considering FUT3 from gene list of upregulated
mRNAs of stage II (Figure6). The following reactions
were identified:

R06155 Glycosphingolipid biosynthesis - lactoseries

R06162 Glycosphingolipid biosynthesis - lactoseries

R06163 Glycosphingolipid biosynthesis - lactoseries

R06164 Glycosphingolipid biosynthesis - lactoseries

R06165 Glycosphingolipid biosynthesis — lactoseries

1,3-beta-D-Galactosyl-N-acetyl-D-glucosaminyl-1,3-
beta-D-galactosyl”, “Gal-alphal->3(Fuc-alphal->2)Gal-
betal->3GlcNAc-betal->3LacCer”, “Fuc-alphal->2Gal-
betal->3GIlcNAc-betal->3Gal-betal->4Glc-betal-
1’Cer”, “ (Gal)3 (Gle)1 (GIeNAc)1 (LFuc)2 (Cer)1”,
(Gal)2 (GalNAc)1 (Gle)1 (GleNAc)1 (LFuc)1 (Cer)1”, «
(Gal)2 (GalNAc)1 (Gle)1 (GleNAc)1 (LFuc)2 (Cer)1”, «
(Gal)2 (Gle)1 (GleNAc)1 (LFuc)2 (Cer)1”,““ (Gal)2 (Gle)1
(GleNAc)1 (LFuc)1 (Cer)1”, “ (Gal)2 (Gle)1 (GleNAc)1
(Neu5Ac)1 (Cer)1”, “ (Gal)2 (Glc)1 (GleNAc)1 (LFuc)l
(Neu5Ac)1 (Cer)l) were selected as hub metabolites.

9-cig-retingpate
9-gis-retinal

A
o
oot B
N

o |

©

Figure 9. Gene-Metabolite Networks of Targeted Genes of the Upregulated-miRNAs of Breast Tissue (stage IV) vs.
Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively. R03449, R02123, RE1901,

RE1903, RE305, R01478, R00103, R03004 reactions
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Figure 10. Gene-Metabolite Networks of Targeted Genes of the Downregulated-miRNAs of Breast Tissue (stage 1V)
vs. Normal Tissue. Dots and hexagons indicate regulated genes or metabolites, respectively. RO0086 reactions.

Enzymes 3-galactosyl-N-acetylglucosaminide 4-alpha-L-
fucosyltransferase was involved in this subnetwork that
enriched with FUT3.

Metscape analysis for stage 111

Regarding metscape findings, the following
reactions: R00292, RE2306, R02269, R03055, R05327,
R00137, R03005, RE2644, R00488 and R00526 have
a central position within a graph region characterized
by a high density of interacting nodes. UDPglucose”,
“Amylose”, “5-Oxo-L-proline”, “Thyrotropin releasing
hormone”, “histidyl-prolinamide”, “5,6-Dihydrouracil,
5,6-Dihydrothymine, 3-Ureidopropionate,
3-Ureidoisobutyrate”, “UDP, UDP-N-acetyl-D-
glucosamine, UDPglucuronate”, “Hyaluronate”, “NAD+”,
“Nicotinamide D-ribonucleotide”, “Deamino-NAD+”,
“Nicotinate D-ribonucleotide”, “L-Aspartate”, “Formate”,
“L-Asparagine”, “N-Acetyl-L-aspartate”, “N-Formyl-
L-aspartate”, “N-acetyl-L-asparagine were selected as
hub metabolites. Enzymes Glycogen(starch) synthase,
Pyroglutamyl-peptidase II, Dihydropyrimidinase,
Hyaluronan synthase, Nicotinamide-nucleotide
adenylyltransferase, Aspartoacylase, were involved
in this subnetwork that encode with TRHDE, GYS2,
DPYS, HAS3, NMNAT?2, ASPA genes from gene list of
downregulated mRNAs of stage III(Figure7). The pointed
reactions are shown as follow:

R00292: UDPglucosetAmylose=UDP+Amylose
RE2306:“H(,2)O+thyrotropin releasing hormone =
5-oxo-L-proline+histidyl-prolinamide”

R02269: “5,6-Dihydrouracil+H20=3-
Ureidopropionate”
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R03055: “5,6-Dihydrothymine+H20=3-
Ureidoisobutyrate”

R05327: n UDP-N-acetyl-D-glucosamine+n UDPglu
curonate=Hyaluronate+2nUDP

R0O0137: ATP+Nicotinamide

R03005: ATP+Nicotinate

RE2644: “H(,2)O+ N -acetyl-L-asparagine
acetate+L-asparagine”

R00488: N-Acetyl-L-aspartatetH20=Acectate+L-
Aspartate

R00526: N-Formyl-L-aspartate+tH2O=Formate+L-
Aspartate

Morever, Protein”, “ Phosphoprotein”, “ Protamine”,
“ O-Phosphoprotamine” were selected as hub metabolites.
Enzymes Cyclin-dependent kinase, Mitogen-activated
protein kinase kinase kinase, Mitogen-activated protein
kinase, Receptor protein serine/threonine kinase, Dual-
specificity kinase, cAMP-dependent protein kinase,
Protein kinase C, I-kappa-B kinase, Polo kinase, cGMP-
dependent protein kinase, [ Goodpasture-antigen-binding
protein] kinase, Fas-activated serine/threonine kinase
were involved in this subnetworkes that enriched with
BMPR1B from gene list of upregulated mRNAs of stage
[TI(Figure8). The two related reactions are represented as:

R0O0162: ATP+Protein=ADP-+Phosphoprotein
R03632: ATP+Protamine=ADP+O-Phosphoprotamine
Metscape analysis for stage IV

With regard to metscape findings, the following
reactions: R0O1676, R02251, R03449, R02123, RE1901,
RE1903, RE3050, R01478, RE2541, RE3381, R00103,
R03004 and R00160 have a central position. Guanine,
Xanthine”, “Triacylglycerol”, “1,2-Diacyl-sn-glycerol”,
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Table 2. List of Targeted Genes in the Upregulated DE-miRNAs and the Downregulated DE-miRNAs for Four Stages
of BC that Input in Medscape Database for more Investigations

Stage 1
downregulated miRNA upregulated miRNA
hsa-miR-1269a PRKAR2B hsa-miR-133b ATP2B3
hsa-miR-449a KIT ACSL1 MYLK hsa-miR-206 BMPRI1B FUT3
hsa-miR-592 AKRI1C2 HS3ST4 USP9Y
Stage 11
downregulated miRNA upregulated miRNA
hsa-miR-206 BMPRI1B FUT3 hsa-miR-206 BMPR1B
hsa-miR-3662 ADCYS8 AOX1 ASPA BMX FUT3
DPYS EPHB1 GYS2 HAS3
NTRK2 NTRK3 PAK3 PDEIC
PDE3B PIK3C2G PLA2G4A PTPRB
TAT AKRIC3 CDKL2 KL PRKAR2B
TRHDE PDE11A USP44 ACVRIC
hsa-miR-449a SLC35G2 BMP3 TNS1 ACSLI
CELF2 PID1 TRDN
hsa-miR-592 IGF1 OLFM4 OR2LI13
DST AKRIC2 HS3ST4
hsa-miR-429 DUSP1 EGFR MYLK PRKAR2B
NTRK2 PTPRZ1 GDA DGAT2 ACVRIC
hsa-miR-1269a PPP2R2B USP9Y
Stage 111
upregulated miRNA downregulated miRNA
hsa-miR-3662 AKRIC3 ACVRIC AOX1 PDE3B TRHDE USP44  hsa-miR-206 BMPRI1B
BMX DPYS EPHB1 GYS2 PDE1C PRKAR2B
NTRK2 HAS3 NMNAT2 PAK3 PIK3C2G
hsa-miR-449a KIT MYLK ACSL1 KL
hsa-miR-1269a USP9Y PRKAR2B NTRK2
Stage IV
upregulated miRNA downregulated miRNA
hsa-miR-429 EGFR EYA4 MYLK NTRK2 ACVRIC  hsa-miR-206 CXCL11 ASPM CXCLI10

GDA PRKAR2B KL DGAT2
ACSL1 KIT

STK32A MAPK10 PDK4 USP9Y
PRKAR2B NTRK2 USP9Y

hsa-miR-449a
hsa-miR-23c¢
hsa-miR-1269a

hsa-miR-133b HAPLNI1

LR

“ [Pyruvate dehydrogenase (lipoamide)] 7, «, [Pyruvate
dehydrogenase (lipoamide)] phosphate”, “Retinoate”,
“ 13-cis-retinal”, “ D-Glucuronate”, < Retinal, 9-cis-
retinoate”, “ 13-cis-retinoate, 9-cis-retinal”, “ Alcohol”,
beta-D-Glucuronoside”, “ 3’-carboxy-alpha-chromanol”,
“ gama-carboxyethyl-hydroxychroman”, “alpha-
CEHC-glucuronide”, “ gama-CEHC-glucuronide”,
“NAD-+”, “ Nicotinamide D-ribonucleotide”, “Deamino-
NAD+”, “ Nicotinate D-ribonucleotide”, “ FAD and
FMN were selected as hub metabolites. Guanine
deaminase, Diacylglycerol O-acyltransferase, [Pyruvate
dehydrogenase (acetyl-transferring)] kinase, Retinal

dehydrogenase and Beta-glucuronidase were involved
in this subnetworkes that encode with GDA, DGAT2,
PDK4, ALDH1A2, KL, ENPP2, genes from gene list
of downregulated mRNAs of stage [V(Figure9). The
considered reactions are listed as below:

R0O1676: Guanine+tH20=Xanthine+NH3

R02251:“Triacylglycerol+CoA=1,2-Diacyl-sn-
glycerol+Acyl-CoA”

R03449: ATP+[Pyruvate dehydrogenase (lipoamide)]
=ADP+[Pyruvatedehydrogenase (lipoamide)] phosphate

R02123: Retinal+NAD++H20=RetinoatetNADH

RE1901: “H(,2)O+NAD(‘+)+9-"cis -retinal =
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NADH+2 H(*+)+9-"cis -retinoate”

RE1903: “H(,2)O+NAD(‘+)+13-"cis"-retinal =
NADH+2 H(*+)+13-"cis’-retinoate”

RE3050:“H(,2)O+NAD(‘+)+13-"cis"-retinal =
NADH+2 H(*+)+retinoate”

R01478:H20+beta-D-Glucuronoside=D-
Glucuronate+Alcohol

RE2541: “H(,2)0+””g””-CEHC-glucuronide
= D-glucuronate+H(‘+)+””g””-carboxyethyl-
hydroxychroman”

RE3381: “H(,2)0+””a””-CEHC-glucuronide =
D-glucuronate+H(‘+)+3’-carboxy-"""a””’-chromanol”

R00103: NAD++H20=AMP+Nicotinamide

R03004: Deamino-NAD++H20=AMP+Nicotinate

R00160: FAD+H20=AMP+FMN

Based on RO0O0O86 reaction
(ATP+H20=ADP+Orthophosphate), ATP and ADP were
selected as hub metabolites. H(+)-transporting two-sector
ATPase,Phospholipid-translocating ATPase, Calcium-
transporting ATPase, Sodium/potassium-exchanging
ATPase, Apyrase, Hydrogen/potassium-exchanging
ATPase, Adenosinetriphosphatase, Microtubule-severing
ATPase, Plus-end-directed kinesin ATPase, Vesicle-fusing
ATPase, Cyclin-dependent kinase, Mitogen-activated
protein kinase were involved in this subnetworkes encode
ATP2B3, genes from gene list of upregulated mRNAs of
stage IV(Figurel0).

Discussion

Serum microRNAs increase in different malignant
tumors (Cui et al., 2019). Moreover, metabolic ranges are
distinct in different malignant tumors. It is obvious that
metabolites, as the final product of metabolic reactions, are
specifically related to miRNA expression. Hence, miRNA-
metabolite integrative analysis drives out more reliable
biomarker than each individual test for early detection
and prognosis prediction of cancer (Galvdo-Lima et al.,
2021; Javed et al., 2021).

In the present study, mRNA and miRNA expression
data were achieved from TCGA and used to generate
the differentially expressed mRNA and miRNA profiles.
Based on miRNA-mRNA pairs and associated pathways,
we identified that multiple circulating miRNA are
significantly elevated or reduced in patients with breast
cancer compared with normal tissue at four stages
of disease. These changes are followed tightly with
corresponding alterations at the metabolite levels in key
cancer-related metabolic pathways.

In our study, it is demonstrated that hsa-miR-3662,
hsa-miR-449a, hsa-miR-592, hsa-miR-23¢, hsa-miR-
1269a and hsa-miR-429 were pathologically upregulated
and miR-133b and hsa-miR-206 were downregulated
in human breast cancer. USP44, HAS3, GYS2, ASPA,
TRHDE, DPYS, NMNAT?2 targeted by hsa-miR-3662.
The ubiquitin-specific peptidases (USPs) are the main
members of the deubiquitinate family. Regulation
of USP44 by the hsa-miR-3662 not only can inhibit
suppression of cell proliferation, migration and invasion,
but also eliminate the potentiation of cell apoptosis and
USP44 antitumor effect on breast cancer (Chen et al.,
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On the other hand, USPYY is also targeted by hsa-
miR-1269a. HAS3 encoded Hyaluronan synthase 3
enzyme that involved in the synthesis of the unbranched
glycosaminoglycan hyaluronan or hyaluronic acid, which
is a major constituent of the extracellular matrix. HAS3
is highly expressed in specific conditions; such as tumor
cells, and appears to approve the malignant phenotype in
many types of malignancies (Auvinen et al., 2014; Kuo et
al., 2017). Glucose metabolism is considered as one of the
most important aspects of cancer cell metabolism(Phan et
al., 2014). The degradation of glycogen and mobilization
of glucose is needed for invasion. GYS1 which is mainly
expressed in the liver and GYS2 in the muscle are two
isoforms of glycogen synthase (Chen et al., 2019). Here
it is explored that GY'S2 is targeted by hsa-miR-3662.

NAA (N-acetyl-aspartic acid) provides a source of
metabolic acetate which is necessary for oligodendrocyte
myelination. Previous investigations indicate that NAA is
more abundant in tumors compared with noncancerous
tissues (Zand et al., 2016; Menga et al., 2021). ASPA
encodes Aspartoacylase that catalyzes the conversion
of NAA to aspartate and acetate. ASPA targets with the
hsa-miR-3662 as well.

DPYS is another gene that is targeted by
hsa-miR-3662 and encodes an important enzyme called
dihydropyrimidinase which involves in pyrimidine
metabolism (2021). Nicotinamide mononucleotide
adenylyltransferase2 (NMNAT?2) is also targeted with
hsa-miR-3662, plays a crucial role in the tumorigenesis
and development of cancer by maintaining intracellular
NAD (Qi et al., 2018).

Thyrotropin releasing hormone degrading enzyme
(TRHDE) is the last part of these categories that is
targeted by hsa-miR-3662. This enzyme impact on
inactivation of Thyrotropin-releasing hormone (TRH)
which is necessary to maintain maximal prolactin output.
Moreover, there is a positive relationship between
plasma prolactin levels and the risk of breast cancer
(Verma et al., 2022). HS3ST4 encodes heparan sulfate
(glucosamine) 3-O-sulfotransferase 4. This enzyme
generates 3-O-sulfated glucosaminyl residues in heparan
sulfate (HS). HS and HSPGs bind to a variety of protein
ligands and regulate a wide range of biological activities,
including angiogenesis, blood coagulation, oncogenic
signaling, apoptosis and cellular differentiation. (Denys
and Allain, 2019). In this study we found that HS3ST4 is
targeted by hsa-miR-592.

The protein encoded by ACSL1 is an isozyme of
the long-chain fatty-acid-coenzyme A ligase family.
Investigation indicates that ACSLI1 is upregulated in
various types of cancer, including colon, breast and liver
cancer, while it is downregulated in lung squamous cell
carcinoma. ACSL1 and ACSL4 could promote cancer
cell invasion (Thomas et al., 2019). KIT Proto-Oncogene
Receptor Tyrosine Kinase (KIT) is a transmembrane
receptor tyrosine kinase which plays an important role in
regulation of cell proliferation, survival and migration.
ACSLI and KL are targeted by hsa-miR-449a.

PDK4 (Pyruvate dehydrogenase kinase isoform 4)
inhibits the entry of pyruvate into the TCA cycle by
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inhibiting pyruvate dehydrogenase activity, thereby
switching energy derivation to cytoplasmic glycolysis
instead of mitochondrial OXPHOS, switched to
Warburg effect (Atas et al., 2020). The aldehyde
dehydrogenase 1 (ALDHI) produce retinoic acid (RA)
via the oxidation of all-trans retinal and 9-cis-retinal.
This enzyme is mainly involved in biological functions
related to cell differentiation, cell cycle arrest, and
eventually, apoptosis (Garattini et al., 2014). Ecto-
nucleotide pyrophosphatase/phosphodiesterase (ENPP)
family members (ENPP1-7) have been implicated
in key biological and pathophysiological processes,
including nucleotide and phospholipid signaling, bone
mineralization, fibrotic diseases, and tumor-associated
immune cell infiltration. ENPP2 is the only secreted
family member and therefore; can easily diffuse in the
extracellular environment(Panagopoulou et al., 2022).
These three genes (PDK4, ALDH1A2, and ENPP2) are
targeted with hsa-miR-23c.

In our study, we demonstrated that miR-133b and
hsa-miR-206, were pathologically downregulated in
human breast cancer. Two genes (BMPR1B and FUT3)
are targeted by hsa-miR-206 are mostly involved in
protamine and blood antigen synthesis pathways.
Protamine has a strong cationic charge and decreases
collagen production in proliferating cells. Protamine
may mediate its effects by interacting receptors of growth
factors (Perr et al., 1989). FUT3 is a member of the
fucosyltransferase family, which catalyzes the addition
of fucose to precursor polysaccharides in the last step
of Lewis antigen biosynthesis. The loss of A, B, and H
antigens is proportional to movement and circulation
through the body as the malignancy progression. Perhaps
it is due to the lack of cell adhesion proteins, such as
integrins (Akin and Altundag, 2018; Albuquerque et al.,
2019; Abegaz, 2021). As a result, combination of hsa-
miR-3662, hsa-miR-449a, hsa-miR-592, hsa-miR-429 and
related metabolome can have a high diagnostic value in
breast cancer. For further investigations, as a final stage for
validation and development of biomarker prospective and
retrospective Cohort Studies must be carefully designed.
Furthermore, access and development of reliable and
cost-effective biomarkers based on miRNA-metabolome
can improve the diagnostic methods for early stage of
breast cancer. It differentiates between its stages via
non-aggressive methods by using blood, saliva and urine
samples as well.

In conclusion, based on miRNA-mRNA pairs and
associated metabolic pathways, it was explored that the
following crucial events were occurred in the four stages
of breast cancer:

In Stage I, hsa-miR-592, hsa-miR-449a, and hsa-miR-
1269a target HS3ST4, ACSL1, and USP9Y respectively.
The related substrates for the mentioned reactions are as:
Heparan-glucosamine, Ubiquitin C-terminal thiolester,
(2°'S",6'R",10'R")-pristanate.

In Stage II, hsa-miR-3662 targets GYS2, HAS3,
ASPA, TRHDE, and USP44. Hsa-miR-429 targets GDA,
DGAT?2 while hsa-miR-1269a targets USP9Y. The related
substrates for the mentioned reactions are as: Guanine,
Amylose, N-acetyl-D-glucosamin, thyrotropin releasing

hormone, N-Acetyl-L-aspartate, N-Formyl-L-aspartate,
N'-acetyl-L-asparagine, Triacylglycerol, Ubiquitin
C-terminal thiolester.

In Stage III, hsa-miR-3662 targets TRHDE,
GYS2, DPYS, HAS3, NMNAT2, ASPA. The related
substrates for the mentioned reactions are as: thyrotropin
releasing hormone, Amylose, 5,6-Dihydrouracil,
5,6-Dihydrothymine, n UDP-N-acetyl-D-glucosamine,
N'-acetyl-L-asparagine, N-Acetyl-L-aspartate, N-Formyl-
L-aspartate

In Stage IV hsa-miR-429 targets GDA, DGAT?2 while
PDK4,ALDH1A2, and ENPP2 are targets of has-miR-23¢
and hsa-miR-449a targets KL. The related substrates for
the mentioned reactions are as: Guanine, Triacylglycerol,
[Pyruvate dehydrogenase (lipoamide)], Retinal, 9-'cis’-
retinal, 13-'cis’-retinal, beta-D-Glucuronoside, “’g””-
CEHC-glucuronide, “”’a””’-CEHC-glucuronide, Deamino,
FAD, NAD.

It can be concluded that different miRNA-mRNA pairs
and related metabolites can discriminate the four stages
of breast cancer. The findings are valuable in diagnosis
of disease and follow up of patients plus determination
of effective drug targets.
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