
Identification of Potentially Therapeutic Target Genes in 
Metastatic Breast Cancer via Integrative Network Analysis

Breast cancer (BC) is commonly diagnosed among the 
women population, and it has been a matter of con-

cern as a consequence of its high incidence and mortality 
rate. Despite the remarkable improvement in disease pre-
vention, diagnosis, and treatment over the past decades, 
metastasis—a process in which cancer cells disseminate 
throughout the body and colonise distant organs after de-
taching from their tumour origin, still accounts for the vast 
majority of deaths in victims.[1-4] Metastatic disease could 
be manifested de novo, in which the metastasis process 

commenced at the primary detection and the cancer has 
already developed before diagnosis. Nonetheless, the met-
astatic disease is oftentimes due to relapse (recurrence), 
where metastases happen after distinct treatment.[5] It has 
been reported that the 5-year survival rate for affected pa-
tients accounts approximately 26% and patient’s health 
can decline due to the metastasis lesions' invasion to vital 
organs which can lead to formation of multiple foci that are 
hard to surgically remove and resistant development to the 
systemic therapies that are presently accessible. Inevitably, 

Objectives: Metastatic breast cancer (MBC) represents a significant cause of morbidity and mortality in patients. How-
ever, the molecular mechanism of the disease among MBC patients remains elusive.
Methods: An integrated characterization was performed using two independent datasets of normal and malignant 
breast tissues (GSE29431 and GSE12276), and the differentially expressed genes (DEGs) had been analysed. Network 
system biology based on the protein–protein interaction (PPI) network was performed using STRING, identified hub 
genes were confirmed by the Cytoscape and Kaplan–Meier survival analysis to study DEGs of overall survival.
Results: The study identified 159 DEGs which includes 54 up-expressed and 105 down-expressed genes, and network 
analysis indicate that nucleosome assemble, and cell cycle regulation mediate breast cancer metastasis. HIST1H2BD and 
KMT2A were recognized as key hub genes regulate cell fate transitions to promote tumor progression and metastasis. An-
other key hub gene, ITGB1 could drive metastasis by modulating the cell cycle processes through FAK and AKT pathways. 
KM survival analysis revealed these three hub genes were closely correlated with the overall survival of patients.
Conclusion: This study provides a new deeper insight into better understanding of these hub genes (HIST1H2BD, KM-
T2A and ITGB1) can potentially be used in novel therapeutic strategies for MBC.
Keywords: Breast cancer, biomarkers, metastasis, Protein-Protein Interaction Network, therapeutic targets

 Hazel Jing Yi Leong,1  Hao Dong Tan,1  Wei Hsum Yap,1  Adeline Yoke Yin Chia,1,2  Serena Zacchigna,3 
 Yin-Quan Tang1,2

1School of Biosciences, Faculty of Health and Medical Sciences Taylor's University, Subang Jaya, Malaysia
2Medical Advancement for Better Quality of Life Impact Lab, Taylor's University, Subang Jaya, Selangor Darul Ehsan, Malaysia
3Department of Cardiovascular Biology, International Centre for Genetic Engineering and Biotechnology, Trieste, Italy

Abstract

DOI: 10.14744/ejmo.2023.80452
EJMO 2023;7(4):371–387

Research Article

Cite This Article: Leong HJY, Tan HD, Yap WH, Chia AYY, Zacchigna S, Tang YQ. Identification of Potentially Therapeutic Tar-
get Genes in Metastatic Breast Cancer via Integrative Network Analysis. EJMO 2023;7(4):371–387.

Address for correspondence: Yin-Quan Tang, MD. School of Biosciences, Faculty of Health and Medical Sciences Taylor's University, Subang Jaya, 
Malaysia; Medical Advancement for Better Quality of Life Impact Lab, Taylor's University, Subang Jaya, Selangor Darul Ehsan, Malaysia
Phone: +60356295000  E-mail: yinquan.tang@taylors.edu.my

Submitted Date: October 07, 2023 Accepted Date: November 18, 2023 Available Online Date: December 29, 2023
©Copyright 2023 by Eurasian Journal of Medicine and Oncology - Available online at www.ejmo.org
OPEN ACCESS  This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License.

https://orcid.org/0000-0001-8968-7301
https://orcid.org/0000-0002-3061-9598
https://orcid.org/0000-0001-8116-6018
https://orcid.org/0000-0002-1856-7211
https://orcid.org/0000-0001-6705-3076
https://orcid.org/0000-0001-7327-2830


372 Leong et al., Key Genes Associated with Metastatic Breast Cancer / doi: 10.14744/ejmo.2023.80452

impeding metastasis is of core importance in combating 
against breast cancer.[1,6]

Recent bioinformatics studies have been trying to pin-
point markers affiliated to metastatic progression by 
employing gene expression data. However, these gene 
expression-based markers frequently have low repro-
ducibility across dissimilar datasets. Small sample sizes, 
disparate experimental platforms, individual differences 
in gene expression that do not affect metastatic progres-
sion, and the limitation of microarray technology's inabil-
ity to identify changes above the transcription level may 
all contribute to this.[7] In order to address the instability 
issue with markers acknowledged by previous studies, 
additional genomic information, such as pathway-based 
or various networks have been applied. As genes inter-
connected with metastasis are commonly biologically 
connected to one another, network construction and 
analyses are critical tools to provide a powerful abstrac-
tion of intracellular complicated interactions. It has been 
revealed that genes with that potential to be intricated 
with a myriad of diseases are disclosed through the in-
clusion of functional information of protein and protein 
interactions (PPI) network.[8] Based on the crucial insight 
that biomarkers may provide functional connection to 
differentially expressed genes (DEGs) in PPI network, the 
goal is to identify a group of genes that provide connec-
tivity to DEGs in a PPI network.[7,9] PPIs are vital for biologi-
cal processes including gene expression, cell prolifera-
tion, growth, and apoptosis.[10] A considerable number of 
studies have implied that aberrant PPIs are the cause of 
certain aggregation-related diseases, including those that 
contribute to the advancement and occurrence of can-
cer. In addition, the PPI network has a portion of highly 
connected regions with high likelihood of taking part in 
crucial biological regulation, while on the contrary those 
nodes with weaker connections do not represent a crucial 
role in the integrity on the entire network.[11,12] This will be 
a potent technique for locating hub genes with clinical 
relevance.[13]

Therefore, this research is performed mainly to discover 
potential therapeutic targets and further unveil the under-
standing of the probable key genes and crucial pathways in 
breast cancer metastasis employing bioinformatic analysis. 
This is to hopefully provide more accurate therapeutic tar-
gets for individualized prevention measures, and improve-
ment of therapeutic efficacy of MBC.

Methods
The experimental flowchart presenting the overall study is 
depicted graphically in Figure 1.

Microarray Data Retrieval and Processing
The GEO database was searched using the following criteria: 
Search terms, ‘Breast Cancer’ and ‘Metastatic Breast Cancer’; 
study type, ‘Expression profiling by array’; sample count, 
>190. In this study, the microarray dataset of normal and ma-
lignant breast tissue (GSE29431) was retrieved from the NCBI 
Gene Expression Omnibus (GEO) online database (https://
www.ncbi.nlm.nih.gov/geo/). On the other hand, the datas-
et GSE12276 retrieved from the same online database, com-
prising 204 primary breast cancer tumors with known sites 
of relapse was used for Kaplan Meier survival analysis due to 
the provided patients' survival time. Detailed information of 
the datasets was presented in Table S1.

The R software (version 4.2.1) and Bioconductor packages 
were used to analyse the microarray dataset. Prior to DEG 
analysis, pre-processing of the selected dataset which con-
sists of background correction and normalization as well as 
subsequent gene annotation and unsupervised clustering 
were conducted in R software using the applicable pack-
ages, namely, GEOquery,[14] Tidyverse,[15] and Limma.[16]

Differentially Expressed Genes (DEG) Analysis
The linear models for microarray data (LIMMA) R package 
in Bioconductor (http://www.bioconductor.org/) were 
used to perform differential expression gene (DEG) analy-
sis between groups of samples involving breast cancer and 
normal breast specimens. Significant DEGs were acquired 

Figure 1. Experimental flow chart presenting the overall study.
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using the principal standards of |log fold change (FC)| > 1 
and p-value ≤ 0.05, whereas the upregulated DEGs were 
considered if the logFC ≥ 1 and logFC ≤ -1 for downregu-
lated DEGs. The results can be visualized in the volcano plot 
generated using the ggplot2 package of R.[17]

Functional Enrichment Analysis
To provide a comprehensive grasp of the biological infor-
mation of the DEGs, proteins and their associated pathways 
in breast cancer metastasis, Gene Ontology (GO) enrich-
ment results of biological process (BP), molecular function 
(MF), and cellular component (CC) were obtained using the 
cluster Profile (version 3.14.3) R package. Reactome path-
way analysis of the DEGs was also performed using the R 
package. P-value of ≤ 0.05 was considered statistically sig-
nificant to present GO and Reactome pathway enrichment 
analyses. Moreover, the ggplot2 R package (version 1.26.0) 
was utilized to the top enrichment terms of GO analysis 
and Reactome pathway analysis.[17]

Protein-Protein Interaction (PPI) Network 
Construction and Validation 
Search Tool for the Retrieval of Interacting Genes (STRING) 
database (version 11.0) is a biological database that evalu-
ates the relationship among the DEGs from the obtained 
dataset and identifies PPIs with a selected confident score.
[18] In general, there are three types of confidence scores for 
PPIs: 1) low confidence: score < 0.4, 2) medium confidence: 
0.4 < score < 0.7, and 3) high confidence: score > 0.7.[19] The 
minimum required interaction score was set to medium 
confidence 0.4 and the organism to Homo sapiens (hsa). 
However, in this study, a high confidence score of ≥ 0.7 was 
employed to annihilate PPIs with low probability/signifi-
cance and obtain more reliable results. Network centrality 
values for the nodes in the PPI network were determined 
using the Network Analyzer app.

Hub Genes Identification 
Genes showing a significant connection in candidate mod-
ules are referred to as hub genes and high connectivity 
denotes a top 10% ranking for connectivity. Hub genes 
generally represent an essential role in a biological sys-
tem as a result of their high interactions with other genes. 
With their significance in providing information regarding 
key pathways related to a certain disease, it can be consid-
ered important in the search for the prognosis, diagnosis, 
or treatment applications.[20,21] In this present study, hub 
genes selected are based on their consistently high central-
ity values across the three parameters which take in the lo-
cal scale (degree connectivity) and global scale (closeness 
centrality and betweenness centrality).[22]

Survival Analysis 
Kaplan-Meier plotter was used to plot survival analyses 
of the top module genes, followed by the employment of 
Gene Expression Profiling Interactive Analysis 2.0 (GEPIA2) 
web server for the confirmation of the survival analyses 
outcomes. In this study, the dataset GSE12276 was uti-
lized to perform survival analysis. Patients were split into 
groups determined by the expression level of a particular 
hub gene, and from which, Kaplan Meier estimation, log-
rank tests and Cox proportional hazard models using the 
Survival package in R software were used to quantify the 
effects of that gene on overall patient survival.[23] A log-rank 
p-value ≤ 0.05 indicates significant differences. To validate 
the survival influence of hub genes, the analyses was per-
formed on hub genes that correlated with patient survival 
in GSE12276. The survival analyses using GEPIA2 online 
service provided a total of five datasets for breast cancer 
which includes the following: general dataset, basal-like or 
triple negative (135 samples), HER2+ non luminal (66 sam-
ples), luminal A (415 samples) and luminal B (192 samples).

Results

Identification of DEGs
The results of unsupervised clustering using Multidimen-
sional Scaling (MDS) clustering are shown in Figure S1. The 
plotting presented two distinctive groups, whereby tumor 
and non-tumor samples were well-differentiated against 
one another, while metastatic and non-metastatic samples 
were less well-differentiated with one another. DEG analy-
sis performed between the samples using the limma mi-
croarray analysis pipeline revealed a total of 159 DEGs, of 
which 54 were up-regulated and 105 were down-regulat-
ed. A volcano plot is presented in Figure 2A. The red colour 
represents high expression, while the blue colour repre-
sents low expression. 

Functional Enrichment Analysis on DEGs
To understand the functions and pathways in which the 
identified DEGs are involved, GO and Reactome functional 
and pathway enrichment analysis were performed. The re-
sults were sorted out by a p-value ≤ 0.05, obtaining in a 
total of 143 pathways, 37 of which from GO: BP, 10 of which 
from GO: CC, 17 of which from GO: MF, 79 of which from Re-
actome. The top seven pathways from each database can 
be visualized in Figure 2B.

Protein-Protein Interaction (PPI) Network 
Construction 
PPI analysis was performed to understand the system-level 
of functional interactions of the identified DEGs based on 
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information in the STRING database. The DEGs were up-
loaded to the STRING database (version 11.0) to produce 
a differential gene PPI network. Figure 3 presents a net-
work with 51 nodes, in which the node size corresponds 
to the degree of connectivity and the colour corresponds 
to the logFC values. The network map data obtained from 
the STRING database was uploaded to Cytoscape software 
(version 3.9.1) to further identify the key genes.

Hub Genes Selection and Identification 
Parameters which include high degree connectivity, close-
ness and betweenness centrality were criteria consid-
ered while determining the hub genes. Genes that score 
consistently high values for the mentioned three central-
ity parameters will be considered as a candidate gene. In 

this study, a total of six hub genes were selected (Table 1). 
These top six hub genes were then subjected to survival 
analysis using microarray expression data provided by da-
taset GSE12276. 

Overall Survival Analysis on Hub Genes
The expression levels of the selected hub genes were 
extracted from the microarray dataset GSE12267 down-
loaded from the Gene Expression Omnibus (GEO) data-
base. Two groups were formed based on the median gene 
expression level, with expression that is greater than the 
median expression value assigned to the high expression 
group and expression that is less than the median expres-
sion value assigned to the low expression group. The cor-
relation of patients’ overall survival of the selected six hub 
genes were analysed using the univariate cox proportional 
hazard regression (Table 2). Kaplan Meier analysis indicated 
that three of the six hub genes (HIST1H2BD, ITGB1, KMT2A) 
were significantly correlated with patients’ overall survival 
(Figure 4). 

Figure 2. (a) Volcano plotting. Volcano plots were generated using 
the R package ‘ggplot2’. Significant DEG were annotated using the 
DecideTests function, with “global” setting. (b) Functional enrich-
ment analysis. GO biological processes, GO cellular components, and 
GO molecular functions, and Reactome functional were performed 
on the DEGs. The results were filtered with p-value ≤ 0.05. 

Figure 3. PPI network constructed using STRING. The network pres-
ents nodes of genes discovered to be differentially expressed in tu-
mor samples. Small clusters of nodes that were disconnected from 
the biggest cluster, with two or a smaller number of nodes were re-
moved. The colour of nodes was in accordance with their respective 
logFC values, in which positive logFC values are indicated in red and 
negative logFC values are indicated in blue. The nodes’ sizes corre-
spond to its respective degree of connectivity.
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The three hub genes that were found significantly corre-
lated with patients’ overall survival (log-rank p-value ≤0.05) 
were further subjected to a more thorough survival analysis. 
Table 3 present approximated hazard ratio using the Univari-
ate Cox proportional hazard regression analysis. HIST1H2BD 
revealed a hazard ratio of 0.712 in which this implies that 
patients with higher than median levels of HIST1H2BD ex-
pression are 0.712 times likely to survive as compared with 
patients with lower than median levels of HIST1H2BD. This is 
similar for KMT2A that presents a hazard ratio of 0.727, im-
plying patients with higher than median levels of the gene 
have 0.727 times more likely to survive as compared with pa-
tients with lower than median levels of the gene. In contrast, 
patients with lower than median levels of ITGB1 have 1.365 
times the possibility to survive as compared to patients with 
higher than median levels of ITGB1.

Table 1. Hub genes selection and identification. The hub genes are selected by determining 
nodes with consistently high centrality values across degree, closeness and betweenness 
centrality

	 ENSEMBL	 Symbol	 Degree	 Closeness	 Betweenness

1	 ENS2P00000289316	 HIST1H2BD	 12	 0.3103	 0.0924
2	 ENSP00000378517	 SPP1	 9	 0.3814	 0.3753
3	 ENSP00000411355	 PTPCR	 8	 0.3600	 0.1811
4	 ENSP00000288135	 KIT	 8	 0.4018	 0.4559
5	 ENSP00000379350	 ITGB1	 8	 0.3659	 0.1907
6	 ENSP00000436786	 KMT2A	 7	 0.3600	 0.4545

Table 2. Log-rank p-values of the hub genes. Selected hub genes 
were subjected to univariate cox proportional hazard regression, 
with the log-rank p-values determined. Hub genes indicated with 
an asterisk* are significant with a log-rank p-value ≤ 0.05. 

	 Gene	 logFC	 p

1	 HIST1H2BD*	 1.278	 0.0194
2	 SPP1	 -1.102	 0.0659
3	 PTPCR	 -1.012	 0.3530
4	 KIT	 -1.073	 0.8629
5	 ITGB1*	 -1.096	 0.0583
6	 KMT2A*	 1.029	 0.0269

Table 3. Hazard Ratio and its p-value of the three selected hub 
genes. Three hub genes with a log-rank p-value ≤ 0.05 were 
subjected to further survival analysis by calculating their hazard 
ratio and the ratio’s significance. 

	 Gene	 Hazard Ratio	 p-value for Hazard Ratio

1	 HIST1H2BD	 0.712	 0.0211
2	 ITGB1	 1.365	 0.0319
3	 KMT2A	 0.727	 0.0276

Figure 4. Survival analysis using Kaplan-Meier plotting. The expres-
sion levels of HIST1H2BD (a), ITGB1 (b), and KMT2A (c) were extract-
ed from GSE12267 and was differentiated into two groups: higher 
than median expression level indicated in blue; lower than median 
expression level indicated in red.
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Validation of Hub Genes using GEPIA2
Validation of the survival analysis conducted on the se-
lected hub genes are also conducted using the online GE-
PIA2 database (Fig. S2-S4). The analyses for the three hub 
genes majority showed insignificant values with a log rank 
p-value of > 0.05 for all the breast cancer datasets. How-
ever, only the validation of survival analysis performed on 
KMT2A using the luminal A dataset was found to be signifi-
cant at a log rank p-value of 0.0024. The hazard ratio from 
the analysis presented at 2.3, indicating that MBC patients 
who have a lower than median expression level of KMT2A 
were 2.3 times more likely to survive compared to those 
who had a higher than median expression level of KMT2A. 
Though this finding was comparable to the survival analy-
sis conducted in this study, the hazard ratio generated us-
ing GEPIA2 luminal A dataset showed to be larger than the 
hazard ratio generated using GSE12267 microarray dataset 
which is at 0.727 (Table 3). This is suggestive that KMT2A 
might be important in driving metastasis and affect the 
survival outcome of individuals diagnosed with luminal A 
breast cancer subtype as to other subtypes. 

The validation analyses of hub genes using GEPIA2 in this 
study presented mostly insignificant values may be due to 
either the presence of a specific subtype in the selected da-
taset leading to biasness or censored data present in some 
breast cancer subtype (eg: HER2+ non luminal) in the da-
tabase.

Discussion
Metastatic breast cancer (MBC) is a significant cause of 
mortality and morbidity in patients owing to its fatal out-
come and absence of definite cure for the disease.[6,24] Me-
tastasis disease persists the primary culprit in the majority 
of breast cancer individuals who succumb to their death as 
it is known to be a complicated pathological mechanism 
that involves many steps and is governed by various genes 
as well as signalling pathways.[25] Studies proposed that key 
dysregulated networks are considerably enriched in crucial 
breast cancer-related pathways and driver genes. This in-
dicates that the key dysregulated genes may function as 
driver genes, therapeutic targets, or prognostic indicators. 
Consequently, it is anticipated that the identification of the 
key genes and dysregulated pathways will be useful to un-
veil the mechanism of metastasis in breast cancer.[26] In the 
present study, three genes namely HIST1H2BD, ITGB1 and 
KMT2A were recognized as potential hub genes.

HIST1H2BD is identified as a hub gene in this study with a 
significant upregulated expression. This is similar to past 
studies that revealed the expression of HIST1H2BD was 
remarkably raised in breast tumor cells relative to normal 

breast cells.[27-29] In patients with luminal A, HER2+, and 
normal-like subtypes of breast cancer, primary tumor ex-
pression of HIST1H2BD was associated with recurrence-free 
survival. In contrast, in TNBC patients, primary tumor ex-
pression of HIST1H2BD was correlated with distant metas-
tasis-free survival. This suggests that TNBC's genesis, main-
tenance, or advancement may be affected by HIST1H2BD.
[30] Additionally, in a study conducted by Li and colleagues 
(2017),[31] the expression levels of HIST1H2BD along with 
HIST1H2BJ were found significantly linked to the overall sur-
vival of cervical squamous cell cancer patients. As a result, 
longer patient life was associated with elevated expression 
of HIST1H2BD and HIST1H2BJ. From GO biological analysis, 
49 pathways (p-value ≤0.05) were found upregulated with 
positive normalized enrichment score (NES) values rang-
ing from 2.694 to 1.666 (see supplementary Table S2). The 
constructed PPI network from the study showed subsets of 
histones family genes were expressed together and func-
tioned together with HIST1H2BD as the seed gene in the 
submodule.[31] These observations were similar to this cur-
rent study in which HIST1H2BD presented the highest de-
gree of connectivity, having strong connections with other 
histone genes such as HIST1H2BK and HIST1H2BH (Fig. 3). 
HIST1H2BK overexpression in breast cancer cells were re-
ported to activate the LIFR-JAK1-STAT3 signalling pathway 
in which this results in the development of aggressiveness 
in breast cancer.[32] Singh et al. (2018) revealed the gene’s 
direct correlation to metastasis and its elevated levels in 
highly metastatic cell lines.[33] As for HIST1H2BH, it also ap-
peared to be remarkably higher in more aggressive breast 
cancer subtypes such as TNBC compared to normal breast 
cells.[30] Taken together, it may be deduced that HIST1H2BD 
might drive metastasis in breast cancer jointly with other 
highly connected histones genes that are not hub genes.

HIST1H2BD gene belongs under the histone H2B family. It 
has been reported that histone H2B family of variants ap-
pear as potential mediators of drug sensitivity and resis-
tance in cancer.[27,34] H2B forms a (H2A-H2B)-2 tetramer and 
comparatively to H3 and H4, this tetramer and its compo-
nent dimers can interchange in and out of the nucleosome 
with ease in which this suggests that the changes on H2A 
and H2B are less likely to be preserved in chromatin. As a 
result, alterations on H2A/H2B have received less attention 
in the field of epigenetics than those on H3 and H4. How-
ever, numerous studies indicate that chromatin dynamics 
may be impacted by changes to H2B.[31,35] For instance, a 
few studies showed a strong correlation between a reduc-
tion in H2Bub1 levels and the development of breast can-
cer supporting H2Bub1's tumor-suppressor function by 
implicating H2Bub1 in carcinogenesis and DNA repair.[31,36] 
According to preliminary research, histone genes may be 
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involved in a variety of human cancers and there was cur-
rently no thorough examination of the gene family which 
may contain predictive biomarkers. This is also suggestive 
that HIST1H2BD may be important in breast cancer metas-
tasis, but further research must be performed to explore its 
potentiality as a therapeutic target.

Ubiquitination plays a role as a protein degradation mech-
anism, but it is also required in DNA damage repair and 
NFκB inflammatory response activation in cells. It is not 
surprising that cancer cells take advantage of the compo-
nents of the ubiquitination pathway to stabilize abnormal 
oncogenic signalling as most proteins undergo ubiquitina-
tion as a post-translational alteration in most cell types.[37] 
In the dynamic process of protein ubiquitination, there are 
two types of participants that include ubiquitin enzymes 
(writers), and deubiquitin enzymes (erasers). All histone 
molecules have the potential to be ubiquitinated, and they 
have also been linked to cancer. Most identified ubiquitin 
histone molecules thus far are of the H2A and H2B type.
[38] To our dismay, there was limited literature on the role 
and mechanism of H2B variants in breast cancer progres-
sion compared to H2A variants.[27,38,39] However, as sub-
stantial amounts of studies have displayed H2B variants’ 
significance involvement in breast cancer metastasis, this is 
suggestive that H2B histone variants including HIST1H2BD 
could be a potential focus and an area with much further 
research needed.

Integrin β1 (ITGB1) is the representative member of the 
integrin subfamily, and it has 12 α-subunits that can form 
heterodimers.[40] Integrins, which connect the extracellular 
matrix with the intracellular cytoskeleton to mediate cell 
adhesion, survival, differentiation, and migration by a va-
riety of intracellular signalling pathways, are heterodimeric 
cell-surface receptors made up of the α and β subunits. β1 
integrin can dimerize with other α integrins such as α2β1 
which have been observed to promote tumor metasta-
sis through epithelial-mesenchymal transition (EMT) and 
mesenchymal-epithelial transition (MET) regulation. Once 
a secondary metastasis has formed, breast cancer cells fre-
quently go through a MET in order to establish and multi-
ply at the secondary site.[41] Breast cancer cells frequently 
go through an EMT in order to migrate, invade, and spread 
from the primary site. The regulation of EMT and MET by 
α2 and β1 integrins and their downstream signalling com-
ponents has been demonstrated to change the behaviour 
of cancer cells.[42] The kinases FAK and Src regulate integ-
rin-mediated cell adhesion and migration during EMT; as 
epithelial cancer progresses, Src activation and FAK down-
regulation increase the migratory capacity and intercellular 
contact suppression.[43] Because it promotes cell-cell and 
cell-extracellular matrix contacts to mediate the survival, 

differentiation, angiogenesis, and invasion of cancer cells, 
ITGB1 is recognized as the most significant member of the 
integrin family.[44,45]

ITGB1 has been reported by several past studies that its 
high expression is strongly correlated with breast cancer 
metastasis. As the gene plays vital roles in breast cancer 
cell motility and proliferation, its high expression has 
been seen in aggressive tumors such as TNBC to drive me-
tastasis. From GO biological analysis, 4 pathways (p-value 
≤0.05) were found upregulated with positive normalized 
enrichment score (NES) values ranging from 2.6150 to 
1.666 (see supplementary Table S3). ITGB1 functions as 
a signal transducer in the PI3K/Akt and p130Cas/paxil-
lin/JNK signalling pathways, which control survival and 
proliferation.[46] Besides, studies have shown that ITGB1 
promotes tumor growth in breast cancer via enhancing 
EMT. In BT549 and Hs578T breast cancer cells, the knock-
down of ITGB1 somewhat raised the expression of E-cad-
herin and decreased that of N-cadherin, fibronectin, and 
vimentin.[47] The study conducted by Klahan et al., (2016) 
discovered that inhibiting ITGB1 markedly decreased cal-
cium (Ca2+) influx through the stored-operated calcium 
(SOC) channel and the study hypothesized that ITGB1 can 
reduce migration invasion in TNBC by regulating Ca2+ in-
flux through the SOC channel.[48]

Hub genes are known to have many interactions with other 
genes to work hand in hand to elicit gene regulation and 
certain biological processes. For instance, the focal adhe-
sion pathway is facilitated by ITGB1 and FN1, and these 
genes mediate the interaction of the ECM by dysregulating 
the focal adhesion pathway as seen in the transformation 
of ductal carcinoma in situ (DCIS) to invasive breast cancer.
[49] Similarly, ITGB1 in this current study was observed to in-
teract strongly with nearby non-hub genes in the PPI such 
as SPP1 and COL4A5 (Fig. 3). Zeng and colleagues (2018) 
discovered SPP1 promotes progression in ovarian cancer 
through ITGB1/FAK/AKT pathway and silencing SPP1 sub-
sequently inhibits the particular pathway.[50] Additionally, 
a downregulated expression of COL4A5 was reported in 
colorectal cancer and it was also shown to promote lung 
cancer progression.[51,52] It was proposed that the COL4As 
might influence integrin-mediated signalling pathways 
and adhesion-related pathways, thereby controlling the 
downstream of the Akt pathway. The proliferation and in-
vasion of gastric cancer may be aided by the activation of 
the Akt pathway.[53] These similar findings were observed 
in this present study whereby ITGB1 was noticed to have a 
strong correlation to the neighbour non-hub gene COL4A5. 
It can be hypothesized that ITGB1 interacts with neighbour-
ing genes to drive metastasis in breast cancer.
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Accumulated findings displayed that high ITGB1 expression 
was notably correlated with poor overall survival in sev-
eral malignancies including breast cancer, gastric cancer, 
colorectal cancer, and prostate cancer to name a few.[46,54] 
However, interestingly, ITGB1 was observed to be down-
regulated in this present study. This discovery is relatively 
similar to a few studies that have reported inconsistency 
in the prognostic significance of ITGB1 expression in can-
cer patients. The study by Sun and colleagues (2018) have 
reported that downregulated ITGB1 expression is affiliated 
with more aggressive breast cancer subtypes.[55] In addition, 
they also disclosed no correlation between higher ITGB1 
expression and breast cancer N (cancer spread to nearby 
lymph node) stage, tumor grade, T (tumor size) stage, ER, 
PR, or HER. Interpreting this outcome should be done with 
care. Depending on the cancer subtype, the prognostic 
significance and correlation between ITGB1 expression 
and the clinicopathological attributes of breast may dif-
fer. Nonetheless, statistical bias may present due to the 
limited sample size used in the particular study. Evidence 
also showed bone metastatic tumor cells have a decreased 
ITGB1 expression while expressing high ITGB3 levels, indi-
cating that integrin switching is taking place in the bone 
microenvironment. According to studies, inactivation of 
ITGB1 results in ITGB3 switching and TGF-β induced breast 
cancer progression.[56] These past literature findings may in-
dicate that ITGB1 expression level is probably influenced by 
various factors such as different cancer subtypes and site 
of metastasis. Nonetheless, survival analysis in this present 
study revealed an elevated ITGB1 expression is significantly 
associated with a worse survival outcome in affected indi-
viduals. This discovery is aligned with many previous stud-
ies.[48,55]

There has been a lot of interest in ITGB1's role in the malig-
nant phenotypes of cancer. According to earlier research, 
ITGB1 has been shown to influence the resistance to che-
motherapy and radiation by promoting cell survival and in-
hibiting apoptosis in various human malignancies. The ef-
fectiveness of ITGB1 inhibitors in the treatment of resistant 
malignancies and advanced metastatic illness has been 
demonstrated in a number of animal models. Thus, ITGB1 
could be considered as a vital therapeutic target and car-
ries substantial significance in cancer patients.[46] However, 
ITGB1’s prognostic value remains controversial and this is 
suggestive that further investigations regarding the gene’s 
expression and role in driving metastasis in breast cancer 
should be performed.

KMT2A, sometimes referred to as mixed-lineage leukemia 
(MLL), is a transcriptional coactivator that controls the 
expression of certain genes throughout haematopoiesis 
and early development.[57,58] KMT2 family proteins modify 

DNA accessibility and chromatin architecture by meth-
ylating lysine 4 on the histone H3 tail (H3K4) in signifi-
cant regulatory areas of the genome. Acute leukemia is 
produced by recurrent chromosomal translocations and 
translocation-associated gene fusions, both of which in-
clude KMT2A.[59] Besides, KMT2A plays significant roles in 
solid tumors including breast, colon, lung, bladder and 
endometrial despite rearrangements in leukemia and 
lymphoma.[57,60] Several literatures disclosed that KMT2A 
upregulation plays a role in driving cancer advancement, 
which this aligned with the findings in this present study. 
Many studies have suggested KMT2A acts as a crucial 
factor in vasculogenesis, hypoxia signalling, and tumor 
growth. It was disclosed that KMT2A along with hypoxia-
inducible factor α (HIF1α) were overexpressed in tumor 
areas with low oxygen levels and this resulted in angio-
genesis and tumor progression. A knockdown in KMT2A 
in cervical and breast cancer studies observed a reduc-
tion in the expression of HIF1α and vascular growth factor 
(VEGF) which influenced angiogenesis and suppressed 
subsequent tumor growth.[60,61] Other studies involving 
cervical and melanoma cell lines also demonstrated the 
functional importance of KMT2A as the knockdown of 
the gene resulted in impediment of cell viability and cell 
migration as well as induced cell apoptosis.[62,63] Addition-
ally, the elevated expression of KTM2A was discovered 
in solid tumors with gain of function (GOF) mutations of 
TP53.[64] In these tumors, p53 mutants bound to and up 
expressed the KMT2A, KMT2D, and acetyltransferase MOZ 
(KAT6A) genes, enhancing global H3K4 methylation and 
histone acetylation as well as upregulating the KMT2A 
target genes including the HOXA gene cluster.[60,61] KMT2A 
is revealed to be vital for the cancer phenotype of cells 
carrying GOF p53 mutants and the gene is shown re-
sponsible for promoting cancer growth. These indications 
were evidenced by the fact that the KMT2A knockdown 
or pharmacological inhibition of KMT2A was adequate to 
limit tumor development.

From GO biological analysis, 6 pathways (p-value ≤0.05) 
were found upregulated with positive normalized enrich-
ment score (NES) values ranging from 2.459 to 1.987 (see 
supplementary Table S3). KMT2A was observed to inter-
act strongly with other gene in the PPI such as KIT (Fig. 3). 
Receptor-Tyrosine Kinase (RTK) signalling is one of the cru-
cial signal transduction pathways in the development of 
cancer. Cell activities such as proliferation, differentiation, 
survival, and angiogenesis all depend on this route. It has 
been reported that KIT gene is essential in this pathway.[65] 
The study by Rahimi and colleagues (2020) displayed KIT 
may serve as a possible target for cancer therapy as an in-
hibition of the gene are likely to suppress angiogenesis, 
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migration, and advancement n in metastatic tumors.[66] 
In addition, KIT was also observed to have strong interac-
tions with non-hub gene SPP1 and hub gene ITGB1.This 
ultimately suggests the identification hub genes will aid in 
combating meta progression through these crucial neigh-
bouring gene and pathways interaction.

High KMT2A is related to a reduced possibility of recur-
rence-free survival and a worse overall survival compared 
to a lower KTM2A expression.[67] Interestingly, survival 
analysis of KMT2A in this present study displays a differ-
ent finding in which up-expressed KMT2A was associ-
ated with better overall survival and vice versa. KMT2A 
has been studied extensively and there is growing proof 
suggesting it has a special role in the progression of can-
cer. Recurrent translocations in leukemias were found to 
influence the dominant cancer gene KMT2A.[68] However, 
according to recent investigations, KMT2A may have a re-
cessive function in some solid tumors including gastric 
cancer. In some cancer types, KMT2A expression was ob-
served to be up-or downregulated. While KMT2A expres-
sion showed association with a good prognosis in certain 
cancer types, KMT2A was shown to be decreased in tu-
mors on the other hand.[69] Rabello et al. (2013) disclosed 
a subtle higher expression of MLL genes in less aggres-
sive and no metastasis breast cancer cell line and suggest 
the decreased expression of MLL family genes as disease 
progresses.[70] Specifically, compared to normal samples, 
the expression of the MLL gene was slightly lower in tu-
mor samples. MLL was downregulated in every cancer cell 
line compared to the collection of normal samples. Thus, 
KMT2A’s function as a tumor promoter should be further 
evaluated and considered. 

Figure 5 encapsulates all of the pathways and its mediators, 

in which the hub genes may drive or impede metastasis. 
The figure contains all the mechanisms that were sug-
gested by the results of the present study and had been 
proven by prior studies in regards to their relevance with 
cancer metastasis. It can be suggested that the respective 
hub genes drive metastasis with the assistance of other 
non-hub genes. The interactions between the genes col-
lectively stimulate metastasis progression through mech-
anisms such as cell differentiation, proliferation, invasion, 
migration, resistance, and angiogenesis.

Conclusion

Based on integrated bioinformatic analysis, the current re-
search has discovered three hub genes (HIST1H2BD, ITGB1, 
and KMT2A) that are associated with the development and 
advancement of breast cancer into its metastatic state. The 
under and over-expression of these hub genes in the met-
astatic breast cancer tissues as demonstrated in database 
analysis indicates poor clinical outcome in affected indi-
viduals. These findings suggest that thorough research into 
these hub genes will aid in enhancing the understanding 
of the pathophysiology and progression in breast cancer to 
its metastatic state.
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Table S1. Details of datasets used in the present study 

Dataset	 Year	 Platform	 Tumor type	 Sample	 Country

GSE29431	 2011	 Affymetrix HG-U133_Plus_2	 Breast cancer	 12 normal breast tissues & 54 primary breast carcinomas	 Spain
GSE12276	 2009	 Affymetrix HG-U133_Plus_2	 Breast cancer	 204 primary breast tumors	 Netherlands

Table S2. Pathways involving HIST1H2BD. The pathways and the corresponding NES values extracted from the node table of the 
enrichment map network. Bolded genes indicate hub genes involved in the particular pathways.

	 Pathways	 NES	 Genes

1	 Activated PKN1 stimulates transcription of AR	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
	 (androgen receptor) regulated genes KLK2 and KLK3		  HIST1H2BH | H2BFS
2	 Activation of anterior HOX genes in hindbrain	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
	 development during early embryogenesis		  HIST1H2BH | H2BFS
3	 Amyloid fiber formation	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
4	 B-WICH complex positively regulates rRNA expression	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
5	 Cell Cycle Checkpoints	 2.275	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H2BK | 
			   HIST1H2BH | H2BFS
6	 Cell Cycle, Mitotic	 2.275	 HIST1H2BD | HIST1H2BC | CENPU | GINS2 | HIST1H2BK | 
			   HIST1H3D | HIST1H2BH | RRM2 | H2BFS
7	 Cellular Senescence	 2.694	 HIST1H2BD | HIST1H2BC | HIST1H1C | HIST1H2BK | 
			   HIST1H3D | HIST1H2BH | H2BFS
8	 Cellular protein-containing complex assembly	 2.130	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H1C | 
			   HIST1H2BF | HIST1H2BK | HIST1H3H | HIST1H4H | 
			   HIST1H3D | HIST1H2BH | H2BFS | HIST1H2BE | DMD
9	 Chromatin modifying enzymes	 2.158	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | KMT2A
10	 Chromatin organization	 1.987	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H1C | 
			   HIST1H2BF | HIST1H2BK | HIST1H3H | HIST1H4H | 
			   HIST1H3D | HIST1H2BH | H2BFS | KMT2A | HIST1H2BE
11	 Chromosome	 2.171	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H1C | GINS2 | 
			   HIST1H2BF | HIST1H2BK | HIST1H3H | HIST1H4H | 
			   HIST1H3D | HIST1H2BH | H2BFS | HIST1H2BE | SPAG5
12	 Condensation of Prophase Chromosomes	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
13	 DNA Damage/Telomere Stress Induced Senescence	 2.694	 HIST1H2BD | HIST1H2BC | HIST1H1C | HIST1H2BK | 
			   HIST1H2BH | H2BFS
14	 DNA conformation change	 2.121	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H1C | GINS2 | 
			   HIST1H2BF | HIST1H2BK | HIST1H3H | HIST1H4H | 
			   HIST1H3D | HIST1H2BH | H2BFS | HIST1H2BE
15	  DNA methylation	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
16	 Deposition of new CENPA-containing nucleosomes	 2.275	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H2BK |  
	 at the centromere		  HIST1H2BH | H2BFS
17	 Developmental Biology	 2.150	 ITGB1 | HIST1H2BD | PTPRC | HIST1H2BC | WT1 |  
			   COL4A5 | HIST1H2BK | HIST1H3D | HIST1H2BH | H2BFS | 
			   KMT2A
18	 E3 ubiquitin ligases ubiquitinate target proteins	 1.943	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H2BH
19	 ERCC6 (CSB) and EHMT2 (G9a) positively regulate	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
	 rRNA expression		  HIST1H2BH | H2BFS
20	 ESR-mediated signaling	 2.252	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS | MMP7
21	 Estrogen-dependent gene expression	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
22	 Formation of the beta-catenin:TCF transactivating	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
	 complex		  HIST1H2BH | H2BFS
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Table S2. CONT.

	 Pathways	 NES	 Genes

23	 G2/M DNA damage checkpoint	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | 
			   HIST1H2BH | H2BFS
24	 HATs acetylate histones	 2.158	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH
25	 HCMV Early Events	 1.905	 ITGB1 | HIST1H2BD | HIST1H2BC | HIST1H2BK | 
			   HIST1H3D | HIST1H2BH
26	 HCMV Late Events	 2.158	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH
27	 HDACs deacetylate histones	 2.158	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH
28	 Inhibition of DNA recombination at telomere	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H2BH | 
			   H2BFS
29	 M Phase	 2.275	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H2BK | 
			   HIST1H3D | HIST1H2BH | H2BFS
30	 Meiotic recombination	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
31	 Meiotic synapsis	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | 
			   HIST1H2BH |H2BFS
32	 Nonhomologous End-Joining (NHEJ)	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | 
			   HIST1H2BH | H2BFS
33	 Nucleosome assembly	 2.458	 HIST1H2BD | HIST1H2BC | CENPU |HIST1H1C | 
			   HIST1H2BF | HIST1H2BK | HIST1H3H | HIST1H4H | 
			   HIST1H3D | HIST1H2BH | H2BFS | HIST1H2BE
34	 Oxidative Stress Induced Senescence	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
35	 PRC2 methylates histones and DNA	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
36	 Processing of DNA double-strand break ends	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | 
			   HIST1H2BH | H2BFS
37	 Protein heterodimerization activity	 1.666	 ITGB1 | HIST1H2BD | HIST1H2B | HIST1H2BF | 
			   HIST1H2BK | HIST1H3H | HIST1H4H | 
			   HIST1H3D | ATP1B1 | HIST1H2BH | H2BFS | 
			   HIST1H2BE
38	 RHO GTPase Effectors	 1.941	 ITGB1 | HIST1H2BD | HIST1H2BC| CENPU | HIST1H2BK | 
			   HIST1H3D | HIST1H2BH | H2BFS
39	 RNA Polymerase I Promoter Escape	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
40	 RUNX1 regulates genes involved in megakaryocyte	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
	 differentiation and platelet function		  HIST1H2BH | H2BFS | KMT2A
41	 RUNX1 regulates transcription of genes involved	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
	 in differentiation of HSCs		  HIST1H2BH | H2BFS | KMT2A
42	 Recognition and association of DNA glycosylase with	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H2BH |  
	 site containing an affected purine		  H2BFS
43	 SIRT1 negatively regulates rRNA expression	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
44	 Senescence-Associated Secretory Phenotype (SASP)	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
45	 Systemic lupus erythematosus	 2.145	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H2BH | 
			   H2BFS
46	 TCF dependent signaling in response to WNT	 2.267	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS | WNT5A
47	 Transcriptional regulation by small RNAs	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS
48	 Transcriptional regulation of granulopoiesis	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
			   HIST1H2BH | H2BFS | KMT2A
49	 Ub-specific processing proteases	 1.955	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H2BH
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Table S3. Pathways involving ITGB1. The pathways and the corresponding NES values extracted from the node table of the enrichment 
map network. Bolded genes indicate hub genes involved in the particular pathways.

	 Pathways	 NES	 Genes

1	 Developmental Biology	 2.150	 ITGB1 | HIST1H2BD | PTPRC | HIST1H2BC | WT1 | COL4A5 |  
			   HIST1H2BK | HIST1H3D | HIST1H2BH | H2BFS | KMT2A
2	 HCMV Early Events	 1.905	 ITGB1 | HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D  
			   | HIST1H2BH	
3	 Protein heterodimerization activity	 1.666	 ITGB1 | HIST1H2BD | HIST1H2BC | HIST1H2BF |  
			   HIST1H2BK | HIST1H3H | HIST1H4H | HIST1H3D | ATP1B1 |  
			   HIST1H2BH | H2BFS | HIST1H2BE
4	 RHO GTPase Effectors	 1.941	 ITGB1 | HIST1H2BD| HIST1H2BC | CENPU | HIST1H2BK |  
			   HIST1H3D | HIST1H2BH | H2BFS

Table S4. Pathways involving KMT2A. The pathways and the corresponding NES values extracted from the node table of the enrichment 
map network. Bolded genes indicate hub genes involved in the particular pathways.

	 Pathways	 NES	 Gene

1	 Chromatin modifying enzymes	 2.158	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
			   HIST1H2BH | KMT2A
2	 Chromatin organization	 1.987	 HIST1H2BD | HIST1H2BC | CENPU | HIST1H1C |  
			   HIST1H2BF | HIST1H2BK | HIST1H3H | HIST1H4H |  
			   HIST1H3D | HIST1H2BH | H2BFS | KMT2A | HIST1H2BE
3	 Developmental Biology	 2.150	 ITGB1 | HIST1H2BD | PTPRC | HIST1H2BC | WT1 | COL4A5 | 
			   HIST1H2BK | HIST1H3D | HIST1H2BH | H2BFS | KMT2A
4	 RUNX1 regulates genes involved in	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
	 megakaryocyte differentiation and		  HIST1H2BH | H2BFS | KMT2A 
	 platelet function
5	 RUNX1 regulates transcription of genes	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D | 
	 involved in differentiation of HSCs		   HIST1H2BH | H2BFS | KMT2A
6	 Transcriptional regulation of granulopoiesis	 2.459	 HIST1H2BD | HIST1H2BC | HIST1H2BK | HIST1H3D |  
			   HIST1H2BH | H2BFS | KMT2A
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Figure S1. Unsupervised clustering of samples using Multidimen-
sional Scaling (MDS).

Figure S2. HIST1H2BD survival analysis using GEPIA2. The expression 
level was differentiated into two groups in which expression level 
higher than median expression level indicated in blue; expression 
level lower than median expression level indicated in red. (a) Surviv-
al analysis with general dataset. (b) Survival analysis with basal-like/
triple negative dataset. (c) Survival analysis with HER2+ and non-lu-
minal dataset. (d) Survival analysis with luminal A dataset (e) Survival 
analysis with luminal B dataset.

Figure S3. ITGB1 survival analysis using GEPIA2. The expression level 
was differentiated into two groups in which expression level higher 
than median expression level indicated in blue; expression level low-
er than median expression level indicated in red. (a) Survival analy-
sis with general dataset. (b) Survival analysis with a basal-like/triple 
negative dataset. (c) Survival analysis with HER2+ and non-luminal 
dataset. (d) Survival analysis with luminal A dataset. (e) Survival anal-
ysis with luminal B dataset.
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Figure S4. KMT2A survival analysis using GEPIA2. The expression lev-
el was differentiated into two groups in which expression level high-
er than median expression level indicated in blue; expression level 
lower than median expression level indicated in red. (a) Survival anal-
ysis with general dataset. (b) Survival analysis with basal-like/triple 
negative dataset. (c) Survival analysis with HER2+ and non-luminal 
dataset. (d) Survival analysis with luminal A dataset. (e) Survival anal-
ysis with luminal B dataset.


