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Abstract: The sex chromosomes X and Y participate in determining the sex of humans. These chromosomes contain many genes
that contribute to a variety of body functions. Homo sapiens (human) genes have been widely studied in the literature. Most of the
studies have been conducted on the interactions among genes and their relations to diseases. Therefore, the genes of a chromosome
or across chromosomes may have relations to each other. Understanding these relations is important insofar as they contribute to a
wider view of diseases. This work tries to scrutinize the homo sapiens gene-gene interactions in the sex chromosomes. More precisely,
we generate a network model of the interactions between the genes in the sex chromosomes and the genes of other chromosomes.
The nodes of the generated network represent the genes in chromosomes X and Y. An edge between two genes is generated if there
exists an interaction between both. The generated model demonstrates interesting facts about the relations among genes. Finally, it can
be of interest for biologists to look at such models for a more understanding of the interactions among genes and their relations to diseases.
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1. INTRODUCTION
Bioinformatics is a field of study that integrates biology

and computer science aiming to have a better understanding
of particular phenomena [1]. This field has been signifi-
cantly developed with the development of computer science
field. Modelling biological issues can be performed using
computerized models (e.g., statistical models, mathematical
models, etc.) [1].

One of the interesting bioinformatics areas is genet-
ics modelling. In this area of study, genetic systems are
implemented as computerized models [2]. These models
can be simulated and analyzed using computer systems
that can provide more accurate results. Also, modeling
genetic systems is not an easy task due to the complexity
of such systems. To overcome this issue, it is needed to
perform the modeling process using concepts inspired by
computer science theories [3][4]. Furthermore, this work
deals with the human genetic system, which is complicated.
This system includes 23 pairs of chromosomes and each of
which contains hundreds of genes that, in turn, have a lot of
interactions among them [5]. Modelling this kind of system
needs a lot of attention since the computerized model should
simulate the same facts in the real system [6].

The traditional analysis of the genetic systems is hard

to be conducted due to the huge and complex nature of the
data involved [6][7]. Therefore, the main goal of modeling
genetic systems is to address, comprehend, or understand
particular issues in these systems [8][9][10]. One of the
modern approach that can be used in modelling genetic
systems is the use of Complex Networks concepts, which
are based on the Graph Theory [9][10][11]. This kind of
approach assumes the system as nodes and edges connecting
them [12][13][14].

The literature includes a lot of studies that modelled
genetic systems in the form of gene-gene interaction net-
works, protein-protein interaction networks, and disease
networks. Lim et al. [15] studied the interactions among
54 human proteins using the graph theory concepts. In
the model they suggested, each protein is represented as a
node, and two nodes are connected if there is an interaction
between them. In the results, the authors identified 770
novel protein-protein interactions. In the same context,
Perkins et al. [16] analyzed the functional, structural, and
network characteristics of transient protein interactions.
They also studied the issue of detecting the different types
of protein-protein interactions. Their findings showed that
the transient interactions of proteins are necessary for
the functional processes in biological systems. The study
also mentioned that identifying transient interaction among
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proteins needs to have a well understanding of the sys-
tem’s structural features. The relations among human genes
were investigated in the literature aiming to predict their
functions/interactions. The study of Goh et al. [17] used
two network models to investigate the relations between
human genes and their related diseases. They built a human
disease network and disease gene network. The authors
found that many disease genes are nonessential with a
weak tendency to encode hub genes. In another study
performed by Barabasi et al. [18], the authors studied the
relations among human genes as a network model. This
study showed interesting results such that “Disease genes
have a high propensity to interact with each other, forming
disease modules. The identification of these disease mod-
ules can help us to identify disease pathways and predict
other disease genes.”, the authors said. In contrast, some
studies showed that genes/proteins interactions models are
not enough to improve the prediction of disease genes
such as the study of Hwang et al. [19]. However, studying
the interactions among genes can be extended not only to
include diseases but also in investigating the social behavior
of humans. Quintana et al. [20] investigated the genes that
affect the social behavior of humans. They deeply studied
the interactions of genes and the human brain and found
that specific genes’ interactions may impact behavior. In
the same context, Sinha et al. [21] studied the behavior-
related genes regulatory networks. They also examined the
relationships among these networks and provided some
insight into the behavior-related genes. Lopes-Ramos et
al. [22] studied the sex differences manifest in many dis-
eases. They constructed a network of gene regularity using
29 human healthy tissues retrieved from (GTEx) project.
The analysis of the network showed a sex-biased in each
tissue. This result was obtained after analyzing male and
female networks using a variety of measurements. Banik
et al. [23] used a network analysis approach to investigate
NCBI database using 988 genes of different chromosomes.
The edges creation strategy was based on protein-protein
interactions. The generated network was clustered and the
influential genes were extracted. They found that it was
efficient to use network analysis methods to understand
genes and their interactions, and their relations to some
diseases. The same approach was used by Mathavan et al.
[24] for identifying potential genes that impact lips and
cavity cancers. Their study involved 472 genes retrieved
from DisGeNET database. Other recent works were also
focused on the network science approach for analyzing gene
networks and diseases such as [25][26][27].

According to the literature, each study considers a
particular issue in human genes (e.g., a disease or a few
interactions). Also, it is difficult, in this field of research, to
perform a general or comprehensive study that includes all
human genes. Therefore, this work focuses on one of the
largest communities of genes, which is the Homo Sapiens
(human) sex chromosomes including all the available and
verified genes in the literature. Hence, the contribution of
this work is modelling the gene-gene interactions of the

human sex chromosomes. The goal of this model is to scru-
tinize the structural features of the suggested model and ex-
tract facts about the diseases and the relations (interactions)
among the genes. Besides, the complete model will be freely
available to researchers who can quickly retrieve informa-
tion about gene-gene interactions. It should be mentioned
that, in this work, the gene interactions dataset was not
directly used from NCBI, instead, it was manually collected,
double-checked with their corresponding references, and
then verified as an entry in the dataset. Therefore, collecting
the dataset was accurately performed for all the available
gene interactions in the sex chromosome. Our model is
highly reliable in terms of the accuracy of the collected
data, which makes it easier and faster for researchers to
investigate a particular disease, find a particular interaction,
or look at the relations of a gene to other genes within the
network model.

Human sex chromosomes are represented by two chro-
mosomes X and Y. These chromosomes have a different
form, size, and behavior compared to the other 22 human
chromosomes [28]. Chromosome X has 800 to 900 genes,
while chromosome Y has 50-60 genes [29]. However, the
number of genes in each chromosome may vary from one
reference to another and this is due to the approach used
to predict the number of genes in each chromosome [30].
Figure 1 demonstrates the sex chromosomes and their form.
Moreover, each chromosome has diseases associated with
its genes [29]. Table I presents the chromosomes and their
main associated diseases.

This article is organized as follows: Section 2 describes
the research method including the data collection process,
network generation, and the analysis approach. Section 3
presents the results obtained and the discussions of the
results. Finally, the article is concluded in Section 4.

2. RESEARCH METHOD
A. Dataset Collection and Network Creation

The dataset was collected from the National Center
for Biotechnology Information (NCBI) [29]. This source
is considered one of the most accredited references in
biomedical and genomic information. According to NCBI,
chromosome X has approximately 900 genes. However,
this work considers the genes that interacted with other
genes from the same chromosome or with genes across
chromosomes. Therefore, the dataset includes 732 genes
in total, where 177 genes of them are from chromosome
X and 1 gene from chromosome Y and the genes of
both chromosomes (178) interact with 554 genes from
other chromosomes. The information about the interactions
among genes was collected from NCBI.

The next step is to generate the gene-gene interaction
undirected network. To this end, a network model is built
based on the collected data. The network is represented as
a graph G(N, E) that contains nodes (N) and edges (E).
Each gene in the dataset is represented as a node, and two
nodes are connected by an undirected edge if and only

http:// journals.uob.edu.bh

http://journals.uob.edu.bh


Int. J. Com. Dig. Sys. 13, No.1, 1119-1130 (May-23) 1121

TABLE I. Summary of the human chromosomes and their associated diseases and genes [29]

Chro. Main Disease Associated Genes

1 ”Porphyria Cutanea Tarda” (Skin Disease)/ ”Gaucher”/ ”Glaucoma” (Blinding Eye)/ ”Prostate Cancer”/ ”Alzheimer” UROD/ GBA/ GLC1A/ HPC1/ PS2/
2 ”Essential Tremor”/ ”Colon Cancer”/ ”Waardenberg Syndrome” ETM2/ MSH2/ MSH6/ PAX3
3 ”von Hippel-Lindau”/ ”Lung Cancer”/ ”Colon Cancer”/ ”Essential Tremor”/ VHL/ SCLC1/ MLH1/ ETM1
4 ”Ellis-van-Creveld”/ ”Huntington”/ ”Achondroplasia”/ ”Parkinson”/ ”Narcolepsy”/ ”Fibrodysplasia Ossificans Progreeiv” EVC/ HD/ FGFR3/ SNCA/ NRCLP/ FOP
5 ”Steriod 5-Alpha Reductase 1”/ ”Cockayne Syndrome”/ ”Spinal Muscular Atrophy”/ ”Asthma”/ ”Diastrophic Dysplasia” SRD5A1/ CKN1/ SMN1/ DTD
6 ”Spinocerebellar Ataxia”/ ”Diabetes”/ ”Hemochromatosis”/ ”Congenital Adrenal Hyperplasia”/ ”Epilepdy” SCA1/ IDDM1/ HFE/ CYP21A/ EPM2A
7 ”Diabetes”/ ”Williams Syndrome”/ ”Pendred Syndrome”/ ”Cystic Fibrosis”/ ”Obesity” GCK/ ELN/ Pendrin/ CFTR/ OB
8 ”Werner Syndrome”/ ”Burkitt Lymphoma” WRN/ MYC
9 ”Malignant Melanoma”/ ”Friedrich’s Araxia”/ ”Tangier”/ ”Chronic Myeloid Leukemia”/ ”Tuberous Sclerosis” CDKN2/ FRDA/ ABCI/ ABL/ TSC1

10 ”Refsum”/ ”Gyrate Atrophy” PAHX/ OAT
11 (”Harvey Ras onocogene, Diabetes, Long QT syndrome”)/ ”Best Disease”/ ”Multiple Endpcrine Neoplasia”/ ”Ataxia Telangiectasia” HRAS/ IDDM2/ LQT/ VMD2/ MEN1/ ATM
12 ”Zellweger Syndrome”/ ”Phenylketonuria” PXR1/ PAH
13 ”Breast Cancer” / ”Autosomal Recessive Neurosensory Deafness”/ ”Wilson”/ ”Retinoblastoma” BRCA2/ CX26/ ATP7B/ RB1
14 ”Alzheimer”/ ”Alpha-1-Antitrypsin Deficiency” PS1 (AD3)/ SERPINA1
15 ”Prader-Willi Syndrome”/ ”Angelman Syndrome”/ ”Marfan Syndrome”/ ”Tay-Sachs” SNRPN/ UBE3A/ FBN1/ HEXA
16 ”Alpha Thalassemia”/ ”Famili Mediterranean Fever”/ ”Polycystic Kidney”/ ”Crohn’s Disease” HBA1, HBA2/ FMF/ PKD1
17 ”Breast Cancer”/ ”Tumor Suppressor Protein”/ ”Charcot-Marie-Tooth Syndrome” BRCA1/ p53/ CMT1A
18 ”Pancreatic Cancer”/ ”Niemann-Pick” DPC4/ NPCI
19 ”Severe Combined Immunodeficiency”/ ”Maple Syrup Urine”/ ”Atherosclerosis”/ ”Myotonic Dystrophy” Jak3/ BCKDHA/ APOE/ DMPK
20 ”Severe Combined Immunodeficiency” ADA
21 ”Amylotrophic Lateral Sclerosis”/ ”Autoimmune Polyglandular Syndrome” SOD1/ APS1
22 ”Glucose Galactase Malabsorption”/ ”Neurofibromatosis”/ ”DiGeorge Syndrome”/ ”Chronic Myeloid Leukemia” SGLT1/ NF2/ DGS/ BCR

”Duchenne Muscular Dystrophy”/ ”Paroxysmal Nocturnal Hemoglobinuria”/ ”Menkes Syndrome”/ ”Alport Syndrome”/ DMD/ PIG-A/ ATP7A/ COL4A5/
X ”X-linked Severe Combined Immunodeficiency” (SCID)/ ”Lesch-Nyhan Syndrome”/ ”Immunodeficiency with Hyper-IgM”/ IL2RG/ HPRT1/ TNFSF5/ FMR1/

”Fragile X Syndrome”/ ”Adrenoleukodystrophy”/ ”Rett Syndrome”/ ”Hemophilia A” ALD/ MECP2/ HEMA
Y ”Testes-determining Factor” SRY

if their corresponding genes interact with each other. The
dataset includes two sets; Set 1 contains the genes (nodes)
and their attributes and Set 2 contains the interactions
(edges) among genes. Both sets were used to generate
the network model. The following example illustrates the
network generation strategy:

Assume the following set of gene-gene interaction:

#1: Gene 1(”Chromosome X”) interacts with
Gene 2(”Chromosome X”)

#2: Gene 1(”Chromosome X”) interacts with
Gene 3(”Chromosome X”)

#3: Gene 1(”Chromosome X”) interacts with
Gene 1(”Chromosome Y”)

#4: Gene 2(”Chromosome X”) interacts with
Gene 1(”Chromosome 20”)

#5: Gene 3(”Chromosome X”) interacts with
Gene 1(”Chromosome 5”)

#6: Gene 1(”Chromosome X”) interacts with
Gene 1(”Chromosome 20”)

Then, the gene-gene interactions network of the above
set is depicted in Figure 2.

B. Analysis Approach and Tools
The analysis approach of this work is based on net-

work visualization and network measurements. The former
enables researchers to understand the general structure of
the network in terms of the relations among the genes of
chromosomes X and Y as well as across chromosomes.
In the latter, network measurements are involved [31]. The

Shortest Path Length σ(i, j) measures the minimum number
of edges that can connect two genes (the shortest path
between them). The degree centrality (Dc) measurement,
for a gene, provides information about the frequency of in-
teractions with other genes. The betweenness centrality (Bc)
measurement, provides information on how well-positioned
a gene is in the network. This measurement can be used in
distinguishing the most influential genes in the network. A
particular gene (Gi) can be calculated as follows:

Bc(Gi) =
∑

i, j,k

σi,k(Gi)
σi,k

(1)

where σi,k(Gi) is the number of shortest paths between
gene (Gi) and (Gk) passing through the gene (G j). The
above equation is used for all the available pairs of genes
in the network.

The other measurement is the closeness centrality (Cc)
measurement, which reveals how close a particular gene
from other network genes. For particular genes (G j), it can
be calculated as follows:

Cc(Gi) =
N − 1∑

k σi,k
(2)

where N is the number of genes in the network, σ j,k
is the shortest path between the genes j and k. Moreover,
the Diameter (δ) of a network reflects the long distance
between the farthest genes in the network. The Density (S )
of a network shows the ratio of the number of actual edges
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Figure 1. Human sex chromosomes (top: X & bottom: Y) [29].

Figure 2. An example on how the gene-gene interactions network is
generated Different node colors reflect different chromosomes.

among network genes to the potential (possible) edges in
the network.

The generated network is termed Gene-gEne
Interactions Network (GEIN) and will be evaluated
using the aforementioned measurements as well as other
analysis indicators.

Furthermore, the main tool involved in this work is
Gephi, which is a network visualization and analysis open-
source tool. The other visualization tool is Cytoscape, which
is an open-source bioinformatics network analysis and
can visualize gene interactions. The Python programming
language was also used for formatting the dataset with
the support of Excel workbooks. The Flourish tool was
also used in generating a basic interactive visualization
(https://public.flourish.studio/visualisation/5927511/ ), which
makes it easier to follow by researchers.

3. RESULTS AND DISCUSSIONS
This section presents the obtained results based on the

GEIN network. The strategy followed in presenting the
results is to show the visualizations first, then, perform the
analysis of the GEIN network. Figure 3 demonstrates the
visualization of the GEIN network. It can be observed that
chromosome X has relations to all other chromosomes in the
GEIN network. Also, chromosome Y has one gene (SRY)
in the network and only interacts with NR3C4 gene in
chromosome X, which, in turn, is highly interacted with the
other genes. It is also observed that the two genes IKBKG
and IRAK1 in chromosome X are strongly interacted.

The general characteristics of the GEIN network are
shown in Table II. According to the table, the frequency
of interactions of the sex chromosomes is 572, which
makes the density to be 0.002. This means the frequency
of interactions among the GEIN network genes is low and
follows a power-law distribution (see Figure 4). In other
words, most of the interactions are performed by a few
genes (e.g., NR3C4). The diameter of the GEIN network
shows that there exist long distances among the genes
compared to its size (732 genes). This is also confirmed
when observing the shortest path length.

The strengths of the relations (levels of interactions)
between the sex chromosomes and the other chromosomes
are not clear in Figure 3. Therefore, another visualization
is performed aiming to clarify the levels of interactions
between the aforementioned chromosomes (see Figure 5).
The figure shows that the genes in chromosome X are highly
interacted with the genes in chromosome 17, followed by
the genes of chromosome 1, and, interestingly, ending with
the lowest level of interactions with the other sex chromo-
some (Y) includes one interaction between the NR3C4 gene
in chromosome X and SRY gene in chromosome Y.

Furthermore, another visualization is performed on the
GEIN network that is based on the betweenness centrality
measurement. Figure 6 depicts the visualization of the
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network where the high levels of betweenness centrality
are represented by the bigger node sizes.

Based on Figure 6, it can be seen that the top well-
positioned genes in the GEIN network are NR3C4 and WAS
which belong to chromosome X. It should be mentioned that
this work is focused on the sex chromosomes and the genes
of other chromosomes are not of the concern. Therefore,
the Src gene (chromosome 20), EGFR gene (chromosome
7), and FYN gene (chromosome 7) are not discussed even
with their high levels of betweenness centrality. Figure 6
shows the distributions of the betweenness and closeness
centralities of all the genes. As can be observed in Figure
7 (A), the distribution of the betweenness levels follows
a power-law distribution. This means few genes are well-
positioned and dominate the interactions among the genes
of the same chromosome and across the chromosomes in
the GEIN network. In contrast, Figure 6 (B) demonstrates
that close levels of closeness centrality are shown in all the
genes of the network.

In the same context, the top 10 well-positioned genes
(according to their betweenness levels) in the GEIN network
are presented in Table III. The reason behind considering
the top 10 is that the values of betweenness significantly
decreased after the top 10.

According to Table III, it is clear that NR3C4 gene is
the most interacted with and the most well-positioned in the
GEIN network. The NR3C4 gene interacts with genes from
twenty chromosomes. This means it has relations to almost
all the human chromosomes except two (chromosome 19
and chromosome 21). Biologically, the NR3C4 (also called
AR) is important in male sexual activities and cell regu-
lations [32]. The second well-positioned gene is the WAS
gene which supports the immune system and cell growth
[33]. According to the GEIN network, this gene interacts
with genes from eleven chromosomes (chromosomes 1, 2,
3, 5, 6, 7, 15, 17, 19, 20, and 22). Based on the GEIN
network, the NR3C4 and WAS genes interact with 63 and
15 genes respectively. Most of these interactions are related
to controlling and regulating cell growth. The other gene
SH3KBP1 is interacted with 12 genes in the GEIN network
and the most frequent interactions are concerned to control
cell shape and signaling cells. The FAM155B is also well-
positioned in the GEIN network and most of its interactions
are contributed to the immune system. The other well-
positioned genes have interactions related to a variety of
functions such as DNA maintenance and correction, cell
cycles regulations,

The aforementioned analysis was performed based on
the characteristics of the whole network. Now, we move to
an in-depth analysis based on two levels; chromosome-level
and gene-level.

The sex chromosomes X and Y are contributed to de-
termining a person’s sex. Biologically, females have two X
chromosomes (XX), while males have one X chromosome

and one Y chromosome (XY) [29]. According to this fact
and the facts presented in Table I, the GEIN network is
investigated in terms of the main diseases in chromosome X
that are associated with the main diseases in the other chro-
mosomes. The GEIN network shows five chromosomes with
six diseases in common with chromosome X. This case is
depicted in Figure 8, which is a subnetwork that is extracted
from the GEIN network. More details are provided in Table
IV, which presents the chromosomes that have diseases in
common with chromosome X. It can be observed that even
though chromosome 17 is the most frequently interacted
with chromosome X, it has one main disease in common
(according to the GEIN network), which is breast cancer.
The authors of [37] suggested that “BRCC3 is accountable
for cell radioresistance and has potential clinical relevance
in breast cancer”, this suggestion is approved in the GEIN
network since the BRCC3 gene in chromosome X interacts
with BRCC1 gene in chromosome 17, and both associated
in breast cancer disease. Breast cancer is commonly found
in females. The genes associated with this disease are
BRCA1 in chromosome 17 and BRCC3 in chromosome X.
Also, the same associated disease is found in chromosome
13 through the BRCA2 genes. Table V describes the other
diseases and their corresponding genes. It is observed that
the majority of the diseases in the table are more common
in males than females. Also, most diseases are inherited and
caused by mutations.

Although the NR3C4 gene is the most interactive in
chromosome X, most of its interactions are with genes from
other chromosomes. Therefore, more investigations are per-
formed regarding the interactions across chromosomes. It is
found that some pairs of genes (together) in chromosome X
have participated in the interactions of the genes from other
chromosomes. More precisely, there exist genes in the other
chromosomes that have interactions with more than one
gene in chromosome X at the same time as demonstrated
in Figure 9. This can be interpreted as an indicator of
the importance of particular genes in chromosome X in
the interactions of the genes in the other chromosomes.
The figure shows the pairs of genes in chromosome X and
their interactions as pairs with individual genes in the other
chromosomes. The figure also depicts two interesting genes
in chromosome X (ARAF and AIFM1) that interact with
three genes in chromosome 19, two genes in chromosome
20, and one gene in chromosome 2. The frequency of
interactions of the two genes is six for both ARAF and
AIFM1 genes. The ARAF gene’s biological function is
not deeply studied [43]. The other gene is AIFM1 which
has a significant role in oxidative phosphorylation and
redox control in healthy cells [44]. Table 5 summarizes the
pairs and their contributions to other chromosomes. Finally,
the presented results are of interest to the researchers in
this field. Many facts about the gene interactions can be
extracted using the obtained network. Also, the network
can be used as a reference to quickly retrieve information
about particular gene interactions.
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Figure 3. Visualization of the GEIN network. Different chromosomes reflected by different colors. Node size reflects the degree (frequency of
interactions).

TABLE II. Characteristics of GEIN network.

Number of Nodes Number of Edges Average Degree Diameter (δ) Density (S) Average Shortest Path (σ)

732 572 1.563 8 0.002 3.384
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Figure 4. The distribution of the frequency of interactions among
GEIN network genes.

Figure 5. Frequency of interactions among the chromosomes in the
GEIN network. Edges weights reflect the frequency of interactions,
and the colors distinguish different chromosomes.

TABLE III. Top well-positioned genes of chromosome X along with
their frequency of interactions (Dc) and closeness levels (Cc).

Rank Gene Bc Dc Cc

1st NR3C4 0.0175 63 0.425
2nd WAS 0.0117 15 0.367
3rd SH3KBP1 0.00408 12 0.234
4th FAM155B 0.00228 7 0.224
5th SUV39H1 0.00179 12 0.375
6th SH2D1A 0.00153 5 0.220
7th TAF1 0.00136 7 0.333
8th BTK 0.00084 8 0.243
9th RPS6KA3 0.000776 3 0.244
10th RBBP7 0.000731 7 0.257

Figure 6. Visualization of the GEIN network. Node size reflects the
levels of betweenness centrality.

Figure 7. Distributions of betweenness and closeness centrality
levels.

http:// journals.uob.edu.bh

http://journals.uob.edu.bh


1126 Basim Mahmood, et al.: Scrutinizing the Homo Sapiens Gene-Gene Interactions in Sex Chromosomes ...

Figure 8. Visualization of associated diseases between chromosome X genes and the other chromosomes.

TABLE IV. The most common diseases between chromosome X and the other chromosomes. The table also shows the description of each associated
disease along with the participated genes and the most affected sex.

Chro. Associated Diseases with X Interactions Disease Description Affected Sex

VHL (chro. 3) Inherited: Blood vessel tumors
3 von Hippel-Lindau interacts with of the brain, spinal cord, Males

FLNA (chro. X) retina and Kidney Cancer
[34][35]

BRCA2 (chro. 13)
13 Breast Cancer interacts with Breast Cancer Females

BRCC3 (chro. X)
[36][37]

RB1 (chro. 13)
13 Retinoblastoma interacts with Eye cancer that begins in retina. Males

NR3C4 (chro. X)
[38][39]

UBE3A (chro. 15) Causes delayed development,
15 Angelman Syndrome interacts with speech and balance issues, Same

UBQLN2 (chro. X) intellectual disability, seizures.
[40]

BRCA1 (chro. 17)
17 Breast Cancer interacts with Breast Cancer Females

BRCC3 (chro. X)
[36][37]

Jak3 (chro. 19) A group of rare disorders caused
19 Severe Combined interacts with by mutations in genes involved Males

Immunodeficiency IL2RG (chro. X) in the development of
[41][42] infection-fighting immune cells.
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Figure 9. Visualization of chromosome X pairs of genes that interact together with genes from other chromosomes.

TABLE V. Best connected gene pairs in the GIEN network.

Pair Interacts with Chromosome

(ARAF-AIFM1) MAP2K2, RRAS, and TIMM44 Chromosome 19
(ARAF-AIFM1) PRPF6 and TH1L Chromosome 20
(ARAF-AIFM1) EFEMP1 Chromosome 2
(GRIPAP1-GRIA3) GRIP1 Chromosome 12
(MED12-MED14) PPARGC1A Chromosome 4
(BTK-TAF1) GTF2F1 Chromosome 19
(TAF1-SUV39H1) RB1 Chromosome 13
(SUV39H1-TBL1X) HDAC3 Chromosome 5
(WAS-SH3KBP1) EGFR Chromosome 7
(WAS-SG2D1A) FYN Chromosome 6
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4. CONCLUSIONS
This work investigated the interactions among the genes

of the human sex chromosomes. The interactions among
the genes (gene-gene interactions) were modeled using
concepts inspired by complex networks and the graph
theory. The structural features of the whole network and its
genes were measured using network science measurements.
The network is also used in scrutinizing diseases and their
related genes. We also measured the strength of the relations
between chromosome X and the other chromosomes. The
analysis showed a strong tendency for the genes of chro-
mosome X to interact with the genes in chromosome 17.
Besides, our model highlighted the best-positioned genes in
chromosome X in terms of their interactions with genes of
the same chromosome and across chromosomes. According
to the diseases literature and the generated network model,
we extracted the top interacted pairs along with their
associated diseases. We strongly believe that the presented
analysis can support researchers in having a wider view of
the interactions among genes and their relations to diseases.

As future works, we are working on building a network
model that includes the gene-gene interactions of all the
human chromosomes (approximately 20,000 genes). The
planned network will be useful in comprehending the genes’
interactions as well as in predicting the interactions and
diseases.
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