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Network analysis of microRNAs and genes in human osteosarcoma
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Abstract. To date, numerous studies have suggested that
microRNAs (miRNAs) and genes play key roles in osteo-
sarcoma (OS); however, the majority of these studies have
been conducted with a specific focus on either the genes or
the miRNAs, which has made the regulatory mechanisms of
OS difficult to decipher. The aim of the present study was to
systematically investigate the elements [genes, miRNAs and
transcription factors (TFs)] associated with the morbidity of OS
and to explore the associations among these elements, instead
of focusing on one or several elements. The scattered data
were collected from existing studies of OS, and three regula-
tory networks (abnormally expressed, related and global) were
constructed to explore OS at a macroscopic level. The abnor-
mally expressed network showed the numerous incorrect data
linkages that are present when OS emerges, making it useful
as a map of the faults in OS. In theory, the correction of these
errors could lead to the prevention and even cure of the disease.
Unlike studies in which cancer networks have been formed
based purely on gene data, the present study focused on genes
and miRNAs, as well as the associations among them, to form
the regulatory networks of OS. The constructed regulatory
networks were shown to contain numerous self-adaptation
associations, which may aid in the analysis of the pathogenesis
of OS. By comparing and analyzing the similarities and differ-
ences, a number of important pathways were highlighted. A
notable finding was the predicted TFs obtained by the P-Match
method, which could be used to further study the pathogenesis
of OS. In the present study, the mechanism of OS has been
systematically analyzed and a theoretical foundation for the
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mechanism has been provided, which may assist the develop-
ment of gene therapy targeting OS.

Introduction

Osteosarcoma (OS) is the most common primary bone
malignancy in children and young adults. Mortalities due to
malignant neoplasms of the bone and joint represent 8.9% of
all childhood and adolescent cancer mortalities (1).

Transcription factors (TFs) and microRNAs (miRNAs)
are prominent regulators of gene expression (2). In molecular
biology, TFs are proteins that are able to regulate the tran-
scription of genes by the way of promotion or suppression (3).
TFs perform this regulatory function either by binding to the
upstream regions of genes alone or through coregulation with
other proteins. miRNAs are endogenous, non-coding RNA
molecules, which regulate gene expression at a transcriptional
level (4). miRNAs play a significant role in numerous biolog-
ical functions and have been shown to control key cellular
processes, including proliferation and apoptosis (5). Several
miRNAs have been found to have links with various types
of cancer, and miRNAs often exhibit aberrant expression in
cancer (6.7).

The genes in which miRNAs are located are known as host
genes. The expression of the majority of miRNAs is correlated
with the expression of their host genes (8). Rodriguez et al (9)
demonstrated that miRNAs are transcribed in parallel with
their host transcripts and that the two different transcription
classes of miRNA (exonic and intronic) that have been identi-
fied may require slightly different mechanisms of biogenesis.

The genes that are targeted by miRNAs are referred to as
target genes (targets). A number of databases supply sufficient
information to enable the association between the miRNAs
and their targets to be studied. Several transcription-profiling
studies of miRNA transfection experiments have shown that
miRNAs exert a widespread impact on the regulation of their
targets (10-13).

A number of experiments in the field of OS have been
conducted, leading to the theory that the cancer is caused
by abnormally expressed genes and miRNAs; however, the
majority of these experiments were conduced from a specific
angle (gene or miRNA), which limited the understanding of
the pathogenesis of OS from a broader perspective (14-19).
The aim of the present study was to focus on all the elements
(genes, miRNAs and TFs), instead of focusing on one or
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several of them. Three types of experimentally validated asso-
ciations exist between the elements in OS, including miRNAs
and their host genes, TFs and miRNAs, and miRNAs and the
corresponding targets. In the present study, three regulatory
networks consisting of an abnormally expressed network, a
related network and a global network, were constructed in
order to identify the mechanisms in OS and provide a founda-
tion for further research into the condition.

Materials and methods

Material collection and data processing. The host genes of
the human miRNAs were extracted from the National Center
for Biotechnology Information (NCBI) and miRBase (20).
The experimentally validated dataset of human TFs and
the miRNAs that were regulated by them were extracted
from TransmiR (21). The experimentally validated dataset
of human miRNAs and their targets were extracted
from miRTarBase (22) and Tarbase 5.0 (23). The official
symbol from the NCBI database, which can be accessed at
http://www.ncbi.nlm.nih.gov/gene/, was used to represent all
miRNAs and genes.

The abnormally expressed genes of OS were collected
from the NCBI single nucleotide polymorphism data-
base (http://www.ncbi.nlm.nih.gov/snp/), the Cancer Genetics
Web (http://www.cancerindex.org/geneweb/) and the
relevant literature. The related genes were collected from the
GeneCards database (24) and relevant literature. In addition,
the predicted TFs obtained by the P-Match method were
considered to be related genes. Only the TFs that appeared
in TransmiR were focused on. The P-Match method is a
tool to identify transcription factor binding sites (TFBSs)
in 1,000-nucleotide (nt) promoter-region sequences and to
map TFBSs onto the promoter region of targets. P-Match
combines pattern-matching and weight-matrix approaches in
order to provide a higher accuracy of recognition than each
of the methods alone (25). The 1,000-nt promoter region
sequences of the targets of abnormally expressed miRNAs
were downloaded from the University of California Santa
Cruz database (26). Since P-Match uses the matrix library as
well as sets of aligned known TFBSs collected in Transfac®, it
facilitates a search for a large variety of different TFBSs (25).

The abnormally expressed miRNAs were collected from
mir2Disease (27) and the relevant literature. The OS-related
miRNAs were also collected from the relevant literature.

Construction of the three networks. In this study, three regu-
latory networks of OS (abnormally expressed, related and
global) were constructed. The abnormally expressed elements
(genes and miRNAs) and the associations between them were
extracted to derive the abnormally expressed network. The
abnormally expressed network shows a number of the critical
data linkages in the progression of OS and acts as a core
network.

In order to construct the related network, the related
elements (genes and miRNAs) involved the pathogenesis of
0S8, as well as the associations between them, were extracted.
Four subnets from the related network were selected to further
elucidate the pathogenic mechanism of OS. The abnormally
expressed network was included in the related network.
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All of the regulatory associations in OS, with regard to the
host genes, miRNAs, targets and TFs, were subsequently
extracted to form the global network, which is a regulatory
network that incorporates the abnormally expressed and
related networks.

Results

Abnormally expressed network of OS. Fig. 1 shows numerous
crucial regulatory pathways and significant elements in OS.
This network is composed of 3 TFs, 13 targets, 34 miRNAs
and 34 host genes. All the TFs are part of the targets. All
nodes are abnormally expressed, with the exception of the
host genes. The main focus in Fig. 1 is on the parts of the
network that are closely related. The single nodes that do not
exhibit regulatory associations with other elements, such as
S100A4 and NRGI, have been omitted; however, the ignored
elements and pathways also have an effect on the development
of OS.

The 3 TF-related pathways are the most significant in Fig. 1.
As can be seen from the network, 6 miRNAs target MYC,
which regulates 12 miRNAs; 2 miRNAs target MYCN, which
regulates 8 miRNAs; and 2 miRNAs target TP53, which regu-
lates 8 miRNAs. Certain data linkages exhibit special features.
TP53 and MYC, for example, regulate hsa-miR-29a and
hsa-miR-34a, which target MYCN; therefore, it is suggested
that MYC and TP53 are able to indirectly affect the expres-
sion of MYCN via hsa-miR-29a and hsa-miR-34a. A number
of regulatory circuits can also be found in this network. For
example, hsa-miR-20a targets MYC and, in turn, hsa-miR-20a
is regulated by MYC, suggesting a self-adaptation association
between the two. Notably, hsa-miR-24 targets MYC, CDK4
and CDKN2A but is not regulated by any genes, suggesting
that it may be the first element to act in the abnormally
expressed network. Similarly, MMP2, CDHI1, RBI, RUNX2,
CDK4, KRAS, CD44, ERBB2, CDKN2A and CTNNBI are
targeted by certain miRNAs but do not regulate any miRNAs,
which suggests that they may be the last active elements in the
abnormally expressed network. These elements play a critical
role in cancer. For example, KRAS is a typical proto-oncogene,
which is implicated in various malignancies, including lung
adenocarcinoma, mucinous adenoma, ductal carcinoma of the
pancreas and colorectal carcinoma (28-34).

The host genes and their miRNAs exhibit certain specific
characteristics in the abnormally expressed network. The host
genes are considered as abnormally expressed genes due to
the abnormal expression of their miRNAs. Fig. 1 shows that a
host gene may include one or several miRNAs that are alone
or together regulated by specific genes. MIR17HG contains
6 miRNAs (hsa-miR-18a, hsa-miR-19a, hsa-miR-19b-1,
hsa-miR-20a, hsa-miR-92a-1 and hsa-miR-17), which are
regulated by MYC and MYCN. Among the 6 miRNAs,
hsa-miR-17 and hsa-miR-20a separately form self-adaptation
associations with MYC. Furthermore, a single miRNA may be
located in several genes; hsa-miR-191, for example, is present
in DALRD3 and NDUFAF3.

Fig. 1 shows certain significant characteristics of the
abnormally expressed genes and miRNAs in OS. In theory,
the adjustment of the abnormally expressed data to a normal
level could enable the control of the OS. The abnormally
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Figure 1. Abnormally expressed network of the genes and miRNAs in osteosarcoma. The ‘+” and ‘-’ symbols show how the expression level of the abnormally
expressed miRNA compares with the expression level in the normal tissue. ‘+” represents upregulated, overexpressed, elevated and increased; ‘-’ represents
downregulated, reduced, under-expressed, lost and decreased. miRNA, microRNA.

expressed network partially elucidates the pathogenesis of
OS.

Related network of OS. The abnormally expressed network is
contained within the related network. In addition to the abnor-
mally expressed data, numerous related elements are shown.
The network contains information on an increased number
of regulatory associations among the genes and miRNAs.
Four subnets were selected from the related network in order
to describe the network more clearly. Fig. 2A centers on the
association between hsa-miRNA-125b and other elements. As
an abnormally expressed miRNA, hsa-miRNA-125b is regu-
lated by an abnormally expressed TF (TP53) and a related TF
(NFKBI), while hsa-miRNA-125b targets 8 genes (CDKN2A,
TP53, GLI1, CYP24A1, IGF2, HMGA2, VDR and ERBB2).
Among these genes, CDKN2A, TP53 and ERBB2 are abnor-
mally expressed genes, whereas the others are not. TP53 and
hsa-miRNA-125b form a self-adaptation association. Fig. 2B
is composed of 1 TF, 3 targets and 1 miRNA. It can be seen
that TCF3, which is a related TF, regulates hsa-miRNA-451,
targeting 3 genes (MMP2, MMP9 and ABCB1). Among these
genes, MMP2 is an abnormally expressed gene and the others
are not. Fig. 2C is a subnet around the regulatory associations
between HIF1A and other elements. As can be seen from
Fig. 2C, HIF1A regulates hsa-miR-210 and hsa-miR-424;
hsa-miR-210 targets E2F3 and hsa-miR-424 targets ATF6.
Fig. 2D shows MYC, which regulates 17 miRNAs, which,
in turn, target 36 genes. Three miRNA-MYC pairs form a
self-adaptation association in Fig. 2D: hsa-miR-20a and MYC,
hsa-miR-17 and MYC, and hsa-miR-34a and MYC. In addi-
tion, hsa-miR-106b, hsa-miR-17, hsa-miR-20a and hsa-miR-93

target CDKN1A and E2F1; hsa-miR-106b, hsa-miR-17
and hsa-miR-20a target RB1 and RBL2; and hsa-miR-17,
hsa-miR-20a and hsa-miR-92a-1 target THBSI1. Fig. 2 demon-
strates that the abnormally expressed and related factors
interact with each other to affect the OS network. The related
network expands the additional topological associations of the
abnormally expressed elements and partially elucidates the
mechanism of OS.

Global network of OS. The global network includes the abnor-
mally expressed and related networks. All the elements and
associations of the global network have been experimentally
validated. Due to the complexity and size of the network, it is
difficult to provide a clear description of the findings; therefore,
the network will not be described in detail but will instead be
utilized as a tool throughout the remainder of the study.

Transcriptional network of predicted TFs. Predicted TFs are
TFs that are believed to be involved in the transcriptional
processes of OS. Fig. 3 depicts the regulatory interactions
between these predicted TFs and the abnormally expressed
miRNAs, in addition to the targets, in OS. These factors
influence their successors by regulating or targeting
them in the transcriptional network. As shown in Fig. 3,
NFKBI, E2F1, E2F3 and ZEBI are more significant than
the other TFs. Specifically, NFKBI1, E2F3 and ZEBI
coregulate hsa-miR-34a, which targets E2F1, CDK4, CD44,
MYC, E2F3 and MYCN. E2F3 and hsa-miR-34a form a
self-adaptation association. As can be observed, NFKBI
regulates 10 miRNAs (hsa-miR-125b, hsa-miR-146a-5p,
hsa-miR-155-5p, hsa-miR-21, hsa-miR-214, hsa-miR-29a,
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Figure 2. Related network of the genes and miRNAs in osteosarcoma, including four subnets. Each subnet concerns a specific element and the regulatory
associations between that element and other elements: (A) hsa-miRNA-125b, (B) hsa-miRNA-451, (C) HF1A and (D) MYC. miRNA, microRNA.

hsa-miR-29b, hsa-miR-34a, hsa-miR-9 and hsa-miR-17) and
is targeted by 3 miRNAs (hsa-miR-146a-5p, hsa-miR-21 and
hsa-miR-9). These 3 miRNAs separately form self-adapta-
tion associations with NFKBI. The other TFs are similar to
NFKBI. In Fig. 3, it can be observed that a single TF may
regulate one or several abnormally expressed miRNAs, and

an abnormally expressed miRNA may target one or several
TFs. A TF indirectly affects other TFs via specific abnor-
mally expressed miRNAs, and an abnormally expressed
miRNA indirectly influences other miRNAs via certain TFs.
The predicted TFs may further reveal the transcriptional
mechanism associated with OS.
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Figure 3. Transcriptional network of predicted transcription factors and abnormally expressed miRNAs, as well as target genes, in osteosarcoma. miRNA,

microRNA.

Upstream

Global network

Related network

hsa-miR-26a-1 abnormal expressed

hsa-miR-26a-2 metwork

hsa-miR-91

hsa-let-Ta-1 "

hsa-let-Ta-2 hss—m!R- 145

hsa-let-Ta-3 . hsa-miR-20a
hsa-miR-34b hsa-miR-21

hsa-let-Te -

hsa-miR-24

hsa-let-Tg I iR-34a

hsa-miR-378a T

hsa-miR-34c sa-mits

hsa-miR-373

hsa-miR-98

hsa-miR-451a

hsa-miR-371a

MYC

Downstream

hsa-let-7a-1
hsa-let-7a-2

Global network

hsa-let-7a-3
Related network hsa-let-Tb
hsa-let-Te
abnormal expressed hsa-let-7d
network hsa-let-Te
hsa-miR-20a hsa-let-7f-1
hsa-miR-34a hsa-let-7f-2
hsa-miR-18a hsa-let-Ti hsa-let-Tg
hsa-miR-195 hsa-miR-106b | hsa-miR-92-1
hsa-miR-19%a hsa-miR-93 hsa-miR-92-2
hsa-miR-19b-1 hsa-miR-15a2 | hsa-miR-22
hsa-miR-221 hsa-miR-16-1 | hsa-miR-26a-1
hsa-miR-29a hsa-miR-26a-2
hsa-miR-29b hsa-miR-91
hsa-miR-9 hsa-miR-23b
hsa-miR-92a-1 hsa-miR-141
hsa-miR-17 hsa-miR-2%¢
hsa-miR-23a
hsa-miR-20b
hsa-miR-26b
hsa-miR-92a-2
hsa-miR-19b-2

hsa-miR-106a

Figure 4. Regulatory associations between miRNAs and MYC. ‘Upstream’ shows certain miRNAs that target MYC in the three networks, and ‘Downstream’
refers to miRNAs that are regulated by MYC in the three networks. miRNA, microRNA.

Regulatory associations involving abnormally expressed
genes. The upstream and downstream information of the
predicted TFs and data on the abnormally expressed genes
and miRNAs were collected to describe the network of OS
more clearly. The abnormally expressed genes were initially
concentrated on. ‘Upstream’ refers to miRNAs that target
abnormally expressed genes, and ‘downstream’ refers to
miRNAs that are regulated by abnormally expressed genes
in the three networks. The abnormally expressed genes were
divided into three classes by extracting and classifying all the
regulatory associations involving the abnormally expressed
genes in the three networks. The first class of gene included
genes with only upstream, but no downstream, elements, such
as CD44. CD44 is targeted by a number of miRNAs in the
three networks but does not regulate any miRNAs. The second
class of gene included genes with only downstream, but no

upstream, elements, such as CDKN2A. CDKN2A regulates
hsa-miR-410 in the global network but is not targeted by
any miRNAs. The third class of gene had both upstream and
downstream elements. MYC is considered as an example and
is discussed in the following section.

Fig. 4 shows the upstream and downstream elements of
MYC in the three networks. The figure shows that 6 miRNAs
target MYC and MYC regulates 12 miRNAs in the abnor-
mally expressed network; 7 miRNAs target MYC and MYC
regulates 17 miRNAs in the related network; and 21 miRNAs
target MYC and MYC regulates 42 miRNAs in the global
network. The elements upstream of MYC indirectly affect the
elements downstream of MYC. hsa-miR-20a, hsa-miR-34a
and hsa-miR-17 target MYC and are regulated by MYC in
return, which forms a self-adaptation association in the three
networks. Furthermore, MYC indirectly affects the expression
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Figure 5. Regulatory associations between hsa-miR-34a and genes. ‘Upstream’ shows certain genes that regulate hsa-miR-34a in the three networks, and

‘Downstream’ shows targets of hsa-miR-34a in the three networks.

Upstream

Global network

Related network

hsa-let-Ta-1

hsa-let-Ta-2

hsa-let-Ta-3

hsa-miR-106a abnormal expressed network \|
hsa-miR-149f o miR-106b hsa-miR-126
hsa-miR-20b hsa-miR-93 5 e
hsa-miR-23b SaAL sa-miR-
hsa-miR-330 hsa-m!R-Z 1
hsa-miR-331 hsa-miR-223
hsa-miR-98

hsa-miR-203a hsa-miR-17

hsa-miR-91

E2F1

Downstream

Global network

hsa-let-7a-1
hsa-let-Ta-2
hsa-let-7a-3
hsa-miR-91
hsa-miR-106a
hsa-miR-18b
hsa-miR-19b-2
hsa-miR-20b

Related network

abnormal expressed network

hsa-miR-20a .
- hsa-miR-25
hsa-miR-223 =
p hsa-miR-16-2
hsa-miR-19b-1 R
= hsa-miR-16-3
hsa-miR-18a E
. hsa-miR-363
hsa-miR-19a =
F hsa-miR-92-1
hsa-miR-92a-1 g
. hsa-miR-92-2
hsa-miR-195 =
hsa-miR-17 hsa-miR-92a-2
hsa-miR-15b
hsa-miR-449a

hsa-miR-449b
hda-miR-449¢

Figure 6. Regulatory associations between E2F1 and miRNAs. ‘Upstream’ shows certain miRNAs that target E2F1 in the three networks, and ‘Downstream’
shows miRNAsS that are regulated by E2F1 in the three networks. miRNA, microRNA.

of other genes via a number of miRNAs. For example, MYC
regulates hsa-miR-20a, which targets RB1. Certain genes can
also indirectly influence MYC through specific miRNAs. For
example, TP53 regulates hsa-miR-145, which targets MYC in
turn. Other genes are similar to MYC.

Regulatory associations involving abnormally expressed
miRNAs. Similar to the abnormally expressed genes, the
upstream and downstream information of abnormally expressed
miRNAs was extracted. The upstream data show genes that
regulate abnormally expressed miRNAs, and the downstream
data show targets of the abnormally expressed miRNAs in
the three networks. The abnormally expressed miRNAs were
divided into two classes: i) Downstream elements only (no
upstream elements), for example hsa-miR-376c, which targets
ACVRIC in the global network and is not regulated by any
genes; ii) both upstream and downstream elements. The subse-
quent experiments focused on hsa-miR-34a.

Fig. 5 shows the upstream and downstream elements
of hsa-miR-34a in the three networks. In the abnormally
expressed network, 2 genes regulate hsa-miR-34a, which,
in turn, targets 4 genes. In the related network, 5 genes
regulate hsa-miR-34a, which, in turn, targets 13 genes. In
the global network, 8 genes regulate hsa-miR-34a, which
targets 56 genes. As can be noted from Fig. 5, MYC regulates
hsa-miR-34a and hsa-miR-34a targets MYC in return, which
forms a self-adaptation association in the three networks.
In addition, E2F3 regulates hsa-miR-34a and hsa-miR-34a
targets E2F3 in return, which forms a self-adaptation
association in the related and global networks. In addition
to this, hsa-miR-34a indirectly affects other miRNAs via
certain genes: hsa-miR-34a, for example, targets MYC,
which regulates hsa-miR-17. A number of miRNAs also
indirectly influence hsa-miR-34a by targeting specific
genes. For example, hsa-miR-221 targets TP53, but regulates
hsa-miR-34a.



Regulatory associations involving predicted TFs. The same
method was applied to the predicted TFs. The upstream data
show miRNAs that target the predicted TFs in the three
networks and the downstream data show miRNAs that are
regulated by the predicted TFs in the three networks. The
predicted TFs were divided into three classes. The first
class of predicted TFs included TFs with only upstream, not
downstream, elements, such as STAT1. STATI is targeted
by hsa-miR-145 in the three networks but does not regulate
any miRNAs. By contrast, the second class of predicted TFs
included TFs with no upstream, only downstream, elements,
such as REL. REL regulates hsa-miR-21 in the three networks
but is not targeted by any miRNAs. The third class included
TFs with both upstream and downstream elements; E2F1 is
taken as an example.

Fig. 6 shows the upstream and downstream elements of
E2F1 in the three networks. Six miRNAs are shown to target
E2F1, which regulates 8 miRNAs in the abnormally expressed
network; 8 miRNAs target E2F1, which regulates 13 miRNAs
in the related network; and 20 miRNAs target E2F1, which
regulates 32 miRNAs in the global network. It can also be
noted that hsa-miR-106b and hsa-miR-93 separately form
self-adaptation associations with E2F1 in the related and
global networks. hsa-miR-20a, hsa-miR-17 and hsa-miR-223
separately form self-adaptation associations with E2F1 in the
three networks. E2F1 is not abnormally expressed in OS, but
the 3 miRNAs are abnormally expressed; therefore, these
3 miRNAs may indirectly lead to the aberrant expression of
other miRNAs via E2FI.

Discussion

By analyzing the current data associated with OS, three regu-
latory networks at different levels (the abnormally expressed,
related and global networks) were derived. This study mainly
focused on the abnormally expressed network in comparison
with the related and global networks. A number of significant
regulatory associations involving the three types of elements
(abnormally expressed genes, abnormally expressed miRNAs
and TFs) were found in the abnormally expressed network.
Certain data linkages that exert key biological functions in OS
were highlighted in the abnormally expressed network, such
as MYC-hsa-miR-34a-MYC-hsa-miR-335-RUNX2. These
data linkages of elements mutated in OS are critical to the
development of an enhanced understanding of the molecular
pathogenesis of this disease.

Certain data linkages are involved in processes associated
with other types carcinoma, as well as OS. In breast tumors,
for example, TP53 drives invasion through the upregulation of
hsa-miR-155 (35), which suggests that the interactions of genes
can be expanded from one cancer to another. Furthermore,
the abnormal expression of miRNAs and genes is considered
to determine the development, metastasis and therapy of OS.
The abnormally expressed network constructed in the present
study, which is based on experimentally validated data,
shows numerous incorrect signaling pathways that occur in
the human body when OS emerges; therefore, this network
represents a core misregulation network and could be used
to treat those patients suffering from OS through the regula-
tion of the expression of abnormal factors to normal levels.
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Furthermore, the network could be used in the prevention of
OS. The adjustment of the abnormally expressed elements
and incorrect linkages formed by these elements to a normal
state could, in theory, facilitate the control or even the cure of
the cancer.

In the present study, the related network, which contrib-
utes to the understanding of numerous processes associated
with OS, and the global network, in which all the data have
been experimentally validated, were additionally constructed.
Particularly notable are the TFs predicted from the P-Match
method, as they may reveal the pathogenesis of OS. These
results and the comprehensive data may lead biologists to the
further study of the mechanisms associated with carcinoge-
nicity and the therapy of OS, which may result in improvements
in the prognosis, diagnosis and therapy of OS. The present
study may provide novel insights into cancer biology.
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