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mir-744-5p inhibits cell growth @
and angiogenesis in osteosarcoma
by targeting NFIX

Lin Xie'", Wei Li'" and Yu Li*'

Abstract

Background Osteosarcoma (OS) is a malignant bone tumor that commonly occurs in children and adolescents
under the age of 20. Dysregulation of microRNAs (miRNAs) is an important factor in the occurrence and progression
of OS. MicroRNA miR-744-5p is aberrantly expressed in various tumors. However, its roles and molecular targets in OS
remain unclear.

Methods Differentially expressed miRNAs in OS were analyzed using the Gene Expression Omnibus dataset
GSE65071, and the potential hub miRNA was identified through weighted gene co-expression network analysis.
Quantitative real-time PCR (gRT-PCR) was used to detect the expression of miR-744-5p in OS cell lines. In vitro
experiments, including CCK-8 assays, colony formation assays, flow cytometry apoptosis assays, and tube formation
assays, were performed to explore the effects of miR-744-5p on OS cell biological behaviors. The downstream target
genes of miR-744-5p were predicted through bioinformatics, and the binding sites were validated by a dual-luciferase
reporter assay.

Results The lowly expressed miRNA, miR-744-5p, was identified as a hub miRNA involved in OS progression through
bioinformatic analysis. Nuclear factor | X (NFIX) was confirmed as a direct target for miR-744-5p in OS. In vitro studies
revealed that overexpression of miR-744-5p could restrain the growth of OS cells, whereas miR-744-5p inhibition
showed the opposite effect. It was also observed that treatment with the conditioned medium from miR-744-
S5p-overexpressed OS cells led to poorer proliferation and angiogenesis in human umbilical vein endothelial cells
(HUVEGs). Furthermore, NFIX overexpression restored the suppression effects of miR-744-5p overexpression on OS cell
growth and HUVECs angiogenesis.

Conclusion Our results indicated that miR-744-5p is a potential tumor-suppressive miRNA in OS progression by
targeting NFIX to restrain the growth of OS cells and angiogenesis in HUVECs.
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Introduction

Osteosarcoma (OS) is a malignant tumor of bone that
develops from primitive transformed cells of mesen-
chymal origin and usually occurs in the long diaphyseal
region [1]. OS can occur in people of any age; however,
children and adolescents have a high incidence of it [2].
Although advances achieved in OS treatment including
neoadjuvant chemotherapy, radiotherapy, and surgical
resection have improved survival rates in OS patients,
about 30% of patients without metastatic diseases subse-
quently develop metastasis, which often results in poor
prognosis [3, 4]. Therefore, it is urgent to explore the
underlying molecular mechanism involved in OS pro-
gression, which might provide potential targets for the
diagnosis and treatment of OS.

Currently, microRNAs (miRNAs) have drawn increas-
ing attention in the research on OS progression [5, 6].
MiRNAs are short, single-stranded non-coding RNA
molecules at a length of about 22 nucleotides [7]. They
cannot encode proteins but can negatively regulate their
target genes’ expression by binding to their 3’-untrans-
lated regions. Due to this property, miRNAs are involved
in a variety of biological processes [8—10]. Numerous
studies have revealed that miRNAs play crucial roles
in OS progression. MiR-188-5p has been revealed as a
suppressive miRNA in OS by target-degrading cyclin
T2 [11]. MiR-133b exerts suppressor activities in OS by
directly targeting the fibroblast growth factor receptor 1
[12]. Therefore, miRNAs play essential roles in OS devel-
opment and more investigations on their functional roles
and molecular mechanisms are required.

Nowadays, many studies identify prognostic or thera-
peutic markers by analyzing high-throughput sequenc-
ing data. Besides, a variety of bioinformatic approaches
are applied to understand the mechanisms underlying
these data [13—-15]. Weighted gene coexpression network
analysis (WGCNA) is a commonly used bioinformatics
tool for studying the structure and function of large-scale
biomolecular networks. It can also be used to identify
hub genes in networks and provide interpretation for
molecular interactions [16]. For instance, Tian et al. iden-
tified OS metastasis-associated genes by WGCNA [17].
Therefore, the use of WGCNA can make contributions to
exploring miRNAs that are critical for OS progression.

We screened miR-744-5p as a key miRNA in OS via
WGCNA in the current study. The abnormal expression
of miR-744-5p was recognized to be related to the for-
mation and metastasis of ovarian cancer [18], lung squa-
mous cell carcinoma [19], multiple myeloma [20] and
many other cancers [21-23]. In OS, miR-744-5p showed
tumor suppressive effects by negatively regulating trans-
forming growth factor-beta 1 [24]. However, little is
known about the role and molecular mechanism of miR-
744-5p in OS progression.
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Nuclear factor I X (NFIX), a nuclear factor I fam-
ily member, has been reported to play important roles
in carcinogenesis and tumor progression [25, 26]. NFIX
could transcriptionally induce the Ezrin expression to the
enhanced migration of glioblastoma cells [27]. Another
study reported that NFIX could promote metastasis in
lung cancer [28]. However, the role of NFIX in OS has
not yet been reported. A previous study revealed that
miR-744-5p promotes programmed cell death in ovarian
cancer by targeting NFIX [18]. This suggested a molecu-
lar mechanism that miR-744-5p targets NFIX to suppress
tumor growth in OS, although this has not been verified.

In this work, we identified miR-744-5p, which is down-
regulated in OS, through WGCNA. In vitro studies were
designed to identify the function roles of miR-744-5p
in OS cell growth and human umbilical vein endothe-
lial cells (HUVECs) angiogenesis. Additionally, the
regulation of miR-744-5p on NFIX in OS cells was also
explored. Our study identified the miR-744-5p/NFIX axis
as a novel regulator in OS progression. Therefore, target-
ing the miR-744-5p/NFIX axis may be a potential thera-
peutic approach for suppressing OS progression.

Methods

Microarray data

The miRNA microarray data came from the Gene
Expression Omnibus dataset GSE65071 [29], which
contains plasma samples from 20 OS patients and 15
healthy individuals. The expression profiling of miR-
NAs was obtained from the Exiqgon miRNome platform
GPL19631. The k-nearest neighbor algorithm was used to
fill in the missing data. Then the data was normalized for
subsequent WGCNA.

WGCNA

The OS-associated miRNAs were identified through
the construction of miRNA co-expression networks
using WGCNA [16]. First, a similarity matrix was con-
structed by calculating the absolute value of the Pearson
correlation coefficient. The independence and the rel-
evant degree of miRNA pairs in co-expression modules
were calculated by the gradient method, with power
values ranging from 1 to 20. A soft-thresholding power
P was selected where the correlation index reached 0.9
(R? value>0.90). Next, all adjacencies were transformed
into a topological overlap matrix. Then, the community
dissimilarity index of these miRNAs was analyzed and
a hierarchical clustering tree was identified. Based on
dynamic cut tree criteria, we set a cut height of 0.95 and
a minimal module size of 3. After the classification of
gene modules, the module eigenvectors of each module
were calculated along with clinical traits and shown as a
heatmap. The modules closely associated with the disease
condition are considered to be the key modules. Gene
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significance (GS) represents the correlation of individual
genes with disease traits. Module membership (MM)
shows the relationship between module eigengenes and
expression values of genes. The correlation factor of MM
with GS was evaluated by Pearson correlation analysis to
verify the intra-modular connectivity.

Enrichment analysis

The Gene Ontology (GO) functional and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis were performed on miR-744-5p-targeted
genes clusterProlifer [30]. The threshold was set at a P
value and Q value<0.05.

Cell culture

The 143B and U20S human osteosarcoma cell lines, as
well as the hFOB1.19 osteoblast cell line, were purchased
from Shanghai FuHeng Biology (Shanghai, China). The
HUVECs were purchased from the American Type
Culture Collection (Manassas, USA). The 143B and
U20S cells were cultured in Dulbecco’s Modified Eagle
Medium, the hFOB1.19 cells were cultured in Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 with 1%
penicillin/streptomycin and 10% fetal bovine serum, and
the HUVECs were cultured in Endothelial Cell Growth
Medium. All cells were maintained at 37°C with 5% CO,,.

Cell transfection

The miR-744-5p mimics, miR-744-5p inhibitor, NFIX
overexpression plasmid, and their negative controls
were obtained from GenePharma (Shanghai, China).
Briefly, the miR-744-5p mimics were synthesized accord-
ing to the mature miR-744-5p sequence (miRbase ID:
MIMATO0004945), and the miR-744-5p inhibitor was
the reverse complementary sequence of the mature
miR-744-5p. As to the NFIX overexpression vector, the
full-length NFIX coding sequence was amplified using
polymerase chain reaction (PCR) with the following
sequences: Forward: 5 CGGGGTACCGCCACCATGT
ACTCCCCGTACT-3’ and Reverse: 5-CCGCTCGAG
TCAGAGGAACCAGGACTG-3. Then, the amplifica-
tion products were inserted into pcDNA3.1 vectors to

Table 1 Primer sequences of gRT-PCR

ID Primers for gRT-PCR (5’-3)
miR-744-5p Forward TGCGGGGCTAGGGCTA
Reverse GGCCCAGTGTTCAGACTAC
NFIX Forward CGGCTCTACAAGTCGCCTC
Reverse GCAGTGGTTTGATGTCCGC
GAPDH Forward ACCTGACCTGCCGTCTAGAA
Reverse TCCACCACCTGTTGCTGTA
U6 Forward CTCGCTTCGGCAGCACA
Reverse AACGCTTCACGAATTTGCGT
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construct the NFIX overexpression vector with the help
of the KpnlI and Xhol endonucleases.

For cell transfection, the cells were pre-incubated at
37°C for 12 h and then transfected at 50-70% confluence.
Cells were transfected with miR-744-5p mimics (50 nM),
mimics-NC (50 nM), miR-744-5p inhibitor (100 nM),
inhibitor-NC (100 nM), empty vector (1 pg), and NFIX
overexpression vector (1 pg) using the Lipofectamine
3000 (Thermo Fisher Scientific, USA) under the manu-
facturer’s protocol. 48 h after the transfection, the cells
were harvested for the following experiments.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated and purified using QIAzol lysis
solution (Qiagen, Germany) and miRNeasy kit (Qia-
gen). Then, cDNA was synthesized using the QuantiTect
RT Kit (Qiagen) and miScript II RT Kit (Qiagen). RNA
was detected by using the LightCycler 480 SYBR Green
I Master kit (Roche, Switzerland) with primer sequences
listed in Table 1. RNA was amplified through thermo-
cycling with 10 min of initial denaturation at 95 °C, 40
cycles of amplification for 20 s per cycle, and 1 min of
annealing at 60 °C. Data quantification was normalized
by the 2724€T method with GAPDH or U6 as internal
references.

Cell viability

The Cell Counting Kit-8 (CCK-8) assay was applied to
test cell viability. 143B and U20S cells were split and
transferred into 96-well plates with about 3x10° cells
per well. For HUVECS:, as previously reported [31], were
mixed with OS cells conditioned medium (CM) and
transferred into 96-well plates (2x 10% cells/well) at 37°C,
5% CO,.

Cells were harvested at 0, 24, 48, 72, and 96 h after
incubation. Subsequently, 10 pL of CCK-8 solution
(Dojindo, Japan) was added to each well and cultured at
37°C for 2 h. Cell viability was determined by measuring
the optical density values at 450 nm using a microplate
reader.

Colony formation assay

The treated 143B and U20S cells were digested and
transferred into 6-well plates with 1x10 3 cells per well.
After incubation for 2 weeks, cells were fixed using
methyl alcohol and stained to visualize colonies.

Cell apoptosis

The Annexin V Apoptosis Detection Kit (BD Biosciences,
USA) was applied for cell apoptosis detection. Cell pellets
were resuspended in 500 pL binding buffer and incubated
with 5 uL FITC Annexin V and 5 pL Propidium Iodide
for 1 h. Subsequently, the apoptotic cells were detected
using flow cytometry.
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Tube formation assay

HUVECs were cultured with the OS cells’ CM for 24 h
before conducting the tube formation assay. A 96-well
tray was coated by 50 uL. Matrigel Basement Membrane
Matrix (Corning, USA) per well at 37 C for 30 min. The
pre-treated HUVECs (2x10%/well) were added into the
pre-coated 96-well tray and incubated at 37°C for 4 h.
Finally, tube formation results were observed under a
microscopy.

Dual-luciferase reporter assay

Partial sequences (300 bp) of NFIX 3’ untranslated
regions (3'UTR) containing wild type (WT) or mutant
(MUT) miR-744-5p binding sites were subcloned into
psiCHECK-2 vector by GenePharma, to establish the
NFIX WT vectors (C09005) and NFIX MUT vec-
tors (C09006), respectively. Then, 143B cells in 24-well
plates were co-transfected with 0.1 pg of corresponding
reporter vector and 50 nM miR-744-5p mimics or mimic
NC using Lipofectamine 3000 (Thermo Fisher Scien-
tific). 48 h after transfection, cells were lysed and lucif-
erase activities were measured using a Dual-Luciferase
Reporter Assay System (Promega, USA).

Western blot

Briefly, total proteins from the cells were lysed in radio-
immunoprecipitation assay buffer (Boster Bio, China)
and quantified using a bicinchoninic acid assay kit (Key-
GEN BioTECH, China). Next, 40 pg of protein was iso-
lated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene fluo-
ride membranes (Millipore, USA). After being blocked
with 5% non-fat milk, the membranes were incubated
with primary antibodies at 4°C overnight and corre-
sponding secondary antibodies at 37°C for 2 h. Finally,
the protein bands were detected by chemiluminescence.
The primary antibodies used were as follows: anti-NFIX
(Nbp2-15038, 1:1000, Novus Biologicals); anti-GAPDH
(AB9485, 1:2000, Abcam).

Statistical analysis

All data were expressed as meanzstandard deviation
from at least three reduplicate experiments. Group com-
parisons were achieved by using Student’s ¢-test or one-
way analysis of variance followed by the Tukey test. A
significance level of P<0.05 was considered statistically
significant.

Results

Identification of WGCNA modules associated with OS

As WGCNA is recommended to try on a dataset of more
than 15 samples (https://labs.genetics.ucla.edu/horvath/
CoexpressionNetwork/Rpackages/ WGCNA/faq.html),
we used the dataset GSE65071 (35 samples) to establish
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the miRNA co-expression networks. Cluster analysis
was carried out and the clustering tree was shown in
Fig. 1A, where the hierarchical clustering dendrograms
showed no outliers. The value of paired miRNA correla-
tion was explored for network construction, followed by
the construction of the adjacency matrix and topologi-
cal overlap matrix. According to the result (Fig. 1B), the
soft-thresholding power was set as 10, and 7 modules
were obtained (Fig. 1C). From the analysis diagram of
module eigengenes (Fig. 1D), we observed that the green
module (r=0.54, P=9x10~%), yellow module (r = -0.45,
P=0.007), turquoise module (r = -0.99, P=3x10"39),
blue module (r = -0.6, P=1x10"%), and red module (r =
-0.63, P=6x10"°) were closely associated with OS. The
turquoise module showed the closest connection to OS
and therefore presented clinical significance. MM and GS
were also found to be positively correlated with disease
status (Fig. 1E).

Identification of hub miRNA in turquoise module

A co-expression network of the turquoise module was
constructed. It was found that miR-744-5p was the
highly connected hub miRNA in the turquoise mod-
ule (Fig. 2A). Further KEGG enrichment analysis results
indicated that miR-744-5p was associated with some can-
cer-related pathways, such as the AMPK signaling path-
way and the mTOR signaling pathway (Fig. 3A; Table 2).
GO enrichment analysis also confirmed the involvement
of miR-744-5p in cell junction, branching morphogenesis
of epithelial cast, etc. (Fig. 3B; Tables 3, 4 and 5). These
bioinformatics analysis results indicated that the hub
miRNA miR-744-5p might play a regulatory role in OS
progression.

Mir-744-5p inhibited the cell viability of osteosarcoma cells
and the tube formation of HUVECs
MiR-744-5p expression in OS cells was examined using
qRT-PCR assay, which showed significantly reduced
expression in OS cells compared with osteoblasts
(Fig. 4A). Next, to investigate the involvement of miR-
744-5p in OS carcinogenesis, we transfected 143B cells
and U20S cells with miR-744-5p mimics and inhibitors
(Fig. 4B). After transfection, cell viability was determined
by CCK-8 and colony formation assays. We observed
that miR-744-5p overexpression observably reduced the
cell viability of 143B and U20S cells, while miR-744-5p
inhibition observably promoted the cell viability (Fig. 4C-
D). Additionally, cell apoptosis after transfection was
detected. Overexpression of miR-744-5p promoted the
apoptosis rates in OS cells, while the knockdown of miR-
744-5p inhibited apoptosis in OS cells (Fig. 4E).
Considering that GO enrichment analysis showed the
involvement of miR-744-5p in angiogenesis (Table 3), we
investigated the effects of miR-744-5p on tube formation
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Fig. 2 The weighted co-expression networks for turquoise modules

of HUVECs. As shown in Fig. 5A-B, treatment with CM
from miR-744-5p-overexpressed OS cells inhibited the
viability and tube formation of HUVECs, while treat-
ment with CM from the miR-744-5p-suppressed OS
cells showed promoting effects on the cell viability and
tube formation of HUVECs. These results supported the
bioinformatics analysis results and confirmed that miR-
744-5p inhibited the cell viability of OS cells and the tube
formation of HUVECs.

Mir-744-5p directly targeted NFIX

To explore the underlying mechanism of miR-744-5p,
we used TargetScan, DIANA-Tarbase, and starBase for
target prediction. By taking the intersection of the pre-
diction results, NFIX and LDL receptor-related pro-
tein 3 (LRP3) were identified as potential targets of
miR-744-5p (Fig. 6A). Their expressions in miR-744-5p
overexpressed OS cells were detected. The results
showed that miR-744-5p overexpression significantly
decreased NFIX mRNA expression while having little
effect on LRP3 mRNA expression (Fig. 6B). Thus, NFIX
was selected as the target of miR-744-5p in OS cells.
According to the predicted binding sequences, we con-
ducted the dual-luciferase reporter experiments and
confirmed that miR-744-5p targeted NFIX in 143B cells

hsa-mi’R~Sé7‘j§a iR—S?Z‘ \

Page 6 of 19

hsa»mff{%&ﬂ -3p

hsa—miR—‘I §Qa—5p

hsa-miR-144-3p

hsa—miRﬂéO—Sp

hsa mlR 1
/ Sp

: hsa- R~339 -5p
e |R -346 %

sam‘R19

hsa-miFi—:’l'Sj a-5p

P
~ hsa- mlR 503 -5p

(Fig. 6C). Additionally, the protein expression of NFIX
was markedly downregulated after the transfection with
miR-744-5p mimics and markedly upregulated after the
transfection with miR-744-5p inhibitor, indicating that
miR-744-5p could negatively regulate NFIX at the protein
level (Fig. 6D). It was also found that NFIX was highly
expressed in OS cells (Fig. 6E). Taken together, these data
suggested that miR-744-5p targeted NFIX in OS.

NFIX attenuated the suppressive effects of mir-744-5p on

the cell viability of OS cells and tube formation of HUVECs

Given the binding relationship between miR-744-5p
and NFIX, whether miR-744-5p regulates the malignant
phenotype of OS cells by targeting NFIX was further
explored. To this end, we constructed the NFIX overex-
pression vector, which could promote the protein expres-
sion of NFIX in both 143B and U20S cells (Fig. 7A).
Then, the cells were co-transfected with miR-744-5p
mimics and NFIX overexpression vector. As expected,
the protein expression was suppressed in miR-744-5p-
overexpressed cells, and co-transfection with NFIX
overexpression vector restored the NFIX expression in
OS cells (Fig. 7B). Subsequently, cell viability and apop-
tosis were detected. It was shown that the regulatory
effects of miR-744-5p on cell viability and apoptosis
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Table 2 KEGG analysis of miR-744-5p

ID Description GeneRatio BgRatio  P.Value P.adjust qvalue Count
hsa05205  Proteoglycans in cancer 43/579 205/8105 757x107""  230x107% 154x107% 43
hsa01522  Endocrine resistance 25/579 98/8105  128x107%  1.95x107° 131x107® 25
hsa04530  Tight junction 34/579 169/8105 236x107%  239x10°°% 161x10°°% 34
hsa04510  Focal adhesion 37/579 201/8105 665x1078  505x107® 339x107° 37
hsa05220  Chronic myeloid leukemia 20/579 76/8105  2.13x1077  129%x107> 870x107% 20
hsa04012  ErbB signaling pathway 21/579 85/8105  340x1077 172x107° 1.16x107° 21
hsa04144  Endocytosis 41/579 252/8105 441x1077  192x107° 129x107° 41
hsa05225 Hepatocellular carcinoma 31/579 168/8105 7.46x1077  275x107° 185x107° 31
hsa05214  Glioma 19/579 75/8105  8.14x1077  275x107> 185x107° 19
hsa05213  Endometrial cancer 16/579 58/8105  178x107°  540x107° 362x107° 16
hsa05223  Non-small cell lung cancer 18/579 72/8105  195x10°%  540x107° 362x107° 18
hsa04152  AMPK signaling pathway 24/579 120/8105 3.12x107%  791x107° 531x107° 24
hsa04360 Axon guidance 31/579 182/8105 437x107%  1.02x10™* 686x107° 31
hsa04340 Hedgehog signaling pathway 15/579 56/8105  559%x10°° 121x10™* 815x10™> 15
hsa05210  Colorectal cancer 19/579 86/8105  736x107° 149x10™* 100x10™* 19
hsa01521  EGFR tyrosine kinase inhibitor resistance 18/579 79/8105  809x107%  154x107% 103x107% 18
hsa04150 mTOR signaling pathway 27/579 155/8105 1.19x107>  2.12x107* 142x107% 27
hsa05211  Renal cell carcinoma 16/579 69/8105 2.03x107° 343x10™* 230x107* 16
hsa04910  Insulin signaling pathway 24/579 137/8105 328x107°  516x10°% 347x10°% 24
hsa04934  Cushing syndrome 26/579 155/8105 340x107°  516x10°* 347x10_, 26
hsa05218  Melanoma 16/579 72/8105  357x107°  517x107% 347x107% 16
hsa05224  Breast cancer 25/579 147/8105 378x107°>  523x10°* 351x10°* 25
hsa04390 Hippo signaling pathway 26/579 157/8105 426x107>  552x107* 371x107% 26

hsa05215  Prostate cancer 19/579 97/8105  448x107°  552x107% 371x107* 19
hsa04211  Longevity regulating pathway 18/579 89/8105  454x107° 552x107% 371x10-4 18
hsa05231  Choline metabolism in cancer 19/579 98/8105 520x107°  608x10™* 4.08x107* 19
hsa05221  Acute myeloid leukemia 15/579 67/8105 569x107°  641x10% 431x10™* 15

1

hsa05212  Pancreatic cancer 6/579 76/8105  7.19x107°  781x107* 524x107% 16

hsa04140  Autophagy-animal 23/579 137/8105 943x107°  988x107% 664x107% 23
hsa05219  Bladder cancer 11/579 41/8105  9.85x107°>  998x107* 670x107* 11
hsa04520  Adherens junction 15/579 71/8105  1.15x107%  1.13x1073 760x107% 15
hsa05163 Human cytomegalovirus infection 32/579 225/8105 127x10°%  121x107% 810x107* 32
hsa04540  Gap junction 17/579 88/8105  134x107™* 123x107% 828x107™* 17
hsa04810 Regulation of actin cytoskeleton 31/579 218/8105 162x107%  145x1072 972x107% 31
hsa04370  VEGF signaling pathway 13/579 59/8105  209x10°* 182x107% 122x107° 13
hsa04310  Wnt signaling pathway 25/579 166/8105 2.83x107%  239x1073 160x1073 25
hsa04926  Relaxin signaling pathway 21/579 129/8105 292x107%  240x107% 161x107% 21
hsa04068  FoxO signaling pathway 21/579 131/8105 3.63x107%  290x1073 1.95x1073 21
hsa04928  Parathyroid hormone synthesis, secretion and action 18/579 106/8105 462x107%  360x1073 242x107> 18
hsa04550  Signaling pathways regulating pluripotency of stem cells 22/579 143/8105 478x107%  363x1073 244x1073 22
hsa04722  Neurotrophin signaling pathway 19/579 119/8105 7.17x107%  527x107% 354x107% 19
hsa05160 Hepatitis C 23/579 157/8105 7.28x107%  527x1073 354x1073 23
hsa05226  Gastric cancer 22/579 149/8105 847x107%  599x1073 402x1073 22
hsa05161  Hepatitis B 23/579 162/8105 1.13x107°  780x1073 524x107 23
hsa04917  Prolactin signaling pathway 13/579 70/8105  1.19x1072  803x107% 539x107° 13
hsa04151  PI3K-Akt signaling pathway 41/579 354/8105 132x1073  872x107° 586x107% 41
hsa04024 cAMP signaling pathway 28/579 216/8105 146x107>  947x107% 636x107> 28
hsa04933  AGE-RAGE signaling pathway in diabetic complications 16/579 100/8105 1.80x1073  1.10x107%2 741x1073 16
hsa05166  Human T-cell leukemia virus 1 infection 28/579 219/8105 180x1073  1.10x1072 741x107° 28
hsa04072  Phospholipase D signaling pathway 21/579 148/8105 1.84x107°  1.10x107% 741x107® 21
hsa04071  Sphingolipid signaling pathway 18/579 119/8105 1.85x1073  1.10x1072 741x1073 18
hsa04015 Rap1 signaling pathway 27/579 210/8105 199%1073  1.15x107% 7.72x107% 27
1.1

hsa04916  Melanogenesis 16/579 101/8105 2.00% 1073 15x107%2 7.72x1073 16
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Table 2 (continued)

ID Description GeneRatio BgRatio P.Value P.adjust qvalue Count
hsa04912  GnRH signaling pathway 15/579 93/8105 228x107°>  129x1072 864x107> 15
hsa04062  Chemokine signaling pathway 25/579 192/8105 242x1073  134x1072 899x10°> 25
hsa05203  Viral carcinogenesis 26/579 204/8105 271x1073  147x107% 987x107% 26
hsa04137  Mitophagy - animal 12/579 68/8105  285x10-3 149x1072 100x107% 12
hsa04664  Fc epsilon Rl signaling pathway 12/579 68/8105 2851073  149x1072 100x1072 12
hsa04921  Oxytocin signaling pathway 21/579 154/8105 301x107°  155x1072 1.04x107% 21
hsa04210  Apoptosis 19/579 136/8105 355x1073  180x107% 121x1072 19
hsa04925  Aldosterone synthesis and secretion 15/579 98/8105 384x107 191x1072 128x1072 15
hsa05235 PD-L1 expression and PD-1 checkpoint pathway in cancer ~ 14/579 89/8105  399x107>  191x1072 129x1072 14
hsa04931  Insulin resistance 16/579 108/8105 4.01x1073  191x1072 129%x1072 16
hsa04213  Longevity regulating pathway — multiple species 11/579 62/8105  403x1073  191x107% 129x107% 11
hsa04014  Ras signaling pathway 28/579 232/8105 4.18x1072  192x1072 129x107% 28
hsa04915  Estrogen signaling pathway 19/579 138/8105 4.18x1073  1.92x1072 129x1072 19
hsa04066  HIF-1 signaling pathway 16/579 109/8105 440x1073  200x107% 134x1072 16
hsa00310  Lysine degradation 11/579 63/8105  458x1073  202x1072 135x107% 11
hsa05217  Basal cell carcinoma 11/579 63/8105  458x107>  202x1072 135x1072 11
hsa04662 B cell receptor signaling pathway 13/579 82/8105 508x107°  221x1072 148x1072 13
hsa04929  GnRH secretion 11/579 64/8105  5.18x10-3 222x1072 149x107% 11
hsa04010  MAPK signaling pathway 33/579 294/8105 6.14x10-3 259x1072 174x1072 33
hsa04660 T cell receptor signaling pathway 15/579 104/8105 675x1073  2.78x107% 187x107% 15
hsa04670  Leukocyte transendothelial migration 16/579 114/8105 683x1073  278x1072 187x1072 16
hsa05130  Pathogenic Escherichia coli infection 24/579 197/8105 685x107° 2781072 187x1072 24
hsa04218  Cellular senescence 20/579 156/8105 7.49x1073  300x1072 201x1072 20
hsa04330  Notch signaling pathway 10/579 59/8105  832x1073  328x107% 221x107% 10
hsa04070  Phosphatidylinositol signaling system 14/579 97/8105  865x107>  333x1072 224x1072 14
hsa04666 Fc gamma R-mediated phagocytosis 14/579 97/8105  865x107  333x1072 224x10-2 14
hsa04922  Glucagon signaling pathway 15/579 107/8105 876x107°  333x107% 224x107% 15
hsa04920  Adipocytokine signaling pathway 11/579 69/8105  920x1073  341x1072 229x107% 11
hsa05031  Amphetamine addiction 11/579 69/8105 920x107%  341x107%2 229x107%2 11
hsa05230  Central carbon metabolism in cancer 11/579 70/8105  1.02x107%  371x1072 249x1072 11
hsa04935  Growth hormone synthesis, secretion and action 16/579 119/8105 1.02x1072  371x1072 249x1072 16
hsa04961  Endocrine and other factor-regulated calcium reabsorption  9/579 53/8105  1.19%x1072  424x1072 2.85x107? 9
hsa05165 Human papillomavirus infection 35/579 331/8105 120x1072  424x1072 285x1072 35
hsa01524  Platinum drug resistance 11/579 73/8105 139x107%2  480x1072 322x107%2 11
hsa04115  p53 signaling pathway 11/579 73/8105  139x107%  480x1072 322x1072 11

were neutralized when restoring the expression of NFIX
(Fig. 7C-E). Similarly, in HUVEC:, transfection with miR-
744-5p mimics suppressed the cell viability and tube
formation of HUVECs, and this suppressive effect was
weakened by the co-transfection of miR-744-5p mimics
and NFIX overexpression vector (Fig. 7F-G). Above all,
these results indicated that the regulatory role of miR-
744-5p in OS cells and HUVECs was through mediating
NFIX.

Discussion

Osteosarcoma is a malignant bone tumor that exhibits
highly aggressive and rapid metastasis [32]. In the com-
plicated pathogenesis of OS, miRNAs function as essen-
tial regulators, participating in various cellular processes
such as cell proliferation, apoptosis, and angiogenesis [6,

33]. Therefore, we focused our attention on miRNAs in
the current study.

To identify the key miRNA in OS progression, we used
the miRNA dataset GSE65071 to conduct differential
miRNA analysis and WGCNA. Ultimately, miR-744-5p
was identified as the key miRNA in OS. As a multifunc-
tional miRNA, miR-744-5p has been investigated in vari-
ous cancer progressions. For example, it has been found
that miR-744-5p is up-regulated in pancreatic neuroen-
docrine tumors (pNET) and enhances the proliferation
and migration of pNET cells by inhibiting the expres-
sion of thrombospondin 2 [34]. Conversely, miR-744-5p
is down-regulated in lung adenocarcinoma (LUAD). In
vitro experiments have shown that miR-744-5p sup-
presses malignant behaviors of LUAD cells by targeting
cell division cycle-associated protein 4 and MAF bZIP
transcription factor G [35, 36]. Similarly, in glioma,
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Table 3 GO BP analysis of miR-744-5p

ID Description GeneRatio  BgRatio P.Value P.adjust  qvalue Count
GO:0007409  Axonogenesis 711214 468/18670 1.76x107"" 994x107% 7.74x107% 71
GO:0034330  Cell junction organization 51/1214 290/18670 653x10° " 176x1077 137x107" 51
GO:0060562  Epithelial tube morphogenesis 54/1214 322/18,670 1.15x107° 1.76x1077 137x1077 54
GO:0042326  Negative regulation of phosphorylation 69/1214 468/18670 1.25x107'% 1.76x1077 137x1077 69
GO:0048732  Gland development 62/1214 434/18670 388x1077 387x107° 302x107° 62
G0:0034329  Cell junction assembly 42/1214 241/18,670 4.17x107° 387x10°° 3.02x107° 42
GO:0030099  Myeloid cell differentiation 60/1214 416/18670 481x107° 387x107° 3.02x10°° 60
GO:0032970  Regulation of actin filament-based process 57/1214 388/18670 596x107° 3.89%x107® 3.03x107° 57
GO:0001933  Negative regulation of protein phosphorylation 61/1214 429/18670 621x1077 389x107% 3.03x107% 61
G0O:0032956  Regulation of actin cytoskeleton organization 52/1214 343/18670 946x107° 533x107° 4.16x107° 52
GO:0051348  Negative regulation of transferase activity 45/1214 285/18670 2.72x107% 132x107> 1.03x107°> 45
GO:0018210  Peptidyl-threonine modification 28/1214 134/18670 3.04x10°% 132x107° 103x107° 28
GO:0018107  Peptidyl-threonine phosphorylation 27/1214 126/18670 305x107%  132x107° 103x107° 27
GO:0001763  Morphogenesis of a branching structure 35/1214 196/18670 429%x1078 173x107° 135x107° 35
GO:0031589  Cell-substrate adhesion 51/1214 354/18670 7.13x1078  268x107° 209x107° 51
GO:0048568  Embryonic organ development 58/1214 428/18,670 822x107%  290x107° 2.26x107° 58
GO:0034332  Adherens junction organization 28/1214 142/18670 1.12x1077  371x107> 2.89x107°> 28
GO:0016570  Histone modification 60/1214 454/18670 121x1077  378x107° 295x107° 60
GO:0030111  Regulation of Wnt signaling pathway 51/1214 363/18670 1.60x1077  446x107° 347x107° 51
GO:0007160  Cell-matrix adhesion 37/1214 225/18670 1.62x1077  446x107° 347x107° 37
GO:0006469  Negative regulation of protein kinase activity 38/1214 235/18670 1.73x1077  446x107° 347x107° 38
GO:0007265  Ras protein signal transduction 59/1214 448/18670 1.74x1077  446x107°> 347x107° 59
GO:0060070  Canonical Wnt signaling pathway 48/1214 335/18,670 2.03x1077  483x107> 377x107° 48
GO:0034333  Adherens junction assembly 21/1214 90/18,670  2.25x1077  483x107° 377x107° 21
GO:0061138  Morphogenesis of a branching epithelium 32/1214 182/18670 233x1077  483x107°> 377x107° 32
G0O:0033673  Negative regulation of kinase activity 40/1214 257/18670 236x1077 483x107° 3.77x107° 40
GO:0016569  Covalent chromatin modification 61/1214 474/18670 244x1077  483x107° 377x107° 61
GO:0006914  Autophagy 63/1214 496/18670 249x1077  483x107°> 377x107° 63
GO:0061919  Process utilizing autophagic mechanism 63/1214 496/18,670 249x1077  483x107° 377x107° 63
GO:0051056  Regulation of small GTPase mediated signal 48/1214 338/18,670 267x1077  501x107° 3.90x107°> 48
transduction
GO:0007178  Transmembrane receptor protein serine/threonine 49/1214 349/18670 285x1077  518x107° 4.03x107° 49
kinase signaling pathway
GO:0009896  Positive regulation of catabolic process 56/1214 423/18670 3.00x107" 529x107° 4.12x107> 56
GO:0090092  Regulation of transmembrane receptor protein serine/  38/1214 241/18670 335x1077  572x107° 446x107> 38
threonine kinase signaling pathway
GO:0048754  Branching morphogenesis of an epithelial tube 28/1214 150/18,670 369x1077  612x107° 476x107° 28
GO:0021915  Neural tube development 29/1214 160/18670 439x1077 697x107> 543x107°> 29
GO:0010810  Regulation of cell-substrate adhesion 35/1214 215/18,670 445x1077  697x107> 543x107> 35
GO:0030879  Mammary gland development 27/1214 143/18,670 468x1077  7.13x107° 556x107° 27
G0:0022604  Regulation of cell morphogenesis 61/1214 484/18670 504x1077  748x107° 583x107° 61
GO:0001952  Regulation of cell-matrix adhesion 24/1214 119/18670 576x1077 833x107° 649x107° 24
GO:0007050  Cell cycle arrest 37/1214 237/18670 6.13x1077  863x107° 673x107°> 37
GO:0046578  Regulation of Ras protein signal transduction 37/1214 238/18,670 681x1077 9.18x107™> 7.15x107> 37
GO:1,901,888  Regulation of cell junction assembly 20/1214 88/18670 684x1077 9.18x107° 7.15x10™° 20
GO:0045666  Positive regulation of neuron differentiation 50/1214 371/18,670 755x1077  9.85%x107° 7.68x107° 50
GO:0043087  Regulation of GTPase activity 60/1214 479/18,670 769x1077 985x107° 7.68x107° 60
GO:0007044  Cell-substrate junction assembly 211214 97/18670  855x1077 107x107% 834x107° 21
GO:0030100  Regulation of endocytosis 41/1214 281/18,670 963x1077  1.18x107% 9.19x107° 41
GO:0016358  Dendrite development 36/1214 233/18670 1.11x107° 1.34x107™* 1.04x107% 36
GO:0050769  Positive regulation of neurogenesis 59/1214 474/18,670 1.17x107%  137x107% 107x107* 59
GO:0002064  Epithelial cell development 33/1214 207/18,670 152x107% 1.75x10™* 136x107* 33
GO:0031331  Positive regulation of cellular catabolic process 48/1214 361/18670 1.84x107°° 208x107% 162x107* 48
GO:0051147  Regulation of muscle cell differentiation 30/1214 181/18670 198x10°% 217x107* 169x10™* 30
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Table 3 (continued)

ID Description GeneRatio  BgRatio P.Value P.adjust qvalue Count
GO:0043547  Positive regulation of GTPase activity 52/1214 405/18,670 201x107° 217x107* 169x10™* 52
GO:0003007  Heart morphogenesis 38/1214 259/18,670 208x10°° 221x107% 1.72x107* 38
GO:0003151  Outflow tract morphogenesis 18/1214 79/18670  235x107°  245x107* 191x107* 18
GO:0061180  Mammary gland epithelium development 171214 72/18670  265x10°°  269x107% 210x107* 17
G0:0003279  Cardiac septum development 22/1214 112/18670 267x107%  269x107% 2.10x107% 22
GO0:1,903,725  Regulation of phospholipid metabolic process 19/1214 88/18670 294x107° 290x107* 226x107™* 19
GO:0035148  Tube formation 26/1214 148/18670 3.13x107% 3.04x107% 237x107% 26
G0:0007045  Cell-substrate adherens junction assembly 18/1214 81/18670  345x107° 324x107™* 252x107" 18
GO:0048041  Focal adhesion assembly 18/1214 81/18670 345x107° 324x107* 252x107* 18
GO:0010506  Regulation of autophagy 44/1214 327/18670 3.59x107° 331x107* 258x107% 44
GO:0001649  Osteoblast differentiation 34/1214 225/18670 364x107° 331x107* 258x107™* 34
GO:0032535  Regulation of cellular component size 48/1214 370/18670 369x107° 331x107* 258x107* 48
GO:0060828  Regulation of canonical Wnt signaling pathway 40/1214 286/18,670 381x107° 335x107™* 261x107™* 40
GO:0030177  Positive regulation of Wnt signaling pathway 29/1214 179/18,670 465x107%  404x107* 3.14x107* 29
G0:1,990,778  Protein localization to cell periphery 42/1214 311/18670 541x10°°% 462x107% 360x10°% 42
GO:0060840  Artery development 20/1214 100/18,670 565x107%  475x107* 370x107* 20
GO:0072659  Protein localization to plasma membrane 37/1214 260/18670 580x107° 481x10™* 3.75x107* 37
GO:0010975  Regulation of neuron projection development 59/1214 499/18,670 6.04x107% 493x107% 384x10°* 59
GO:0031532  Actin cytoskeleton reorganization 20/1214 101/18670 662x107% 533x107* 4.15x107* 20
GO:0032386  Regulation of intracellular transport 52/1214 423/18,670 7.15%107%  567x107* 442x107* 52
GO:0045444  Fat cell differentiation 33/1214 223/18670 7.94x10°° 622x107* 484x10°* 33
GO:0033143  Regulation of intracellular steroid hormone receptor 171214 78/18670  845x10°° 652x107% 508x107* 17
signaling pathway
GO:0032388  Positive regulation of intracellular transport 32/1214 215/18,670 960x107° 731x10™* 570x107™* 32
GO:0016049  Cell growth 57/1214 484/18670 974x107° 732x107* 571x10™* 57
GO:0090100  Positive regulation of transmembrane receptor protein ~ 20/1214 104/18670 1.05x107°  7.78x107% 6.06x107% 20
serine/threonine kinase signaling pathway
GO:0043393  Regulation of protein binding 32/1214 217/18670 1.17x107°  853x107™* 665x107™* 32
GO:0001841  Neural tube formation 20/1214 105/18670 1.22x107°  880x10°* 686x107* 20
G0O:0019216  Regulation of lipid metabolic process 50/1214 410/18670 133x107° 927x107* 7.22x10™* 50
GO:0048736  Appendage development 28/1214 179/18670 133x107°  927x107% 7.22x107% 28
GO:0060173  Limb development 28/1214 179/18670 133x107°  927x107% 722x107% 28
G0:1,903,829  Positive regulation of cellular protein localization 42/1214 324/18670 150x107> 1.02x107> 7.94x107* 42
GO:0090287  Regulation of cellular response to growth factor stimulus  39/1214 292/18670 1.50x107°  1.02x107% 7.94x107% 39
GO:0003205  Cardiac chamber development 27/1214 171/18670 1.59x107°  1.06x107° 822x107* 27
GO:0060444  Branching involved in mammary gland duct 9/1214 25/18670  159x107° 1.06x1072 822x10°* 9
morphogenesis
GO:0048146  Positive regulation of fibroblast proliferation 13/1214 51/18670  1.62x107° 1.06x107° 827x107% 13
GO:0001843  Neural tube closure 18/1214 90/18670  164x107° 106x107° 827x107* 18
G0:0030326  Embryonic limb morphogenesis 22/1214 125/18670 1.70x107° 1.08x1073 839x107% 22
GO:0035113  Embryonic appendage morphogenesis 22/1214 125/18,670 170x107° 108x107> 839x10°* 22
GO:0030168  Platelet activation 25/1214 153/18670 1.78x107°> 1.10x107° 858x10™* 25
GO:0042176  Regulation of protein catabolic process 47/1214 381/18670 1.78x107° 1.10x107° 858x107% 47
GO:0060606  Tube closure 18/1214 91/18670  192x107° 1.16x107° 904x107* 18
GO:0001667  Ameboidal-type cell migration 54/1214 461/18670 1.93x107°> 1.16x1073 9.04x107% 54
GO:0048706  Embryonic skeletal system development 22/1214 126/18,670 194x107°  1.16x107> 9.04x107* 22
GO:1,903,391  Regulation of adherens junction organization 15/1214 67/18670 2.02x107° 120x1073 931x10°% 15
GO:0031346  Positive regulation of cell projection organization 471214 383/18,670 204x107° 120x107% 931x107™* 47
GO:0007411  Axon guidance 37/1214 276/18,670 227x107° 131x107% 102x107° 37
GO:0051893  Regulation of focal adhesion assembly 14/1214 60/18670  230x107° 131x1073 1.02x107% 14
GO:0090109  Regulation of cell-substrate junction assembly 14/1214 60/18670  230x107° 131x1073 102x107% 14
GO:0042692  Muscle cell differentiation 47/1214 385/18,670 233x107° 131x107% 102x107° 47
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Table 4 GO CC analysis of miR-744-5p

ID Description GeneRatio  BgRatio P.Value P.adjust qvalue Count
GO:0005925  Focal adhesion 62/1253 405/19,717  971x107""  433x107%  361x10°% 62
GO:0005924 Cell-substrate adherens junction 62/1253 408/19,717 132%x1071%  433%x107®%  361x107% 62
G0:0030055  Cell-substrate junction 62/1253 412/19717  199x107'9  433x107%  362x10°% 62
GO:0005667  Transcription factor complex 53/1253 365/19,717  145x107%  236x107° 197x107°® 53
GO:0033267  Axon part 53/1253 382/19717  677x107®  885x107°  739x107° 53
GO:0005911  Cell-cell junction 59/1253 459/19,717  189x1077  207x107°>  1.73x107° 59
G0:0098978 Glutamatergic synapse 47/1253 349/19,717  884x107/ 826x107°  690x10™°> 47
GO:0031252  Cell leading edge 51/1253 403/19,717  202x107%  165x107%  138x107* 51
GO:0044798  Nuclear transcription factor complex 31/1253 201/19,717  400x107%  291x107%  243x10™* 31
GO:0005769  Early endosome 45/1253 350/19,717  525x107%  343x107™* 287x107* 45
GO:0042641  Actomyosin 17/1253 79/19717  751x10°%  446x10™*  373x107% 17
GO:0030426  Growth cone 27/1253 171719717 106x107°  577x107%  482x107% 27
GO:0000118  Histone deacetylase complex 14/1253 58/19,717 118%x107°  592x107*  495x107% 14
GO:0017053  Transcriptional repressor complex 17/1253 84/19,717 177x107°  789x107*  659%x107% 17
GO:0030427  Site of polarized growth 27/1253 176/19,717 181107 789x107™*  659x107% 27
G0:1,990907  Beta-catenin-TCF complex 6/1253 11/19,717 228x107°  931x107*  778x107% 6
G0:0031256  Leading edge membrane 26/1253 170/19,717  271x107°  103x107°  861x107% 26
GO:.0150034  Distal axon 37/1253 285/19,717  284x107°  103x107% 861x107% 37
GO:0030863  Cortical cytoskeleton 20/1253 116/19,717  399x10™>  137x1073  1.15x107° 20
G0:0005938 Cell cortex 38/1253 308/19,717  6.84x107° 224%x107°  187x107° 38
GO:0044304  Main axon 14/1253 68/19717  788x107°  244x107>  204x107° 14
GO:0043025  Neuronal cell body 54/1253 497/19,717  820x107°  244x1073  204x107° 54
GO:0090575 RNA polymerase Il transcription factor complex — 24/1253 163/19,717  1.01x107* 286x107%  239x107° 24
GO:0044448  Cell cortex part 26/1253 184/19,717  106x10°™*  289x1073  241x107° 26
GO:0010008 Endosome membrane 52/1253 479/19,717  1.13x10°%  295x1073  246x107° 52
GO:0030864  Cortical actin cytoskeleton 16/1253 90/19,717 159%107%  399x107%  333x1073 16
GO:0014069  Postsynaptic density 38/1253 324/19717  198x10°%  446x107% 373x1073 38
GO:0016581 NURD complex 6/1253 15/19,717 198x107%  446x107°  373x107° 6
GO:0090545  CHD-type complex 6/1253 15/19,717 198x10°%  446x107°  373x107° 6
G0:0098984  Neuron to neuron synapse 40/1253 350/19,717  235x107%  512x107%  428x1073 40
GO:0032279 Asymmetric synapse 38/1253 328/19,717  253x107* 534x107%  446x107° 38
G0:0032587  Ruffle membrane 16/1253 94/19,717 267x107%  545x1073  456x107° 16
GO:0000790  Nuclear chromatin 42/1253 377/19717  288x107%  571x1073  477x107° 42
GO:0000792  Heterochromatin 14/1253 78/19717  361x107%  695x107° 581x107° 14
GO:0098562 Cytoplasmic side of membrane 24/1253 178/19,717  391x107* 731x107°  611x1073 24
G0:0099572 Postsynaptic specialization 39/1253 348/19,717  415x107% 753%107%  629%x107° 39
GO:0030139  Endocytic vesicle 35/1253 303/19,717  460x107%  814x107% 680x107> 35
G0:0044291 Cell-cell contact zone 13/1253 7119717 475x107%  818x107° 683x107° 13
GO:1,902911  Protein kinase complex 17/1253 109/19,717  505x107*  847x107>  708x107° 17
GO:0098793  Presynapse 50/1253 491/19717  675x107*  1.10x1072  922x107% 50
GO:0097060  Synaptic membrane 45/1253 432/19,717  768x107*  123x1072  102x1072 45
GO:0070603 SWI/SNF superfamily-type complex 13/1253 76/19,717 930x107* 139x1072  1.16x107%2 13
GO:0001725  Stress fiber 12/1253 67/19,717 951x10™"  139%x1072 1.16x1072 12
GO:0097517 Contractile actin filament bundle 12/1253 67/19,717 9.51x107% 139%1072  1.16x107%2 12
GO:0005774  Vacuolar membrane 43/1253 412/19717  956x107*  139x1072  1.16x107% 43
GO:0005765  Lysosomal membrane 38/1253 354/19,717  1.10x1073  157x1072  131x1072 38
GO:0005913  Cell-cell adherens junction 17/1253 117/19717  1.15x107%  158x1072  132x1072 17
GO:0098852  Lytic vacuole membrane 38/1253 355/19,717  1.16x107>  158x107%2  132x1072 38
GO:0030673  Axolemma 5/1253 14/19,717 127x1073 1.69x1072  141x1072 5
GO:0031253  Cell projection membrane 37/1253 345/19,717  129%x1073  169x107%  141x1072 37
GO:0001726  Ruffle 22/1253 17219717 136x107%  174x1072  146x1072 22
1
1

1
GO:0005770  Late endosome 29/1253 256/19,717  1.83x1073  226x107% 188x1072 29
G0:0009898 Cytoplasmic side of plasma membrane 20/1253 154/19,717  183x1073 226%107%2  188x1072 20
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ID Description GeneRatio  BgRatio P.Value P.adjust qvalue Count
GO:0030666 Endocytic vesicle membrane 21/1253 167/19,717 2.13x1073 2.58x%1072 2.16x1072 21
GO:0098839  Postsynaptic density membrane 12/1253 74/19,717 231x107%  275x1072  230x1072 12
GO:0000932  P-body 13/1253 84/19717  238x107>  278x1072  233x107%2 13
GO:0097197 Tetraspanin-enriched microdomain 4/1253 10/19,717 2.50%1073 287x1077 240x1072 4
G0:0032432  Actin filament bundle 12/1253 75/19,717 260x107  293x1072  245x1072 12
GO:0030135  Coated vesicle 31/1253 289/19,717  305x1073  338x107% 282x1072 31
GO:0097440  Apical dendrite 5/1253 17/19,717 334x107°  364x1072  3.04x107? 5
G0:1,902,554  Serine/threonine protein kinase complex 13/1253 88/19,717 362x107%  388x1072  324x1072 13
GO:0030136  Clathrin-coated vesicle 22/1253 188/19,717  416x107%  438x1072 366x1072 22
G0:0016327  Apicolateral plasma membrane 5/1253 18/19,717  439x1073  455x107%2  3.80x1072 5
Table 5 GO MF analysis of miR-744-5p

ID Description GeneRatio  BgRatio P.Value P.adjust  qvalue Count
GO:0003714 Transcription corepressor activity 47/1227 238/17,697 511x107"" 497x1078 447x10°8 47
GO:0004674  Protein serine/threonine kinase activity 61/1227 439/17,697 145%x1077  7.06%x107° 635%107° 61
GO:0031267 Small GTPase binding 59/1227 443/17,697 978x1077 3.13x107% 281x107* 59
GO:0050839  Cell adhesion molecule binding 64/1227 499/17,697 129%x107% 313x107% 281x107* 64
GO:0017016 Ras GTPase binding 57/1227 429/17,697 161x107% 313x107% 281x107% 57
G0:0001228 DNA-binding transcription activator activity, RNA poly- 57/1227 439/17,697 333x107° 539x107% 485x107% 57

merase ll-specific
GO:0071889  14-3-3 protein binding 10/1227 29/17,697 147x107° 203x1073 1.83x1072 10
GO:0003713  Transcription coactivator activity 43/1227 319/17,697 211x107°  256x107> 230x107> 43
GO:0019887  Protein kinase regulator activity 28/1227 180/17,697 465x107° 498x107> 447x107° 28
GO:0045296 Cadherin binding 43/1227 331/17,697 512x107° 498x107> 447x107> 43
GO:0019207  Kinase regulator activity 30/1227 207/17,697 972x107° 858x1073 7.72x1073 30
GO:0001227 DNA-binding transcription repressor activity, RNA poly- 32/1227 242/17,697 325x107% 263x1072 237x1072 32
merase ll-specific

GO:0017137 Rab GTPase binding 25/1227 175/17,697 446x10°% 334x1072 3.00x1072 25
G0:0005522  Profilin binding 5/1227 11/17,697  516x107% 358x1072 322x1072 5
GO:0001221  Transcription cofactor binding 10/1227 43/17,697 576x10°% 373x1072 335x1072 10
GO:0017124 SH3 domain binding 20/1227 130/17,697 622x10°* 373%x1072 335x107%? 20
GO:0005096 GTPase activator activity 34/1227 273/17,697 652x10°% 373x1072 335x1072 34
GO:0005178  Integrin binding 20/1227 132/17697 759%x107% 410%x1072 368x1072 20
GO:0019902 Phosphatase binding 25/1227 185/17,697 1.02x1073  468x1072 421x1072 25
GO:0001085 RNA polymerase Il transcription factor binding 22/1227 155/17,697 1.04x107> 468x1072 421x1072 22
GO:0030295  Protein kinase activator activity 14/1227 80/17,697 1.11x1073 468x1072 421x107° 14
GO:0046332 SMAD binding 14/1227 80/17,697 1.11x107>  468x1072 421x1072 14
GO:0004860  Protein kinase inhibitor activity 12/1227 63/17,697 1.15x1073 468x1072 421x1072 12
GO:0005088  Ras guanyl-nucleotide exchange factor activity 20/1227 137/17697 122x1073  468x1072 421x1072 20
GO:0030291  Protein serine/threonine kinase inhibitor activity 8/1227 3217697  122x1073  468x1072 421x1072 8
GO:0051015  Actin filament binding 26/1227 198/17,697 125%x1073 468x1072 421x107? 26

miR-744-5p is expressed at low levels and acts as a tumor
suppressor by inhibiting the polarization of macrophages
M2 [37]. Additionally, recent studies have reported that
miR-744-5p can reduce the resistance of gastric can-
cer cells to PD-L1 by inhibiting immune escape [38],
and decrease the resistance of non-small cell lung can-
cer cells to cisplatin by promoting ferroptosis [39].
Here, we observed a down-regulated expression of miR-
744-5p in OS cells. In addition, overexpression of miR-
744-5p inhibited the cell proliferation of OS cells, which
is consistent with the previous study [24]. Therefore,

miR-744-5p is a prime candidate for tumor suppressive
factors in OS.

GO analysis showed that miR-744-5p was enriched
in angiogenesis, which is the process of developing new
blood vessels and is essential for the progression of many
types of tumors [40]. One of the characteristics of OS is
the dense blood vessels [41]. Prior research has shown
that miRNA miR-429 and miR-206 directly mitigate the
angiogenesis of HUVECs to exert the anti-tumor effect
in OS [42]. Another study reported that miR-877-3p
attenuates the angiogenesis of HUVECs to exhibit a
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Fig. 4 miR-744-5p inhibited the viability of osteosarcoma cells. (A) Expression levels of miR-744-5p in OS cells and normal endothelial cells. (B) The trans-
fection efficiency was verified by gRT-PCR. (C) CCK-8 assay was applied to determine the viability of OS cells. (D) In vitro cell clonogenicity was examined
by colony formation assay. (E) Cell apoptosis rate was evaluated by flow cytometry. *P < 0.05; ** P<0.01
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Fig. 5 miR-744-5p contained the viability and tube formation of HUVECs
assay was performed in HUVECs. *P < 0.05; ** P<0.01

tumor-suppressive role in OS [43]. Although miR-744-5p
has been reported to inhibit cell proliferation, migra-
tion, and invasion in various cancers, there have been
no studies on its role in regulating the angiogenesis of
HUVEC:s. In the current study, we confirmed the regula-
tion of miR-744-5p on the cell viability and tube forma-
tion of HUVECs: by treating the HUVECs with CM from
the OS cells. We found that treatment with CM from
miR-744-5p-overexpressed OS cells inhibited the viabil-
ity and tube formation of HUVECs, whereas treatment
with CM from miR-744-5p-suppressed OS cells showed
opposite effects. To the best of our knowledge, this is the
first study to provide evidence of the regulation of miR-
744-5p on the angiogenesis of HUVECs.

During tumor-induced angiogenesis, the tumor-
derived extracellular vesicles (EVs) play important roles
[44, 45]. EVs are heterogeneous particles that are secreted
by cells into the extracellular environment. Based on the
size, biogenesis, and function, the EVs can be classified
into exosomes, macrovesicles, and apoptotic bodies [46].
Recently, researchers isolated EVs from cells’ CM and
found that EVs actively engage in intercellular commu-
nication through the transfer of intracellular cargos such
as proteins and nucleic acids [47-49]. Specifically, miR-
NAs released by EVs can be uptake by other cells, thus
influencing the various physiopathological conditions
[44]. For example, EVs-derived miR-141-3p, miR-21-5p,
and miR-210-3p are reported to facilitate endothelial
cell angiogenesis [50-52]. Zhang et al. reported that
miR-199a-5p is down-regulated in osteosarcoma plasma
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2.5- inhibitor NC B8 miR-inhibitor

M mimics NC_m® miR-mimics
2.5- inhibitor NCamiR—inhibitor

*k

Relative level

Junction

Node

Node  Junction Length

. (A) Cell viability of HUVECs was detected by CCK-8 assay. (B) Tube formation

samples compared with normal plasma samples. Through
exosomes, miR-199a-5p can be transported from OS cells
to HUVECs, thereby inhibiting HUVEC proliferation,
migration, and neovascularization [53]. These results
suggest that the mechanism that miR-744-5p regulates
the angiogenesis of HUVECs may be through the EVs-
dependent manner. OS cells secreted miR-744-5p into
the cell culture medium via EVs. Then, EVs contain-
ing miR-744-5p could enter HUVECs to regulate the
proliferation and angiogenesis of HUVECs. Delivery of
EVs-derived miR-744-5p, such as mesenchymal stem
cell-derived EVs-miR-744-5p [37], may be a preventive
strategy against angiogenesis in OS. However, caution
should be exercised when targeting a tumor suppressor
miRNA as a therapeutic target unless the miRNA can be
delivered to a specific site [54]. Thus, further investiga-
tion on the EVs-miR-744-5p is needed to elucidate its
complicated roles in OS initiation and progression.
Besides, in most cases, the regulatory mechanism of
miRNAs is to bind to the 3’untranslated region of the
target genes to inhibit their expression [55]. Previous
studies have shown that miR-744-5p targets ADP ribo-
sylation factor 1, SRY-box transcription factor 12, rep-
lication factor C subunit 2, and others to suppress the
progression of several types of cancer [56—58]. In the
current study, we used TargetScan, DIANA-Tarbase,
and starBase algorithms to predict miR-744-5p targets
and identified NFIX as the target gene of miR-744-5p in
OS. Studies have identified the essential role of NFIX in
hematopoiesis [59], muscle development [60], and brain
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development [61]. However, little is known about its role
in tumor development. Previous research on lung cancer
has found that NFIX inhibition reduces cell prolifera-
tion, migration, and invasion in vitro [28]. Another study
reported that NFIX is mediated by miR-3196 to exac-
erbate the progression of pancreatic cancer [62]. In this
study, we revealed that NFIX is overexpressed in OS cells.
Moreover, NFIX overexpression neutralized the suppres-
sive effects of miR-744-5p on the viability of OS cells and
angiogenesis in HUVECs. These results are consistent
with the previous observation that miR-744-5p negatively
regulates NFIX to inhibit cell viability in ovarian cancer
[18]. Our study revealed the association of miR-744-5p
with NFIX in the OS progression and provided evi-
dence for the importance of the miR-744-5p/NFIX axis

in inhibiting OS cell growth and HUVECs angiogenesis.
On considering the use of RNA interference technology
in human diseases in recent years [63—65], targeting the
miR-744-5p/NFIX axis may have potential application in
the OS treatment.

This study had some limitations. We focused on the
downstream regulatory mechanism of miR-744-5p in
the current study. The mechanisms that suppress the
miR-744-5p expression in OS have not been investigated.
For example, long non-coding RNA MNX1-AS1 and
LINCO01116 bind to miR-744-5p and inhibit its expres-
sion in ovarian cancer and pituitary adenoma [57, 66].
Promoter methylation and transcriptional inhibition
by transcription factors are also reported to be directly
associated with suppressed miRNA expression [67, 68].
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Fig. 7 NFIX neutralized the effects of miR-744-5p on osteosarcoma cells. (A) Protein expression of NFIX in OS cells transfected with NFIX overexpression
vector. (B) Protein expression of NFIX in different groups of OS cells. (C) OS cell viability was assessed by CCK-8 assay. (D) Cell proliferation was visualized
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Additional investigations are warranted to unveil the
mechanisms that regulate the expression of miR-744-5p
in OS. Besides, we confirmed the roles of the miR-
744-5p/NFIX axis on OS cells viability and HUVECs
angiogenesis based on the in vitro assays. However, these
results require further validation by clinical OS samples
and in vivo studies such as subcutaneous injection or

orthotopic models. Furthermore, the precise mechanism
of miR-744-5p/NFIX in regulating the OS cells viability
and HUVECs angiogenesis is still unclear, which needs
further confirmation in the follow-up studies.
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Conclusion

Taken together, we revealed the miR-744-5p/NFIX axis in
osteosarcoma. MiR-744-5p overexpression could restrain
osteosarcoma cell viability and HUVECs angiogenesis by
targeting inhibition of NFIX. Our results highlight the
significance of miR-744-5p as a potential target for osteo-
sarcoma treatment.
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