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Abstract

Background: Long non-coding RNAs (IncRNAs), functioning as competing endogenous RNAs (ceRNAs), have been
reported to play important roles in the pathogenesis of autoimmune diseases. However, little is known about the
regulatory roles of INcRNAs underlying the mechanism of myasthenia gravis (MG). The aim of the present study was to
explore the roles of INcCRNAs as ceRNAs associated with the progression of MG.

Methods: MG risk genes and miRNAs were obtained from public databases. Protein—protein interaction (PPI)
network analysis and module analysis were performed. A IncRNA-mediated module-associated ceRNA (LMMAC)
network, which integrated risk genes in modules, risk miRNAs and predicted IncRNAs, was constructed to systemati-
cally explore the regulatory roles of INncRNAs in MG. Through performing random walk with restart on the network,
HCG18/miR-145-5p/CD28 ceRNA axis was found to play important roles in MG, potentially. The expression of HCG18
in MG patients was detected using RT-PCR. The effects of HCG18 knockdown on cell proliferation and apoptosis were
determined by CCK-8 assay and flow cytometry. The interactions among HCG18, miR-145-5p and CD28 were explored
by luciferase assay, RT-PCR and western blot assay.

Results: Based on PPI network, we identified 9 modules. Functional enrichment analyses revealed these modules
were enriched in immune-related signaling pathways. We then constructed LMMAC network, containing 25 genes, 50
miRNAs, and 64 IncRNAs. Through bioinformatics algorithm, we found IncRNA HCG18 as a ceRNA, might play impor-
tant roles in MG. Further experiments indicated that HCG18 was overexpressed in MG patients and was a target of
miR-145-5p. Functional assays illustrated that HCG18 suppressed Jurkat cell apoptosis and promoted cell proliferation.
Mechanistically, knockdown of HCG18 inhibited the CD28 mRNA and protein expression levels in Jurkat cells, while
miR-145-5p inhibitor blocked the reduction of CD28 expression induced by HCG18 suppression.

Conclusion: We have reported a novel HCG18/miR-145-5p/CD28 ceRNA axis in MG. Our findings will contribute to a
deeper understanding of the molecular mechanism of and provide a novel potential therapeutic target for MG.
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Introduction

Myasthenia gravis (MG) is a chronic acquired autoim-
mune disease characterized by fluctuating muscular
weakness and abnormal fatigability, which is mainly
caused by antibodies against acetylcholine receptor
(AChR) [1]. Antibodies against muscle-specific kinase
(MuSK) and low-density lipoprotein receptor-related
protein 4 (LRP4) are also detectable in a small group
of MG patients [2]. Current drug treatment strategies
for MG mainly include cholinesterase inhibitors and
immune-suppressants [3]. However, various side effects
are major obstacles to the effective use of these drugs.
The rise of nanomedicine has developed a novel era for
the treatment of various diseases [4, 5], which provides
a potential treatment strategy for MG patients. Fully
understanding the mechanism of MG is the basis for
effective implementation of nanomedicine. The patho-
genesis of MG is complex and involves many factors,
such as environment, immunology and genes. Some
important genes have been identified to participate in
the occurrence and development of MG. For example,
Cytotoxic T-lymphocyteantigen-4 (CTLA-4) is a homo-
logue to CD28, the polymorphism of which is related
to the increasing susceptibility in MG patients [6]. As
known, disease risk genes exert their functions through
forming a biological network, other than single gene.
Module structure, a densely connected subnetwork, is a
common property of multiple different types of networks
[7]. The genes in the same module are more likely to play
similar roles or share some common properties. In other
words, we can infer the functions of the unknown genes
according to the other genes’ function in the same mod-
ule. Hence, it is crucially important to identify functional
modules in order to better understand the pathogenesis
of MG.

In recent years, the roles of non-coding RNA (ncRNA)
in the development of MG have been gradually recog-
nized. Long ncRNAs (IncRNAs) and miRNA, two com-
mon types of ncRNA, can regulate the expression of
protein-coding genes via multiple different mechanisms
[8, 9], which exert important functions in many dis-
eases including MG. For example, aberrantly expressed
IFNG-AS1 in MG patients effects CD4™ T cell activation
by modulating the expression human leukocyte antigen
(HLA)-DRB1 expression [10]. Downregulation of miR-
181a in the peripheral blood mononuclear cells (PBMCs)
of MG patients can affect the production of anti-AChR
antibodies and CD4" T cell differentiation by regulat-
ing interleukin (IL)-2 expression, which demonstrates

that miR-181a contributes to the pathogenesis of MG
[11]. miR-653 is decreased in MG mice and inhibits thy-
mocyte proliferation and induces thymocyte apoptosis
through suppressing tripartite motif 9 (TRIM9) [12].
Though some IncRNAs and miRNAs have been detected
to be correlated to MG, few researchers have focused on
the interactions among IncRNAs, miRNAs and genes
underlying the mechanism of MG.

Competing endogenous RNA (ceRNA), a new regu-
latory mechanism between coding RNA and ncRNA,
is defined as RNA molecules compete for a common
miRNA with other RNAs through miRNA response ele-
ments (MREs) [13]. Accumulating evidence demon-
strates that IncRNAs as ceRNAs can compete for MREs
with diseases risk genes and further participate in the
occurrence and development of diseases. For example,
IncRNA LINCO01133 played a crucial role in the pro-
gression and metastasis of gastric cancer by acting as a
ceRNA of miR-106a-3p to regulate adenomatous poly-
posis coli (APC) expression [14]. In addition, IncRNAs
as ceRNAs also play important roles in the pathogenesis
of autoimmune diseases. IncRNA LOC100912373 regu-
lates the expression of PDK1 by sponging miR-17-5p to
promote proliferation of fibroblast-like synoviocytes in
rheumatoid arthritis [15]. However, the potential role of
ceRNAs in MG remains unclear. Considering the impor-
tance of functional modules, there is a need to combine
the modules with ceRNA to explore IncRNAs regulatory
mechanism in MG and to identify new biomarkers for
the diagnosis and treatment for MG.

To address this point, we designed an integrative anal-
ysis pipeline (Fig. 1). We first identified 9 modules by
constructing a PPI network using MG risk genes. Func-
tional enrichment analysis was performed to uncover the
potential roles of each module. We then constructed a
IncRNA-mediated module-associated ceRNA network.
Through reliable algorithm and publications, biological
experiments were designed to further confirm the pres-
ence of an HCG18-mediated ceRNA regulatory mecha-
nism through the miR-145-5p/CD28 axis in MG. Our
study revealed potential roles of HCG18 and provided
new insights into the exploration of ceRNA regulatory
mechanism in MG.

Materials and methods

Acquisition of human MG risk genes and miRNAs

To ensure a high quality, the data of MG risk genes was
obtained following previously described criteria [16, 17].
First, we obtained all publications from PubMed database
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using the keyword “myasthenia gravis” to collect experi-
mentally supported MG-related genes. We then manu-
ally curated MG-related genes following the criteria we
set: (1) the gene was notably differentially expressed in
at least five human MG samples and was detected using
reliable low-throughput experiment methods, such as
RT-PCR and northern blot; or (2) the gene was contained
in several current public databases we mentioned pre-
viously [16, 17]. In addition, we updated the list of MG
risk miRNAs referred to our previous studies published
online [18].

Analysis of PPl and module

Based on the Search Tool for the Retrieval of Inter-
acting Genes (STRING) database [19], PPI network
of MG risk genes was established with a confidence

score > 0.4 and visualized by means of Cytoscape soft-
ware. Furthermore, Plug-in Molecular Complex Detec-
tion (MCODE) [20] was utilized to identify functionally
related and highly interconnected modules from the
PPI network with a degree cutoff=2, node score cut-
off=0.2, k-core =2 and maximum depth =100.

Functional enrichment analysis

To screen the potential functions of modules in the
PPI network, gene ontology (GO) functions and KEGG
pathway enrichment analysis were performed by clus-
terProfiler package [21], which is an R package of Bio-
conductor and can perform statistical analysis and
visualization of functional clustering of gene sets or
gene clusters. P-value <0.05 was considered to be sig-
nificantly enriched function annotations.
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Identification of miRNA-gene and miRNA-IncRNA
interactions

First, the interactions of miRNA-gene were acquired
from miRTarBase (release 8.0) [22], which is a data-
base that curates experimentally validated miRNA-gene
interactions. miRNA-gene pairs were selected when
they were supported by western blot and/or reporter
assay showing high-confidence functional. Further, the
gene and miRNA in each miRNA-gene pair were filtered
by aforementioned human MG risk genes of modules
and MG risk miRNAs. Ultimately, we only retained the
intersections among human MG risk genes in modules,
human MG risk miRNAs and experimentally supported
miRNA-gene interactions as the candidate miRNA-gene
pairs. Then, the interactions of MG risk miRNA and
IncRNA were extracted from starBase (v3.0) [23], which
is a database decoding the interactions of miRNAs,
IncRNAs, mRNAs from large-scale CLIP-Seq data, such
as HITS-CLIP, iCLIP, PAR-CLIP, and CLASH.

Identification of potential gene-IncRNA competing pairs
Hypergeometric test and the Pearson correlation coeffi-
cient (PCC) were performed to identify the potential com-
peting gene-IncRNA pairs. First, hypergeometric test was
applied for assessing the significance of the shared miRNAs
between each gene and IncRNA. The formula is as follows:

= (1) ()

P = F(x|M,K,N) = ZS (M)
- N

For each gene-IncRNA pair, M was the total number of
MG risk miRNAs, K was the number of miRNAs inter-
acting with one gene, N was the number of miRNAs
interacting with one IncRNA, and x was the number
of common shared miRNAs between the gene and the
IncRNA. The gene-IncRNA pairs with P-value <0.01 were
considered as statistical significance.

We further evaluated the co-expression association
of gene-IncRNA pairs obtained above by performing
the PCC. We downloaded the expression data of the
genes and IncRNAs from the Genotype-Tissue Expres-
sion (GTEx, v8 release) project (https://gtexportal.org/
home/datasets) [24]. We adjusted the P-value of co-
expression analysis using the false discovery rate (FDR).
The gene-IncRNA pairs with PCC>0.7 and FDR<0.01
were finally considered significant gene-IncRNA pairs.

Construction of the IncRNA-mediated module-associated
ceRNA network

Based on the theory that IncRNA shares common
miRNA-binding sites with gene and functions as
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miRNA’s sponge to regulate gene, LMMAC network
was constructed. For a given gene-miRNA-IncRNA
interaction, both gene and IncRNA that shared com-
mon miRNAs were co-expression for merging into a
competing triplet. After integrating all of the gene-
miRNA-IncRNA competing triplets, we constructed the
LMMAC network and visualized using Cytoscape soft-
ware. In the network, nodes denoted genes, miRNAs,
and IncRNAs, and edges denoted their interactions.

Random walk with restart to prioritize IncRNAs for MG

We used random walk with restart (RWR) [25, 26] to pri-
oritize potential IncRNAs in the LMMAC network for
MG by simulating a random walker and randomly mov-
ing from a set of source nodes to its network neighbors. It
is defined as follows:

P =1 - r)WP! + rP°

where P? is the initial probability vector, which is con-
structed so that a value of 1 was assigned to nodes repre-
senting genes known to be associated with disease while
0 was assigned to other nodes; W is the column-normal-
ized adjacency matrix of the LMMAC network; r is the
restart probability at each step of the random walk at
source nodes; and P is a vector in which the ith element
has the probability of being at node i at the time point t.
Furthermore, we analyzed the statistical significance
of scores of each candidate IncRNA. Through comparing
the scores of IncRNAs in the network following n itera-
tions of that known MG risk genes shuffling, the statis-
tical significance for rejection of the null hypothesis
was determined. In order to strictly maintain the net-
work topological properties, random sampling without
replacement was performed when doing random distur-
bance, and the degree distribution was guaranteed the
same between selection seed node and the real. In itera-
tions, the times of each IncRNA score that was higher
than the actual value was recorded as m. The statistical
significance P value for each IncRNA was calculated by
the ratio of m and n; in this study, n was set at 1000 times.

Clinical samples

A total of 31 MG patients were recruited for the sam-
pling of peripheral blood from the Second Affiliated Hos-
pital of Harbin Medical University. All the patients met
the diagnostic criteria for MG [27]. None of the patients
had undergone hormone treatment for the previous
6 months. Meanwhile, 31 sex- and age-matched healthy
subjects with no autoimmune disease were enrolled as
the control. Peripheral blood samples obtained from
participants were put in tubes containing ethylenediami-
netetraacetic acid. Peripheral blood mononuclear cells
(PBMCs) were isolated using lymphocyte separation
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medium. Written informed consent was obtained from
all individuals and the study was approved by the Ethics
Committee of The Second Affiliated Hospital of Harbin
Medical University.

Real-time PCR analysis

TRIzol reagent (BioTeke, Beijing, China) was applied
to isolate total RNA from PBMCs or Jurkat cells. Total
RNA was reverse transcribed into cDNA using a Rever-
tAid First Strand cDNA Synthesis kit (Sangon, Shang-
hai, China) according to the manufacturer’s instructions.
Quantitative real-time PCR analysis was performed using
Power SYBR Green PCR Master Mix (Solarbio, Beijing,
China). The 2722 method was used for the calculation
of relative expression level normalized by GAPDH and
ueé.

Cell culture

The human embryonic kidney 293T (HEK293T) cells
were purchased from Shanghai Zhong Qiao Xin Zhou
Biotechnology Co., Ltd (Shanghai, China) and were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM;
Servicebio, China). T cell leukemia line (Jurkat cells)
were purchased Procell Life Science & Technology Co.,
Ltd (Wuhan, China) and were cultured in Roswell Park
Memorial Institute 1640 medium (Gibco, USA). All
the culture media were supplemented with fetal bovine
serum (FBS; Tianhang, Zhejiang, China), penicillin, and
streptomycin and incubated at 37 °C in a humidified
atmosphere of 5% CO,.

Cell transfection

IncRNA short hairpin RNA (shRNA) of human HCG18,
miR-145-5p mimics, miR-145-5p inhibitor, and nega-
tive control (NC) were transfected into cells using
Lipofectamine 3000 (Invitrogen, USA) following the
manufacturer’s protocol. The pool of HCG18 shRNA
(shHCG18) contained three shRNAs and three anti-
sense oligonucleotides, which was used to knock down
HCG18 expression. The shRNA sequences were as fol-
lows: shHCG18-1 target sequence, 5-AGCTGAAAG
TCGACGAAGA-3; shHCGI18-2 target sequence,
5'-CAGCAACTCCTGATGAACA-3; shHCG18-3 tar-
get sequence, 5-GGTGTAGACAAGACAGCAA-3;
antisense oligonucleotides target sequence-1, 5-TCT
TCGTCGACTTTCAGCT-3’; antisense oligonucleo-
tides targetsequence-2, 5-TGTTCATCAGGAGTTGCT
G-3’; and antisense oligonucleotides target sequence-3,
5" TTGCTGTCTTGTCTACACC-3'. Total RNA was
extracted from transfected cells and subjected to RT-PCR
analysis to evaluate transfection efficiency.
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Western blot analysis

Following total protein extraction from Jurkat cells
using radioimmunoprecipitation assay solution, pro-
tein concentration was determined by bicinchoninic
acid protein assay kit (Wanleibio, China). Protein sep-
aration was performed using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), and
the separated proteins then were transferred onto pol-
yvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). PBS containing 5% non-fat milk
was used for membrane blocking at room tempera-
ture for 1 h. Subsequently, the membrane was incu-
bated with the following primary antibodies overnight
at 4 °C: CD28 and P-actin antibodies (Wanleibio),
followed by incubation with HRP Goat Anti-Rabbit
secondary antibody (IgG, Wanleibio) at room tem-
perature for another 45 min. Signal development was
performed using enhanced chemiluminescence (ECL)
(Wanleibio) and data was quantified using Gel-Pro-
Analyzer software. B-actin was used as the internal
control. The experiments were independently repeated
in triplicate.

Luciferase reporter assay

The HCG18 fragment containing miR-145-4p binding
sites were synthesized to generate wild type (HCG18-
WT) or mutant type (HCG18-MUT). The fragments
of HCG18-WT or HCG18-MUT were cloned into the
Renilla luciferase gene pmirGLO Luciferase Reporter
Vectors (Promega, USA) to generate pmirGLO-HCG18-
WT and pmirGLO-HCG18-MUT vectors, respectively.
Then, the above vectors were co-transfected together
with miR-145-5p mimics or negative control into
HEK293T cells using Lipofectamine 3000 (Invitrogen).
Luciferase activity was evaluated by a dual-luciferase
reporter assay system (Promega, Madison, WI, USA)
after 48 h of transfection according to the manufacturer’s
protocol.

Cell proliferation assay

The proliferation of Jurkat cells was determined following
the protocol of Cell Counting Kit-8 assay (CCK-8) assay
(Wanleibio, China). Each well of a 96-well plate was filled
with 0.1 ml suspension containing 4 x 10 cells. Cell cul-
ture was performed at 37 °C in a humidified atmosphere
of 5% CO,. CCK-8 solution was added at 24, 48, 72 and
96 h after the beginning of incubation. The absorbance
of each well after incubating at 37 °C for 2 h was meas-
ured at 450 nm by using a microplate reader (BIOTEK,
USA). The experiments were independently repeated in
triplicate.
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Apoptosis analysis

The apoptosis rate of cells was estimated with an annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) apoptosis detection kit (Wanleibio, China) in accord-
ance with the manufacturer’s protocol. Jurkat cells were
transferred and cultured in a six-well plate for 48 h and,
subsequently, digested with 0.25% trypsin (Gibco). Cells
were stained with annexin V-FITC and PI for 15 min in
dark, followed by flow cytometry using a NovoCyte Flow
Cytometer (Agilent Technologies, Inc, Shanghai, China).
Data was analyzed using NovoExpress Flow Cytom-
etry Software (Agilent Technologies, Inc, Shanghai,
China). The experiments were independently repeated in
triplicate.

Statistical analysis

GraphPad Prism version 6.0 was used to perform
the statistical analysis. Data were presented as the
mean +standard deviation (SD). Student’s t test was
performed to analyze the differences between the two
groups, while one-way analysis of variance (ANOVA) to
analyze that among multiple groups. Correlation analy-
sis was done using Pearson correlation. A p-value <0.05
(*) was considered statistically significant, and **indicates
p<0.01, and ***p <0.001, and ****p < 0.0001.

Results

Construction of MG-related PPl network and analysis

of modules

It is well known that genes play an important role in
the pathogenesis of MG. To clarify the interactions of
proteins encoded by MG risk genes, we constructed a
PPI network (Fig. 2a), which contained 250 genes and
4211 edges. Furthermore, module analysis was per-
formed to find the key genes shared common proper-
ties. A total of 9 modules were identified, including
module 1 with 54 genes, module 2 with 33 genes, mod-
ule 3 with 12 genes, module 4 with 11 genes, module
5 and 6 with 5 genes, module 7 with 6 genes, module
8 and 9 with 3 genes (Fig. 2a). In order to explore the
roles of modules in MG, we carried out GO func-
tion and KEGG pathway enrichment analysis for each
module. As a result, 3257 GO terms and 364 pathways
were obtained (p <0.05) (Additional file 1: Table S1 and
Additional file 2: Table S2). GO terms enriched in more
than four modules were shown in Fig. 2b and path-
ways involving more than three modules were shown
in Fig. 2c, most of which were relevant to immune or
inflammation response. For example, the significant
GO terms included T cell differentiation (GO:0030217),
T cell activation (GO:0042110), interleukin-12 produc-
tion (GO:0032615), and positive regulation of cytokine
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production (GO:0001819). The significant pathway
included Th17 cell differentiation (hsa04659), T cell
receptor signaling pathway (hsa04660) and natural
killer cell mediated cytotoxicity (hsa04650). These find-
ings were consistent with the pathogenesis of MG.

Construction of the LMMAC network and identification

of the key IncRNAs

IncRNAs, acting as ceRNAs, are implicated in various
disease. To evaluate the IncRNAs regulation as ceR-
NAs in MG, a IncRNA-mediated module-associated
ceRNA (LMMAC) network was constructed (Fig. 3a).
There were 25 genes, 50 miRNAs, 64 IncRNAs and 228
edges in the LMMAC network. Referred to our previ-
ous study [28], the number of the primary interaction
pairs of IncRNA-miRNA and the secondary interaction
pairs of miRNA-gene were counted (Additional file 3:
Table S3). For a given IncRNA (i), the number of the
primary interaction pairs of IncRNA-miRNA denotes
the number of miRNAs connected to IncRNA (i); the
secondary interaction pairs of miRNA-gene denote
the number of genes connected to the above miRNAs.
IncRNA OIP5-AS1 had the highest total number of
IncRNA-miRNA and miRNA-gene interaction pairs,
which might play an important role in the network.

To further explore the roles of IncRNAs, we first per-
formed RWR algorithm to LMMAC network using MG
risk genes in the network as seed genes. After the 1000
times random walk with permutation, we obtained 26
candidate IncRNAs with p<0.05. As we known that
the functions of IncRNAs with high significance scores
were high corrected with neighboring seed nodes. So
these IncRNAs were considered as the potential regu-
lators of MG, which may involve the pathogenesis of
MG. Next, we constructed IncRNA-module network
by matching seed genes linked to candidate IncRNAs to
modules (Fig. 3b). We found that OIP5-AS1, PSMA3-
AS1, FGD5-AS1 and HCG18 could regulate more than
two modules, which indicated that they might exert
crucially important roles in MG. The interactions
among these four IncRNAs, miRNAs, and genes were
shown in Fig. 3c. Through reviewing reliable publi-
cations, it was found that miR-145-5p/CD28 regula-
tion pairs had reportedly been validated in MG [29].
CD28, as a positive regulator of T cell proliferation and
cytokine, could promote T cell reactivity in MG [30].
In our study, HCG18 was the only one IncRNA poten-
tially competing with CD28, which had been reported
to be relevant to immune cell infiltration in cancer [31].
Therefore, we mainly focused on HCG18/miR-145-5p/
CD28 interaction for further experimental verification.



Li et al. Journal of Translational Medicine (2021) 19:468 Page 7 of 14
oam7
@C@A @
A @ ‘@
@& @ ® ® &
5 ®e © @
m D R mb6
HA HBZ @ @ @ @ @ @3 "'@1P@6
®* o "
TN1A TN25 @ |@ A@1 @
|1 @ F@A ml @
@ ® _  @9%e . @
- Ce® e @
® o & ® &9 @@ -
s@ £ ) 0@3. @ & ® @ Hfz @
CERNB1 ‘ \ @ @ HLA-DQA2
on® T @ @e25200 0 ¢ &% e
m4 3 sy €D @ "G 2] ) ™sF)a L@1H§B1 31 m3
® ® @ & © ©8 g @ o @6
@ 0@13 73 @ @ . @ L@a @
®® Cape® @ g @
® @ & @
ooy o B= e ©
-@ TNL2 @ @ @ @ '@ 1@1
e ®o, 980 " ®eo
@@ o LR & .
@ @ @ B1 @ 9
e e © 8 ccen © o o @
@ &@ o4 b @
® e e
@ @
m2 ®
B 60:1903039 7@ r— C hsa05416 T e
GO:1903037{ @ . o hsa05332{ ® o @
GO:0051251 ) ° ° hsa053301 @ ®
G0:0051249{ @ o o hsa05323] @ o o :
GO:0050870{ @ ° ° hsa053214{ @ P
GO:0050867 { @ POD hsa05320] @ o @
GO:0050863 ® hsa05205 ° °
GO:0045785{ @ . « hsa05203 e o o
GO:0045089 o o o E:ggg{gg 3 o
»  GO0032735 ! 1 hsa05167 . . 2
g G0:0032729 o 0 p hadslee o ° 15
B O 0asels ! 1 0 2 hsaosled] o — B
o G0:0032615 : : = Pl 4 3 5
S GO:0031349 o o = & hea03152 p -
GO:00302174  ® * * count hsa05145 ° count
Cototin| o ] b mmh : .
G0:0022407] @ e + . ® 2 o7 I S G e
G0:0007159{ @ ‘ o o hsa04660
gggggg;gg o o . . hsa04639] ¢ ° °
G0:0002706 | 1 1 3228222(8) % .
G0:0002703{ ® . . hsa04625 o
G0:0002696 { @ P - hsa04218 .
G0:0002521 { @ o o hsa04151 .
GO:0002449 . hsa04015 . .
GO:0002429{ o . hsa04012 o . ;
GO:0001819{ @ . hsa04010{ o P
T ml m2 m3 m5 m6 m7 m8 ml m2 m3 m5 m6 m7 m8 m9
module module

Fig. 2 Construction of PPI network and analysis of modules. a Construction of PPI network using MG risk genes and identification of modules. All of
circles represent MG risk genes, whereas green circles represent genes in the modules. Lines represent interactions between proteins encoded by
MG risk gene. b GO functional analysis of modules. The degree of enrichment increases from green to red. Larger circles indicate a more significant
proportion of MG risk genes in a module among GO function genes. ¢ Pathway enrichment analysis of modules. The degree of enrichment
increases significantly from green to red. Larger circles indicate a larger proportion of MG risk genes in a module among KEGG pathway genes




Li et al. Journal of Translational Medicine ~ (2021) 19:468 Page 8 of 14

2 o~ "’ @
ofvobedefey ©
A ® kA iy B
@ hsa-m*msp hsa-a‘Oa—Sp @1

LII\‘R
hsa-mfR\16-5p MA"\& L|N‘173 hsa-mjfRg21-3p
hsa-r*.'a-ap '-"‘33 R‘z hsa-lv‘f!a—sp

e ST S LS WS
hsa-‘a-s,; Nl‘m |N1.s1 MIF’HG nsa-n‘Oe—sp
L'“‘” PA)‘\SZ @
@ hsa—‘-421 w‘s1 LIN’ﬁ67 |_|N‘79 hsa-ﬂ*Aﬁp
LIP‘OS ”"5'
hsa-m*1b-5p LIN"35 Cal ‘ 1 hsa-m*ob—sp L
Lm‘n P‘ASL*Z
AT 1
hsa-r*ﬂ-sp m’,gﬁs‘s‘ H‘i O"M N‘D THUMEDS-AS1T nsa--*smp @ U
@ . 1—*1 Fe‘s1 '
hsa-r*sb&p NO‘\S1 hsa-mifid\06a-5p
‘ LII“W m‘m ’
i us‘s1 "'N‘« H‘e
hsa-n‘h—ap Fsr‘\m hsa—v*sa-sp @
'-"‘63 E.P sr’s1 0’59
O oo g woes el
Eu‘m LIN‘% PO‘\S1
e s‘z h 11‘97-3
= @ s e "l @,
hsa*sn Lm‘es su:’as1 SDO‘AS1 hsa-mRN(55-5p
@ LIN‘W KRT‘AS1
hsa—‘;—flp sr’m "“*"“‘W
;‘A 2 ‘ T 5a-5 @
hsa-mi\o3a-3p PRICHAST sa-m* a-5p
S.‘ LIN¢47 g
hsa-n‘Sa—S hsa-n‘zz-Sp
@ hse-vAAS o hsa-mig465a-3p
saqr“&' 14 sa-mjffie2d-

& &

1

1

N

Fig. 3 Identification of key candidate IncRNA for MG. a The LMMAC network. Green circles represent genes, red triangles represent miRNAs, and
blue rhombi represent INcRNAs. Lines represent their regulatory interactions. b The IncRNA-module network. Blue rhombi represent INcRNAs,
green hexagons represent modules. Lines represent their regulatory interactions. ¢ The interactions among four IncRNAs regulating more than two
modules, miRNA and genes. The first column denotes INcRNA, the second column denotes miRNA, the third column denotes genes




Li et al. Journal of Translational Medicine (2021) 19:468

IncRNA HCG18 is upregulated in MG patients and is a
target of miR-145-5p

The expression of IncRNA HCG18 was examined by RT-
PCR in PBMCs from patients with MG and control sub-
jects. HCG18 was upregulated in MG patients compared
with controls (p=0.0251, Fig. 4a). It was found that
HCG18 sequence contains a potential miR-145-5p bind-
ing region through bioinformatics analysis. miR-145-5p
was downregulated in PBMCs of MG patients according
to a previous study [29]. To investigate the relationship
between miR-145-5p and HCG18, miR-145-5p mimics
were transfected into the Jurkat cells. RT-PCR was per-
formed to determine the transfection efficiency of miR-
145-5p mimics (p<0.0001, Fig. 4b). HCG18 expression
was significantly suppressed by overexpression of miR-
145-5p in Jurkat cells (p<0.0001, Fig. 4c). We further
constructed luciferase reporter vectors of HCG18-wild
type (WT) and HCG18-mutated type (MUT) to confirm
the direct interaction between HCG18 and miR-145-5p
(Fig. 4d). Then, HCG18-WT or HCG18-MUT and miR-
145-5p mimics or negative control (NC) were co-trans-
fected into 293 T cells. The dual-luciferase reporter assay
indicated that miR-145-5p mimics inhibited the lucif-
erase activity of HCG18-WT but had no effect on that of
HCG18-MUT (p<0.01, Fig. 4e). These results illustrated
that HCG18 is a target of miR-145-5p.

HCG18 promotes CD28 expression by sponging
miR-145-5p

As known, MG is a T-cell-associated autoimmune dis-
ease, while costimulatory molecules are crucial for the
activation of T cells [32]. A study has reported that there
is negative correlation a between miR-145-5p and CD28
mRNA level in MG, and that miR-145-5p inhibit CD28
expression by directly targeting the 3/-UTR of the CD28
mRNA in CD4"T cell [29]. Therefore, an experiment
was designed to explore whether HCG18 could regu-
late CD28 expression by sponging miR-145-5p. We first
determined the expression level of CD28 mRNA and
protein after transfecting miR-145-5p mimics or NC into
Jurkat cells. We found that both mRNA and protein level
of CD28 were reduced by overexpressed miR-145-5p
(p<0.0001, Fig. 5a, b), which is consistent with previous
study [29].

To verify whether HCG18 regulates the expression of
CD28 via targeting miR-145-5p, Jurkat cells were trans-
fected with shHCG18 NC, shHCG18, and shHCG1S8 in
combination with miR-145-5p inhibitor NC or inhibitor.
We then detected the expression level of CD28 mRNA
and protein. The results showed that knockdown of
HCG18 restrained the CD28 mRNA and protein expres-
sion levels in Jurkat cells, while miR-145-5p inhibitor
blocked the reduction of CD28 expression induced by
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HCG18 suppression (p<0.0001, Fig. 5c, d). The findings
suggested that HCG18 regulated CD28 expression by
sponging miR-145-5p.

HCG18 inhibits apoptosis and promotes proliferation

by sponging miR-145-5p in Jurkat cells

MG is a T-cell-dependent nervous system autoimmune
disease. The activation and proliferation of T cells exert
a significant role in the pathogenesis of MG. Hence, an
experiment was designed to validate whether HCG18
affects the apoptosis and proliferation of T cells by spong-
ing miR-145-5p in MG. According to the previous studies
[28, 33], Jurkat cells were used for the functional verifica-
tion and were transfected with shHCG18 NC, shHCG18,
and shHCG18 in combination with miR-145-5p inhibitor
NC or inhibitor. Then, the rates of apoptosis and prolif-
eration were determined by flow cytometry and CCK-8
assay, respectively. It was observed that the rate of apop-
tosis in Jurkat cells increased following transfection with
shHCG18, while the addition of miR-145-5p inhibi-
tor significantly weakened the above trend (p<0.0001,
Fig. 6a, b). Meanwhile, CCK-8 assay showed that the
proliferation of Jurkat cells was notably repressed in the
shHCG18 group compared with the negative control
group, and the effects was offset by miR-145-5p inhibi-
tor (p<0.001, Fig. 6¢c). These findings demonstrate that
HCG18 inhibit apoptosis and promote proliferation of
Jurkat cells by targeting mR-145-5p, which might be
involved in the immunological pathogenesis of MG.

Discussion

MG is a complex autoimmune disease of nervous system,
the pathogenesis of which has not been fully illuminated.
Genes expressed by immune cells, such as interleukin
(IL)-2, interferon (IFN)-y, and tumor necrosis factor
(TNF)-a, are crucial regulators of the occurrence and
development of MG [34]. Increasing evidence has elab-
orated that IncRNAs play important roles in the patho-
genesis of autoimmune diseases [35]. Especially, IncRNAs
acting as ceRNAs could participate in regulation of gene
expression, which provided a novel insight into improv-
ing our understanding of the precise molecular mecha-
nism of MG.

To date, the roles of ceRNA regulatory mechanism
have been validated in various diseases. For example,
Zhang et al. [36] identified a potential regulatory axis
of RP11-1094M14.8/miR-1269a/CXCL9 in gastric can-
cer with different degrees of immune cell infiltration by
constructing a IncRNA-mediated ceRNA network. Wang
et al. found that Linc00284 promoted lung cancer pro-
gression by acting as a ceRNA of miR-205-3p to regulate
c-Met expression [37]. However, most studies involving
ceRNA network and regulatory mechanism focused on
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Fig. 4 Upregulation of HCG18 is a target of miR-145-5p in MG. a The expres
by RT-PCR. b Transfection efficiency of miR-145-5p mimics was determined
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sion of HCG18 was examined in MG patients and control subjects
by RT-PCR. ¢ The relative expression level of HCG18 after transfecting

cancer field, only a few on autoimmune disease. There-
fore, there is an urgent need to explore the ceRNA regula-
tory mechanism in MG. Additionally, functional modules
in a network represent nodes shared common properties,
which are useful to infer the function of unknown nodes.
Accordingly, we first constructed a PPI network based
on MG risk genes and identified 9 modules. The results
of functional annotation analysis show that modules
were closely related to T cells, which is consistent with
MG pathogenesis. Then, an LMMAC network was con-
structed based on ceRNA theory using a comprehensive
approach, which was composed of 25 genes, 50 miRNA,
64 IncRNAs. Next, we performed RWR algorithm to
the LMMAC network and obtained 26 candidate IncR-
NAs that were considered as the potential regulators of
MG. Of note, OIP5-AS1, PSMA3-AS1, FGD5-AS1 and
HCG18 could modulate more than two modules, which
suggested these IncRNAs concerned multiple biological
pathways and played critical roles in pathogenesis of MG.

Furthermore, we found that the expression of miRNA-
gene pair regulated by HCG18 has been verified in MG.
In recent years, growing evidence illustrates that HCG18

as a ceRNA is involved in several diseases. For example,
Zou et al. [38] confirmed that HCG18 serves as a ceRNA
to promote the proliferation and migration of hepatocel-
lular carcinoma via competitively binding miR-214-3p/
CENPM. Li et al. showed that HCG18 contributes to
nasopharyngeal carcinoma development by sponging
miR-140 to regulated the expression of CCND1 [39].
Importantly, a recent study revealed that HCG18 as a
ceRNA affected immune processes. In Diabetic periph-
eral neuropathy rats, HCG18 promotes M1 macrophage
polarization by regulating the miR-146a/TRAF6 axis
[40]. However, the underlying regulatory mechanism
of HCG18 in MG remains unclear. In the present study,
the expression of HCG18 was increased in MG patients.
Functionally, it was found that knockdown of HCG18
promotes apoptosis and inhibits cell proliferation in Jur-
kat cells. These finding suggest that HCG18 might par-
ticipate in the immunological pathogenesis of MG.
HCG18 was predicted to be a target of miR-
145-5p through bioinformatics analysis. It has been
reported that miR-145-5p expression was decreased
in PBMCs from MG patients and CD28 was a target
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Fig. 5 HCG18 regulates CD28 expression by sponging miR-145-5p in a ceRNA manner. a Expression levels of CD28 mRNA were examined by
RT-PCR after transfection with negative control or miR-145-5p mimics in Jurkat cells. b Expression levels of CD28 protein were examined by western
blotting after transfection with negative control or miR-145-5p mimics in Jurkat cells. ¢ Expression levels of CD28 mRNA were examined by RT-PCR
analysis after transfection with negative control, shHCG18, and shHCG18 4+ miR-145-5p inhibitor in Jurkat cells. d Expression levels of CD28 protein
were examined by western blotting after transfection with negative control, shHCG18 and shHCG18 + miR-145-5p inhibitor in Jurkat cells. The
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of miR-145-5p [29]. Importantly, miR-145-5p over-
expression suppressed CD28 expression and prolif-
erative response in CD4" T cells. In our work, we also
found that upregulation of miR-145-5p inhibited CD28
mRNA and protein expression in Jurkat cells, which
were consistent with the results of previous study [29].
Therefore, we hypothesized that HCG18 served as a
ceRNA to regulate miR-145-5p/CD28 axis in MG. It
was found that transfection of miR-145-5p mimics
notably decreased the expression level of HCG18 in
Jurkat cells. Meanwhile, results of luciferase reporter

assays showed that HCG18 is a direct target of miR-
145-5p. Knockdown of HCGI18 repressed the CD28
mRNA and protein levels, but these effects were offset
by co-transfecting shHCG18 and miR-145-5p inhibitor
into Jurkat cells. In addition, the functional experiment
suggests that HCG18 knockdown promoted cell apop-
tosis and inhibited cell proliferation, whereas co-trans-
fecting shHCG18 and miR-145-5p inhibitor into Jurkat
cells reversed the above effects. Our results show that
HCG18 severs as a ceRNA to regulate CD28 expres-
sion by competitively binding miR-145-5p. T cells play
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a role in assisting B cell humoral immunity, which are
essential for both the production of antibodies and the
maintenance of the germinal centers. In other word,

pathogenic autoantibodies in MG form as a result of

interaction of T cells and B cells. CD28, as a member

of costimulatory molecules, is essential for the activa-
tion of T cells. Thus, the present study suggested that
HCG18 might promote the pathological progression of
MG by regulating miR-145-5p/CD28 axis.
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Though the pathogenesis of MG is gradually being
uncovered, the treatment of MG remains a challenge.
Given the complex pathogenesis of MG and the side
effects of drugs, no one treatment therapy is best for
all MG patients. In the past few years, we have tried to
adopt several different methods, such as constructing
miRNA-regulated drug-pathway network [41] and TE-
miRNA-gene feed-forward loop network [42], to screen
candidate treatment drugs for MG. Recently, the com-
bination of emerging nanotechnologies and material
sciences has promising applications in multiple fields,
such as nanotechnology in food and agriculture [43],
nano-antioxidants in environmental-related oxidative
damages [44] and nanotechnology on drug delivery in
autoimmune diseases [45]. Targeted delivery of drugs
to the specific tissues might be the most prominent
feature of nanotechnology in biomedicine. The imple-
mentation of nanomedicine not only offers enhanced
drug solubility and reduced off-target adverse effects,
but also provides novel therapy approaches in clinical
practice [5]. So, well-designed experiments should be
conducted in the future to search appropriate nanoma-
terials for M@, and to develop new therapy strategy for
MG patients.

Conclusion

In the present study, we for the first time constructed
a IncRNA-mediate module-associated ceRNA network.
A novel regulatory mechanism on IncRNA HCG18
was uncovered in MG, which regulated the expression
of CD28 by targeting miR-145-5p. Our results sug-
gested that construction of LMMAC network provided
a global view for the mechanisms of ceRNA regulation
and a significant background for the molecular mech-
anism studies of MG. Our study will contribute to a
deeper understanding of the regulatory mechanism of
MG and will potentially provide candidate IncRNAs as
biomarkers for diagnosis and therapies in MG.
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