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Abstract

Background Myasthenia gravis (MG) is an autoimmune disease characterized by pathogenic antibodies that
target structures of the neuromuscular junction. The evidence suggests that the regulation of long noncoding RNAs
(INcRNAs) that is mediated by transcription factors (TFs) plays a key role in the pathophysiology of MG. Nevertheless,
the detailed molecular mechanisms of INcRNAs in MG remain largely undetermined.

Methods Using microarray analysis, we analyzed the IncRNA levels in MG. By bioinformatics analysis, LINCO1566 was
found to potentially play an important role in MG. First, gRT-PCR was performed to verify the LINC1566 expressions
in MG patients. Then, fluorescence in situ hybridization was conducted to determine the localization of LINCO1566

in CD4+T cells. Finally, the impact of LINCO1566 knockdown or overexpression on CD4 +T-cell function was also
analyzed using flow cytometry and CCK-8 assay. A dual-luciferase reporter assay was used to validate the binding of
the TF FOSL1 to the LINCO1566 promoter.

Results Based on the INcRNA microarray and differential expression analyses, we identified 563 differentially
expressed (DE) INcRNAs, 450 DE mRNAs and 19 DE TFs in MG. We then constructed a INcRNA-TF-mRNA network.
Through network analysis, we found that LINCO1566 may play a crucial role in MG by regulating T-cell-related
pathways. Further experiments indicated that LINCO1566 is expressed at low levels in MG patients. Functionally,
LINC01566 is primarily distributed in the nucleus and can facilitate CD4 +T-cell apoptosis and inhibit cell proliferation.
Mechanistically, we hypothesized that LINCO1566 may negatively regulate the expressions of DUSP3, CCR2, FADD,
SIRPBT, LGALS3 and SIRPB1, which are involved in the T-cell activation pathway, to further influence the cellular
proliferation and apoptosis in MG. Moreover, we found that the effect of LINCO1566 on CD4+T cells in MG was
mediated by the TF FOSL1, and in vitro experiments indicated that FOSL1 can bind to the promoter region of
LINCO1566.
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Conclusions In summary, our research revealed the protective roles of LINCO1566 in clinical samples and cellular
experiments, illustrating the potential roles and mechanism by which FOSL1/LINCO1566 negatively regulates

CD4 +T-cell activation in MG.
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Introduction

Myasthenia gravis (MG) is an autoimmune disease in
which antibodies bind to functional molecules in the
postsynaptic membrane at neuromuscular junctions
[1]. Autoantibodies against the acetylcholine receptor
(AChR), muscle-specific kinase (MuSK), and lipopro-
tein-related protein 4 (LRP4) have been identified as
pathogenic factors in MG [2]. Antibodies induce skeletal
muscle weakness, which typically increases with exer-
cise and repetitive muscle use (fatigue) and varies over
the course of a day and from day to day [1]. However, the
origin of the autoimmune dysfunction that leads to the
onset of MG remains unclear, and the molecular mecha-
nisms regulating its progression are highly complex.

It has been widely accepted that the MG autoanti-
body response is T-cell-dependent. Specifically, CD4+T
cells are overactivated in MG patients [3, 4] and stimu-
late B cells to produce autoantibodies via a complex net-
work involving interactions among cells and cytokines.
CD4+T cells can be subdivided into Th1, Th2, Th17, and
Treg cells [5]. Abnormal CD4+T-cell selection and acti-
vation have been intensively investigated in MG [6, 7].
Analysis of the T-cell subset composition in the blood
revealed an increased proportion of mature CD4+T
cells in MG patients compared to healthy controls [8,
9]. MG patients have more Thl and Th17 cells and their
associated cytokines, namely, IL-1, IL-6, IL-17, inter-
feron-gamma (IFN-y), and tumour necrosis factor alpha
(TNF-a) [10-12]. Furthermore, studies have confirmed
that there are defects in or dysfunction of Foxp3(+)
CD25(+) CD4(+) Treg cells in MG patients compared
to those in healthy subjects [13, 14]. Therefore, abnor-
mal CD4+ T-cell activation and cytokine production are
important in the pathogenesis of MG. In recent years,
long noncoding RNAs (IncRNAs) have attracted increas-
ing attention in the field of autoimmune disease [15-17]
and thus have provided novel insight into the pathogen-
esis, diagnosis, and treatment of MG.

LncRNAs are defined as transcripts of more than 200
nucleotides that are not translated into proteins [18]
and have also been found to play important roles in dif-
ferent biological functions, including the regulation of
immune responses [19]. LncRNAs have been proposed
to carry out diverse functions, including transcriptional
regulation when cis- or trans-acting, the organization of
nuclear domains, and the regulation of proteins or RNA
molecules [20]. There have been many studies on the
molecular mechanism underlying the effects of IncRNAs

and T cells on disease status [21-23]. It has also been
reported that the IncRNA GAS5 can regulate the Th17/
Treg balance by targeting miR-23a expression in MG
[24]. The influence of the IncRNA IFNG-AS1 on the
expression level of CD40L and CD4" T-cell activation in
MG patients partly depends on its effect on HLA-DRB1
expression [25]. However, few IncRNAs have been identi-
fied in MG, and the correlations between these IncRNAs
and CD4+T-cell activation have not been actively
investigated. Therefore, it is necessary to systematically
explore the regulatory mechanisms of CD4+T cells
involving IncRNAs in MG.

In our research, we designed an integrative analy-
sis based on IncRNA and mRNA microarray sequenc-
ing in MG (Fig. 1). We first showed that LINC01566 is
expressed at low levels in peripheral blood mononuclear
cells (PBMCs) obtained from MG patients and that its
expression is mediated by the transcription factor (TF)
FOSL1. Intriguingly, the expression level of LINC01566
was positively correlated with the neutrophil count and
neutrophil-lymphocyte ratio (NLR) but negatively cor-
related with the lymphocyte and monocyte counts in
MG patients. Functionally, LINC01566 is primarily dis-
tributed in the nucleus and can facilitate CD4+T-cell
apoptosis and inhibit CD4+ T-cell proliferation. Mecha-
nistically, we hypothesized that LINC01566 may nega-
tively regulate the expression of the T-cell activation
pathway molecules DUSP3, CCR2, FADD, SIRPBI,
LGALS3 and P2RX7 to further influence cellular pro-
liferation and apoptosis in MG. Our study revealed the
potential roles of LINC01566 and provided new insight
into the regulatory mechanism of IncRNAs in MG.

Materials and methods

Microarray analysis

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from whole blood using lymphocyte isolation fluid
(TBD, Tianjin, China) according to the manufacturer’s
instructions. Total RNA was isolated from PBMCs with
TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) and
quantified using a NanoDrop ND-1000 (Thermo Fisher
Scientific) system. RNA integrity was assessed by stan-
dard denaturing agarose gel electrophoresis. Each RNA
sample was amplified and transcribed into fluorescent
c¢DNA along the entire length of the transcripts without
3 bias utilizing a random priming method. The labeled
c¢DNAs were hybridized onto the Human LncRNA Array,
version 5.0 (8x60 K, Arraystar). After hybridization
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Fig. 1 Flowchart of this study

and washing, the arrays were scanned using an Agilent
G2505C scanner and Agilent Feature Extraction soft-
ware, version 11.1, to analyze the acquired array images.
Quantile normalization and subsequent data processing
were performed using Agilent GeneSpring GX software,
version 12.1. The IncRNA array data have been deposited
in the Gene Expression Omnibus database under acces-
sion GSE263220.

Differential expression analysis

We identified the significantly DE IncRNAs and DE
mRNAs through volcano plot filtering and calculated
a P value using a student’s t test. The thresholds for the
up- and downregulated genes were a fold change of 2.0
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Mechanism exploration
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or greater and a P value of 0.05 or less. Heatmaps repre-
senting the differentially regulated genes were generated
using the “pheatmap” package in R.

Functional enrichment analysis

To screen the potential functions of the differentially
expressed genes (DEGs), gene ontology (GO) functional
enrichment analysis was performed with the Database
for Annotation Visualization and Integrated Discovery
(DAVID) [26], an online bioinformatics tool, to interpret
the gene ontology biological processes (GO_BP) of those
DEGs. The R package “ggplot” was used for visualization
of the functional clustering of gene sets or gene clusters.
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A p value<0.05 and FDR<0.05 were set as the cutoff
criteria.

Clinical samples

Seventy MG patients and fifty healthy controls (HCs)
were recruited at the Neurology Department of the Sec-
ond Affiliated Hospital of Harbin Medical University
between September 2021 and February 2023. The first
cohort, which included MG patients (n=8) and age- and
sex-matched HCs (n=8), was used for the microarray
analysis. The second cohort, which included MG patients
(n=62) and HCs (n=42), was used for qRT-PCR analy-
sis. The P-value for sex and age between the two group
showed no statistical significance (p>0.05) in second
cohort. MG was diagnosed based on a combination of
fluctuating muscle weakness with a positive neostigmine
test, abnormal single-fiber EMQG test, or positivity for
serum antibodies [27]. The autoantibody results included
AChR and MUSK antibodies. All eight MG patients in
the first cohort were positive for AChR antibodies. The
clinical samples in the second cohort consisted of 59
that were AChR antibody-positive, one that was MuSK
antibody-positive, and two seronegative MG patients. 9
MG patients were diagnosed with or were suspected to
have thymoma among seventy MG patients. None of the
patients had undergone hormone or immunosuppressant
treatment during the previous 6 months. Fifty healthy
subjects with no autoimmune disease were enrolled as
controls. All patients and HCs signed informed consent
forms. This study was approved by the Ethics Commit-
tee of the Second Affiliated Hospital of Harbin Medical
University.

Coexpression analysis

To explore the regulatory mode between IncRNAs and
their host mRNAs, we calculated their Pearson correla-
tion coefficients (PCCs) and classified their relationships
into three groups: positively correlated (PCC>0.9 and
P value<0.01), negatively correlated (PCC<-0.9 and P
value<0.01) and noncorrelated based on the PCC.

Identification of IncRNA-gene and TF-target interactions
First, the interactions of IncRNA-mRNA pairs were
acquired from the above coexpression analysis results.
The promoter sequences (-2000 bp of the transcription
start site) of the DE IncRNAs and coexpressed mRNAs
were collected from the UCSC Table Browser [28]. Fur-
thermore, using the JASPAR database tools [29], we
computed the transcription factor binding site (TFBS)
enrichments in the collected promoter sequences to
obtain the target genes of the DE TFs in MG. The sig-
nificant sites with relative profile scores>85% within the
promoter of genes were retained.
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Construction of the TF-IncRNA-gene network

A regulatory network was built by integrating all the
pairs obtained from the previous analysis for MG. Net-
work visualization was performed with Cytoscape soft-
ware version 3.9.1. In the network, nodes denote genes,
TFs, and IncRNAs, and edges denote their interactions.
After constructing the network, network analysis was
performed in Cytoscape.

RNA isolation and qRT-PCR analysis

A quantitative reverse transcription polymerase chain
reaction (QRT-PCR) was performed to evaluate the valid-
ity of the key IncRNAs. Total RNA was extracted using
TRIzol reagent (Sigma Life Science, Darmstadt, Ger-
many) according to the manufacturer’s instructions. The
RNA purity and concentration of each sample were eval-
uated and quantified using spectrometry. The purified
RNA was reverse-transcribed to generate cDNA using
a Transcriptor First Strand cDNA Synthesis Kit (Roche,
Basel, Switzerland). qRT-PCR was performed using Fast-
Star Universal SYBR Green Master Mix (Roche, Basel,
Switzerland). The 2722¢T method was used to determine
the relative gene expressions, which were normalized
against the level of GAPDH.

Fluorescence in situ hybridization (FISH)

FISH assays were carried out using a Fluorescent in Situ
Hybridization Kit (RiboBio Biotechnology, Guangzhou,
China). The suspended cells that were fixed on slides
were washed with phosphate-buffered saline (PBS) and
fixed with 4% formaldehyde at room temperature for 10
min. Then, the cells were permeabilized with PBS con-
taining 0.5% Triton X-100 on ice for 5 min. Hybridization
was performed by incubating the cells with a Cy3-labeled
probe at 37 ‘C overnight. After the probes were removed,
the cells were stained with 4,6-diamidino-2-phenylindole
(DAPI) at room temperature for 5 min. Images were
acquired with a confocal microscope (LSM980, Zeiss) to
analyze the localization of LINC01566.

Cell culture and transfection

Jurkat cells (a CD4+T-cell line) and 293T cells were
purchased from the BeNa Culture Collection (Henan,
China). The Jurkat cells were cultured in RPMI 1640
(Gibco, Grand Island, NY, USA) medium and were
supplemented with 10% fetal bovine serum (Excell Bio,
Suzhou, China) and 1% penicillin/streptomycin (Beyo-
time Biotechnology, Nanjing, China). The 293T cells were
cultured in DMEM (Gibco, NY, Grand Island, USA) and
were supplemented with 10% fetal bovine serum (Excell
Bio, Suzhou, China) and 1% penicillin/streptomycin
(Beyotime Biotechnology, Nanjing, China). All cell lines
were cultured in a 5% CO2 humidified incubator at 37 °C.
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PLenti-CMV-LINC00566 was constructed by Gene
Pharma (Shanghai, China). LINC00566 antisense oligo-
nucleotide (ASO_LINCO01566) was purchased from Ribo-
Bio (Guangdong, China). Jurkat cells in the exponential
growth phase were centrifuged (1000 r, 5 min), inocu-
lated in a 6-well plate at a density of 1x10° cells/well,
and then incubated for subsequent transfections. The
pLenti-CMV-LINC00566 plasmid, ASO_LINC00566, or
corresponding negative controls were used for cell trans-
fection in accordance with the different purposes of the
respective experiments. All transfection processes were
conducted using LipofectamineTM 3000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) according to the
relevant protocols. The transfected cells were incubated
for 48 h for subsequent analysis. In addition, the transfec-
tion efficiency was evaluated by extracting total RNA for
qRT-PCR analysis.

Dual-luciferase reporter assay

FOSL1 binding site prediction to the LINC01566 pro-
moter was performed using the JASPAR database. The
2.0 kb LINCO01566 promoter fragment (WT) and mutant
(MUT) sections containing binding sites for LINC01566
were amplified, and the resulting products were sub-
sequently cloned and inserted into the correspond-
ing vectors. Functional assays between FOSL1 and the
LINCO01566 promoter were performed via transient
transfections of 293T and Jurkat cells. The transfections
included the pGL4.10-LINCO01566 W T /vec-FOSL1/pRL-
TK group, pGL4.10-LINC01566 WT/vec/pRL-TK group,
pGL4.10-LINCO01566 MUT /vec-FOSL1/pRL-TK group,
pGL4.10-LINCO01566 WT/vec/pRL-TK group, pGL4.10/
vec-FOSL1/pRL-TK group, and pGL4.10/vec/pRL-TK
group. After 48 h of incubation, the luciferase activities
of firefly and Renilla were detected in harvested 293T and
Jurkat cells using a dual-luciferase reporter assay system
(Promega, Madison, WI, USA) according to the manu-
facturer’s instructions. All experiments were repeated
three times independently.

Flow cytometry

Cell apoptosis was determined with an FITC Annexin
V Apoptosis Detection Kit I (Becton-Dickinson, FL, NJ,
USA) according to the manufacturer’s instructions. The
cells were washed twice with cold 1x PBS and resus-
pended in binding buffer at a concentration of 1x10°
cells/ml. Five microliters of annexin V-FITC and 5 pL of
propidium iodide (PI) were added to a total of 100 uL of
cell suspension. The mixtures were incubated for 15 min
at RT in the dark and then subjected to flow cytometry
analysis (Becton Dickinson FACSCalibur, Franklin, NJ,
USA).
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Cell proliferation

Cell proliferation was assessed using a Cell Counting
Kit-8 (CCK-8) assay (Seven, Beijing, China). After trans-
fection, Jurkat cells at 24 h were seeded into 96-well
plates at a density of 3000 cells/well in 100 ul of complete
medium and cultured in a humidified atmosphere con-
taining 5% CO2 at 37 C. Then, 10 pl of CCK8 reagent
was added to each well at 24, 48, 72, and 96 h after trans-
fection, and the cells were further cultured for 2 h at
37 °C. Subsequently, the optical density (OD) was mea-
sured using a microplate reader (BioTek, Vermont, New
England, USA).

Western blotting analysis

The cells were collected and lysed in radioimmunopre-
cipitation assay lysis buffer (P0013B, Beyotime) supple-
mented with 1% protease and phosphatase inhibitors
(Roche, Basel, Switzerland). The total protein concentra-
tions were measured using a Bicinchoninic Acid Protein
Assay Kit (Beyotime Biotechnology, Nanjing, China).
Sample proteins were separated by SDS-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene
difluoride membranes (Roche, Basel, Switzerland). Then,
the membranes were blocked in protein-free rapid block-
ing buffer (PS108, Epizyme Biotech) for 0.5 h at room
temperature before being incubated with various pri-
mary antibodies overnight at 4 °C. The following primary
antibodies were used: rabbit anti-Bcl-2 (A0208, 1:1000,
ABclonal); anti-BAX (5032S, 1:1000 CST); anti-DUSP3
(ab125077, 1:100000, Abcam); anti-P2RX7 (ab307718,
1:100000, Abcam); anti-FADD (A5819, 1:1000, ABclonal);
anti-LGALS3 (A22442, 1:500, ABclonal); anti-CCR2
(A2385, 1:1000, ABclonal); anti-SIRPB1 (DF4507, 1:800,
Affinity); anti-beta-actin (AF7018, 1:10000, Affinity); and
anti-beta-tubulin (T0023, 1:20000, Affinity). The mem-
branes were then incubated with the corresponding sec-
ondary antibodies (Immunoway, 1:10000, China) for one
hour on the following day. After the membranes were
washed with TBST, the protein expressions were visu-
alized with enhanced chemiluminescence reagent, and
Image] software was used for density measurements and
quantification.

Statistical analysis

Statistical analysis and plotting of the statistical graphs
were performed with GraphPad Prism 9.0 software. For
qRT-PCR and western blot results, statistical analysis was
performed on the 2724€T values and protein studied/p-
actin data comparing the negative control group and
experimental group. Student’s t test was used for compar-
isons of the differences between two groups. Correlation
analysis was performed using Pearson correlation. All the
data are presented as the mean+tstandard deviation (SD).
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When the P values were <0.05, the differences were con-
sidered to be statistically significant.

Results

LncRNA and mRNA expression profiles in MG

To determine the expression patterns of the IncRNAs
associated with MG, we performed IncRNA and mRNA
microarray analysis on PBMCs that were isolated from
MG patients and healthy controls (HCs). First, the sam-
ples were separated into two groups through hierarchical
clustering based on similar expression patterns, and this
difference could distinguish MG patients from healthy
individuals (Fig. 2A, B). The results also showed that the
expression patterns of the IncRNAs were mostly down-
regulated in MGs compared to HCs. We observed that
the expressions of 83 IncRNAs were significantly upreg-
ulated and that the expressions of 444 IncRNAs were
downregulated in the MG group compared to the HCs
group (Fig. 2C). Moreover, 469 DE mRNAs were identi-
fied, of which 189 mRNAs were highly expressed and 280
mRNAs were expressed at low levels (Fig. 2D).

The functional GO term enrichment analysis revealed
that the upregulated DEGs were significantly enriched
in the regulation of the Fc receptor signaling pathway,
T-cell proliferation, positive regulation of T-cell activa-
tion and regulation of the extrinsic apoptotic signaling
pathway (Fig. 2E). The downregulated DEGs were signifi-
cantly enriched in the insulin-like growth factor pathway,
the L-lysine process to acetyl-CoA, neuronal cell to spe-
cific neuron, skeletal system morphogenesis and binding
of sperm to the zona pellucida (Fig. 2F). These findings
indicate that the upregulated DEGs were enriched in the
immune system process, inflammatory response, and
innate immune response in MG patients. These findings
were consistent with the pathogenesis of MG. Therefore,
we used the upregulated genes for follow-up analysis.

Construction of the IncRNA-TF-mRNA regulatory network

associated with MG and identification of the key IncRNAs

TFs were screened from the JASPAR database, and 19
differentially expressed TFs were identified among the
469 DE mRNAs (Fig. 3A). A heatmap of the expressions
of 19 DE TFs, including 19 upregulated TFs and 8 down-
regulated TFs, is shown in Fig. 3B. The TFs were CDX2,
DRGX, E2F8, ESR1, FEZF2, FOSL1, HES5, HOXAY9,
HOXB8, HOXCS8, LEF1, LHX1, NEUROD2, NRI1I3,
NR3C1, PLAGL2, SOX12, SOX9 and TFEC. First, we
obtained IncRNA-mRNA pairs via coexpression analy-
sis. That the functional analysis of upregulated mRNAs
revealed that these genes are significantly enriched in
T-cell-related pathways. Therefore, IncRNA-mRNA
coexpression analysis was performed to explore the rela-
tionships among DE IncRNAs and upregulated mRNAs
in MG. The results revealed 20,616 IncRNA-mRNA
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pairs consisting of 388 DE IncRNAs and 164 DE mRNAs.
Functional enrichment analysis revealed that the 164 DE
mRNAs coexpressed with DE IncRNAs were enriched in
T-cell activation, regulation of T-cell activation and T-cell
proliferation (Fig. 3C).

Next, by combining the above coexpression analysis
results, we predicted the possible targets of 19 DE TFs.
We obtained 2942 TF-IncRNA pairs and 2310 TE-mRNA
pairs and constructed a IncRNA-TF-mRNA network to
illustrate the potential functions of the IncRNAs in MG.
This network consisted of 568 nodes and 25,569 edges
(Fig. 3D). To characterize the topological features of the
network, we calculated the degree of the IncRNA-TE-
mRNA network. We primarily analyzed the degree dis-
tribution of the IncRNAs and ranked the top 10 IncRNAs
according to degree (Fig. 3E). LINC01566 had the high-
est degree. In terms of LINCO01566, the target genes were
significantly enriched in several terms that are closely
related to MG-related biological processes (Fig. 4C).
Furthermore, we found that the expression level of
LINC01566 was downregulated in the MG microarray
data.

LINCO01566 was expressed at low levels in MG patients and
was associated with clinical indices in MG patients
In this study, we focused on the IncRNA LINC01566,
which is encoded by a gene at chromosome position
16p11.1 in the genome. qRT-PCR confirmed the signifi-
cant decrease in LINC01566 expressions in the PBMCs
of MG patients compared with those in the PBMCs of
HCs (p<0.0001, Fig. 4A). The decreased expression of
LINCO01566 in PBMCs was found in these subgroups
including AChR Ab+MG patients (85.8%). seronega-
tive MG patients (100%) and thymoma-associated
MG patients (89.8%). However, the expression level
of LINC01566 was higher in 100% (1/1) of the MuSK
Ab+MG patient than in normal healthy controls. We
performed receiver operating characteristic (ROC) curve
analysis to evaluate the diagnostic performance of the
LINCO01566 signature in the validation set, the results
demonstrated that the IncRNA precisely distinguished
patients with MG from healthy people (AUC=0.873,
Fig. 4B). To further explore the biological function of
LINCO01566, we obtained IncRNA coexpressed genes
from the previous IncRNA-TF-gene network to perform
GO functional analysis, and the results revealed signifi-
cant enrichment of genes related to neutrophil activa-
tion involved in the immune response, leukocyte cell-cell
adhesion, T-cell activation, monocyte chemotaxis and
regulation of the leukocyte apoptotic process (Fig. 4C).
In addition, we also investigated the association
between the LINC01566 expressions and routine clini-
cal blood data from patients. There was a correlation
between higher expression levels of LINC01566 and
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higher NLR (R=0.427, p<0.01; Fig. 4E), and the neu-
trophil counts were also positively correlated with the
expression levels of LINC01566 (R=0.472, p<0.01;
Fig. 4F). Moreover, the LINC01566 expressions were
negatively correlated with the lymphocyte and monocyte
counts (R =-0.415, p<0.01; R = -0.511, p<0.001; Fig. 4G,
H). These data demonstrate that LINC01566 may be an
important biological signature in MG.

Localization of LINCO1566 in CD4 +T cells and LINCO1566
inhibition of CD4 +T-cell proliferation

Our results showed that LINC01566 was down-regulated
in MG. However, the detailed molecular mechanism that
contributes to these roles has not yet been investigated.
That functional analysis of LINC01566 coexpressed genes
revealed that LINC01566 was significantly enriched in
T-cell-related terms. To clarify the molecular mecha-
nism of LINC01566 in T lymphocytes, we first evalu-
ated the subcellular localization of LINC01566 in Jurkat
cells, which are a common CD4+ T-cell line. FISH was
performed to determine the localization of LINC01566
in Jurkat cells, and the results indicated that LINC01566
predominantly localized to the nucleus (Fig. 5A).

To further confirm the functional connection between
LINCO01566 and T-cell activation in MG, we next ana-
lyzed the effect of LINC01566 knockdown (KD) or over-
expression (OE) on CD4+T-cell function using flow
cytometry and western blotting analysis. Jurkat cells
were transfected with ASO negative control (ASO_NC)
or ASO_LINCO01566, and the qRT-PCR results revealed
that LINC01566 KD decreased LINC01566 expres-
sions. In addition, Jurkat cells were transfected with
pLenti-CMV-control or pLenti-CMV-LINCO01566. The
qRT-PCR results indicated that LINC01566 OE sig-
nificantly increased LINCO01566 expressions (Fig. 5B).
We found that the apoptosis rate of the LINC01566 OE
group increased, while that of the LINC01566 KD group
decreased compared to that of the negative control group
(Fig. 5C+ D). Similarly, compared to those in the nega-
tive control group, the levels of the proapoptotic mole-
cules BAX in the LINC01566 OE group were significantly
increased, and the level of the antiapoptotic protein Bcl-2
was significantly decreased. The expressions of apoptotic
proteins in the LINC01566 KD group showed the oppo-
site trend, which further confirmed the above results
(Fig. 5E. F). Moreover, the CCK-8 assay showed that the
proliferation of Jurkat cells was notably repressed in the
LINCO01566 OE group compared with that in the nega-
tive control group; in contrast, cell proliferation was pro-
moted in the LINC01566 KD group (Fig. 5G). The results
showed that LINC01566 could inhibit CD4+ T-cell pro-
liferation and promote apoptosis.
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LINC00566 influences CD4* T-cell activation and
proliferation by regulating six molecules

Next, we investigated the molecular mechanism by which
LINCO01566 regulates CD4+T-cell function. According
to previous functional analysis results of the coexpressed
LINCO01566 genes, we identified T-cell activation-related
molecules, such as DUSP3, FADD, CCR2, LGALS3,
P2RX7, and SIRPBI (Fig. 4D). The microarray analysis
results showed that all six molecules were upregulated.
Given that LINCO01566 is located in the nucleus, we spec-
ulated that LINC01566 may regulate T-cell activation-
related proteins through the nuclear pathway. To verify
whether LINC01566 regulates these six molecules, Jur-
kat cells were transfected with pLenti-CMV-LINC01566,
pLenti-CMV-vector, ASO_LINC01566 or ASO_NC. The
results showed that the mRNA levels of DUSP3, CCR2,
FADD, LGALS3, P2RX7 and SIRPB1 in the pLenti-CMV-
LINCO01566 group were lower than those in the pLenti-
CMV-vector control group, while the mRNA levels of
DUSP3, CCR2, FADD, LGALS3, P2RX7 and SIRPBI in
the ASO_LINCO01566 group were greater than those in
the ASO_NC group (Fig. 6A). Western blot analysis fur-
ther confirmed that LINC01566 downregulated the pro-
tein levels of DUSP3, CCR2, FADD, LGALS3, P2RX7 and
SIRPB1 (Fig. 5B, C). Our data showed that LINC01566
regulated the expressions of six key molecules related
to T-cell activation and proliferation, which further
explored the molecular mechanism of LINCO01566 in
MG.

The transcription factor FOSL1 regulates LINC01566
expression

Our results showed that LINC01566 plays a crucial role
in MG. Consequently, we aimed to identify the regulators
of LINC01566. TFs are fundamental players in regulating
gene expressions. To further determine whether the TF
regulates LINC01566 expressions, we extracted potential
TFs that might interact with LINC01566 promoters from
the previous IncRNA-TF-mRNA network and identified
16 candidate TFs (Fig. 7A). Among those TFs, FOSL1
was significantly downregulated in MG (Fig. 7B). The
qRT-PCR results also demonstrated that FOSL1 overex-
pression significantly contributed to LINC01566 upreg-
ulation (Fig. 7C). Localization analysis of FOSL1 was
performed in CD4+ T-cell lines, and FOSL1 was found to
be located in the nucleus, consistent with its regulatory
role as a transcription factor in MG (Fig. 7D).

To confirm that LINC01566 is a transcriptional target
of FOSL1, we cloned a 2.0-kb region of the LINC01566
promoter into the pGL4.10 vector and measured the
luciferase activity after transfection into 293T cells and
Jurkat cells. A significantly increased luciferase activ-
ity was obtained using a plasmid containing a 2.0-kb
section of the LINC01566 promoter in 293T cells that
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were cotransfected with FOSL1 overexpression plasmids
(Fig. 7E). Furthermore, to identify specific binding sites
of FOSL1 in the promoter of LINC01566, we predicted
potential binding sites using the JASPAR database tools
and selected the sites with the highest scores for subse-
quent experimental verification. Through dual-luciferase
reporter assays using mutated LINC01566 reporter con-
structs, we identified the promoter region at -300~-288
nt as the likely specific binding site of FOSL1 (Fig. 7E, G).
Similarly, we demonstrated these results in Jurkat cells
(Fig. 7F). Our results revealed that LINC01566 downreg-
ulation is indeed mediated by FOSL1 in MG.

Discussion

MG is a T-cell-dependent antibody-mediated disease.
Abnormal IncRNA expression can influence the emer-
gence, development, and prognosis of various immune
diseases by controlling CD4+T-cell differentiation [30].
In this study, we aimed to understand IncRNA transcrip-
tional changes and elucidate the underlying mechanisms
of the effects of key IncRNAs on CD4+T-cell activation
in MG. We revealed that a subset of aberrant IncRNAs
can be used to distinguish MG patients from healthy indi-
viduals. Subsequently, we constructed IncRNA-TF-gene
networks and determined that LINC01566 might play a
critical role in MG. The potential regulatory mechanism
of LINCO01566 in MG was also further investigated.

Jin et al. reported that LINC01566 may be involved
in the pathogenesis of periodontitis [31]. To date, the
role and mechanism of LINC01566 in MG have not
been reported. We discovered that LINCO01566 levels
are considerably lower in the peripheral blood of MG
patients than in that of healthy controls, which sug-
gested that LINC01566 might play an important protec-
tive role in MQG. Precisely annotating the functions of
IncRNAs remains complex. Here, the biological function
of LINCO01566 was significantly enriched in neutrophil
activation involved in the immune response, leukocyte
cell-cell adhesion, T-cell activation, monocyte chemo-
taxis and regulation of the leukocyte apoptotic process.
In our study, we found that LINC01566 was positively
correlated with neutrophil counts and the NLR. The NLR
is a reliable indicator of systemic inflammatory status and
disease activity [32]. Previous research has shown that
the NLR is significantly increased in patients with severe
MG [32, 33]. Accumulating evidence has indicated that
inflammation could be a key factor in MG [34]. There is
genetic evidence from genome-wide association studies
that the neutrophil respiratory burst and ROS produc-
tion are important risk factors for autoimmune disease
[35]. Studies have also shown that IncRNAs can promote
neutrophil inflammation or neutrophil infiltration [36,
37]. Therefore, we suspected that LINC01566 may influ-
ence the number or function of neutrophils to mediate
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the inflammatory effects of MG. In addition, LINC01566
expression was correlated with lymphocyte and mono-
cyte counts, which illustrated that LINC01566 may be
related to the presence and activity of MG.

MG is considered a largely T-cell-dependent antibody-
mediated disease, and the activation and proliferation of
T cells play significant roles in the pathogenesis of MG.
Functional analysis revealed that there was enrichment in
the genes coexpressed with LINC01566 in T-cell-related
pathways. Hence, an experiment was designed to validate
whether LINCO01566 affects the apoptosis and prolifera-
tion of CD4+T cells. Jurkat cells were used for functional
verification. Functionally, we discovered that LINC01566
facilitates T-cell proliferation and represses apoptosis.
The results showed that LINCO01566 is involved in MG
pathogenesis by inhibiting CD4+ T-cell proliferation and
promoting apoptosis. LncRNAs are themselves func-
tional units, making their subcellular localization criti-
cal to their function. Different subcellular localizations
may lead to IncRNAs exerting their functions via various
mechanisms. FISH experiments showed that LINC01566
was predominantly localized to the nuclei of Jurkat cells.
This finding suggested that LINCO01566 could be an
essential regulator in the nuclei of CD4+T cells.

However, the underlying molecular mechanism by
which LINCO01566 regulates T-cell function in MG
remains unclear. Furthermore, we hypothesized that
LINCO01566 might regulate T-cell activation-related
proteins to affect T-cell function. We identified T-cell
activation-related molecules, namely, DUSP3, FADD,
CCR2, LGALS3, P2RX7, and SIRPB1, from LINCO01566
coexpression analysis. Kim et al. reported increased anti-
AChR antibody titres in patients with the CCR2 G/G
genotype, which suggests that the CCR2 gene plays a role
in the pathophysiology of MG [38]. FADD constitutes
a mechanism to maintain TCR-induced programmed
necrotic signaling during the early phases of T-cell clonal
expansion [39]. Research by Aruna et al. strongly indi-
cated that the upregulation of apoptosis via the Fas-FasL
pathway is one of the mechanisms by which dual APL
reverses EAMG manifestations in C57BL/6 mice [40],
while DUSP3, P2RX7, LGALS3 and SIRPB1 have not
been reported to be involved in MG pathogenesis. How-
ever, the specific correlations between LINC01566 and
these T-cell activation-related molecules have yet to be
identified. In our present study, qRT-PCR and western
blot analysis demonstrated that LINC01566 regulates six
T-cell activation-related proteins. DUSP3 is known to
negatively regulate the ERK and JNK pathways [41, 42],
and previous studies have confirmed that the proteins
p38 and ERK1/2 are overexpressed in MG thymic epithe-
lial cells (TECs) [43]. Therefore, it is reasonable to sus-
pect that altering the expression of DUSP3 may regulate
CD4+T-cell activation via the p38/ERK pathway in MG.
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In addition, we hypothesized that LINC01566 influences
CD4+T-cell apoptosis by regulating the expression of
FADD, which is a crucial molecule in the Fas-FasL path-
way [44]. These findings indicated that low LINC01566
expression is key in the pathogenesis of MG. In addi-
tion, we investigated the mechanism underlying the low
expression of LINCO01566 and discovered that FOSL1
regulates LINC01566 expression in MG. Our results
provide a new understanding of the role of LINC01566
in CD4+T-cell activation and a new direction for future
research.

Our study has several limitations. Although we found
that the expression level of LINC01566 decreased in the
PBMCs of MG patients, the expression of LINC01566
in a specific type of immune cell in MG patients was
not further explored. In addition, we studied the abil-
ity of LINCO01566 to inhibit CD4+T-cell proliferation,
but we did not explore the role of LINC01566-mediated
inflammation in MG. Further research will be needed to
explore the specific roles of LINC01566 in immune cells
and inflammation and its potential mechanisms in MG.

Conclusion

In summary, we showed that nuclear LINC01566 is
downregulated in MG and is correlated with neutrophil
counts, lymphocyte counts, monocyte counts and NLR in
MG patients. We described its regulatory function in the
proliferation and apoptosis of CD4+T cells through the
regulation of six T-cell activation-related molecules. Our
study suggested that low expressions of LINC01566 in
MG might contribute to the T lymphocyte proliferation
and activation that characterize the immune abnormali-
ties in MG. Furthermore, we found that the transcription
factor FOSL1 regulates LINC01566 expression in MG.
Our findings describe a potential mechanism underly-
ing the protective effect of LINC01566 on MG and reveal
that LINC01566 may be a valuable biomarker and thera-
peutic target in MG.
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