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Abstract
Stabilizing and inhibiting plaque formation is a key challenge for preventing and treating ischemic stroke. KDM1A-mediated 
histone modifications, which involved in the development of training immunity, ultimately exacerbate the outcomes of inflam-
mation. Although lncRNAs can recruit KDM1A to participate in histone methylation modification and regulate inflamma-
tion, cell proliferation, and other biological processes, little is known about the role of KDM1A-lncRNA interaction during 
atherosclerosis. The present study sought to delineate the effect of the interaction between lnc_000048 and KDM1A on 
plaque rupture in carotid atherosclerosis, as well as the potential mechanism. Our results revealed that lnc_000048 reduced 
the activity of histone demethylase and activated MAP2K2 expression by interacting with KDM1A. Furthermore, upregulated 
lnc_000048 indirectly regulated ERK phosphorylation by MAP2K2 and eventually activated the inflammatory response 
through the MAPK pathway, which was involved in atherosclerosis. Importantly, our study using ApoE-/- mice confirmed 
the regulatory role of lnc_000048 in promoting inflammation and collagen degradation in atherosclerotic plaques. These 
results suggest that targeting the lnc_000048 /KDM1A/MAP2K2/ERK axis may be a promising strategy for preventing 
atherosclerosis.
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Background

Atherosclerosis-induced unstable plaque plays a crucial role 
in ischemic stroke [1, 2]. Understanding the pathophysiolog-
ical process and regulatory mechanism of atherosclerosis is 
of strategic significance for preventing and treating ischemic 
stroke. Aggravated inflammation and increased expression 

levels of matrix metalloproteinases (MMPs) can weaken 
plaque caps and promote plaque rupture [3, 4]. Further, 
lncRNA-mediated histone methylation plays an important 
role in chronic inflammatory vascular diseases, such as ath-
erosclerosis [5–7].

LncRNAs contribute to atherosclerotic processes such 
as lipid metabolism disorders, inflammatory responses, and 
plaque formation [8]. Leisegang et al. found that the lncRNA 
MANTIS limited ICAM-1 mediated monocyte adhesion to 
endothelial cells, which may accelerate the development of 
atherosclerosis [9]. LncRNAs can also participate in histone 
modification by binding proteins and interfering with the tran-
scription of inflammatory factors, chemokines, and metabolic 
pathways [10, 11]. KDM1A (also known as LSD1) plays an 
important pathological role by regulating histone methylation 
modification (H3K4me1/2 and H3K9me1/2), which leads to 
epigenetic reprogramming and affects gene expression [12, 
13]. Choi et al. reported that the lncRNA MEF2 recruited his-
tone demethylase KDM1A to decrease the levels of inhibitory 
markers such as H3K9me2 and H3K9me3 from the promoter 
region of muscle-specific genes and subsequently promoted 
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the differentiation of muscle cells [14]. The binding of lncR-
NAs to KDM1A is becoming an important target for disease 
treatment as it leads to reversible changes in gene transcription 
caused by histone modification [15–17]. However, the specific 
mechanisms by which lncRNAs interact with KDM1A during 
atherosclerosis initiation and development need to be further 
investigated.

Our earlier research showed that the lnc_000048 was 
highly expressed in plasma exosomes of patients with 
large-artery atherosclerotic stroke, and the elevation of its 

level was related to the rupture of atherosclerotic plaques 
[18]. But it is still unknown how lnc_000048 contributes 
to atherosclerosis. We hypothesized that lnc_000048 could 
interact with KDM1A in target genes’ promoter regions and 
thus involved in atherosclerosis. We designed this study to 
explore the potential impact of histone modification induced 
by the interaction between lnc_000048 and KDM1A on 
plaque formation and stability in atherosclerosis, with the 
aim of identifying a new potential molecular mechanism 
underlying atherosclerosis progression.

Fig. 1  Characteristics of 
lnc_000048. A The expression 
of lnc_000048 in macrophages 
and THP-1 macrophage-derived 
foam cells; B CPAT evalu-
ated the ability of coding for 
lnc_000048, GADPH, ACTB, 
HULC, SNHG3, and BACER; 
C, D GO and KEGG analysis of 
target genes for lnc_000048
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Methods

Bioinformatic Analysis

Lnc_000048 was identified from the RNA sequencing [18]. 
In the Supplementary Materials and Methods, a comprehen-
sive bioinformatic analysis was detailed.

Cell Culture and Drug Treatment

Procell Life Science&Technology Co., Ltd. provided 
the human mononuclear cell line (THP-1, Procell Life 

Science&Technology, CL-0233) for purchase (Wuhan, China). 
The Supplementary Materials and Methods described the spe-
cifics of cell culture. THP-1 cells were cultured in 6-well plates 
or 10  cm2 dishes as required for the exponential phase. The 
cells were then given a 100 nM PMA (Sigma-Aldrich Chemical 
Company, USA) treatment for 48 h to induce monocytes into 
macrophages. Next, 100 μg/mL ox-LDL (Yiyuan Biotechnol-
ogy, Guangzhou, China) was added to serum-free RPMI 1640 
medium for 48 h to construct the atherosclerosis model in vitro 
for subsequent experiments. According to the experimental 
requirements, the model cells were pretreated with signaling 
pathway inhibitors or enzyme inhibitors, including MEK/ERK 

Fig. 2  Lnc_000048 accelerated inflammatory responses and colla-
gen degradation matrix in THP-1 macrophage-derived foam cells. A 
qRT-PCR assay was performed in THP-1 macrophage-derived foam 
cells transfected with lnc_000048 knocked down and overexpressed 
RNA to evaluate the relative level of lnc_000048. B The effects of 
lnc_000048 on inflammatory cytokine and matrix metalloproteinase 
gene transcriptional expression were assessed using qRT-PCR among 
control, sh-lnc_000048, oe-lnc_000048, sh-NC, and oe-NC groups. 
C The effects of lnc_000048 on inflammatory cytokine and matrix 

metalloproteinase expression were assessed using western blotting 
among control, sh-lnc_000048, oe-lnc_000048, sh-NC, and oe-NC 
groups. D Effect of lnc_000048 on intracellular lipid accumulation 
examined using oil red O staining among control, sh-lnc_000048, 
oe-lnc_000048, sh-NC, and oe-NC groups. *P < 0.05 versus the con-
trol group; **P < 0.01. Three times each of the cellular tests were 
done. The one-way ANOVA method was used to assess comparisons 
between various groups
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inhibitors (FR 180,204, terminal concentration 1 µM) and GSK-
LSD1 (final concentration 5 µM) [19, 20]. All inhibitors were 
purchased from MCE. Lentivirus was transfected into THP-1 

cells in accordance with the manufacturer’s recommendations. 
The Supplementary Materials and Methods provided a descrip-
tion of the specifics.
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Carotid Atherosclerosis Model and Transfection 
in ApoE‑/‑ mice

All experimental animal protocols were approved by the 
Animal Management Committee and Animal Ethics and 
Welfare Committee of the Affiliated Hospital of Qingdao 
University. The US National Institutes of Health’s Guide 
for the Care and Use of Laboratory Animals was strictly fol-
lowed when carrying out the protocols (NIH Publication No. 
85–23, revised 1996). The model of carotid atherosclerosis 
was constructed as explained previously [21, 22]. Then, as 
previously mentioned, the virus-infected cells were injected 
into the mice’s tail vein for a total of 4 weeks [23–25].

RNA Isolation and Quantification

RNA isolation and quantification were carried out as previously 
described [26]. The Supplementary Materials went into detail 
about these specifics and Methods and primers used for the 
genes of interest are listed in Supplementary Table S1.

Protein Extraction and Western Blotting Analysis

Western blotting was carried out in the manner previously 
described [27]. The Supplementary Materials and Methods 
provided a description of the specifics.

Oil Red O Staining

To assess the accumulation of lipid in cells, the Oil Red 
O Stain Kit was performed as per manufacturer’s instruc-
tions (G1262; Solarbio; Beijing, China). The Supplemen-
tary Materials and Methods contained further information.

RNA Pull‑Down Assay and Mass Spectrometry 
Analysis

Using the PierceTM Magnetic RNA–Protein Pull-Down 
Kit’s instructions, RNA pull-down assays were used to look 

at the lnc_000048-binding proteins (Thermo Scientific). 
Details are provided in the Supplementary Materials and 
Methods and primer sequences of lnc_000048 for RNA 
pull-down are listed in Supplementary Table S2.

Fluorescence In Situ Hybridization (FISH)

Fluorescence in situ hybridization assays were performed as 
per manufacturer’s instructions (C10910; RiboBio; Guang-
zhou) [28]. FISH was used to assess lnc_000048 distribution 
in THP-1 cells. Details were provided in the Supplementary 
Materials and Methods.

Immunofluorescence

Immunofluorescence was used to assess the distribution of 
KDM1A in THP-1 cells. The details were described in the 
Supplementary Materials and Methods.

Chromatin Immunoprecipitation (ChIP)

To assess H3K4me2, Chromatin immunoprecipitation 
(ChIP) assays were carried out in accordance with the 
manufacturer’s instructions (26,156; Thermo Scientific) 
[29]. The details were described in the Supplementary 
Materials and Methods and primers used for the genes of 
interest are listed in Supplementary Table S3.

HE Staining

HE staining was performed as described previously [30]. 
The Supplementary Materials and Methods provide 
details.

Masson Staining

Masson staining was conducted using a ready-to-use kit 
(Masson’s Trichrome Stain Kit, Solarbio) [31]. The Sup-
plementary Materials and Methods provide details.

Statistical Analysis

Data represent the mean ± standard error. Comparisons 
between the controls and treatment groups were performed 
using one-way ANOVA. The Mann–Whitney U test or 
Student’s t-test was used to compare continuous variables 
between patients and controls. Statistical significance was 
defined as p < 0.05 for all tests. Statistical analyses were 
performed using Statistical Package for the Social Sciences 
software version 17.0 (SPSS Inc., Chicago, IL, USA) and 
GraphPad Prism 6.

Fig. 3  KDM1A was essential for atherosclerosis. A Analysis combin-
ing mass spectrometry and an RNA pull-down assay to create a heat-
map of the proteins bound to lnc_000048. B The lnc_000048-binding 
proteins that are related to epigenetics. C Subcellular localization of 
lnc_000048 and KDM1A in THP-1 cells detected using FISH and 
immunofluorescence assays. D By using an RNA pull-down experi-
ment and western blotting, the interaction between lnc_000048 and 
KDM1A was confirmed. E The effects of KDM1A on inflammatory 
cytokines and matrix metalloproteinases expression were assessed 
using western blotting. F The effects of an inhibitor of KDM1A 
(GSK-LSD1) on inflammatory cytokines and matrix metallopro-
teinases expression were assessed using western blotting. *P < 0.05 
versus the control group; **P < 0.01. All cellular experiments were 
repeated 3 times. Comparison among multiple groups was analyzed 
using one-way ANOVA
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Results

Characteristics of lnc_000048

Our previous studies found that up-regulated lnc_000048 
may be associated with the rupture of atherosclerotic 
plaques [18]. qRT-PCR was used to confirm lnc_000048 
expression in vitro atherosclerosis model, and the results 
showed that lnc_000048 was up-regulated in THP-1 mac-
rophage-derived foam cells (Fig. 1A).

We then evaluated the coding potential of lnc_000048 
using CPC2, CPAT, and Pfam, and found that lnc_000048 
had no coding potential, similar to HOTAIR or NEAT1 
(Fig. 1B).

Furthermore, we predicted the target genes of 
lnc_000048 by using TargetScan, miRanda, and RNAhy-
brid. The top 10 target genes of lnc_000048 were listed 
in Supplementary Table S4. Importantly, the biologi-
cal function of lnc_000048 was assessed using GO and 
KEGG, and our results indicated that lnc_000048 might 
be related to immune and platelet aggregation (Fig. 1C, 
D). Together, these findings imply that the amount of 
lnc_000048 level is elevated in foam cells produced 
fromTHP-1 macrophage and probably involved in the 
process of atherosclerosis.

Lnc_000048 Increased the Expression 
Levels of Inflammatory Factors and Matrix 
Metalloproteinases in THP‑1 Macrophage‑Derived 
Foam Cells

We used qRT-PCR and western blotting to analyze the 
expression of inflammatory cytokines (IL-1, IL-6, and 
TNF-), as well as matrix metalloproteinases (MMP-2 

and MMP-9), in THP-1 macrophage-derived foam cells 
to assess the phenotypic change. The results showed an 
increase in inflammatory factors and matrix metallopro-
teinases in THP-1 macrophage-derived foam cells (Addi-
tional file: Fig.S1 A-B). Oil Red O staining indicated 
the formation of foam cells induced by ox-LDL from 
THP-1-derived macrophage and the successful establish-
ment of an atherosclerosis model in vitro (Additional 
file: Fig. S1C).

To further evaluate the effect of lnc_000048 on ath-
erosclerosis, we constructed and transfected lentiviruses 
with lnc_000048 knockdown (sh-lnc_000048) or overex-
pression (oe-lnc_000048). In THP-1 macrophage-derived 
foam cells, the expression levels of lnc_000048 were dif-
ferent in the sh-lnc_000048 and oe-lnc_000048 groups 
compared with that in the control group (p < 0.05), 
and there was no difference in the expression level of 
lnc_000048 between the sh-NC and oe-NC groups 
(Fig. 2A) (p > 0.05).

The effects of lnc_000048 overexpression or knock-
down on THP-1 macrophage-derived foam cells were 
next investigated using western blotting and qRT-PCR. 
After lnc_000048 knockdown, the expression levels 
of inflammatory cytokines (IL-1β, IL-6, TNF-α) and 
matrix metalloproteinases (MMP-2, MMP-9) decreased 
compared with those in the sh-NC group, following the 
overexpression of lnc_000048, the release of these fac-
tors was higher than that in the oe-NC group (Fig. 2B and 
C) (p < 0.05), highlighting the ability of lnc_000048 to 
accelerate the inflammation and degradation of collagen 
in THP-1 macrophage-derived foam cells. The effects of 
lnc_000048 overexpression and knockdown on intracel-
lular lipid accumulation in THP-1 macrophage-derived 
foam cells were examined using Oil Red O staining. 
As shown in Fig. 2D, when compared with the sh-NC 
group, knockdown of lnc_000048 inhibited intracellular 
lipid accumulation and overexpression of lnc_000048 
increased intracellular lipid accumulation (p < 0.05). 
These findings suggest that lnc_000048 promotes lipid 
accumulation in foam cells generated from THP-1 
macrophages.

Together, all the results suggest that lnc_000048 boosted 
inflammatory responses s and collagen degradation matrix 
in THP-1 macrophage-induced foam cells.

KDM1A Was Essential for ox‑LDL‑Induced 
Atherosclerosis in THP‑1‑Derived Macrophages

To elucidate the potential mechanism by which lnc_000048 
promotes atherosclerosis, we focused on KDM1A, the key 
player in histone modification. We first identified the poten-
tial binding protein of lnc_000048 by RNA pull-down and 
mass spectrometry. After functional analysis, 319 proteins 

Fig. 4  Lnc_000048 elevated the expression of MAP2K2 by atten-
uating the activity of KDM1A. A The effects of KDM1A on 
lnc_000048 transcriptional expression were assessed using qRT-PCR. 
B The effects of lnc_000048 on KDM1A expression were assessed 
using western blotting. C The effects of lnc_000048 on the activ-
ity of KDM1A were assessed using western blotting by combina-
tion use of KDM1A inhibitors (GSK-LSD1). D The reverse effects 
of KDM1A on lnc_000048 were assessed using western blotting. E 
Enriched histone 3 lysine 4 dimethylation (H3K4me2) on the promo-
tors of proatherogenic genes. ChIP of H3K4me2 was performed on 
chromatin from THP-1 macrophage-derived foam cells. H3K4me2 
quantification was performed by qRT-PCR analysis of the promo-
tors of IL-1β, IL-6, TNF-α, MMP-2, and MMP-9. F The effects of 
lnc_000048 on enrichment H3K4me2 on the promotors of MAP2K2 
were assessed using ChIP and qRT-PCR. G The effects of KDM1A 
on enrichment H3K4me2 on the promotors of MAP2K2 were 
assessed using ChIP and qRT-PCR. H The effects of lnc_000048 
on MAP2K2 expression were assessed using WB. **P < 0.01, 
***P < 0.001. Three times each of the cellular tests were done. The 
one-way ANOVA method was used to assess comparisons between 
various groups
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were identified, and 6 proteins related to epigenetics were 
obtained (Fig. 3A and B, Additional file: Fig. S2A). Finally, 
we selected KDM1A, which participates in histone modifi-
cation and might be involved in the development of athero-
sclerosis, as an lnc_000048-binding protein. The potential 
interaction between lnc_000048 and KDM1A was evaluated 
using the catRAPID bioassay, and the results demonstrated 
that the interaction between lnc_000048 and KDM1A was 
likely with a high score of 0.7 (a score of 0.5 is considered as 
a high possibility of interaction) (Additional file: Fig. S2B).

Furthermore, RNA-FISH assay revealed that lnc_000048 
was located in the nuclei of THP-1 cells. Similarly, immu-
nofluorescence results showed that KDM1A was present in 
the nucleus (Fig. 3C). Spatial localization suggested the pos-
sibility of an interaction between lnc_000048 and KDM1A. 
To further confirm the interaction between lnc_000048 and 
KDM1A, we conducted WB experiments after RNA pull-
down and found that the binding of KDM1A to lnc_000048 
was specific (Fig. 3D).

The influences of knockdown or overexpression of 
KDM1A on THP-1 macrophage-derived foam cells were 
examined by western blotting. After KDM1A knockdown, 
the expression levels of inflammatory cytokines (IL-1β, 
IL-6, and TNF-α) and matrix metalloproteinase (MMP-2 
and MP-9) were elevated compared with those in the sh-NC 
group. Following the overexpression of KDM1A, the release 
of these factors was lower than that in the oe-NC group 
(Fig. 3E) (p < 0.05), highlighting the ability of KDM1A to 
reduce the occurrence of inflammation and degradation of 
collagen in THP-1 macrophage-derived foam cells. More 
importantly, treating cells with KDM1A inhibitors can 
significantly accelerate the occurrence of inflammation, 
suggesting that targeting KDM1A can disturb the process 
of atherosclerosis (Fig. 3F). Interestingly, we observed no 
significant change in KDM1A expression level in THP-1 
macrophage-derived foam cells, while histone methylation 
levels, which were regulated by KDM1A, increased. This 
finding indicated that the activity of KDM1A was altered 
(Additional file: Fig. S3A–B).

Together, the results shown in Fig. 3A–F and Additional 
file Fig.  S2A-B, S3A–B suggested that in a KDM1A-
dependent manner, lnc_000048 involved in the process of 
atherosclerosis.

Lnc_000048 Enhanced MAP2K2 Methylation 
via the Attenuated Activity of KDM1A to Promote 
Atherosclerosis

To investigate how lnc_000048 functions via KDM1A to 
induce atherosclerosis, we first evaluated the effect of the 
interaction between lnc_000048 and KDM1A on their 
expression levels. The results showed that the knockdown 
or overexpression of lnc_000048 did not affect the expres-
sion level of KDM1A (Fig. 4A), and the expression level of 
lnc_000048 was unaffected by KDM1A overexpression or 
knockdown (Fig. 4B), suggesting that there was no mutual 
regulation in expression between lnc_000048 and KDM1A.

To further investigate the effect of lnc_000048 on 
KDM1A, we combined GSK-LSD1 to detect the expres-
sion of H3K4me2. The results showed that lnc_000048 
attenuated the activity of KDM1A and enhanced the levels 
of H3K4me2 (Fig. 4C).

Furthermore, to further determine whether the interac-
tion between lnc_000048 and KDM1A contributes to the 
progression of atherosclerosis, we performed rescue experi-
ments. The results showed that the aggravation of inflamma-
tion and collagen degradation caused by lnc_000048 over-
expression could be alleviated by KDM1A overexpressed 
(Fig. 4D). These results further confirmed that KDM1A res-
cued the pro-atherosclerotic effects induced by lnc_000048.

As a histone demethylase, KDM1A can reduce H3K4me2 
levels in the promoter regions of target genes. To further 
clarify the target molecules of KDM1A, we first performed 
ChIP to analyze the H3K4me2 levels in the promoter region 
of inflammatory factors, and the results showed that over-
expression or knockdown of lnc_000048 did not affect 
the levels of histone methylation (Fig. 4E), indicating that 
lnc_000048 targeted other factors via KDM1A.

In Noonan syndrome, KDM1A could affect the histone 
methylation level of the MAP2K2 promoter region. By weak-
ening KDM1A, we predicted that lnc_000048 would have 
an impact on the levels of H3K4me2 in the promoter region 
of MAP2K2. The results of ChIP showed that H3K4me2 
was increased in the promoter region of MAP2K2 in overex-
pression of lnc_000048 (Fig. 4F). To further clarify whether 
lnc_000048 affects MAP2K2 through KDM1A, we analyzed 
the levels of histone methylation of MAP2K2 by knocking 
down or overexpressing KDM1A. The results demonstrated 
that knockdown KDM1A and overexpressed lnc_000048 had 
similar effects (Fig. 4G). Western blotting showed the similar 
results (Fig. 4H, Additional file: Fig. S4B).

Fig. 5  Lnc_000048 enhanced the phosphorylation of ERK. A The 
effects of lnc_000048 on the enrichment of H3K4me2 on ERK pro-
motors were assessed using ChIP and qRT-PCR. B The effects of 
KDM1A on the enrichment of H3K4me2 on ERK promotors were 
assessed using ChIP and qRT-PCR. C The effects of lnc_000048 
on ERK and p-EKR expression were assessed using western blot-
ting. D The reverse effects of KDM1A on changes in MAPKs path-
way induced by lnc_000048 were assessed using western blotting. 
E, F The reverse effects of MAPKs pathway inhibitor (FR180204) 
on lnc_000048 were assessed using western blotting: ERK and 
p-ERK(E) and inflammatory cytokines and matrix metalloproteinases 
(F). ***P < 0.001; ****P < 0.0001. Three times each of the cellular 
tests were done. The one-way ANOVA method was used to assess 
comparisons between various groups
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Together, the results from multiple approaches shown 
in Fig. 4A–H and Additional file Fig. S4B suggested that 
lnc_000048 could enhance MAP2K2 function by attenuat-
ing the histone demethylase activity of KDM1A to promote 
atherosclerosis.

Lnc_000048 Indirectly Enhanced 
the Phosphorylation of ERK

Atherosclerosis develops in large part as a result of the MAPK 
pathway, and our research found that the expression level of 
MAP2K2 was elevated during atherosclerosis development 
(Additional file: Fig. S4A). As an important member of the 
MAPK pathway, MAP2K2 activates ERK, leading to its phos-
phorylation. We further measured the levels of total and phos-
phorylated ERK (p-ERK) and found that the expression level of 
total ERK was unchanged and p-ERK was enhanced in THP-1 
macrophage-derived foam cells (Additional file: Fig. S4A).

Our previous study found that lnc_00048 increased the 
levels of histone methylation in the promoter region of 
MAP2K2. We performed a ChIP experiment to explore 
whether lnc_000048 plays a similar role in ERK. The 
results showed that there were no significant changes of 
H3K4me2 in ERK among knockdown or overexpressed 
lnc_000048 and KDM1A groups (Fig. 5A and B), which 
suggested that phosphorylation of ERK was induced by 
lnc_000048 in an indirect manner. Western blotting con-
firmed that overexpression of lnc_000048 promoted the 
expression of MAP2K2 and p-ERK, whereas knock-
down of lnc_000048 had the opposite effect. However, 
lnc_000048 overexpression or knockdown had little effect 
on the overall amount of ERK expression in THP-1 mac-
rophage-derived foam cells (Fig. 4H and Fig. 5C), sug-
gesting that lnc_000048 interferes with the phosphoryla-
tion of ERK by affecting MAP2K2 rather than total ERK. 
In addition, we found that MAP2K2 expression and ERK 
phosphorylation levels increased in the KDM1A knock-
down group (Additional file: Fig.  S4B). More impor-
tantly, the increased MAP2K2 and p-ERK levels caused 
by lnc_000048 overexpression could be alleviated by 
KDM1A overexpression (Fig. 5D). These results further 

confirmed that KDM1A rescued the pro-atherosclerotic 
effects induced by lnc_000048.

Furthermore, we used the MAPK inhibitor, FR180021, 
to observe the role of the MAPK pathway in atherosclerosis. 
The results demonstrate that FR180712 significantly inhib-
ited lnc_000048-induced activation of the MAPK signaling 
pathway and the release of inflammatory factors and matrix 
metalloproteins in THP-1 macrophage-derived foam cells 
(Fig. 5E and F).

Together, the results shown in Fig. 5A–F and Additional 
file Figure S4A-B indicated that lnc_000048 participated in 
atherosclerosis through the MAPK pathway.

Lnc_000048 Accelerated the Inflammation 
and Degradation of Collagen in ApoE‑/‑ Mice 
with Carotid Atherosclerosis

To confirm the role of lnc_000048 in an in vivo mouse 
model, we successfully simulated carotid atheroscle-
rosis through partial carotid ligation with or without 
lentivirus vector infection for the knockdown or over-
expression of lnc_000048 in ApoE-/- mice. HE stain-
ing showed that the structure of the carotid intima was 
disordered, inflammatory cells were aggregated, and 
plaques were formed in the carotid artery, at the same 
time, we have tested the level of KDM1A in the plaque 
and the results showed that the level of KDM1A has no 
changes, which is consistent with our results in vitro 
(Additional file: Fig. S5A and Fig. S5B). The qRT-PCR 
results demonstrated that knockdown and overexpression 
of lnc_000048 were effective in the release of inflamma-
tory factors and matrix metalloproteinases in atheroscle-
rotic plaques (Additional file: Fig. S5C).

The results of HE staining of the carotid artery showed that 
ApoE-/- mice with lnc_000048 knockdown exhibited less 
plaque; however, in the overexpressed lnc_000048 group, the 
structure of the carotid intima was disturbed, the intima thick-
ened, and the plaque volume increased significantly (Fig. 6A). 
Masson staining indicated that the volume of carotid plaque 
increased significantly and decreased, and collagen degradation 
was more serious in ApoE-/- mice overexpressing lnc_000048. 
However, lnc_000048 knockdown exhibited the opposite effect, 
suggesting that lnc_000048 can accelerate the process of athero-
sclerosis (Fig. 6B).

Finally, the overexpression of lnc_000048 enhanced the 
expression of inflammatory factors and matrix metallopro-
teinases in carotid plaque samples, activating the MAP2K2-
ERK axis, according to the results of our western blotting 
(Fig. 6C and D).

Together, the results from our studies in ApoE-/- mice 
validated that lnc_000048 promoted atherosclerosis by acti-
vating the lnc_000048/MAP2K2/ERK axis.

Fig. 6  Lnc_000048 promoted atherosclerosis progression in ApoE–
/– mice. A Analysis of carotid plaque development in ApoE-/- mice 
with atherosclerosis following treatment with sh-lnc_000048 or 
oe-lnc_000048 using HE staining. B Masson staining analysis of 
collagen degradation of carotid plaque in ApoE-/- mice after sh-
lnc_000048 or oe-lnc_000048 treatment. C The effects of lnc_000048 
on inflammatory cytokine and matrix metalloprotein expression were 
assessed using western blotting. D The effects of lnc_000048 on the 
expression of factors of MAPKs pathway assessed using western 
blotting. *P < 0.05; **P < 0.01; ***P < 0.001. All experiments were 
repeated three times. The one-way ANOVA method was used to 
assess comparisons between various groups
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Discussion

LncRNAs participate in various stages of atherosclerosis by 
mediating histone modification [32–34]. In this study, we 
presented a new perspective that lnc_000048 participated 
in atherosclerosis via epigenetic modifications caused by 
its interaction with KDM1A. Our results suggested that 
lnc_000048 weakened the enzymatic activity of KDM1A to 
increase histone methylation levels in the promoter region of 
MAP2K2 and stimulate the phosphorylation of ERK, result-
ing in increased expression levels of inflammatory cytokines 
and matrix metalloproteinases (Fig. 7). These findings sug-
gested that lnc_000048 /KDM1A/MAP2K2/ERK was a key 
regulatory axis in atherosclerosis progression.

Our study found that lnc_000048 levels were increased in 
ox-LDL-treated macrophages, which was consistent with our 
previous RNA-seq findings. Lnc_000048 is a long non-cod-
ing RNA with a transcript of 1.128 kb, functional enrichment 
suggested that lnc_000048 may be involved in atherosclerotic 
biological processes, such as inflammation, platelet-activa-
tion, and epigenetic modification. However, the specific role 
of lnc_000048 in atherosclerosis remains unknown.

LncRNAs can participate in histone modification and 
regulate gene expression by recruiting proteins that regu-
late disease progression [35]. However, current studies on 
histone modification by lncRNAs are mostly focused on can-
cer, and their role in atherosclerosis is still in its infancy. In 
our study, through RNA pull-down and mass spectrometry 
analyses, we found that lnc_000048 could bind KDM1A to 
participate in the development of atherosclerosis through 
histone modification.

Subsequent subcellular localization showed that both 
lnc_000048 and KDM1A localize to the nucleus, suggesting 
the possibility of a spatial interaction. Subcellular localiza-
tion of lncRNAs can indicate their possible mode of action 
in cells such as competing endogenous RNA (ceRNA) [36]. 
LncRNAs can induce epigenetic modifications and regulate 
the transcription of target genes by co-locating with pro-
teins in the nucleus [37]. Ren et al. proposed that lncRNA 
PLACT1 and hnRNPA1 co-localized in the nucleus and then 
induced an increase of H3K27, which reduces the transcrip-
tion level of IκBα [38]. We further confirmed the physi-
cal binding relationship between lnc_000048 and KDM1A 
using the RNA pull-down combined WB technique.

Furthermore, we found that lnc_000048 recruited 
KDM1A and inhibited its demethylase activity of KDM1A, 
which further mediated the enrichment of H3K4me2 in the 
promoter region and activated the expression of MAP2K2. 
LncRNAs can recruit histone modification enzymes as well 
as transcription factors to specific genomic sites and exert 
transcriptional inhibition or activation of downstream target 
genes [39, 40]. For example, lncRNA-Zeb1-AS1 activates 
ZEB1(a transcription factor) through epigenetic activation, 
indirectly regulates downstream target molecules of ZEB1, 
and is eventually involved in tumors [41]. Pandey et al. 
found that lncRNA Kcnq1ot could specifically interact with 
H3K9- and H3K27-specific histone methyltransferase G9a 
and PRC2 complexes, ultimately promoting increased levels 
of H3K27me3 and H3K9me3 [42]. In our study, we found 
that lnc_000048 could recruit and affect the demethylase 
activity of KDM1A, eventually regulating the expression of 
downstream target genes. These results were similar to those 

Fig. 7  Schematic depiction 
of lnc_000048 /KDM1A/
MAP2K2/ERK pathway in 
atherosclerosis and plaque
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reported by Choi et al. [14]. Future studies will be of inter-
est to explore the bonding point between lnc_000048 and 
KDM1A to further investigate the mechanism of lnc_000048 
in the process of atherosclerotic plaques.

As an important histone demethylase, KDM1A regulates 
gene transcription in an epigenetic manner by altering histone or 
non-histone methylation levels in the promoter region [43–45]. 
Our study found that lnc_000048 participated in MAP2K2 
transcription by affecting histone methylation in the promoter 
region of MAP2K2, which was caused by KDM1A. LncRNAs 
can recruit KDM1A to participate in the biological processes 
of tumors and angiogenesis. Pu et al. found that MAGI2-AS3 
might attract KDM1A to encourage the demethylation of 
H3K4me2 in the RACGAP1 promoter, which would ultimately 
lower the level of RACGAP1 expression and control the prolif-
erative, migratory, and invading capacities of HCC cells [46]. 
Di Zhao et al. reported that lncRNA-HOTAIR interacted with 
KDM1A to induce partial transcriptomic reprogramming in 
the endothelial cell [47]. Our results are consistent with Kent’s 
report that silencing KDM1A leads to an increased expression 
level of MAP2K2, which activates downstream MAPK path-
way factors, such as the phosphorylation of ERK [48]. However, 
these therapeutic targets still need more validation in vivo trials 
in future.

Finally, the results showed that lnc_000048 accelerated 
the formation and instability of atherosclerotic plaques 
in ApoE-/- mice in vivo. Overexpression of lnc_000048 
enhances the accumulation of inflammatory cells and col-
lagen degradation in plaques.

Conclusions

In conclusion, our study found that lnc_000048 significantly 
induced the release of matrix metalloproteinases and inflam-
matory factors in models of atherosclerosis. Mechanistically, 
lnc_000048 affected histone demethylase activity by recruit-
ing KDM1A, promoting the transcription of MAP2K2 by 
accumulating H3K4me2 in the promoter region, further 
accelerating the phosphorylation of ERK, and eventually 
promoting downstream inflammatory factors. More impor-
tantly, our results suggested that lnc_000048 affected athero-
sclerosis progression by inhibiting KDM1A activity rather 
than its expression. Our results indicated how lnc_0000048 
promoted atherosclerosis and provide new potential strate-
gies to target the lnc_000048 /KDM1A/MAP2K2/ERK axis 
to inhibit the progression of atherosclerosis.

Abbreviations lncRNAs: Long non-coding RNAs; qRT-PCR: Quan-
titative Real-time PCR; ChIP:  Chromatin immunoprecipitation; 
MS: Mass spectrometry; FISH: Fluorescence in situ hybridization; 
H3K4me2: Histone 3 lysine 4 dimethylation

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12035- 023- 03214-0.

Author Contribution Shuai Zhang and Yu Sun contributed equally to 
this work. Shuai Zhang, Xiaoyan Zhu, and Xudong Pan designed the 
study. Shuai Zhang, Yu Sun, Qi Xiao, and Mengying Niu collected the 
literature. Shuai Zhang, Yu Sun, Qi Xiao, Mengying Niu, Xiaoyan Zhu, 
and Xudong Pan analyzed the data. Shuai Zhang, Yu Sun, and Xiaoyan 
Zhu wrote the manuscript. All authors read and revised the manuscript.

Funding This work was supported by the Natural Science Foundation 
of Shandong Province (ZR2020MH138).

Data Availability The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Declarations 

Ethics Approval and Consent to Participate The study was approved by 
the Animal Management Committee and Animal Ethics and Welfare 
Committee of the Affiliated Hospital of Qingdao University (AHQV-
MAL20211103). All animal experiments were performed in accord-
ance with a guide to animal ethics.

Consent for Publication Not applicable.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Donnan GA, Fisher M, Macleod M, Davis SM (2008) Stroke Lancet 
371:1612–1623. https:// doi. org/ 10. 1016/ S0140- 6736(08) 60694-7

 2. Harshfield EL, Sims MC, Traylor M, Ouwehand WH, Markus 
HS (2020) The role of haematological traits in risk of ischaemic 
stroke and its subtypes. Brain 143:210–221. https:// doi. org/ 10. 
1093/ brain/ awz362

 3. Schmermund A, Erbel R (2001) Unstable coronary plaque and its 
relation to coronary calcium. Circulation 104:1682–1687. https:// 
doi. org/ 10. 1161/ hc3901. 093339

 4. Park SH (2021) Regulation of macrophage activation and dif-
ferentiation in atherosclerosis. J Lipid Atheroscler 10:251–267. 
https:// doi. org/ 10. 12997/ jla. 2021. 10.3. 251

 5. Zhang Z, Salisbury D, Sallam T (2018) Long noncoding RNAs in 
atherosclerosis: JACC review topic of the week. J Am Coll Car-
diol 72:2380–2390. https:// doi. org/ 10. 1016/j. jacc. 2018. 08. 2161

 6. He X, Lian Z, Yang Y, Wang Z, Fu X, Liu Y, Li M, Tian J, Yu 
T, Xin H (2020) Long non-coding RNA PEBP1P2 suppresses 
proliferative VSMCs phenotypic switching and proliferation in 

1 3

2584

https://doi.org/10.1007/s12035-023-03214-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(08)60694-7
https://doi.org/10.1093/brain/awz362
https://doi.org/10.1093/brain/awz362
https://doi.org/10.1161/hc3901.093339
https://doi.org/10.1161/hc3901.093339
https://doi.org/10.12997/jla.2021.10.3.251
https://doi.org/10.1016/j.jacc.2018.08.2161


Molecular Neurobiology  (2023) 60:2572–2586

atherosclerosis. Mol Ther Nucleic Acids 22:84–98. https:// doi. 
org/ 10. 1016/j. omtn. 2020. 08. 013

 7. Haemmig S, Feinberg MW (2017) Targeting LncRNAs in cardio-
vascular disease: options and expeditions. Circ Res 120:620–623. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 116. 310152

 8. Du M, Wang C, Yang L, Liu B, Zheng Z, Yang L, Zhang F, Peng 
J, Huang D, Huang K (2022) The role of long noncoding RNA 
Nron in atherosclerosis development and plaque stability. iScience 
25:103978. https:// doi. org/ 10. 1016/j. isci. 2022. 103978

 9. Leisegang MS, Bibli SI, Gunther S, Pfluger-Muller B, Oo JA, 
Hoper C, Seredinski S, Yekelchyk M, Schmitz-Rixen T, Schur-
mann C, Hu J et al (2019) Pleiotropic effects of laminar flow and 
statins depend on the Kruppel-like factor-induced lncRNA MAN-
TIS. Eur Heart J 40:2523–2533. https:// doi. org/ 10. 1093/ eurhe artj/ 
ehz393

 10. Mbadhi M, Tang J, Zhang J (2021) Histone lysine methylation and 
long non-coding RNA: the new target players in skeletal muscle 
cell regeneration. Front Cell Dev Biol 9:759237. https:// doi. org/ 
10. 3389/ fcell. 2021. 759237

 11. Ding Y, Yin R, Zhang S, Xiao Q, Zhao H, Pan X, Zhu X (2021) 
The combined regulation of long non-coding RNA and RNA-
binding proteins in atherosclerosis. Front Cardiovasc Med 
8:731958. https:// doi. org/ 10. 3389/ fcvm. 2021. 731958

 12. Gu F, Lin Y, Wang Z, Wu X, Ye Z, Wang Y, Lan H (2020) Bio-
logical roles of LSD1 beyond its demethylase activity. Cellular 
and molecular life sciences : CMLS 77:3341–3350. https:// doi. 
org/ 10. 1007/ s00018- 020- 03489-9

 13. Pu Y, Zhao Q, Men X, Jin W, Yang M (2021) MicroRNA-325 
facilitates atherosclerosis progression by mediating the SREBF1/
LXR axis via KDM1A. Life Sci 277:119464. https:// doi. org/ 10. 
1016/j. lfs. 2021. 119464

 14. Choi J, Jang H, Kim H, Kim S, Cho E, Youn H (2010) Histone 
demethylase LSD1 is required to induce skeletal muscle differ-
entiation by regulating myogenic factors. Biochem Biophys Res 
Commun 401:327–332. https:// doi. org/ 10. 1016/j. bbrc. 2010. 09. 
014

 15. Chen Z, Chen X, Lu B, Gu Y, Chen Q, Lei T, Nie F, Gu J, Huang 
J, Wei C, Sun M et al (2020) Up-regulated LINC01234 promotes 
non-small-cell lung cancer cell metastasis by activating VAV3 and 
repressing BTG2 expression. J Hematol Oncol 13:7. https:// doi. 
org/ 10. 1186/ s13045- 019- 0842-2

 16. Ma L, Xu A, Kang L, Cong R, Fan Z, Zhu X, Huo N, Liu W, Xue 
C, Ji Q, Li W, et al (2021) LSD1-demethylated LINC01134 con-
fers oxaliplatin resistance through SP1-induced p62 transcription 
in HCC. Hepatology 74:3213–3234. https:// doi. org/ 10. 1002/ hep. 
32079

 17. Tsai M, Manor O, Wan Y, Mosammaparast N, Wang J, Lan F, Shi 
Y, Segal E, Chang H (2010) Long noncoding RNA as modular 
scaffold of histone modification complexes. Science (New York, 
N.Y.) 329:689–693. https:// doi. org/ 10. 1126/ scien ce. 11920 02

 18. Zhang S, Wang X, Yin R, Xiao Q, Ding Y, Zhu X, Pan X (2021) 
Circulating exosomal lncRNAs as predictors of risk and unfavora-
ble prognosis for large artery atherosclerotic stroke. Clin Transl 
Med 11:e555. https:// doi. org/ 10. 1002/ ctm2. 555

 19. Tong W, Duan Y, Yang R, Wang Y, Peng C, Huo Z, Wang G 
(2020) Foam cell-derived CXCL14 muti-functionally promotes 
atherogenesis and is a potent therapeutic target in atherosclero-
sis. J Cardiovasc Transl Res 13:215–224. https:// doi. org/ 10. 1007/ 
s12265- 019- 09915-z

 20. Chang J, Wang L, Zhou X, Yuan J, Xu W (2022) The CBL-
LSD1-CXCL8 axis regulates methionine metabolism in glioma. 
Cytokine 151:155789. https:// doi. org/ 10. 1016/j. cyto. 2021. 155789

 21. Li J, Meng X, Si H, Zhang C, Lv H, Zhao Y, Yang J, Dong 
M, Zhang K, Liu S, Zhao X et al (2012) Hepcidin destabilizes 
atherosclerotic plaque via overactivating macrophages after 

erythrophagocytosis. Arterioscler Thromb Vasc Biol 32:1158–
1166. https:// doi. org/ 10. 1161/ atvba ha. 112. 246108

 22. Sasaki T, Kuzuya M, Nakamura K, Cheng XW, Shibata T, Sato K, 
Iguchi A (2006) A simple method of plaque rupture induction in 
apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol 
26:1304–1309. https:// doi. org/ 10. 1161/ 01. ATV. 00002 19687. 
71607. f7

 23. Issler O, van der Zee YY, Ramakrishnan A, Wang J, Tan C, Loh 
YE, Purushothaman I, Walker DM, Lorsch ZS, Hamilton PJ, Pena 
CJ, et al (2020) Sex-specific role for the long non-coding RNA 
LINC00473 in depression. Neuron 106:912–926 e915. https:// doi. 
org/ 10. 1016/j. neuron. 2020. 03. 023

 24. Meng XD, Yao HH, Wang LM, Yu M, Shi S, Yuan ZX, Liu J 
(2020) Knockdown of GAS5 inhibits atherosclerosis progres-
sion via reducing EZH2-mediated ABCA1 transcription in 
ApoE(-/-) mice. Mol Ther Nucleic Acids 19:84–96. https:// doi. 
org/ 10. 1016/j. omtn. 2019. 10. 034

 25. Ou M, Li X, Zhao S, Cui S, Tu J (2020) Long non-coding RNA 
CDKN2B-AS1 contributes to atherosclerotic plaque formation 
by forming RNA-DNA triplex in the CDKN2B promoter. EBi-
oMedicine 55:102694. https:// doi. org/ 10. 1016/j. ebiom. 2020. 
102694

 26. Xiao Q, Hou R, Li H, Zhang S, Zhang F, Zhu X, Pan X (2021) 
Circulating exosomal circRNAs contribute to potential diagnos-
tic value of large artery atherosclerotic stroke. Front Immunol 
12:830018. https:// doi. org/ 10. 3389/ fimmu. 2021. 830018

 27. Cheng Y, Pan X, Wang J, Li X, Yang S, Yin R, Ma A, Zhu 
X (2020) Fucoidan inhibits NLRP3 inflammasome activation 
by enhancing p62/SQSTM1-dependent selective autophagy to 
alleviate atherosclerosis. Oxid Med Cell Longev 2020:3186306. 
https:// doi. org/ 10. 1155/ 2020/ 31863 06

 28. Chen S, Zhu G, Yang Y, Wang F, Xiao Y, Zhang N, Bian X, Zhu 
Y, Yu Y, Liu F, Dong K et al (2021) Single-cell analysis reveals 
transcriptomic remodellings in distinct cell types that contribute 
to human prostate cancer progression. Nat Cell Biol 23:87–98. 
https:// doi. org/ 10. 1038/ s41556- 020- 00613-6

 29. Yoshida Y, Hughes D, Rausa F, Kim I, Tan Y, Darlington G, 
Costa R (2006) C/EBPalpha and HNF6 protein complex forma-
tion stimulates HNF6-dependent transcription by CBP coactiva-
tor recruitment in HepG2 cells. Hepatology (Baltimore, Md.) 
43:276–286. https:// doi. org/ 10. 1002/ hep. 21044

 30. Doddapattar P, Jain M, Dhanesha N, Lentz S, Chauhan A 
(2018) Fibronectin containing extra domain A induces plaque 
destabilization in the innominate artery of aged apolipoprotein 
E-deficient mice. Arterioscler Thromb Vasc Biol 38:500–508. 
https:// doi. org/ 10. 1161/ atvba ha. 117. 310345

 31. Bai J, Yin L, Yu W, Zhang Y, Lin Q, Li H (2022) Angiotensin 
II induces cardiac edema and hypertrophic remodeling through 
lymphatic-dependent mechanisms. Oxid Med Cell Longev 
2022:5044046. https:// doi. org/ 10. 1155/ 2022/ 50440 46

 32. Ginhoux F, Schultze JL, Murray PJ, Ochando J, Biswas SK 
(2016) New insights into the multidimensional concept of 
macrophage ontogeny, activation and function. Nat Immunol 
17:34–40. https:// doi. org/ 10. 1038/ ni. 3324

 33. Li X, Yang Y, Wang Z, Jiang S, Meng Y, Song X, Zhao L, Zou L, Li 
M, Yu T (2021) Targeting non-coding RNAs in unstable atheroscle-
rotic plaques: mechanism, regulation, possibilities, and limitations. Int 
J Biol Sci 17:3413–3427. https:// doi. org/ 10. 7150/ ijbs. 62506

 34. Kuznetsova T, Prange KHM, Glass CK, de Winther MPJ (2020) 
Transcriptional and epigenetic regulation of macrophages in ath-
erosclerosis. Nat Rev Cardiol 17:216–228. https:// doi. org/ 10. 
1038/ s41569- 019- 0265-3

 35. Yao RW, Wang Y, Chen LL (2019) Cellular functions of long 
noncoding RNAs. Nat Cell Biol 21:542–551. https:// doi. org/ 10. 
1038/ s41556- 019- 0311-8

1 3

2585

https://doi.org/10.1016/j.omtn.2020.08.013
https://doi.org/10.1016/j.omtn.2020.08.013
https://doi.org/10.1161/CIRCRESAHA.116.310152
https://doi.org/10.1016/j.isci.2022.103978
https://doi.org/10.1093/eurheartj/ehz393
https://doi.org/10.1093/eurheartj/ehz393
https://doi.org/10.3389/fcell.2021.759237
https://doi.org/10.3389/fcell.2021.759237
https://doi.org/10.3389/fcvm.2021.731958
https://doi.org/10.1007/s00018-020-03489-9
https://doi.org/10.1007/s00018-020-03489-9
https://doi.org/10.1016/j.lfs.2021.119464
https://doi.org/10.1016/j.lfs.2021.119464
https://doi.org/10.1016/j.bbrc.2010.09.014
https://doi.org/10.1016/j.bbrc.2010.09.014
https://doi.org/10.1186/s13045-019-0842-2
https://doi.org/10.1186/s13045-019-0842-2
https://doi.org/10.1002/hep.32079
https://doi.org/10.1002/hep.32079
https://doi.org/10.1126/science.1192002
https://doi.org/10.1002/ctm2.555
https://doi.org/10.1007/s12265-019-09915-z
https://doi.org/10.1007/s12265-019-09915-z
https://doi.org/10.1016/j.cyto.2021.155789
https://doi.org/10.1161/atvbaha.112.246108
https://doi.org/10.1161/01.ATV.0000219687.71607.f7
https://doi.org/10.1161/01.ATV.0000219687.71607.f7
https://doi.org/10.1016/j.neuron.2020.03.023
https://doi.org/10.1016/j.neuron.2020.03.023
https://doi.org/10.1016/j.omtn.2019.10.034
https://doi.org/10.1016/j.omtn.2019.10.034
https://doi.org/10.1016/j.ebiom.2020.102694
https://doi.org/10.1016/j.ebiom.2020.102694
https://doi.org/10.3389/fimmu.2021.830018
https://doi.org/10.1155/2020/3186306
https://doi.org/10.1038/s41556-020-00613-6
https://doi.org/10.1002/hep.21044
https://doi.org/10.1161/atvbaha.117.310345
https://doi.org/10.1155/2022/5044046
https://doi.org/10.1038/ni.3324
https://doi.org/10.7150/ijbs.62506
https://doi.org/10.1038/s41569-019-0265-3
https://doi.org/10.1038/s41569-019-0265-3
https://doi.org/10.1038/s41556-019-0311-8
https://doi.org/10.1038/s41556-019-0311-8


Molecular Neurobiology  (2023) 60:2572–2586

 36. Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O, Chi-
nappi M, Tramontano A, Bozzoni I (2011) A long noncoding 
RNA controls muscle differentiation by functioning as a com-
peting endogenous RNA. Cell 147:358–369. https:// doi. org/ 10. 
1016/j. cell. 2011. 09. 028

 37. Sun Y, Teng Y, Wang L, Zhang Z, Chen C, Wang Y, Zhang X, 
Xiang P, Song X, Lu J, Li N, et al (2022) LINC01431 promotes 
histone H4R3 methylation to impede HBV covalently closed cir-
cular DNA transcription by stabilizing PRMT1. Adv Sci (Wein-
heim, Baden-Wurttemberg, Germany) :e2103135. https:// doi. org/ 
10. 1002/ advs. 20210 3135

 38. Ren X, Chen C, Luo Y, Liu M, Li Y, Zheng S, Ye H, Fu Z, Li 
M, Li Z, Chen R (2020) lncRNA-PLACT1 sustains activation of 
NF-κB pathway through a positive feedback loop with IκBα/E2F1 
axis in pancreatic cancer. Mol Cancer 19:35. https:// doi. org/ 10. 
1186/ s12943- 020- 01153-1

 39. Miao Y, Ajami NE, Huang TS, Lin FM, Lou CH, Wang YT, Li S, 
Kang J, Munkacsi H, Maurya MR, Gupta S et al (2018) Enhancer-
associated long non-coding RNA LEENE regulates endothelial 
nitric oxide synthase and endothelial function. Nat Commun 
9:292. https:// doi. org/ 10. 1038/ s41467- 017- 02113-y

 40. Zhang Y, Arango G, Li F, Xiao X, Putatunda R, Yu J, Yang XF, 
Wang H, Watson LT, Zhang L, Hu W (2018) Comprehensive 
off-target analysis of dCas9-SAM-mediated HIV reactivation via 
long noncoding RNA and mRNA profiling. BMC Med Genomics 
11:78. https:// doi. org/ 10. 1186/ s12920- 018- 0394-2

 41. Su W, Xu M, Chen X, Chen N, Gong J, Nie L, Li L, Li X, Zhang 
M, Zhou Q (2017) Long noncoding RNA ZEB1-AS1 epigeneti-
cally regulates the expressions of ZEB1 and downstream mol-
ecules in prostate cancer. Mol Cancer 16:142. https:// doi. org/ 10. 
1186/ s12943- 017- 0711-y

 42. Pandey R, Mondal T, Mohammad F, Enroth S, Redrup L, 
Komorowski J, Nagano T, Mancini-Dinardo D, Kanduri C (2008) 
Kcnq1ot1 antisense noncoding RNA mediates lineage-specific 

transcriptional silencing through chromatin-level regulation. Mol 
Cell 32:232–246. https:// doi. org/ 10. 1016/j. molcel. 2008. 08. 022

 43. Højfeldt J, Agger K, Helin K (2013) Histone lysine demethyl-
ases as targets for anticancer therapy. Nat Rev Drug Discovery 
12:917–930. https:// doi. org/ 10. 1038/ nrd41 54

 44. Andrés M, Burger C, Peral-Rubio M, Battaglioli E, Anderson 
M, Grimes J, Dallman J, Ballas N, Mandel G (1999) CoREST: a 
functional corepressor required for regulation of neural-specific 
gene expression. Proc Natl Acad Sci USA 96:9873–9878. https:// 
doi. org/ 10. 1073/ pnas. 96. 17. 9873

 45. Song Y, Dagil L, Fairall L, Robertson N, Wu M, Ragan T, Savva 
C, Saleh A, Morone N, Kunze M, Jamieson A et al (2020) Mecha-
nism of crosstalk between the LSD1 demethylase and HDAC1 
deacetylase in the CoREST Complex. Cell Rep 30:2699-2711.
e2698. https:// doi. org/ 10. 1016/j. celrep. 2020. 01. 091

 46. Pu J, Wang J, Wei H, Lu T, Wu X, Wu Y, Shao Z, Luo C, Lu Y 
(2019) lncRNA MAGI2-AS3 prevents the development of HCC 
via recruiting KDM1A and promoting H3K4me2 demethylation 
of the RACGAP1 promoter. Mol Ther Nucleic Acids 18:351–362. 
https:// doi. org/ 10. 1016/j. omtn. 2019. 08. 020

 47. Zhao D, Zhao Y, Wang J, Wu L, Liu Y, Zhao S, Guo F, Ma X, 
Zhang H, Li Z, Meng D et al (2020) Long noncoding RNA Hotair 
facilitates retinal endothelial cell dysfunction in diabetic retin-
opathy. Clin Sci (Lond) 134:2419–2434. https:// doi. org/ 10. 1042/ 
CS202 00694

 48. Kent OA, Saha M, Coyaud E, Burston HE, Law N, Dadson K, 
Chen S, Laurent EM, St-Germain J, Sun RX, Matsumoto Y 
et al (2020) Haploinsufficiency of RREB1 causes a Noonan-
like RASopathy via epigenetic reprogramming of RAS-MAPK 
pathway genes. Nat Commun 11:4673. https:// doi. org/ 10. 1038/ 
s41467- 020- 18483-9

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1 3

2586

https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1002/advs.202103135
https://doi.org/10.1002/advs.202103135
https://doi.org/10.1186/s12943-020-01153-1
https://doi.org/10.1186/s12943-020-01153-1
https://doi.org/10.1038/s41467-017-02113-y
https://doi.org/10.1186/s12920-018-0394-2
https://doi.org/10.1186/s12943-017-0711-y
https://doi.org/10.1186/s12943-017-0711-y
https://doi.org/10.1016/j.molcel.2008.08.022
https://doi.org/10.1038/nrd4154
https://doi.org/10.1073/pnas.96.17.9873
https://doi.org/10.1073/pnas.96.17.9873
https://doi.org/10.1016/j.celrep.2020.01.091
https://doi.org/10.1016/j.omtn.2019.08.020
https://doi.org/10.1042/CS20200694
https://doi.org/10.1042/CS20200694
https://doi.org/10.1038/s41467-020-18483-9
https://doi.org/10.1038/s41467-020-18483-9

	Lnc_000048 Promotes Histone H3K4 Methylation of MAP2K2 to Reduce Plaque Stability by Recruiting KDM1A in Carotid Atherosclerosis
	Abstract
	Background
	Methods
	Bioinformatic Analysis
	Cell Culture and Drug Treatment
	Carotid Atherosclerosis Model and Transfection in ApoE-- mice
	RNA Isolation and Quantification
	Protein Extraction and Western Blotting Analysis
	Oil Red O Staining
	RNA Pull-Down Assay and Mass Spectrometry Analysis
	Fluorescence In Situ Hybridization (FISH)
	Immunofluorescence
	Chromatin Immunoprecipitation (ChIP)
	HE Staining
	Masson Staining
	Statistical Analysis

	Results
	Characteristics of lnc_000048
	Lnc_000048 Increased the Expression Levels of Inflammatory Factors and Matrix Metalloproteinases in THP-1 Macrophage-Derived Foam Cells
	KDM1A Was Essential for ox-LDL-Induced Atherosclerosis in THP-1-Derived Macrophages
	Lnc_000048 Enhanced MAP2K2 Methylation via the Attenuated Activity of KDM1A to Promote Atherosclerosis
	Lnc_000048 Indirectly Enhanced the Phosphorylation of ERK
	Lnc_000048 Accelerated the Inflammation and Degradation of Collagen in ApoE-- Mice with Carotid Atherosclerosis

	Discussion
	Conclusions
	References




