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ARTICLE INFO ABSTRACT

Keywords: Acute coronary events show a diurnal rhythm, and atherosclerotic plaque vulnerability, as a histomorphological
Circadian rhythm characteristic of major adverse cardiovascular events, is a key target for intervention. Although oscillating

Long non-coding RNA
Macrophage

Necroptosis

Atherosclerotic plaque stability

microRNAs reduce plaque stability by facilitating macrophage apoptosis in lesions, whether rhythmic long non-
coding RNA (IncRNA) can regulate diurnal oscillations in plaque stability and the potential underlying mecha-
nism remain unclear. In this study, we examined whether rhythmic IncRNAs are involved in the pathogenesis and
progression of atherosclerosis and detected a novel circadian IncRNA-AK023617, which is positively correlated
with the peak occurrence of major adverse cardiovascular events. Transfection of short interfering RNA specific
to Inc-AK023617 into THP-1 cells dampened the oscillation of immunity-related GTPase family M protein 1
(Irgm1), which is negatively related to plaque stability. In ApoE /" mice fed a high-fat diet for 12 weeks, diurnal
variations in IncAK023617 were consistent with the proportions of necroptotic cells in atherosclerotic plaques. In
addition, reduced expression of IncAK023617 inhibited P-RIP3 and P-MLKL in THP-1 cells. Mechanistically,
IncAK023617 interacted with the core molecular clock Bmall and promoted nuclear translocation of Bmall,
which could directly bind to the E-BOX elements in the Irgml promoter. Thus, oscillating IncAK023617 in
macrophages can affect plaque stability by regulating necroptosis, which regulates circadian expression of the
target gene Irgm1 by increasing the transcriptional activity of Bmall, ultimately determining the diurnal oscil-
lations in plaque stability. Therefore, IncAK023617 may serve as a specific target to ameliorate atherosclerotic
plaque vulnerability.

binds to E-box sites across the genome, inducing rhythmic expression in
clock-controlled genes through a transcriptional mechanism [3].

A growing body of epidemiological data shows the occurrence of
daily oscillations in major adverse cardiovascular events such as stroke
[4], myocardial infarction [5], severe ventricular arrhythmia [6], and
sudden cardiac death [7]. Atherosclerosis (AS) is the primary cause of
most cardiovascular diseases, and macrophages participate in the entire
process of atheromatous plaque formation [8]. The CCL2-CCR2 axis,
which is regulated by the clock protein Bmall and REV-ERBa, modulates
rhythmic pro-inflammatory monocyte recruitment and adhesion to
atherosclerotic lesions [9].

Vulnerable plaques have large necrotic cores, accompanied by

1. Introduction

In mammals, circadian rhythms are regulated by a central clock and
peripheral clocks. Light information, the main clock input signal, is
processed via the retinohypothalamic tract and transmitted to the su-
prachiasmatic nucleus, which is the master clock [1]. The peripheral
molecular clocks consist of core clock components such as aryl hydro-
carbon receptor nuclear translocator-like protein 1 (also known as
BMAL1) and circadian locomotor output cycles protein kaput (CLOCK)
that form complex auto-regulatory transcription-translation feedback
loops [2]. BMAL1 forms a heterodimeric partnership with CLOCK and
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Abbreviations

AMI acute myocardial infarction

AS atherosclerosis

IncRNA  long non-coding RNA

ApoE apolipoprotein E

ox-LDL  oxidized low density lipoprotein

substantial macrophage infiltration [10]. Macrophage death is the major
cause of the formation of necrotic cores [11]. Kung et al. discovered a
caspase-independent programmed form of cell death, termed nec-
roptosis, in cardiovascular disease [12]. In AS, triggers of necroptosis
include TNF under caspase inhibition, oxidized low-density lipoprotein
(ox-LDL), and IFNy [13]. Necroptosis is also negatively regulated by
caspase-8, which is mediated by the kinase activities of
receptor-interacting serine/threonine-protein 1 (RIP1; or
receptor-interacting serine/threonine-protein kinase 1, RIPK1). Cascade
phosphorylation of receptor-interacting serine/threonine-protein kinase
(RIPK3) and mixed lineage kinase domain-like protein (MLKL) con-
tributes to permeabilization of the plasma membranes, release of
damage-associated molecular patterns, and, eventually, necroptosis
[14]. During AS development, the accumulation of ox-LDL in the sub-
endothelial space can trigger necroptosis in macrophages [15]. Nec-
roptosis of macrophages essentially contributes to the formation of
necrotic core and plaque vulnerability and accelerates the development
of AS [16]. Circadian expression of microRNA-21 in macrophages can
promote AS progression and increase plaque vulnerability by regulating
diurnal oscillations in apoptosis [17]; however, whether necroptosis in
plaques shows a diurnal rhythm remains unclear.

Long non-coding RNAs (IncRNAs) have emerged as major regulators
of various biological processes and are characterized by tissue- and cell-
specific expression and diverse regulatory modes [18,19]. LncRNAs
have been implicated in circadian clock regulation; most oscillating
IncRNAs discovered to date are involved in cancer and steatohepatitis
[20,21]. However, the precise mechanism underlying the regulatory
role of rhythmic IncRNAs in cardiovascular diseases remains unclear. A
previous study demonstrated that IncNEAT1 provided cardiovascular
protection by sustaining circadian oscillators in vascular smooth muscle
cells [22]. Therefore, our objective was to comprehensively investigate
and determine whether rhythmic IncRNAs present in other cells
involved in the pathogenesis and progression of AS could regulate dis-
ease severity.

In the present study, we demonstrated that the circadian expression
of IncRNA-AK023617 promotes the circadian oscillations of necroptosis
in ox-LDL-stimulated macrophages by regulating the rhythmic expres-
sion of the target gene IRGM via the nuclear translocation of Bmall. This
mechanism enables the molecular clock to modulate necroptosis, a form
of cell death, thereby offering a potential therapeutic approach for
treating AS by disrupting the rhythmic oscillations in plaque
vulnerability.

2. Material and methods
2.1. Patients

In total, 3502 patients who underwent emergency percutaneous
coronary intervention (PCI) surgery at the Chest Pain Center of the
Second Affiliated Hospital of Harbin Medical University (Harbin, China)
in 2019 were included. The number of patients was recorded every 4 h
starting from sunrise time (5:00 a.m.; Zeitgeber [ZT] 0). The main
exclusion criteria were angina pectoris, myocarditis, heart failure, aortic
dissection, acute and chronic infections and infectious diseases, hepatic
and renal insufficiency, and severe progressive diseases. Finally, 59
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patients with acute myocardial infarction (AMI) were selected for pe-
ripheral white blood cell extraction. We analyzed optical coherence
tomography (OCT) images and obtained the serum of 13 versus 7 AMI
patients at ZT4 and ZT16 (Table S1). Triglyceride (TG), total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C) and high-density li-
poprotein cholesterol (HDL-C) were tested by a microplate reader
following the manufacturers’ instructions (Tecan, Mannedorf,
Switzerland).

Blood samples of the patients were centrifuged at 4 °C, 3000 rpm for
10 min, and the lower whole-blood fraction was supplemented with PBS
and lymphoid separation solution (TBD, Tianjin, China). Then, leuko-
cytes of patients were harvested according to the manufacturer’s in-
structions. The leukocytes were collected by TRIzol reagent (Thermo
Fisher, Waltham, MA, USA) and stored at —80 °C for detecting the
expression of IncAK023617 and IRGM through quantitative reverse
transcription (RT-q) PCR.

2.2. Animals

Male ApoE*/ " mice with a C57BL/6 background (8 weeks old) were
obtained from Charles River Animal Center (Beijing, China). All mice
were housed in a temperature-controlled environment (24-25 °C, hu-
midity: 55 %) under a 12 h/12 h light/dark cycle (lights on at 7 a.m. and
off at 7 p.m.), with free access to food and water. The mice were
maintained on the normal diet (ND) or the high-fat diet (HFD) consisting
of 78.85 % base feed, 21 % fat, and 0.15 % cholesterol for 12 weeks.
After 12 weeks of HFD feeding, Peripheral blood, aortas and hearts were
harvested every 4 h starting from 7 a.m. (ZT0) and fixed with optimal
cutting temperature compound (Thermo Fisher, USA).

To evaluate the effects of AK023617 inhibition on circadian oscil-
lations in stability of advanced atherosclerotic plaques, male ApoE ™/~
mice were fed a high-fat diet (HFD) for 12 weeks and then randomly
assigned to groups. The mice were given tail vein injections of 100 uL of
vehicle containing 1.0 x 10'2 AAV2/9 vector particles (negative control
shRNA [sh-NC] or IncRNA- AK023617 shRNA [sh-AK023617], Hanbio
Biotechnology, Co., Ltd., Wuhan, China) or 100 pL of saline as a control
at Zeitgeber Time 16 (ZT16). After 15 days, the mice were sacrificed,
and the aortas and hearts were collected for expression and histological
analyses.

2.3. Cell culture

THP-1 cells were purchased from the China Center for Type Culture
Collection. The cells were cultured in RPMI 1640 medium (88,365;
Gibco, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum.
After overnight incubation, the cells were incubated for 2 h with 50 %
horse serum to achieve synchronization., then the medium was replaced
with a serum-free medium. After synchronization, the THP-1 cells were
harvested for RNA isolation every 4 h over a 24 h period. Before harvest,
the cells were transfected with negative control (si-NC) or si-
IncAK023617 (20 nM) (R11062.2; Ribo Bio, China) by Lipo3000
(L3000008, Invitrogen, USA) for 4 h. Subsequently, they were stimu-
lated with ox-LDL (50 pg/mL) (YB-002; Yiyuan Biotech, China) for 24 h.

2.4. LncRNA-mRNA co-expression network

The IncRNA-mRNA co-expression network was constructed between
the differentially expressed IncRNAs and mRNAs and subsequently im-
ported into Cytoscape software. We used Pearson’s correlations, equal to
or greater than 0.99, to calculate statistically significant associations.

2.5. RNA pull-down
LncAK023617 sense or antisense RNA was prepared using in vitro

transcription of appropriately linearized plasmid templates (Cat.
AM1344, Invitrogen, USA). Then, biotinylated RNAs were synthesized
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and used for RNA pull-down assay according to the manufacturer’s in-
structions (Cat. 20,164, Thermo Fisher, USA). RNA-associated proteins
were separated by SDS-PAGE (polyacrylamide gel electrophoresis).
Then, we performed silver staining using a fast silver stain kit (Beyotime,
Shanghai, China), western blotting (WB), and subjected to LC-MS
analysis.

2.6. RNA immunoprecipitation

RNA immunoprecipitation (RIP) experiments were performed using
a Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Cat.
17-701, Millipore, Billerica, MA, USA). Cell lysates were isolated from
THP-1 which was stimulated with oxidized low-density lipoprotein (ox-
LDL; 50 pg/mL) and treated with RNase inhibitor and protease inhibitor,
followed by incubation with human anti-Bmall antibody (14,020, Cell
Signaling Technology [CST], USA) or normal rabbit IgG (2729, CST,
USA) antibody at 4 °C overnight. Antibody/protein/RNA complexes
were immunoprecipitated with protein A/G beads. RNA associated with
Bmall was extracted with TRIzol and analyzed by RT-qPCR.

2.7. Chromatin immunoprecipitation assay

We used an EZ-Magna ChIP Kit (Millipore, Billerica, USA) for chro-
matin immunoprecipitation (CHIP) assays according to the manufac-
turer’s instructions. Briefly, we used 4 % formaldehyde to generate
DNA-protein crosslinks in THP-1 cells. The cell lysates were sonicated to
generate chromatin fragments of approximately 70-100 bp followed by
immunoprecipitation with Bmall antibody (14,020, CST, USA) or the
control antibody IgG (Millipore, Billerica, USA). Finally, we used qPCR
to quantify the precipitated chromatin DNA.

2.8. Quantitative reverse transcription (RT-q) PCR and WB

The experimental methods for RT-qPCR and WB have been described
in our previous publication [23]. RNA was extracted from THP-1 cells
using a cytoplasmic/nuclear RNA purification kit (NGB-21000, Norgen
Biotek, USA). The following primers were used for qPCR were listed in
the file of Table S2.

The following antibodies were used for WB: anti-P-RIP3 (91,702,
CST, USA), anti-RIP3 (95,702, CST, USA), anti-P-MLKL (AP0949,
ABclonal, China), anti-MLKL (A5579, ABclonal, China), anti-Bmall
(14,020, CST, USA), anti-GAPDH (ta-08, ZSBG-Bio, China), and anti-
Histone 3 (14269s, CST, USA).

2.9. Flow cytometry

THP-1 cells were transfected with si-NC, si-IRGM or si-IncAK023617
using Lipo3000 (L3000008, Invitrogen, USA) for 6 h. Subsequently, they
were stimulated with ox-LDL (50 pg/mL) for 24 h. Annexin V-FITC & PI
Apoptosis Detection Kit (556,570, BD Biosciences, USA) and FACSCan-
tolI™ System (BD Biosciences) were used for detecting necroptosis of
THP-1 cells. The data were analyzed using FlowJo software (Tree Star).

2.10. Statistical analysis

The data are expressed as the mean + SD and were evaluated using
GraphPad Prism version 9.0. Means were compared using a one-way
ANOVA analysis for multiple groups and unpaired Student’s t-test for
two groups. Statistical significance was set at P < 0.05. Cosinor analysis
was used to obtain circadian rhythm parameters, such as mesor,
amplitude, and acrophase. The zero-amplitude test showed that genes
with P < 0.05 were considered to have a circadian rhythm.
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3. Results

3.1. Circadian IncRNA-AK023617 is closely associated with circadian
oscillations in plaque stability in patients with acute myocardial infarction
in heilongjiang province

First, we analyzed the population statistics of patients who under-
went emergency percutaneous coronary intervention in our hospital in
2019 at different zeitgeber times (ZT). The results showed that the peak
period of the occurrence of major adverse cardiovascular events was
from 9 p.m. to 1 a.m. (ZT16) (Fig. 1A). We identified alterations in the
circadian genes of macrophages, the main causative cells of AS, by
analyzing RNA-sequencing data from public databases (GSE157878).
We found high-amplitude circadian non-coding RNAs in murine bone
marrow-derived macrophages (Fig. 1B). Among the group of oscillating
non-coding RNAs, NONMMUTO031096 exhibited the highest amplitude
expression, which was highly homologous to human AK023617 (Fig. 1B
and Fig. S1). Notably, AK023617 was predominantly expressed in
macrophages among the various cell types associated with atheroscle-
rotic plaques (Fig. S2). LncRNA-AK023617 showed a diurnal expression
pattern in the peripheral blood of patients with (AMI) with a peak at
ZT16 and trough at ZT4 (Fig. 1C). OCT can reveal the detailed
morphologic characteristics of high-risk plaques and has become an
essential diagnostic modality for myocardial infarction [24,25].
Thin-cap fibroatheroma, as an important parameter in OCT, including
the thinnest fibrous cap thickness, maximum lipid arc, and minimal
lumen area, is used to assess the high-risk lesions [25]. According to OCT
image analysis, the maximum lipid arc was higher at ZT16 than at ZT4 in
patients with AMI, but the mini fibrous cap thickness and minimal
lumen area showed no significant changes at different ZTs (Fig. 1D-F).
Lipid risk factors, such as cholesterol, triglycerides, and LDL levels in the
plasma of patients with AMI were higher at ZT16 than at ZT4 (Fig. 1G-I).
In contrast, the HDL level was lower (Fig. 1J). Together, these data
indicate that a cycling IncRNA-AK023617 is involved in circadian os-
cillations in plaque stability.

3.2. Circadian rhythm of IncRNA-AK023617 is consistent with diurnal
variations of necroptosis in atherosclerotic lesions

Because IncRNA-AK023617 was diurnally rhythmic, we examined
the circadian time variation of this IncRNA in atherosclerotic plaques.
The results shown in Fig. 1 suggest that AK023617 is closely related to
plaque stability. Next, we investigated the role of murine AK023617
(NONMMUTO031096) in plaque stability in atherosclerotic lesions. Mu-
rine AK023617 expression levels in lesions from ApoE ™/~ mice were
measured at six different circadian points after 12 weeks of HFD con-
sumption, revealing a trough at ZT4 and peak at ZT16 (Fig. 2A).
Furthermore, the higher proportion of the necrotic core, thinner
collagen fibrous caps, and more concentrated cholesterol crystals
occurred at ZT16 than at ZT4 (Fig. 2B-E). This result was consistent with
the rhythmic oscillations in AK023617, suggesting that AK023617
diurnal rhythms regulate diurnal oscillations in the plaque necrotic core,
which was a characteristic of vulnerable plaques. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of differentially oscil-
lating non-coding RNAs indicated that murine bone marrow-derived
macrophages were associated with the TNF signaling pathway and
necroptosis (Fig. S3). Necroptosis increases atherosclerotic plaque pro-
gression by promoting necrotic core formation [14]. The diurnal vari-
ations in AK023617 at ZT4 and ZT16 were highly related to necroptosis
in advanced AS (Fig. 2F-H). These results indicate that necroptosis and
necrotic core formation are diurnally regulated in advanced AS.

3.3. LncRNA-AK023617 inhibition decreased AS progression at ZT16 in
ApoE_/ ~ mice in vivo

Given the potential role of AK023617 in circadian oscillations in
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Fig. 1. Oscillating IncRNA-AK023617 is associated with the diurnal occurrence of acute adverse events. A Population statistics of patients undergoing
emergency percutaneous coronary intervention at various time points during the year. B Top 10 high-amplitude circadian noncoding RNAs in murine bone marrow-
derived macrophages. C Peripheral blood leukocytes of patients with acute myocardial infarction (AMI) were isolated at 4 h intervals, and IncAK023617 expression
was measured using RT-qPCR. The rhythmicity of IncAK023617 was analyzed; mesor = 5.31, amplitude = 1.66, acrophase = 14.60, P < 0.05, n = 56. D-F Maximum
lipid arc, mini-fibrous cap thickness, and minimal lumen area in optical coherence tomography (OCT) analysis in patients with AMI were compared at ZT4 and ZT16.
G-J Serum cholesterol, triglycerides, low-density lipoprotein (LDL), and high-density lipoprotein (HDL) levels in patients with AMI were detected using enzyme-
linked immunosorbent assay (ELISA) at ZT4 and ZT16. NS, not significance, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.

plaque stability, we tested whether targeted inhibition of AK023617 can
prevent diurnal variations of atherosclerotic lesions. We verified the
reductions in AK023617 expression in the aortas of mice injected with
AAV2/9 vectors carrying sh-AK023617 compared with those of mice
injected with saline and mice injected with vectors carrying sh-NC at
ZT16, which was the time of the expression peak of AK023617 (Fig. S4).
According to histopathological examination, inhibition of AK023617
protected mice from AS at ZT16 because of the lower proportion of the
necrotic core, higher collagen fibrous caps, and decreased cholesterol
crystals in sh-AK023617-injected mice than in saline-injected mice and
sh-NC-injected mice (Fig. 3A-F). In addition, the expression of P-RIP3/
RIP3 and P-MLKL/MLKL-related to necroptosis in the aortas at ZT16 was
notably reduced (Fig. 3G-I). These results indicate that inhibition of
AK023617 disturbs diurnal variations of necroptosis in atherosclerotic
lesions in vivo.

3.4. Oscillating IncRNA-AK023617 promotes the rhythmic expression of
IRGM

To further explore the mechanism by which diurnally expressed
AK023617 participates in circadian regulation of necroptosis in plaques,
we constructed a IncRNA-mRNA interaction network centered on
AK023617 (GSE157878). The result showed that murine AK023617 had

the largest correlation coefficient with Irgm1 expression (Fig. 4A). To
explore the relationship between IRGM and diurnal occurrence of acute
adverse events, we measured IRGM levels in the peripheral blood of
patients with AMI. Fig. 4B shows that IRGM expression was rhythmical,
with a peak at ZT16 and trough at ZT4, which were consistent with
AK023617. Unexpectedly, the expression of AK023617 and IRGM did
not exhibit significant rhythmic characteristics in physiological states.
Circadian rhythm parameters of AK023617 and IRGM were not
observed in synchronized THP-1s, but similar circadian expression
patterns were observed in serum-shocked THP-1s stimulated with ox-
LDL (Fig. 4C-G). The expression of AK023617 was positively corre-
lated with IRGM mRNA expression in synchronized THP-1s stimulated
with ox-LDL (Fig. 4H). However, knockdown of AK023617 in THP-1
cells disrupted the circadian expression of IRGM; the expression of IRGM
did not differ between ZTO and ZT12 (Fig. S5 and Fig. 41-L). These re-
sults show that the ablation of AK023617 under pathological conditions
of inflammatory stimulation led to a decrease in IRGM expression and
disrupted the rhythmicity.

3.5. LncRNA-AK023617 increases macrophage necroptosis via IRGM

To verify the role of AK023617 in macrophage necroptosis, as shown
in Fig. 5A and B, we performed flow cytometry analysis, which revealed
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crystals in the plaques. F-H Representative blots and quantification of RIP3/MLKL pathway-induced necroptosis in aortas of ApoE ™/~ mice, n = 3. *P < 0.05, **P <

0.005, ***P < 0.0005, ****P < 0.0001.

that late apoptosis or necroptosis (upper right quadrants) was reduced in
THP-1 cells with siRNA-induced low AK023617 or IRGM expression
than that in cells stimulated with ox-LDL alone. In addition, the classical
necroptosis-related proteins phosphorylated RIP3 and phosphorylated
MLKL were reduced in THP-1 cells transfected with si-AK023617 or si-
IRGM, whereas RIP3 or MLKL were unchanged (Fig. 5C-E). A more
pronounced reduced necroptosis was detected in cells in which both
AK023617 and IRGM were knocked down in combination with ox-LDL
exposure (Fig. 5). These results demonstrate that knockdown of
AK023617 and IRGM significantly inhibits macrophage necroptosis in
vitro.

3.6. LncRNA-AK023617 promotes nuclear translocation of Bmall to
maintain circadian regulation of IRGM

We next explored the molecular mechanism by which AK023617
regulates rhythmic expression of IRGM. AK023617 was primarily
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localized in the cytoplasm of THP-1 cells (Fig. 6A). LncRNA-protein
interactions can affect protein stability, activity, and localization [26].
RNA pull-down assays followed by silver staining and RNA immuno-
precipitation identified Bmall (~78 kDa) as a cytoplasmic protein
interacting with AK023617 (Fig. 6B-D and Table S3). The BMAL1/-
CLOCK complex enters the nucleus through BMAL1-dependent shut-
tling, and shuttling of BMAL1 dynamically controls transcription
activation activity and proteolysis of BMAL1/CLOCK heterodimers. Our
results showed that AK023617 knockdown inhibited the translocation of
Bmall from the cytoplasm to the nucleus (Fig. 6E-G). The JASPAR
database predicted that Bmall could bind to an E-box sequence in the
IRGM promoter (Fig. 6H). We also analyzed a previously published GEO
dataset (GSE95712) [27] and found a significant peak of BMAL1 binding
to the IRGM promoter (Fig. 6I). ChIP assays confirmed that Bmall was
recruited to the promoter of IRGM in synchronized THP-1 cells stimu-
lated with ox-LDL in a circadian time-dependent manner (Fig. 6J).
Notably, Bmall recruitment was more extensive at ZTO than at ZT12
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Fig. 3. Inhibition of IncRNA-AK023617 decreased progression of atherosclerosis at ZT16 in ApoE ™/~ mice in vivo

After HFD feeding for 12 weeks, ApoE /~ mice received a single injection of saline or AAV2/9 vectors carrying negative control ShRNA (sh-NC) or AK023617 (sh-
AK023617) through their tail veins at ZT16. On day 15, the aortas and hearts were harvested. A-B Representative images and quantitative analysis using hematoxylin
and eosin staining in aortic root sections to assess the necrotic lipid core; bar = 200 pm. C-D Collagen in the aortic sinus detected by Masson trichrome staining and
quantitative analyses of the percentage of collagen content in the plaques, bar = 200 pm. E-F Cholesterol crystals were imaged by confocal microscopy and
quantitatively analyzed to determine the percentage of cholesterol crystals in the plaques; bar = 50 pm. G-I Representative blots and quantification of RIP3/MLKL
pathway-induced necroptosis in aortas from sh-AK023617-injected mice, saline-injected mice and sh-NC-injected mice, n = 3. NS, not significant, *P < 0.05, **P <
0.005, ***P < 0.0005, ****P < 0.0001.

(Fig. 6J). Based on these results, AK023617 may affect nuclear trans-

4. Discussion

location of BMAL1/CLOCK to regulate the rhythmic expression of IRGM.

Circadian rhythms are involved in physiology and the development
of cardiovascular disease. The timing of treatment administration for
cardiovascular diseases can have a crucial effect on efficacy and the
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Fig. 4. Oscillating IncRNA-AK023617 promotes rhythmic expression of IRGM. A AK023617-related coding gene network diagram. B IRGM levels in peripheral
blood of patients with AMI were measured using ELISA. The rhythmicity of IRGM was analyzed; mesor = 5.57952, amplitude = 2.220842, acrophase = 17.078, P <
0.05, n = 56. C-D Circadian expression of AK023617 was determined in synchronized THP-1 cells stimulated with or without ox-LDL (50 pg/mL) by RT-qPCR. E-F
Circadian rhythm of IRGM was determined in synchronized THP-1 cells stimulated with or without ox-LDL (50 pg/mL) by RT-qPCR. G Circadian rhythm charac-
teristics of AK023617 and IRGM. H Correlation of AK023617 and IRGM by Pearson correlation test. I-J Representative blots and quantification of IRGM at ZT0 and
ZT12 in THP-1s after transfection with si-NC or si-IncAK023617. K-L IRGM levels were measured using ELISA and RT-qPCR at ZTO and ZT12 in THP-1 cells after
transfection with si-NC or si-IncAK023617. NS, not significant, *P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001.

occurrence of adverse effects [28]. Many of these diseases exhibit a 24-h
rhythm in incidence; traditionally, these circadian variations were
ascribed to sympathetic activity, shear stress, and cardiovascular risk
factors such as blood pressure [29]. In this study, we first identified an
oscillating IncRNA-AK023617 in macrophages and examined the un-
derlying mechanisms linking circadian rhythm and AS. We confirmed
that AK023617 controlled diurnal rhythm in IRGM expression by
altering the nuclear translocation of Bmall, thereby regulating nec-
roptosis of macrophages and decreasing plaque stability.

Clinical data and animal studies confirmed that plaque stability
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exhibits a diurnal variation pattern. Systematic studies of the onset time
of AMI in different regions of the world (including Asia [30], Europe
[31], and the USA [32]) showed that there is a diurnal rhythm in the
occurrence of AMI but the peak can differ according to the geographical
location and climatic conditions. Here, we found that the peak of AMI
occurrence in Heilongjiang province, China is 21:00-1:00, which is
slightly different from epidemiological data. This may be because of the
geographical location of Heilongjiang, which is in a high-latitude region.
Atherosclerotic plaque rupture causes up to 75 % of acute coronary
syndrome episodes [10], suggesting that diurnal oscillations in plaque



R. Luetal

Non-coding RNA Research 11 (2025) 262-272

* %k % %
A B = 20+ *k%k
% ns
10% L @ 154
— 2] ; *
a - g 2 107 ns
‘::;m D
o iee 8 5-
ox-LDL & 0l
si-AK023617 oxLDL  + + + + + +
si-IRGM si-AK023617 - -+ - +
si-NC si-IRGM - = ® + + o+
. si-NC - + - - + -
i D - P-RIP3/RIP3
S~ -
- 7] -
o $ % 1.5 *
B ns
x
23 20 104
£e
ox-LDL 5%
si-AK023617 a2 059
si-IRGM = g
si-NC = 0.0-
n:o)(-LDI_ + + + + + +
C si-AK023617 - -+ - -+
P-RIP3 sHRGM - - - o+ o+ o+
E siNC - o+ - -+
RIPS |« s s o s o | 57 c P-MLKL/ MLKL
S~ *%
NTLT 159 —/—7
- a5
P-MLKL [#w = -~ == o~ 54 S8 | Fe ks
%< —
R0 1.0 ns
MLKL | o= o=~ o=~ == == == (54 =g
s E 0.5
GAPDH | e e e e aus = | 37 o8
£5
oxlDL +  + 4+ o+ o+ o+ é.‘iso.o-
si-AK023617 - - 4+ - -+ T
, ) ) si-AK023617 - - * - - *
5|.-IRGM - + + + sdRGM - - - o+ o+ o«
si-NC = + - = + . sitNC -+ - -+ -

Fig. 5. LncRNA-AK023617 increases necroptosis via IRGM in THP-1 cells. A-B Necroptosis levels in THP-1 cells (propidium iodide-positive cells) detected using
flow cytometry. C-E Representative blots and quantification of RIP3/MLKL pathway-induced necroptosis in THP-1 cells. NS, not significant, *P < 0.05, **P < 0.005,

***Pp < 0.0005, ****P < 0.0001.

stability are associated with the incidence of acute adverse events. In
clinical studies, the maximum lipid arc had a diurnal variation; however,
the mini fibrous cap thickness and minimal lumen area showed no sig-
nificant changes throughout the day. These results suggest that the
circadian rhythm plays a role in plaque stability but does not signifi-
cantly alter the existing plaque morphology. Additionally, our results
showed that clinical manifestations of patients with AMI coincide with
circadian oscillations of circulating parameters, including lipid risk
factors such as LDL, triglycerides, and total cholesterol. In line with the
clinical phenomena, animal studies showed revealed a circadian
expression pattern in the indicators of plaque stability in aortic root
lesions, such as the percentage of necrotic core, collagen cap, and
crystals (Fig. 2B-E). These results suggest that diurnal oscillations exist
in plaque stability, which may be associated with the incidence of acute
adverse events.

Circulating IncRNAs are biomarkers in AS and other cardiovascular
diseases, but their functions in cardiac biology and disease are largely
unclear, particularly those of oscillating IncRNA [33]. In blood of pa-
tients with AMI, we found a significant oscillating IncRNA-AK023617
(Fig. 1C). The peak and trough expression of murine AK023617 in
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atherosclerotic arteries was consistent with indicators of plaque stability
(Fig. 2A-E). The expression of RIPK3 and MLKL is elevated in human
atherosclerotic plaques [15]. Atherosclerotic mice exhibited a compa-
rable circadian rhythm in the phosphorylation of RIPK3 and MLKL
within aortic root lesions when AK023617 was expressed. In contrast,
the diminished expression of AK023617 in vivo disrupted the diurnal
variations of necroptosis in atherosclerotic lesions. This result suggests
that the diurnal rhythms of AK023617 control the daily oscillations in
necroptosis. RIPK1 colocalizes mainly with macrophages, supporting
that macrophage are involved in necroptosis in AS [34]. Furthermore,
the level of representative markers of necroptosis in THP-1-derived foam
cells was significantly increased after serum starvation [35]. More
importantly, Fig. 4 shows that IRGM was a downstream mediator of
AK023617 in synchronized THP-1 cells and stimulated with ox-LDL after
serum starvation. Our previous study revealed that IRGM promotes
macrophage apoptosis in plaques, thus aggravating AS progression [23].
We identified the pathological rhythmicity of IRGM, and the peak was
consistent with the incidence of acute adverse events in patients with
AMI. Swati Roy confirmed that IRGM regulates necroptosis and the
release of damage-associated molecular patterns to induce
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Fig. 6. LncRNA-AK023617 interacts with Bmall to regulate circadian expression of IRGM. A Cytoplasmic and nuclear levels of IncRNA-AK023617 in THP-1
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1 cells stimulated with ox-LDL (50 pg/mL) at ZTO and ZT12, n = 3. NS, not significant, *P < 0.05, **P < 0.005, ***P < 0.0005,

gastrointestinal inflammation in Crohn’s disease [36]. As expected, we
found that AK023617 induced macrophage necroptosis via IRGM.

The Bmall/Clock heterodimer functions as a transcription factor that
regulates the rhythmic expression of mammalian genes. We confirmed
that AK023617 is highly expressed in the cytoplasm of THP-1 cells and
RNA pull-down and RIP collectively showed that it binds to Bmall. As
core clock gene, the protein stability and nucleoplasmic distribution of
Bmall can affect its function in regulating circadian oscillation [37].
Our results in Fig. 6 show that knockdown of AK023617 in THP-1 cells
reduced Bmall protein levels in nuclear fractions, suggesting that
AKO023617 controls circadian oscillation of IRGM by regulating intra-
cellular shuttling of Bmall.

Targeting the time has applied in cardiovascular diseases. An
important treatment strategy is to decrease cardiovascular risk factors at
the time of day when they are highest [38]. Targeting AK023617 at a
specific time of day may be benefit patients with AMI. We also explored
a pharmacological intervention that targets necroptosis by stabilizing
vulnerable plaques and improving the effectiveness of
anti-atherosclerotic therapies. Human blood metabolites, such as
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*P < 0.0001.

glucose, low-density lipoprotein, triglycerides, and the regulating hor-
mone insulin oscillate throughout the day [39]. Our results showed the
expression of AK023617 in the blood of patients with AMI coincides
with circadian oscillations of lipid risk factors. The involvement of
AK023617 in these oscillations requires further examination. In addi-
tion, in advanced plaques, foam cells undergo diverse pathways of
programmed cell death, including apoptosis, necroptosis, pyroptosis,
and autosis, contributing to the necrotic cores of atherosclerotic plaques
[40]. Thus, the risk that inhibiting one form of cell death can result in
activation of another form of cell death should be considered [14].

In summary, we identified the oscillating IncRNA-AK021617, whose
expression pattern is closely related to plaque stability in patients with
AMI and atherosclerotic mice. Mechanistically, circadian expression of
IncRNA AK023617 in macrophages regulates diurnal oscillations in
necroptosis by modulating the diurnal rhythm of IRGM, providing a
macrophage death clock that contributes to atherosclerotic plaque
instability. AK023617 is an attractive RNA therapeutic target to
ameliorate the incidence of major adverse cardiovascular events.
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