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Editorial on the Research Topic
Epigenetic and genetic mechanisms underlying cardiovascular diseases
and neurodevelopmental disorders

Cardiovascular diseases (CVD) and neurodevelopmental disorders (NDD) represent
significant health challenges, posing severe threats to human health and quality of life.
Emerging as the foremost cause of mortality and disability globally, CVD is intricately
linked with a variety of factors such as chronic inflammation and genetic predispositions
(Dzau and Hodgkinson, 2024). Similarly, NDD, characterized by deficits in cognitive
functions, social interactions, and learning capabilities (Olson et al., 2024), demands deeper
understanding of their genetic and epigenetic underpinnings. The complexities of these
diseases stem from a multifaceted etiology involving DNA variants, epigenetic
modifications, and environmental influences, a narrative supported by research from
Srour and Shevell (2014), Homberg et al. (2016), and Hartiala et al. (2021).

Chronic inflammation plays a pivotal role in CVD, such as acute myocardial infarction
(AMI) and coronary artery disease (CAD) (Liu C. et al., 2022; Lopez-Candales et al., 2017).
Macrophage migration inhibitory factor (MIF) is an important pro-inflammatory cytokine
implicated in the pathogenesis of CVD (Zernecke et al., 2008).MIF gene, located at 22q11.2,
features polymorphisms such as −173 G/C polymorphism (rs755622), and −974 CATT
tetranucleotide repeat (rs5844572), which may influence gene transcription and
inflammatory processes. Fouda et al. conducted a meta-analysis of the MIF -173G/C
variant’s impact on CVD risk in 9,047 participants, revealing its association with increased
CVD risk in specific populations, highlighting the genetic underpinnings of
inflammation in CVD.

AMI is a life-threatening disease involving thrombosis, fibrinolysis, inflammation, and
lipid metabolism. Jeon et al. identified six early-onset AMI-associated variants, notably
rs12639023 as a prognostic marker for cardiac mortality. This genetic perspective is crucial
for understanding AMI’s complex pathogenesis. Despite extensive research, the
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understanding of epigenetic alterations in endothelial cells and their
implication in the etiopathology of AMI remains incomplete. Tang
et al. addressed this gap by investigating DNA methylation
alterations and altered gene expression profile in endothelial cells
exposed to oxygen-glucose deprivation. Their findings shed light on
oxygen-glucose deprivation-specific genes implicated in coronary
endothelial cell injury during AMI.

CAD comprised a broad spectrum of clinical syndromes
induced by inadequate blood flow to the myocardium, primarily
attributed to subintimal atheroma deposition resulting in arterial
stenosis, occlusion and wall thickening (Knuuti et al., 2020).
MicroRNA (miRNA) orchestrate multiple crucial processes such
as angiogenesis, cell proliferation, differentiation, migration, and
apoptosis within the circulatory system. MiRNAs have the potential
in facilitating early detection, assessing disease severity, and
predicting outcomes in CAD. Lv et al. reported significantly
elevated miR-183-5p levels in CAD patients across varying
disease severities compared to non-CAD individuals. These
results underscore the potential of serum miR-183-5p levels as a
predictive biomarker for CAD presence and severity, offering
valuable insights into disease progression and prognosis.

Sick Sinus Syndrome (SSS), atrial fibrillation (AF), and pulmonary
arterial hypertension (PAH), also represent significant challenges
within the realm of CVD. SSS arises from the sinus node
dysfunction or impaired electrical impulse conduction, culminating
in sinus bradycardia, sinus block, or sinus arrest (De Ponti et al., 2018).
Genetic mutations have been linked to familial SSS. Liang et al.,
identified heterozygous mutations of SCN5A gene in three young
familial SSS females, including novel mutation sites not previously
reported in Asian patients. Advancements in genetic research have
elucidated the genetic substrates of AF, with early-onset AF potentially
indicating genetic atrial myopathy (Kany et al., 2021). Silva Cunha et al.
reported a young AF patient with extensive atrial fibrosis and extensive
areas of low voltage. Genetic analysis unveiled a homozygous
pathogenic variant in NPPA, which was parentally inherited. This
case underscores the role of genetic predispositions, particularly
NPPA mutations, in AF pathogenesis and atrial fibrosis development.

Epigenetic modifications and abnormal immune
microenvironment are key factors in PAH pathogenesis (Kim
et al., 2015; Liu J. et al., 2022). N6-methyladenosine (m6A) RNA
modification, a critical epitranscriptomic mechanism, regulates
RNA biology. Gao et al. analyzed the data from the
GSE117261 dataset, identifying differential expression of genes
(DEGs) and m6A regulators in idiopathic PAH (IPAH) samples.
Functional and pathway enrichment analyses incorporating
77 DEGs further underscored aberrant immune activity
implicated in IPAH pathogenesis. Notably, histone lactylation, a
novel post-translational modification, also assumes significance in
PAH. Zhao et al. reviewed the role of histone lactylation in PAH, and
its effects on N6-methyladenosine (m6A) and immune
microenvironment. These insights offer novel perspectives into
PAH diagnosis and pathogenesis.

Benign familial infantile epilepsy (BFIE), late-stage mild cognitive
impairment (LMCI) and Alzheimer’s disease (AD) represent critical
areas of concern within neurodevelopmental and neurodegenerative
disorders (Vigevano, 2005; Dakterzada et al., 2023; Sun et al., 2023).
BFIE is a familial epileptic syndrome, characterized with focal seizures
that may evolve to secondary generalized tonic-clonic seizures. PRRT2

gene, encoding the proline-rich transmembrane protein 2, is a major
causative gene for BFIE (Massimino et al., 2023). Gu et al. reported
seven cases of BFIE effectively managed with anti-seizure medication,
all stemming from pathogenic PRRT2 variants. Notably, among these
variants, the frameshift variant c.397delG was novel, highlighting the
importance of whole-exome sequencing in BFIE diagnosis.

In the realm of neurodegenerative diseases, the transition from
late-stage mild cognitive impairment (LMCI) to AD poses a
significant risk for cognitive decline (Tábuas-Pereira et al., 2016).
Zhang et al. explored the association of peripheral blood
methylation profiles between individuals experiencing cognitive
aging and those diagnosed with LMCI. Abnormal methylation
signal intensities for some genes have been identified to be
related to an enhanced susceptibility to AD. These findings
illuminate the complex interplay between DNA methylation
patterns and gene expression regulation in the context of
cognitive impairment and Alzheimer’s disease progression,
providing potential avenues for further exploration in diagnostic
and therapeutic interventions.

In summary, the understanding of the pathogenic mechanisms
underlying CVD and NDD remain incomplete due to their complex
etiologies. However, the studies featured in the current Research
Topic have made significant strides in unraveling these complexities.
Primarily focusing on epigenetic and genetic factors, the
investigations delved into the intricate etiologies and potential
biomarkers crucial for diagnosing these conditions. The findings
presented in these studies represent valuable contributions to the
existing body of knowledge regarding the origins, progression, and
diagnostic strategies for these diseases.
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Objective: This study presents the clinical phenotypes and genetic analysis of 
seven patients with benign familial infantile epilepsy (BFIE) diagnosed by whole-
exome sequencing.

Methods: The clinical data of seven children with BFIE diagnosed at the 
Department of Neurology, Children’s Hospital Affiliated to Zhengzhou University 
between December 2017 and April 2022 were retrospectively analyzed. Whole-
exome sequencing was used to identify the genetic causes, and the variants were 
verified by Sanger sequencing in other family members.

Results: The seven patients with BFIE included two males and five females 
ranging in age between 3 and 7 months old. The main clinical phenotype of the 
seven affected children was the presence of focal or generalized tonic–clonic 
seizures, which was well controlled by anti-seizure medication. Cases 1 and 5 
exhibited predominantly generalized tonic–clonic seizures accompanied by 
focal seizures while cases 2, 3, and 7 displayed generalized tonic–clonic seizures, 
and cases 4 and 6 had focal seizures. The grandmother and father of cases 2, 6, 
and 7 had histories of seizures. However, there was no family history of seizures 
in the remaining cases. Case 1 carried a de novo frameshift variant c.397delG 
(p.E133Nfs*43) in the proline-rich transmembrane protein 2 (PRRT2) gene while 
case 2 had a nonsense variant c.46G > T (p.Glu16*) inherited from the father, and 
cases 3–7 carried a heterozygous frameshift variant c.649dup (p.R217Pfs*8) in the 
same gene. In cases 3 and 4, the frameshift variant was de novo, while in cases 
5–7, the variant was paternally inherited. The c.397delG (p.E133Nfs*43) variant is 
previously unreported.

Conclusion: This study demonstrated the effectiveness of whole-exome 
sequencing in the diagnosis of BFIE. Moreover, our findings revealed a novel 
pathogenic variant c.397delG (p.E133Nfs*43) in the PRRT2 gene that causes BFIE, 
expanding the mutation spectrum of PRRT2.

KEYWORDS

benign familial infantile epilepsy (BFIE), PRRT2 gene, epilepsy syndrome, heterozygous 
mutations, anti-seizure medication
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Introduction

Benign familial infantile epilepsy [BFIE; pyridoxine dependent 
epilepsy, Online Mendelian Inheritance in Man (OMIM) # 605751] is 
a benign familial neurological disorder with an incidence of 1  in 
10,000 (1). Inheritance is autosomal dominant, and the condition is 
characterized by focal seizures that may progress to secondary 
generalized tonic–clonic seizures. The age of seizure onset in affected 
children usually ranges between 4 and 6 months old. The seizures 
usually occur in clusters and have a good prognosis and usually 
resolve by 2 years old (2, 3).

Benign familial infantile epilepsy is recognized as a genetically 
heterogeneous disorder. The PRRT2 gene, encoding proline-rich 
transmembrane protein 2, is a major causative gene for 
BFIE. PRRT2 located on the short arm 11.2 of chromosome 16, is 
mainly expressed in the nervous system, especially in the cerebral 
cortex, hippocampus, basal ganglia, and cerebellum (4, 5). 
Mutations in PRRT2 are associated with multiple childhood-onset 
neurological disorders, including BFIE [(OMIM) # 605751], 
paroxysmal kinesigenic dyskinesia [PKD; (OMIM) # 128200], and 
infantile convulsions and choreoathetosis [ICCA; (OMIM) # 
602066]. Other genetic mutations, including mutations in SCN2A, 
KCNQ2, SCN8A, and ATP1A2, have also been found to cause BFIE 
(6). However, these genes do not account for all cases of BFIE and 
the causative genes in some patients remain unknown. In this 
study, we summarized the clinical phenotypes of seven affected 
children from the Chinese Han population diagnosed with BFIE 
and analyzed the genetic etiologies underlying the disease in 
these cases.

Materials and methods

The present study was a case series study and was approved by the 
Medical Ethics Committee of the Children’s Hospital Affiliated with 
Zhengzhou University. Informed consent was obtained from the 
children’s guardians. We retrospectively analyzed the clinical data of 
seven children diagnosed with BFIE in the neurology outpatient ward 
of our hospital from December 2017 to April 2022. The diagnosis of 
BFIE was confirmed by clinical features and genetic diagnosis in all 
these patients.

The clinical data of seven children were collected. The laboratory 
tests included routine blood tests, tests for liver, kidney, and thyroid 
function, blood ammonia, pyruvate, lactate, inorganic elements, nine 
vitamins, ceruloplasmin, and genetic metabolic screening of the blood 
and urine. Scale examinations included the pediatric 
neuropsychological screening scale (DQ), imaging tests included 
cranial computed tomography (CT), and magnetic resonance imaging 
(MRI), and electrophysiological tests included long-range video 
electroencephalogram monitoring.

After obtaining informed consent from the children’s guardians, 
2 mL of peripheral venous blood was collected from each child and 
the parents into ethylenediaminetetraacetic acid tubes. Whole-exome 
sequencing was performed on the three members of each family and 
the suspected variants with clinical significance were verified in the 
family members using Sanger sequencing. Genetic sequencing was 
performed by the Beijing Zhiyin Oriental Translational Medicine 
Research Center Co., Ltd., and the relevant data analysis was 

conducted by Henan Provincial Key Laboratory of Children’s Genetics 
and Metabolic Diseases in our hospital.

Results

Clinical characteristics

All the children experienced seizures of varying severity during 
infancy; details of the clinical manifestations of the children are listed 
in Table 1. Cases 1 and 5 mainly displayed generalized tonic–clonic 
seizures accompanied by focal seizures, cases 2, 3, and 7 mainly 
experienced generalized tonic–clonic seizures, and cases 4 and 6 
showed mainly focal seizures. All the cases were effectively controlled 
by anti-epileptic drug treatment. The parents of the seven children 
were non-consanguineous. None of the parents of cases 1, 3, 4, or 5 
had a history of seizures, whereas the grandmother and father of cases 
2, 6, and 7 had a history of seizures. In addition, cases 3 and 5 each had 
a sister, and cases 2 and 6 brothers, and none of these siblings had a 
history of seizures (Figure 1).

Cranial MRI showed varying degrees of cerebral white matter 
hemi-oval central myelin hypoplasia at 6 months old in cases 1 and 4, 
indicating a delay in neuronal development. On the other hand, the 
cranial MRI showed varying degrees of frontotemporal subarachnoid 
widening in cases 1, 2, and 6 (Figure 2). No developmental delays in 
terms of growth and cognitive function compared with normal 
children of the same age were observed in any of the seven cases. 
Video electroencephalograph (EEG) testing in cases 1, 2, 4, and 5 
showed varying degrees of abnormal discharge (Figure 3).

Genetic analysis

Table  2 summarizes variants observed in the PRRT2 
(NM_145239.2) gene in the seven children. Whole-exome sequencing 
analysis showed that among the seven probands, cases 2, 5, 6, and 7 
carried variants inherited from the father, while the variants in cases 
1, 3, and 4 were de novo. Case 1 carried a de novo frameshift shift 
variant c.397delG (p.E133Nfs*43; Figure 4), case 2 carried a nonsense 
variant c.46G > T (p.Glu16*), cases 3 and 4 had de novo frameshift 
variants c.649dup (p.R217Pfs*8), and all the variants in cases 5, 6, and 
7 were frameshift variants c.649dup (p.R217Pfs*8). The c.397delG 
(p.E133Nfs*43) frameshift variant was novel and has not been 
reported previously. The evidence for the pathogenicity of c.397delG 
(p.E133Nfs*43) included PVS1, PS2, PM2, and PP3. The variant was 
predicted to be deleterious by multiple software programs including 
SIFT, Polyphen-2, and MutationTaster. According to the standards and 
guidelines of the ACMG (7), c.397delG (p.E133Nfs*43) was classified 
as a pathogenic variant. The c.649dup (p.R217Pfs*8) and c.46G > T(p. 
Glu16*) variants are known pathogenic variants, as reported in 
previous studies (8–10).

Discussion

Benign familial infantile epilepsy is an autosomal dominant 
epilepsy that was first reported by Vigevano et al. (11) and was named 
BFIE in 2010 by the International League Against Epilepsy (ILAE) 
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(12). The main clinical criteria for diagnosis (13) include (1) first onset 
at 3–12 months old, (2) family history of benign infantile epilepsy, (3) 
normal psychomotor development before and after onset, (4) focal 
seizures, alone or followed by generalized seizures, with ≥2 seizures 
within 24 h, mostly cluster seizures, usually without persistent status 
epilepticus, (5) normal EEG background during interictal periods 
with Rolandic epilepsy, (6) no abnormalities in cranial imaging, (7) 

exclusion of convulsions due to metabolic disorders such as 
hypocalcemia and hypoglycemia, and (8) self-limiting seizures or 
seizures that respond well to antiepileptic drugs, with resolution 
before the age of 2 years old (14, 15). In this study, all the seven affected 
children were within 3–7 months old, and some of them had a family 
history of seizure disorders. Moreover, cases 1 and 5 mainly displayed 
generalized tonic—clonic seizures accompanied by focal seizures, 

TABLE 1 Clinical data of seven children with benign familial infantile convulsions.

ID/
Sex

Age1 Birth history Age2 of 
onset

Types of 
seizures

Initial physical 
examination

Video 
EEG3

Head 
MRI4

Efficacy 
and 
follow-up

Evolution

1F5 6 months 

15 days

G1P1, full term 

cesarean section, 

W: 2.8 kg, no 

history of 

asphyxia or 

resuscitation

4 months (1) GTCS6; (2) 

focal seizures

W: 7 kg, HC7: 42 cm, 

fontanelle 1.5 × 2.0 cm; 

normal pursuit of vision 

and hearing; vertical 

head stability; and 

unable to sit alone

Abnormal Delayed 

myelination, 

and bilateral 

frontotemporal 

subarachnoid 

space widened

LEV8 Control

2M9 4 months 

13 days

G2P2 full term 

cesarean section, 

W: 3.0 kg, no 

history of hypoxia 

or asphyxia

3 months 

and 

13 days

GTCS W: 6 kg, HC: 39 cm, 

vertical head stability; 

poor pursuit response

Abnormal Bilateral 

frontotemporal 

subarachnoid 

space widened

LEV, vitamin 

B6

Improvement 

(seizures 

reduced)

3F 4 months 

20 days

G2P2, 38+5 weeks, 

cesarean section, 

W: 3.9 kg, no 

history of 

asphyxia or 

resuscitation

4 months 

and 9 days

Generalized 

seizure on 

awakening

W: 7 kg, HC: 40.5 cm, 

fontanelle 0.5 × 0.5 cm, 

head raised steadily; 

normal muscle strength 

and tone

Normal Normal VPA10 → PB11 Control

4F 6 months 

5 days

G1P1, 39 weeks 

normal delivery, 

W: 3.2 kg, no 

history of 

asphyxia or 

choking

6 months Focal seizures W: 8 kg, fontanelle 

1.5 × 1.5 cm, head raised 

steadily; unstable sit; 

normal pursuit of vision 

and hearing; normal 

muscle strength and 

tone

Abnormal Delayed 

myelination

OXC12 Control

5 M 5 months G2P2, delivered at 

39+3 weeks, W: 

3.85 kg, no history 

of perinatal 

hypoxic asphyxia

4 months 

10 days

(1) GTCS; (2) 

Focal seizures

W: 7 kg, HC: 41 cm, 

fontanelle 1.5 × 1.5 cm, 

poor tracking vision and 

hearing; head raised 

steadily at 3 months, 

turn over at 4 months

Abnormal Normal LEV, vitamin 

B6 tablets → 

OXC

Control

6F 4 months 

9 days

G2P2, full term 

cesarean section, 

W: 3.85 kg, no 

history of 

perinatal hypoxic 

asphyxia

4 months 

and 3 days

Focal seizures W: 7.5 kg, HC: 40 cm, 

fontanelle 1.0 × 1.0 cm

Normal Bilateral 

frontotemporal 

subarachnoid 

space widened

LEV, vitamin 

B6 tablets → 

OXC

Control

7F 5 months 

15 days

G2P2, full term 

normal birth, W: 

3.6 kg, no history 

of asphyxia or 

resuscitation

5 months 

10 days

GTCS W: 7 kg, HC: 43 cm, 

fontanelle 2.0 × 1.5 cm, 

head raised steadily, 

normal hearing and 

smiling, normal muscle 

strength and tone

Normal Normal LEV, PB Control

1Age, current age; 2Age of onset, Age of first onset; 3Video EEG, Video EEG features; 4Head MRI, Head magnetic Resonance Imaging; 5Female; 6GTCS, generalized tonic–clonic seizure; 7HC, 
head circumference; 8LEV, levetiracetam; 9M, Male; 10VPA, valproic acid; 11PB, phcnobarbital; and 12OXC, oxcarbazepine.
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cases 2, 3, and 7 mainly exhibited generalized tonic—clonic seizures, 
and cases 4 and 6 mainly displayed focal seizures. However, several of 
the cases in this study were found to have varying degrees of myelin 
dysplasia and widening of the frontotemporal subarachnoid space on 
cranial MRI testing.

Multiple causative genes associated with BFIE have been reported, 
including PRRT2, SCN2A, KCNQ2, SCN8A, ATP1A2, KCNA1, 
KCNMA1, BFIE1, and BFIE4 (2, 6). PRRT2 encodes an ion channel 
and was found to be a major causative gene for BFIE by Heron et al. 
(16). The PRRT2 gene, located on chromosome 16p11.2, consists of 
four exons and encodes a protein containing 340 amino acids (17, 18). 

The PRRT2 protein consists of a proline-rich N-terminal sequence 
(N-glycosylation site), two transmembrane structural domains, and a 
C-terminal sequence. The transmembrane region is highly conserved 
and has important physiological functions (4, 19–21). PRRT2 is 
mainly expressed in the presynaptic membrane and cytoplasm of 
neurons in the cerebral cortex, basal ganglia, cerebellum, and 
hippocampus. The PRRT2 protein plays a key role in neurotransmitter 
release by interacting with fusion complexes and calcium sensor 
proteins involved in synaptic vesicle cytokinesis and calcium 
sensitivity. Functional analysis showed that PRRT2 knockout in 
excitatory neurons resulted in slowed cytokinesis kinetics, reduced 

FIGURE 1

Genetic pedigree of the seven children with benign familial infantile epilepsy. Squares represent males. Circles indicate females. Black indicates a 
history of epilepsy. The arrows indicate the proband in the family.

FIGURE 2

Cranial magnetic resonance imaging findings of case 1 (A,B) and case 2 (C,D). A and C were T1 sequences, showed low signal in the widening of 
bilateral frontotemporal subarachnoid space, high signal in T1WI of the bilateral inner capsule forelimb, and delayed myelin sheath development 
compared to children of the same age. B and D were T2 sequences that showed high signal in the widening of the bilateral frontotemporal 
subarachnoid space, and low and fuzzy signal on T2WI of the bilateral inner capsule forelimbs. EEG: 155 new1; Amplitude: 100 μV/cm; Low frequency: 
0.3 s; High frequency: 15 Hz; Trapped wave: 50 Hz; and Multi speed: 3.0 cm/s.
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synaptic transmission, and significantly increased susceptibility to 
chemotaxis. In neuronal networks, deletion of PRRT2 was found to 
lead to increased spontaneous and evoked activity, resulting in 
dysregulation of neuronal excitability in various regions of the brain, 
ultimately triggering paroxysmal movement disorders and seizures 
(8). All of the seven patients in the present study showed seizures of 
varying degrees. Cases 1 and 5 had predominantly generalized tonic–
clonic seizures together with focal seizures, cases 2, 3, and 7 had 
generalized tonic–clonic seizures, while cases 4 and 6 had focal 
seizures. While the grandmother and father of cases 2, 6, and 7 had a 
history of seizures, there was no family history of seizures in the 
remaining cases (Figure 1).

According to the Human Genome Variation Society (HGVS), 
nearly 100 variants have been reported in the PRRT2 gene, including 
missense, nonsense, frameshift, splice site, deletion, and insertion 

variants, with the highest proportion of frameshift variants occurring 
mainly in exon 2, resulting in truncation and decay of the expressed 
protein (2). Among the PRRT2 variants, c.649dupC is by far the most 
common cause of BFIE, accounting for nearly 80% of cases (8, 9, 22). In 
this study, all seven affected children carried heterozygous variants in 
exon 2 with one of the known pathogenic variants, c.649dup 
(p.R217Pfs*8), accounting for 71.4% (5/7) of the cases, consistent with 
previous reports (8, 9). Case 1 carried an unreported variant, c.397delG 
(p.E133Nfs*43), which was predicted to be deleterious and pathogenic 
by multiple software programs. Luo et al. (3) reported that seven family 
members carrying heterozygous mutations in the PRRT2 gene had no 
clinical symptoms associated with PRRT2-related disorders, suggesting 
incomplete penetrance of the PRRT2 mutations. In the current study, 
the variant in case 5 was inherited from the father who showed no 
clinical phenotype, also suggesting incomplete penetrance.

FIGURE 3

Monitoring results for the long-range video electroencephalogram of case 4. Panel (A) is background EEG with low-medium amplitude θ activity in the 
bilateral occipital area at 5–6 Hz; Panel (B) is the EEG in the sleep stage; Panels (C–E) is the EEG in the attack stage and (F) is the EEG at the end of the 
attack stage. Two focal onset attacks were recorded in waking stage with a simultaneous abnormal low-medium sharp wave and sharp slow waves 
well as a simultaneous amplitude sharp wave and sharp slow wave.
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Proline-rich transmembrane protein 2 has analogs in various 
vertebrate species, such as humans, gorillas, macaques, and mice, 
whereas no homologs have been found in invertebrates such as 
nematodes (2, 4). In humans and rodents, PRRT2 is a neuroprotein 
that is most abundantly expressed in the cerebellum, basal ganglia, 
and neocortex. Mutations in PRRT2 are associated with a variety 
of neurological disorders, such as BFIE, paroxysmal kinesigenic 
dyskinesia, and infantile convulsions and choreoathetosis, which 
account for more than 90% of all cases (3, 23). Other rare 
phenotypes, including seizures, ictal ataxia, and hemiplegic 
migraine, have also been reported, suggesting significant 
phenotypic heterogeneity resulting from PRRT2 mutations (24–
26). To date, most PRRT2 mutations have been labeled “benign” 
and lead to self-limited familial infantile epilepsy. However, a small 
number of patients with PRRT2 variants have been reported to 
exhibit severe neurological deficits, such as focal seizures and 
epileptic spasms, severe seizures, cognitive impairment, or complex 
malformations (27, 28). In general, the genotype—phenotype 
correlation of PRRT2 mutations remains unclear, and there are 
numerous genetic variants and loci with no direct correlation 
between genotype and clinical phenotype. In addition to BFIE, 
mutations in PRRT2 also cause paroxysmal kinesigenic dyskinesia 
(PKD), with a prevalence estimated at 1:150,000, characterized by 
recurrent episodes, transient chorea, dystonia, and/or ballismus 
(18). In the present study, none of the seven affected children or 
their family members showed any signs of PKD. Nevertheless, the 
development of PKD at a later stage cannot be ruled out, as the 
children are young. Long-term follow-up might be  required to 
monitor the possible development of PKD.

Cranial MRI is usually nonspecific for BFIE as some patients 
appear normal while others show diffuse hypomyelination, a thin 
corpus callosum, or high signals in the basal ganglia, thalamus, or 
hippocampus (29). In this study, cranial MRI showed no abnormal 
brain changes in cases 3, 5, and 7 while in cases 1 and 4, the 
development of white-matter myelination was delayed. Moreover, 
cases 2 and 6 displayed varying degrees of widening of the 
subarachnoid space (Figure 2). Furthermore, previous studies have 
shown that interictal EEGs in BFIE are usually normal, though some 
BFIEs may exhibit interictal focal epileptiform discharges, mostly 
originating in the parieto-occipital lobe and located in the 
frontotemporal region (12, 30, 31). Here, we found that cases 3, 6, 
and 7 had no abnormal discharges on long-range video in EEG 
monitoring, whereas cases 1, 2, 4, and 5 displayed focal discharges 
of varying degrees during the interictal period. Cases 1, 2, and 5 had 
discharges in the frontotemporal region, consistent with previous 
studies (31).

In terms of treatment, most children with BFIE respond well to 
antiepileptic drugs, and seizures are usually completely controlled by 
2 years old (9). Several studies (32) have shown that in some BFIE 
patients, initial treatment regimens of levetiracetam were not effective, 
and seizures were controlled by switching to oxcarbazepine or sodium 
valproate. Additionally, oxcarbazepine has fewer adverse effects and 
no effect on cognitive function. In the present study, the seven affected 
children underwent treatment and follow-up. Case 1 was well-
controlled with levetiracetam while case 4 was treated with 
oxcarbazepine alone and remained seizure-free. Seizure control was 
achieved in case 3 using sodium valproate combined with 
phenobarbital. Although treatment with levetiracetam resulted in T
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FIGURE 4

PRRT2 gene sequencing of family 1–7 (A–E) and their parents. Family 1 (A) was c.397del (p.E133Nfs*43), a frame-shift newborn mutation (arrow). No 
mutation was found in either parents (arrow). Family 2 (B) had a c.46G > T (p.Glu16*) nonsense mutation (arrow) and the father had a heterozygous 
mutation (arrow). Family 3 (C) and 4 (D) and 4 were c.649dup (p.R217fs*8) newborn frame-shift variation (arrow), and no mutations were found in 
either parents (arrow). Family 5–7 (E–G) and their parents showed a c.649dup (p.R217fs*8) frame-shift variation (arrow), and heterozygous variation 
locus for the father (arrow).
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poor control in the remaining four cases, complete control was 
achieved after switching to oxcarbazepine, which is consistent with the 
findings of previous studies (32).

Early epilepsy (whether secondary or systemic) is 
representative of a number of disorders, often with devastating 
and persistent adverse consequences. Many brain malformations 
and inborn metabolic disorders are caused by genetic factors, 
such as ion channel disease, which may be  associated with 
abnormalities in brain structure. Most children with 
neurometabolic disorders show some signs of disordered 
metabolism, which can be  differentially diagnosed by genetic 
testing. When the diagnostic criteria are unclear, genetic testing 
may be the most effective means of diagnosing these diseases. 
Moreover, genetic testing can also guide the application of 
appropriate antiepileptic drugs and clinical management (33, 34). 
In the current study, the seizures were controlled within 2 years 
of age and there has been no recurrence so far in the seven 
affected children. In addition, the growth and language 
development of the seven children have been normal, and their 
muscle tone is normal. These results indicate that genetic testing 
is beneficial in the clinical diagnosis and treatment of BFIE.

Conclusion

In summary, BFIE is a genetic epilepsy with onset in the first year 
of life. PRRT2 is a major causative gene of BFIE, with mutations in the 
gene showing an expanding clinical spectrum and incomplete 
penetrance. Genetic testing is critical for the diagnosis and clinical 
management of BFIE patients and is beneficial for prognostic 
prediction. Moreover, the current study identified a novel BFIE-
associated variant, c.397delG (p.E133Nfs*43), in the PRRT2 gene, 
thereby expanding the genetic spectrum of BFIE.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be  found at: https://www.ncbi.nlm.nih.gov/, 
SCV002760034.

Ethics statement

Written informed consent was obtained from the minor(s)’ legal 
guardian/next of kin for the publication of any potentially identifiable 
images or data included in this article.

Author contributions

YG, DM, YZ, XW, AM, and JK contributed to the study conception 
and design and performed material preparation and data collection 
and analysis. The first draft of the manuscript was written by YG, DM, 
and YZ. XW and YZ critically revised the manuscript. All authors 
contributed to the article and approved the submitted version.

Funding

This work was supported by Joint Construction Project of Henan 
Medical Science and Technology Project (LHGJ20200618, 2018020633, 
and LHGJ20200640), Scientific and Technological Project of Henan 
(212102310034, 232102311006, and 232102310077)，Henan 
Engineering Research Center of Childhood Neurodevelopment Open 
Project (SG201907), and National Natural Science Foundation of China 
(81901387).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Symonds JD, Zuberi SM, Stewart K, McLellan A, O‘Regan M, MacLeod S, et al. Incidence 

and phenotypes of childhood-onset genetic epilepsies: a prospective population-based 
national cohort. Brain. (2019) 142:2303–18. doi: 10.1093/brain/awz195

 2. He J, Tang H, Liu C, Tan L, Xiao W, Xiao B, et al. Novel PRRT2 gene variants 
identified in paroxysmal kinesigenic dyskinesia and benign familial infantile epilepsy in 
Chinese families. Exp Ther Med. (2021) 21:504. doi: 10.3892/etm.2021.9935

 3. Luo HY, Xie LL, Hong SQ, Li XJ, Li M, Hu Y, et al. The genotype and phenotype of 
proline-rich transmembrane protein 2 associated disorders in chinese children. Front 
Pediatr. (2021) 9:676616. doi: 10.3389/fped.2021.676616

 4. Yang L, You C, Qiu S, Yang X, Li Y, Liu F, et al. Novel and de novo point and large 
microdeletion mutation in PRRT2-related epilepsy. Brain Behav. (2020) 10:e01597. doi: 
10.1002/brb3.1597

 5. Vlaskamp DRM, Callenbach PMC, Rump P, Giannini LAA, Brilstra EH, Dijkhuizen 
T, et al. PRRT2-related phenotypes in patients with a 16p11.2 deletion. Eur J Med Genet. 
(2019) 62:265–9. doi: 10.1016/j.ejmg.2018.08.002

 6. Zara F, Specchio N, Striano P, Robbiano A, Gennaro E, Paravidino R, et al. Genetic 
testing in benign familial epilepsies of the first year of life: clinical and diagnostic 
significance. Epilepsia. (2013) 54:425–36. doi: 10.1111/epi.12089

 7. Richards S, Aziz N, Bale S, Bick D, das S, Gastier-Foster J, et al. Standards and 
guidelines for the interpretation of sequence variants: a joint consensus recommendation 
of the American college of medical genetics and genomics and the association for 
molecular pathology. Genet Med. (2015) 17:405–24. doi: 10.1038/gim.2015.30

 8. Döring JH, Saffari A, Bast T, Brockmann K, Ehrhardt L, Fazeli W, et al. The 
phenotypic spectrum of PRRT2-associated paroxysmal neurologic disorders in 
childhood. Biomedicine. (2020) 8:456. doi: 10.3390/biomedicines8110456

 9. Zhao Q, Liu Z, Hu Y, Fang S, Zheng F, Li X, et al. Different experiences of two 
PRRT2-associated self-limited familial infantile epilepsy. Acta Neurol Belg. (2020) 
120:1025–8. doi: 10.1007/s13760-020-01348-9

 10. Kita M, Kuwata Y, Murase N, Akiyama Y, Usui T. A novel truncation mutation of 
the PRRT2 gene resulting in a 16-amino-acid protein causes self-inducible paroxysmal 
kinesigenic dyskinesia. Mov Disord Clin Pract. (2017) 4:625–8. doi: 10.1002/
mdc3.12500

 11. Vigevano F, Fusco L, Di Capua M, Ricci S, Sebastianelli R, Lucchini P. Benign 
infantile familial convulsions. Eur J Pediatr. (1992) 151:608–12. doi: 10.1007/bf01957732

 12. Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, van Emde BW, et al. 
Revised terminology and concepts for organization of seizures and epilepsies: report of 

1415

https://doi.org/10.3389/fneur.2023.1135044
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1093/brain/awz195
https://doi.org/10.3892/etm.2021.9935
https://doi.org/10.3389/fped.2021.676616
https://doi.org/10.1002/brb3.1597
https://doi.org/10.1016/j.ejmg.2018.08.002
https://doi.org/10.1111/epi.12089
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.3390/biomedicines8110456
https://doi.org/10.1007/s13760-020-01348-9
https://doi.org/10.1002/mdc3.12500
https://doi.org/10.1002/mdc3.12500
https://doi.org/10.1007/bf01957732


Gu et al. 10.3389/fneur.2023.1135044

Frontiers in Neurology 09 frontiersin.org

the ILAE commission on classification and terminology, 2005-2009. Epilepsia. (2010) 
51:676–85. doi: 10.1111/j.1528-1167.2010.02522.x

 13. Vigevano F. Benign familial infantile seizures. Brain Dev. (2005) 27:172–7. doi: 
10.1016/j.braindev.2003.12.012

 14. Lu JG, Bishop J, Cheyette S, Zhulin IB, Guo S, Sobreira N, et al. A novel PRRT2 
pathogenic variant in a family with paroxysmal kinesigenic dyskinesia and benign 
familial infantile seizures. Cold Spring Harb Mol Case Stud. (2018) 4:a002287. doi: 
10.1101/mcs.a002287

 15. Zhao SY, Li LX, Chen YL, Chen YJ, Liu GL, Dong HL, et al. Functional study and 
pathogenicity classification of PRRT2 missense variants in PRRT2-related disorders. 
CNS Neurosci Ther. (2020) 26:39–46. doi: 10.1111/cns.13147

 16. Heron SE, Grinton BE, Kivity S, Afawi Z, Zuberi SM, Hughes JN, et al. PRRT2 
mutations cause benign familial infantile epilepsy and infantile convulsions with 
choreoathetosis syndrome. Am J Hum Genet. (2012) 90:152–60. doi: 10.1016/j.
ajhg.2011.12.003

 17. Lee EH. Epilepsy syndromes during the first year of life and the usefulness of an 
epilepsy gene panel. Kor J Pediatr. (2018) 61:101–7. doi: 10.3345/kjp.2018.61.4.101

 18. Hatta D, Shirotani K, Hori Y, Kurotaki N, Iwata N. Activity-dependent cleavage of 
dyskinesia-related proline-rich transmembrane protein 2 (PRRT2) by calpain in mouse 
primary cortical neurons. FASEB J. (2020) 34:180–91. doi: 10.1096/fj.201902148R

 19. Landolfi A, Barone P, Erro R. The spectrum of PRRT2-associated disorders: update 
on clinical features and pathophysiology. Front Neurol. (2021) 12:629747. doi: 10.3389/
fneur.2021.629747

 20. El Achkar CM, Rosen Sheidley B, O'Rourke D, Takeoka M, Poduri A. Compound 
heterozygosity with PRRT2: pushing the phenotypic envelope in genetic epilepsies. 
Epilepsy Behav Case Rep. (2019) 11:125–8. doi: 10.1016/j.ebcr.2016.12.001

 21. Baldi S, Zhu JL, Hu QY, Wang JL, Zhang JB, Zhang SH. A novel PRRT2 variant in 
chinese patients suffering from paroxysmal kinesigenic dyskinesia with infantile 
convulsion. Behav Neurol. (2020) 2020:2097059. doi: 10.1155/2020/2097059

 22. Heron SE, Dibbens LM. Role of PRRT2 in common paroxysmal neurological 
disorders: a gene with remarkable pleiotropy. J Med Genet. (2013) 50:133–9. doi: 
10.1136/jmedgenet-2012-101406

 23. Zeng Q, Yang X, Zhang J, Liu A, Yang Z, Liu X, et al. Genetic analysis of benign 
familial epilepsies in the first year of life in a Chinese cohort. J Hum Genet. (2018) 
63:9–18. doi: 10.1038/s10038-017-0359-x

 24. Fay AJ, McMahon T, Ima C, Bair-Marshall C, Niesner KJ, Li H, et al. Age-
dependent neurological phenotypes in a mouse model of PRRT2-related diseases. 
Neurogenetics. (2021) 22:171–85. doi: 10.1007/s10048-021-00645-6

 25. Rochette J, Roll P, Fu YH, Lemoing AG, Royer B, Roubertie A, et al. Novel familial 
cases of ICCA (infantile convulsions with paroxysmal choreoathetosis) syndrome. 
Epileptic Disord. (2010) 12:199–204. doi: 10.1684/epd.2010.0328

 26. Becker F, Schubert J, Striano P, Anttonen AK, Liukkonen E, Gaily E, et al. PRRT2-
related disorders: further PKD and ICCA cases and review of the literature. J Neurol. 
(2013) 260:1234–44. doi: 10.1007/s00415-012-6777-y

 27. Pavone P, Corsello G, Cho SY, Pappalardo XG, Ruggieri M, Marino SD, et al. 
PRRT2 gene variant in a child with dysmorphic features, congenital microcephaly, and 
severe epileptic seizures: genotype-phenotype correlation? Ital J Pediatr. (2019) 45:159. 
doi: 10.1186/s13052-019-0755-2

 28. Ebrahimi-Fakhari D, Saffari A, Westenberger A, Klein C. The evolving spectrum 
of PRRT2-associated paroxysmal diseases. Brain. (2015) 138:3476–95. doi: 10.1093/
brain/awv317

 29. Pisano T, Numis AL, Heavin SB, Weckhuysen S, Angriman M, Suls A, et al. Early 
and effective treatment of KCNQ2 encephalopathy. Epilepsia. (2015) 56:685–91. doi: 
10.1111/epi.12984

 30. Zorzi G, Conti C, Erba A, Granata T, Angelini L, Nardocci N. Paroxysmal 
dyskinesias in childhood. Pediatr Neurol. (2003) 28:168–72. doi: 10.1016/
s0887-8994(02)00512-x

 31. van Strien TW, van Rootselaar AF, Hilgevoord AA, Linssen WH, Groffen AJ, 
Tijssen MA. Paroxysmal kinesigenic dyskinesia: cortical or non-cortical origin. 
Parkinsonism Relat Disord. (2012) 18:645–8. doi: 10.1016/j.parkreldis.2012.03.006

 32. Callenbach PM, de Coo RF, Vein AA, Arts WF, Oosterwijk J, Hageman G, et al. 
Benign familial infantile convulsions: a clinical study of seven dutch families. Eur J 
Paediatr Neurol. (2002) 6:269–83. doi: 10.1053/ejpn.2002.0609

 33. Berg AT, Coryell J, Saneto RP, Grinspan ZM, Alexander JJ, Kekis M, et al. Early-life 
epilepsies and the emerging role of genetic testing. JAMA Pediatr. (2017) 171:863–71. 
doi: 10.1001/jamapediatrics.2017.1743

 34. McKnight D, Morales A, Hatchell KE, Bristow SL, Bonkowsky JL, Perry MS, 
et al. Genetic testing to inform epilepsy treatment management from an international 
study of clinical practice. JAMA Neurol. (2022) 79:1267–76. doi: 10.1001/
jamaneurol.2022.3651

1516

https://doi.org/10.3389/fneur.2023.1135044
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1016/j.braindev.2003.12.012
https://doi.org/10.1101/mcs.a002287
https://doi.org/10.1111/cns.13147
https://doi.org/10.1016/j.ajhg.2011.12.003
https://doi.org/10.1016/j.ajhg.2011.12.003
https://doi.org/10.3345/kjp.2018.61.4.101
https://doi.org/10.1096/fj.201902148R
https://doi.org/10.3389/fneur.2021.629747
https://doi.org/10.3389/fneur.2021.629747
https://doi.org/10.1016/j.ebcr.2016.12.001
https://doi.org/10.1155/2020/2097059
https://doi.org/10.1136/jmedgenet-2012-101406
https://doi.org/10.1038/s10038-017-0359-x
https://doi.org/10.1007/s10048-021-00645-6
https://doi.org/10.1684/epd.2010.0328
https://doi.org/10.1007/s00415-012-6777-y
https://doi.org/10.1186/s13052-019-0755-2
https://doi.org/10.1093/brain/awv317
https://doi.org/10.1093/brain/awv317
https://doi.org/10.1111/epi.12984
https://doi.org/10.1016/s0887-8994(02)00512-x
https://doi.org/10.1016/s0887-8994(02)00512-x
https://doi.org/10.1016/j.parkreldis.2012.03.006
https://doi.org/10.1053/ejpn.2002.0609
https://doi.org/10.1001/jamapediatrics.2017.1743
https://doi.org/10.1001/jamaneurol.2022.3651
https://doi.org/10.1001/jamaneurol.2022.3651


TYPE Case Report
PUBLISHED 08 June 2023| DOI 10.3389/fcvm.2023.1149717
EDITED BY

Lingshan Gou,

Xuzhou Maternity and Child Health Care

Hospital Affiliated to Xuzhou Medical University,

China

REVIEWED BY

Elena V. Zaklyazminskaya,

Russian National Research Center of Surgery

named after B.V. Petrovsky, Russia

Cagri Gulec,

Istanbul University, Türkiye

*CORRESPONDENCE

Pedro Silva Cunha

pedro.cunha@chlc.min-saude.pt

RECEIVED 22 January 2023

ACCEPTED 19 May 2023

PUBLISHED 08 June 2023

CITATION

Silva Cunha P, Antunes DO, Laranjo S,

Coutinho A, Abecasis J and Oliveira MM (2023)

Case report: Mutation in NPPA gene as a cause

of fibrotic atrial myopathy.

Front. Cardiovasc. Med. 10:1149717.

doi: 10.3389/fcvm.2023.1149717

COPYRIGHT

© 2023 Silva Cunha, Antunes, Laranjo,
Coutinho, Abecasis and Oliveira. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.
Frontiers in Cardiovascular Medicine
Case report: Mutation in NPPA
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Early-onset atrial fibrillation (AF) can be the manifestation of a genetic atrial
myopathy. However, specific genetic identification of a mutation causing atrial
fibrosis is rare. We report a case of a young patient with an asymptomatic AF,
diagnosed during a routine examination. The cardiac MRI revealed extensive
atrial fibrosis and the electrophysiology study showed extensive areas of low
voltage. The genetic investigation identified a homozygous pathogenic variant in
the NPPA gene in the index case and the presence of the variant in
heterozygosity in both parents.

KEYWORDS

atrial fibrillation, NPPA gene, mutation—genetics, fibrosis, atrial myopathy

Introduction

Atrial fibrillation (AF) is a complex disease where several environmental and genetic risk

factors contribute to its genesis. In recent years, rapid progress has been made in identifying

the genetic basis for this highly prevalent arrhythmia.

Early-onset AF can be the manifestation of an atrial myopathy. However, specific genetic

identification of a mutation causing atrial fibrosis is rare.

Here, we report a case of a young patient with atrial fibrillation and absence of previously

known cardiovascular disease or cardiovascular risk factors, in which we identified a

homozygous pathogenic variant in NPPA gene (by targeted gene panel for inherited

cardiac diseases from whole-exome sequencing) and a phenotype characterised by

persistent atrial fibrillation and bi-atrial extensive areas of low voltage (generalised

fibrosis). This case report is exemplary of a genetic arrhythmogenic atrial cardiomyopathy.
Case report

A 31-year-old man, asymptomatic with an unremarkable medical history and regularly

observed by occupational medicine, was diagnosed with atrial fibrillation (of unknown

duration since a previous ECG performed 24 months before presented normal sinus

rhythm) during his routine health check. He was subsequently referred to our arrhythmia

department for evaluation.

The patient had no history of structural heart disease or tobacco or alcohol use. Except

for irregular pulse, the physical findings were within the normal range on the baseline
01 frontiersin.org
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examination. The surface ECG presented atrial fibrillation—with a

very low voltage (Figure 1) -and the transthoracic

echocardiography estimated the LV ejection fraction to be 65%.

The left atrial dimension was 35 ml/m2.

The patient was started on oral flecainide (weight-adjusted),

bisoprolol, and non-vitamin K oral anticoagulant, and four weeks

later, was submitted to electrical cardioversion with success.

However, one week after cardioversion, the patient resumed atrial

fibrillation. The medical team discussed with the patient the state

of the illness and the possible benefits and risks of various

treatments. Pulmonary vein isolation was addressed in the face of

the results of the EAST-AFNET 4 trial (1) that indicate a

rhythm-control strategy is superior to usual care (rate control in

the majority of cases) in improving CV outcomes at five years

and also the results of the author’s centre that reported that a

single ablation procedure in patients with persistent AF, resulted
FIGURE 1

Standard 12-lead surface ECG (A), with a very low voltage atrial activity and irr
with a rate of 92 beats/mi. QRS width of 100 msec; QTc 463 msec. Magnifica
activity.

Frontiers in Cardiovascular Medicine 02
1718
in 62.2% freedom from AF at a 22-month follow-up (2).

Therefore, the option for catheter ablation treatment was chosen.

Cardiac computed tomography (CT) evaluation before the

electrophysiological study revealed no significant stenotic lesions

in the coronary arteries and no structural heart disease, with a

left atrial volume of 70 ml and a left pulmonary venous drainage

pattern R2a/L1 (Figure 2) (3).
Ablation procedure

A three-dimensional (3D) mapping system (Carto, Biosense

Webster, Diamond Bar, California) was used for electro-

anatomical mapping and ablation. First, a transseptal puncture

from the right atrium to the LA was completed under

fluoroscopic guidance. Next, the patient underwent high-density
egularly irregular (with no pattern to the RR intervals) ventricular response
tion of leads DII and V1 (B), showing almost undetectable atrial electrical
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FIGURE 2

Left atrial CT scan segmentation. Cardiac computed tomography, with a left atrial volume of 70 ml and a left pulmonary venous drainage pattern R2a/L1.
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mapping of bi-atrial voltage using the PentaRay multipolar catheter

(Biosense Webster, Inc). In the mapping system, the cut-off values

for defining low-voltage areas (LVAs) were <0.5 mV for low

voltage, <0.2 mV for dense scar, and >0.5 mV for normal

voltage. The voltage mapping points were obtained in atrial

fibrillation before the pulmonary veins’ ablation. Here, the

number of points was >1,500. The right and left atrial maps

revealed extensive LVAs (Figure 3). Wide antral pulmonary vein

isolation was performed, and the patient was cardioverted at the

end of the procedure. Twelve hours after the PVI and

cardioversion, the AF returned. In the face of the extensive LVA,

the medical team opted not to convert the arrhythmia.

Considering the clinical context of AF at a young age and

extensive LVA in invasive 3D mapping, we decided to perform a

genetic study.
Genetic study and results

DNA was obtained from the peripheral blood of the patient.

Whole exome sequencing was performed through Next-

generation sequencing with Twist human core exome plus

RefSeq extension (Twist Bioscience) in Illumina NovaSeq 6,000

platform. A targeted panel for the inherited cardiac disease were

analysed (in Supplementary Material), which revealed the

variant c.449G > A, p.(Arg150Gln) in homozygosity in NPPA

gene (Figure 4) classified as pathogenic, according to guidelines

ACMG/ACGS 2020 (P—PM3_vstr, PP1_str).

Familiar segregation studies reveal the consanguinity of

the parents, and the presence of the variant in heterozygosity

(Figure 5) in both parents was confirmed. Furthermore, the
Frontiers in Cardiovascular Medicine 03
1819
asymptomatic brother was also proved to be a carrier of the

variant in heterozygosity.
Follow-up

Eight months after the ablation procedure, the patient

remained asymptomatic without physical activity limitation and

under oral anticoagulation and bisoprolol. The rhythm recorded

on the routine Holter was atrial fibrillation, confirmed by a

surface electrocardiogram. In addition, cardiac magnetic

resonance imaging was performed (Figure 6), where extensive

areas of fibrosis could be identified. Eighteen months after the

ablation procedure, according to the European Heart Rhythm

Association (EHRA) score of AF-related symptoms, the patient

classifies as score I (4, 5). Integrating the clinical context and the

results of the cardiac MRI, the patient and physician accepted

the presence of AF, and no further attempts to restore/maintain

sinus rhythm were undertaken.
Discussion

Atrial natriuretic peptides (ANP) establish a relationship

between the heart and the kidneys. ANP is a powerful hormone

with natriuretic, diuretic, and hypotensive actions (6). Its

secretion occurs in the right atrium as a reaction to atrial

stretching due to factors like hypervolemia or hypertension.

Furthermore, this hormone regulates sodium homeostasis (7),

vascular remodelling, and energy metabolism (8). In addition to

the functions mentioned above, ANP and B-type natriuretic
frontiersin.org
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FIGURE 3

Voltage map of the right (A) and the left atrium (B), depicting extensive areas of low voltage (red) (cut-off 0.20−0.50 mV). (A1 and B1) Antero-Posterior
view; (A2 and B2) posteroanterior view.
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peptide (BNP) have also been shown to exert antifibrotic and

antihypertrophic effects within the heart (8, 9).

ANP is encoded by the NPPA gene (10) located on

chromosome 1 in the human genome and is primarily expressed

by atrial myocytes. ANP derives from its precursors pre-pro-

ANP and pro-ANP (11).

The NPPA gene encodes a 151-amino acid polypeptide known as

preproANP. A post-translational modification process cleaves the 25

amino acid signal sequence to produce proANP, a 126 amino acid

peptide stored in intracellular granules of atrial myocytes (12).

In 2008 Hodgson-Zingman et al. (13) first identified a

truncating frameshift mutation in NPPA in a family with an

autosomal dominant inheritance pattern of AF. This specific

mutation caused a two-base pair deletion in exon three that
Frontiers in Cardiovascular Medicine 04
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eliminated the original stop codon, giving origin to 12 new

amino acids to be appended to the C terminus of the mature

peptide. Later, Disertori et al. (14) identified by linkage analysis a

locus at 1p36.22 that contained the Natriuretic Peptide Precursor

A gene and, by sequencing, identified the homozygous missense

mutation (p.Arg150Gln). The same authors (14, 15) described a

population of patients in whom the following clinical

characteristics were observed: clinical onset in adulthood; biatrial

dilatation (up to giant size); early supraventricular arrhythmias

with progressive loss of atrial electric activity to an atrial

standstill; thromboembolic complications; and during the long-

term course of the disease a stable, normal left ventricular function.

A population-based association study in China (16) with a

case-control design supported that variants in NPPA confer the
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FIGURE 4

Visualization of next-generation sequencing results, showing the variant c.449G > A, p.(Arg150Gln) in the NPPA gene as homozygous in the index case.

FIGURE 5

Sanger sequencing showing the variant c.449G > A, p.(Arg150Gln) in NPPA gene, identified in heterozygosity both in the father and the mother of the
patient. Black arrows indicate the point mutation.
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risk of lone AF. These results establish the association between a

common variant (a heterozygous variant p.Ile138Thr) in NPPA

and lone AF. Several other variants in NPPA, including

p.Ser64Arg, p.Gln93Glu, and p.Ala117Val, were later also linked

to AF (17, 18).

A study that comprehensively examined the functional

consequences of the frameshift mutation of ANP (19) found data

that indicate that the familial ANP mutation associated with atrial

fibrillation has only minor effects on natriuretic peptide receptor

interactions but markedly modifies peptide proteolysis. The authors

conclude that this mutation increased the resistance of ANP to

degradation, in essence causing an increase in ANP-mediated
Frontiers in Cardiovascular Medicine 05
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signalling. ANP exerts its effects by increasing the amounts of cyclic

guanosine monophosphate (cGMP) circulating in target tissues (20).

To further study the biological implications, a group of

researchers have conducted studies in mice that knocked out

either the gene for ANP or the gene for natriuretic peptide

receptor-A (NPR-A). Cheng et al. (21) demonstrated that AF-

associated human variant p.Ile138Thr in natriuretic peptide A

(NPPA) encoding the atrial natriuretic peptide (ANP) causes

inflammation, fibroblast activation, atrial fibrosis, and AF in

knock-in (KI) rats. This variant inhibits the interaction between

ANP and its receptor and reduces intracellular cGMP levels.

Although the exact molecular mechanisms are still unclear, this
frontiersin.org
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FIGURE 6

Images from late gadolinium enhancement (LGE) MRI. Fibrosis assessment with the ADAS 3 D software. The three-dimensional LA model from MRI shows
extensive areas of fibrosis (dense scar) involving the posterior wall and the anterior and septal walls. LAA, left atrial appendage; RSVP, right superior
pulmonary vein; RIPV, right inferior pulmonary vein.
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study observed that mutant ANP activates multiple innate

immunity pathways, including TNF-α, NF-κB, and IL-1β

signalling. In addition, the mutant ANP induces cardiac

fibroblast (CFs) differentiation to myofibroblasts and promotes

CF proliferation and fibrosis. These results suggest that NPPA

variant p.Ile138Thr causes AF by starting innate immunity by

inflammasome activation (22).

In the above-described clinical case, the knowledge of the

genetic variant is essential, leading us to make therapeutic

options based on similar variants reported in the literature. For

instance, even though the patient had a CHADS-VASC risk score

of 0, it was decided to maintain life-long oral anticoagulation

given the information from the study by Disertori et al. (14), in

which 13 members of a family were followed for 37 years, and

one of the complications reported was the occurrence of

thromboembolic events.

Our clinical case is unique since it has extensive documentation

of atrial myopathy through invasive intracavitary tissue voltage

assessment (endocavitary mapping with the 3D CARTO system)

and the evaluation by magnetic resonance imaging displaying

fibrotic areas. The recognition of extensive atrial fibrosis represents

essential data in the clinical decision since the dependence of

marked disease on the substrate is apparent as the cause of atrial

fibrillation. Therefore, the repetition of the catheter ablation would

be superfluous in the approach of this specific case.

This case report highlights two fundamental aspects of the

approach to the patient with atrial fibrillation. The first is the

need to assess the presence of structural atrial disease, and the

second is the etiological investigation.

In persistent AF pathogenesis, atrial structural remodelling is

essential and mainly involves fibrosis (23, 24). Therefore,

assessing the extension and degree of atrial fibrosis is crucial in

determining treatment options, predicting long-term evolution,
Frontiers in Cardiovascular Medicine 06
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and evaluating the substrate critical in the pathophysiology of

atrial thrombogenesis.

The exposed clinical case also represents an example of deep

etiological investigation, leading to identifying a rare genetic

cause. This identification is essential in the genetic counselling of

the patient and the broader contribution to the knowledge of the

etiopathogenesis of atrial fibrillation.

In the upcoming years, it is expected to identify other AF-

related genes in more extensive association studies, exome

sequencing, and genome sequencing studies (25).

Not only the investigation of large populations will form the

basis for the advancement of knowledge in this area, but we also

believe that the reporting of clinical cases, such as the one we

carry out in this article, also represents a contribution to advance

in medical knowledge since a large part of the phenotype of

specific genes is uncertain. Furthermore, retrospective

information on other patients with the same genetic alterations is

essential for prognosis.
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Background: SerummiR-183-5p levels are associated with carotid atherosclerosis,
while less is known about the relationship between circulating miR-183-5p levels
and stable coronary artery disease (CAD).
Methods: In this cross-sectional study, consecutive patients with chest pain who
underwent coronary angiograms from January 2022 to March 2022 at our center
were enrolled. Those presenting acute coronary syndrome or had a prior CAD
were excluded. Clinical presentations, laboratory parameters, and angiographic
findings were collected. Serum miR-183-5p levels were measured using
quantitative real-time polymerase chain reaction. CAD severity was displayed as
the number of diseased vessels and further evaluated by the Gensini score system.
Results: Overall, 135 patients (median age, 62.0 years; male, 52.6%) were included
in the present study. Stable CAD was identified in 85.2% of the study population,
with 45.9% having 1-vessel disease, 21.5% having 2-vessel disease, and 17.8%
having 3-vessel or left main disease. Serum miR-183-5p levels were significantly
increased in CAD patients with different severities than non-CAD patients (all
adjusted p < 0.05). Serum miR-183-5p levels increased as tertiles of the Gensini
score progressed (all adjusted p < 0.05). Importantly, serum miR-183-5p levels
could predict the presence of CAD and 3-vessel or left main disease in the
receiver operating characteristic curve analysis (both p < 0.01), and also in
multivariate analysis adjusting for age, sex, body mass index, diabetes,
hypersensitive-C-reactive protein (both p < 0.05).
Conclusion: Serum miR-183-5p levels are independently and positively correlated
with CAD presence and severity.

KEYWORDS

miR-183-5p, coronary artery disease, severity, Gensini score, association

Introduction

Coronary artery disease (CAD) remains a major cause of mortalities and morbidities

worldwide (1). Approximately 11% of adults≥ 45 years and 17% of adults≥ 65 years are

probably to have CAD, and around 800,000 suffer a myocardial infarction (MI) every

year in the U.S. (2). In 2018, CAD mortality was 365,744 and MI mortality was 108,610

in the U.S. (2). These lead to a significant healthcare burden, expected to increase to >

$177 billion by 2040 in the U.S. (3). Importantly, in-hospital mortality did not improve

in patients with ST-segment elevation MI (STEMI) undergoing percutaneous coronary

intervention (PCI) (4). Similarly, overall mortality of acute MI continued to increase since
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2002 in both the urban and rural area of China. Given the

increasing prevalence of CAD and its risk factors (e.g., advanced

age, obesity), there is an unmet need to discover an optimal

biomarker predicting the presence and severity of CAD.

MicroRNA (miRNA or miR) has been known to regulate gene

expression at the post-transcriptional level (5). More than half of

human protein-coding genes are estimated to be modulated by

miRNA, given one miRNA can regulate the expression of several

transcripts (6). Moreover, miRNA can influence cell proliferation,

differentiation, and death in the circulatory system (7).

Meanwhile, several circulating miRNAs have shown promising

for early detection, severity evaluation, and outcome prediction

of CAD (8).

miR-183-5p is already known as an oncomir, highly expressed

in tumor tissues (9–11). Recently publications revealed that

patients with carotid atherosclerosis had higher serum miR-183-

5p levels compared with health individuals (12, 13). Meanwhile,

elevated expression of circulating miR-183-5p was also detected

in both patients with acute coronary syndrome (ACS) and non-

ST-segment elevation MI (NSTEMI) (14, 15). Thus, circulating

miR-183-5p could potentially be a promising biomarker for

atherosclerotic and/or thrombotic disease. However, serum miR-

183-5p levels have never been investigated in patients with stable

CAD, the most common category of CAD. To fill this gap, we

performed this cross-sectional study to examine the relationship

between serum miR-183-5p levels and the presence of CAD, as

well as the severity of CAD.
Material and methods

Study population and sample

We prospectively enrolled consecutive patients with chest pain

who underwent invasive coronary angiograms to determine the

presence of stable CAD from January 2022 to March 2022 at

Beijing Renhe Hospital, Beijing, China. Patients were excluded

from the present study if they had: (1) age < 18 or≥ 80 years old;

(2) history of established arteriosclerotic cardiovascular disease

(ASCVD) or vascular revascularization; (3) ACS at this

admission; (4) major organ failure (e.g., heart, liver, kidney); (5)

active infectious disease, autoimmune diseases, and malignancy.

Fasting venous blood was collected for measuring plasma total

triglyceride, total cholesterol, low-density lipoprotein cholesterol

(LDL-C), glycosylated hemoglobin, creatinine, and

hypersensitive-C-reactive protein (hs-CRP). The blood serum was

isolated and stored at −80°C. We also collected the patient’s

clinical characteristics and risk factors for CAD. Body mass index

(BMI) was calculated as weight divided by the square height.

Echocardiography was used to evaluate cardiac function and

structure using a GE ViVid E7 ultrasonography (GE Healthcare,

USA). This study was approved by the Ethics Committee of

Beijing Renhe Hospital (RH20220103), and performed following

the Declaration of Helsinki. Written informed consent was

obtained from all participants.
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Quantitative real-time polymerase chain
reaction

Total RNA was extracted from the preserved serum samples

using Trizol reagent (Invitrogen, USA). RNA (0.5 μg) was reverse

transcribed with PrimeScript RT Reagent Kit (Takara, Japan).

Then, quantitative real-time polymerase chain reaction (qRT-PCR)

was performed using the CFX Real-Time PCR Detection System

(Bio-Rad, USA). The thermocycling amplification protocol was as

follows: denaturation at 95°C for 3 min, followed by 40 cycles of

95°C for 15 s and 30 s at 60°C. Expression of miR-183-5p was

calculated based on the 2−ΔΔCt method. The primer sequences

were as follows: miR-183-5p, forward 5′-CGCGGTATGGCACT
GGTAGA-3′, reverse 5′-AGTGCAGGGTCCGAGGTATTC-3′;
U6 (internal control), forward 5′-CTCGCTTCGGCAGCACAT-3′,
reverse 5′-TTTGCGTGTCATCCTTGCG-3′.
Coronary angiography and intervention

Invasive coronary procedures and periprocedural management

were performed by international guidelines (16). Briefly, diagnostic

coronary angiography was performed by experienced

interventionists, who were blind to the patient’s serum miR-183-

5p levels, using the transradial or transfemoral approach. The

location and severity of each coronary artery stenosis were

assessed by two independent interventionists, and discrepancies

were solved with discussion.

CAD was defined as any major epicardial coronary stenosis≥
50%. Thus, patients were divided according to the number of

diseased vessels: 0-vessel disease (i.e., non-CAD), 1-vessel disease,

2-vessel disease, 3-vessel or left main (LM) disease. In addition,

we quantified the severity of CAD using the Gensini score

system (17). Thus, in the current study, CAD severity was

presented using either the different numbers of diseased vessels

or the tertiles of Gensini score. Finally, the decision of coronary

intervention was made at the discretion of the interventionist.
Statistical analysis

Continuous variables were shown as median (interquartile

range), and compared using the Kruskal-Wallis H test. The

Bonferroni correction was used to adjust the p value in multiple-

comparison analysis. Categorical variables were expressed as

numbers (percentages), and compared using the Chi-square test

or Fisher’s exact test. To investigate the relationship between

serum miR-183-5p levels and CAD severity, we firstly compared

serum miR-183-5p levels among a varied number of diseased

vessels and tertiles of Gensini score (low tertile, <15.3; middle

tertile, 15.3-30.0; high tertile, >30.0). Then, this relationship was

examined using Spearman’s correlation analysis, shown as r and

its 95% confidence interval (CI). Meanwhile, we also determined

different CAD severity and extent across the tertile of serum

miR-183-5p levels. The receiver operating characteristic (ROC)
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curve was performed to explore the diagnostic value of the serum

miR-183-5p level for the presence and severity of CAD. The area

under the ROC curve (AUC) with its 95% CI was used to

measure the predictive ability of miR-183-5p. The Youden index

was used to determine the optimal diagnostic threshold of miR-

183-5p, and its corresponding sensitivity and specificity. Finally,

the predictive value of miR-183-5p on the presence and severity

of CAD was investigated in a multivariate model using logistical

regression analysis, in which co-variables included age, sex, BMI,

and those with a p -value < 0.1 in the univariate analysis. A two-

sided p-value < 0.05 was considered statistically significant. All

statistical analyzes were conducted using SPSS 20.0 software

(IBM, Armonk, New York).
Results

Patient characteristics and angiographic
findings

Overall, 135 patients (median age, 62.0 years; male, 52.6%)

were included in the present study, who underwent invasive

coronary artery angiogram to determine whether CAD was the
TABLE 1 Baseline characteristics of the study population.

Overall
N = 135

Non-CAD
N = 20

1-vess
N

Demographics
Age, years 62.0 (56.0–69.0) 58.5 (53.5–66.8) 61.5

Male, % 71 (52.6) 10 (50.0) 3

Body mass index, kg/m2 25.0 (23.0–27.0) 26.0 (24.3–26.9) 25.0

Risk factors
Current smoking, % 61 (45.2) 8 (40.0) 2

Hypertension, % 97 (71.9) 13 (65.0) 4

Diabetes, % 45 (33.3) 3 (15.0) 2

Hyperlipidemia, % 73 (54.1) 8 (40.0) 3

Family history, % 38 (28.1) 9 (45.0) 1

Lab examinations
Total triglyceride, mmol/L 1.6 (1.2–2.5) 2.0 (1.3–3.2) 1.7

Total cholesterol, mmol/L 5.1 (4.1–5.9) 5.2 (4.7–5.8) 5.1

LDL-C, mmol/L 3.2 (2.6–3.7) 3.0 (2.6–3.5) 3.2

Glycosylated hemoglobin, % 6.0 (5.6–6.8) 6.2 (5.7–6.9) 5.9

Creatinine, umol/L 63.0 (53.0–73.0) 58.0 (50.3–68.0) 66.0

hs-CRP, mg/L 1.6 (0.8–3.5) 0.9 (0.3–1.7) 1.6

White blood cell, *109/L 6.2 (5.4–7.4) 6.1 (5.4–7.1) 6.2

Hemoglobin, g/L 132.0 (124.0–143.0) 132.0 (126.0–143.0) 134.0 (

Platelet, *109/L 202.0 (161.0–245.0) 212.0 (175.8–229.0) 192.0 (

Echocardiography
LVEF, % 66.0 (61.0–71.0) 65.5 (61.3–69.5) 66.0

LVEDD, mm 46.0 (44.0–49.0) 46.5 (44.0–49.0) 46.0

IVSD, mm 9.0 (8.0–10.0) 9.0 (8.1–9.8) 9.0

Data shown as median (interquartile range), or number (percent) as appropriate.

A p-value was calculated by the Kruskal-Wallis H test.

CAD, coronary artery disease; hs-CRP, hypersensitive-C-reactive protein; IVSD, interve

cholesterol; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end diastoli

*Indicated Bonferroni adjusted p < 0.05 compared to Non-CAD group.
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origin of chest pain (Table 1). Hypertension (71.9%),

hyperlipidemia (54.1%) and, current smoking (45.2%) were

common risk factors for CAD. Notably, baseline total cholesterol

(median, 5.1 mmol/L) and LDL-C (median, 3.2 mmol/L) levels

were relatively high (Table 1), resulting in 92.6% of patients

prescribed statins (Table 2). In addition, left ventricular systolic

function (median left ventricular ejection fraction, 66.0%) and

structure (median left ventricular end-diastolic diameter,

46.0 mm) were preserved (Table 1). Importantly, baseline

characteristics were comparable across different CAD severities

(p > 0.05), except for hs-CRP levels (p = 0.005). In particular,

higher hs-CRP levels were observed in 3-vessel or LM disease

(adjusted p < 0.05) and 2-vessel disease subgroups (adjusted p <

0.05), compared to non-CAD patients (Table 1).

After coronary angiography, CAD was identified in 115

patients (85.2%), with 45.9% of patients having 1-vessel disease,

21.5% of 2-vessel disease, and 17.8% of 3-vessel or LM disease

(Table 1). These findings were consistent with an increased

overall Gensini score (median, 20.0) (Table 2). Coronary artery

stenosis was most likely to present in the left anterior descending

artery (78.3%), followed by the right coronary artery (44.3%) and

left circumflex artery (43.5%). Three patients (2.6%) had LM

disease, which represented a severe type of CAD. Therefore, PCI
CAD

p-value
el disease
= 62

2-vessel disease
N = 29

3-vessel/LM disease
N = 24

(55.8–68.0) 62.0 (55.5–70.0) 65.0 (60.0–69.5) 0.170

1 (50.0) 16 (55.2) 14 (58.3) 0.902

(23.0–27.0) 26.0 (24.0–27.5) 24.0 (22.0–27.0) 0.282

6 (41.9) 15 (51.7) 12 (50.0) 0.753

6 (74.2) 21 (72.4) 17 (70.8) 0.895

5 (40.3) 7 (24.1) 10 (41.7) 0.102

8 (61.3) 14 (48.3) 13 (54.2) 0.360

3 (21.0) 8 (27.6) 8 (33.3) 0.196

(1.2–2.4) 1.5 (1.2–2.4) 1.4 (0.9–2.6) 0.316

(4.1–5.9) 5.2 (4.0–5.7) 4.7 (3.8–6.1) 0.680

(2.6–3.8) 3.2 (2.5–3.5) 3.3 (2.4–3.9) 0.903

(5.6–6.7) 6.0 (5.5–6.6) 6.2 (5.6–7.7) 0.540

(55.0–74.0) 65.0 (53.0–74.0) 61.5 (47.8–72.8) 0.216

(0.6–3.1) 2.0 (1.0–4.2)* 2.7 (1.2–4.5)* 0.005

(5.4–7.3) 6.4 (5.4–8.6) 5.7 (5.4–6.5) 0.610

123.0–144.3) 130.0 (124.0–144.0) 133.5 (125.3–145.0) 0.915

145.5–233.5) 222.0 (168.5–256.0) 214.0 (155.8–251.8) 0.191

(61.0–72.0) 67.0 (61.0–72.5) 63.5 (60.5–68.0) 0.754

(44.0–49.0) 44.0 (42.0–46.0) 46.0 (44.0–48.8) 0.112

(8.0–10.0) 8.0 (7.0–9.5) 9.0 (8.0–10.0) 0.285

ntricular septal thickness at diastole; LM, left main; LDL-C, low density lipoprotein

c diameter.
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TABLE 2 Medications and coronary intervention of the study population.

Overall
N = 135

Non-CAD
N = 20

CAD
N = 115

Disease severity
Gensini score 20.0 (13.0–36.0) 7.5 (6.0–15.0) 23.0 (16.0–39.0)

Disease location, %
Left main – – 3 (2.6)

Left anterior descending – – 90 (78.3)

Left circumflex – – 50 (43.5)

Right coronary artery – – 51 (44.3)

Medication, %
Antiplatelet 130 (96.3) 15 (75.0) 115 (100.0)

Statins 125 (92.6) 13 (65.0) 112 (97.4)

ACEI/ARB 65 (48.1) 8 (40.0) 57 (49.6)

Intervention, %
Any intervention 98 (72.6) – 98 (85.2)

Stent implantation 87 (64.4) – 87 (75.7)

Data shown as median (interquartile range), or number (percent) as appropriate.

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;

CAD, coronary artery disease.
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was performed in 85.2% of CAD patients, with 75.7% having stent

implantation (Table 2).
Correlation of serum miR-183-5p with CAD
severity

Firstly, we found that serum miR-183-5p levels in any CAD

subgroup were significantly increased than non-CAD patients (all

adjusted p < 0.05) (Figure 1A). Among CAD subgroups,

significantly increased miR-183-5p levels were observed in 3-

vessel or LM than 1-vessel disease [3.75 [interquartile range

(IQR): 2.45–4.90] vs. 2.25 (IQR: 1.45–3.20), adjusted p = 0.002]

(Figure 1A). Moreover, a significant step-wise increased pattern

between the Gensini score tertiles and miR-183-5p was showed
FIGURE 1

Relative expression of serum miR-183-5p levels according to number of dis
adjusted p < 0.05 when compared to 0-vessel disease; #indicated Bonferron
adjusted by Bonferroni correction.
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[middle vs. low tertile: 2.10 (IQR: 1.60–2.80) vs. 1.20 (IQR: 0.80–

2.55), adjusted p = 0.044], [high vs. middle tertile: 3.50 (IQR:

2.60–5.50) vs. 2.10 (IQR: 1.60–2.80), adjusted p < 0.01], [high vs.

low tertile: 3.50 (IQR: 2.60–5.50) vs. 1.20 (IQR: 0.80–2.55),

adjusted p < 0.01] (Figure 1B).
CAD severity in tertile of serum miR-183-5p
levels

Firstly, we found that, across tertiles of serum miR-183-5p

levels, the proportion of multiple vessel disease increased, while

single or none vessel disease decreased (all p < 0.05) (Figure 2A).

Similarly, a significant step-wise increased pattern between miR-

183-5p tertiles and the Gensini score was observed [middle vs.

low tertile: 20.0 (IQR: 15.0–34.5) vs. 12.0 (IQR: 7.0–20.0),

adjusted p = 0.003] [high vs. middle tertile: 36.0 (IQR: 25.0–52.0)

vs. 20.0 (IQR: 15.0–34.5), adjusted p = 0.007] [high vs. middle

tertile: 36.0 (IQR: 25.0–52.0) vs. 12.0 (IQR: 7.0–20.0), adjusted p

< 0.01] (Figure 2B). Moreover, serum miR-183-5p levels were

positively correlated with the Gensini score (r = 0.65, 95% CI:

0.54–0.74, p < 0.01) (Figure 3A) and hs-CRP (r = 0.63, 95% CI:

0.51–0.73, p < 0.01) (Figure 3B).
Predictive value of serum miR-183-5p levels
on CAD

The predictive values of serum miR-183-5p levels on the

presence of CAD (AUC 0.82, 95% CI 0.71–0.92, p < 0.01) and 3-

vessel or LM disease (AUC 0.76, 95% CI 0.65–0.86, p < 0.01)

were confirmed in the ROC curve analysis, respectively

(Figure 4A). The optimal cut-off values of miR-183-5p

predicting CAD presence and severity were 1.40 (sensitivity

82.6%, specificity 70.0%) and 3.65 (sensitivity 54.2%, specificity

88.3%), respectively (Figure 4B).
eased vessel (A) and gensini score tertiles (B). (A) *indicated Bonferroni
i adjusted p < 0.01 when compared to 1-vessel disease. (B) all p-values
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FIGURE 2

Proportions of number of diseased vessel (A) and gensini score (B) according to tertiles of serum miR-183-5p levels. All p-values adjusted by Bonferroni
correction.
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Furthermore, in multivariate analysis adjusting for age, sex,

BMI, diabetes, hs-CRP, tertile of serum miR-183-5p levels

showed increased predictive value on the presence of CAD

(middle vs. low tertile, HR 3.81, 95% CI 1.07–13.56, p = 0.039;

high vs. low tertile, HR 14.57, 95% CI 1.38–153.65, p = 0.026; p

for trend = 0.024) and 3-vessel or LM disease (middle vs. low

tertile, HR 2.11, 95% CI 0.46–9.70, p = 0.34; high vs. low tertile,

HR 6.59, 95% CI 1.59–27.25, p = 0.009; p for trend = 0.020)

(Table 3).
Discussion

To the best of our knowledge, this is the first study investigating

the relationship between serum miR-183-5p and stable CAD. The

main findings of the present study included: (1) a significant step-

wise increased pattern existed between the Gensini score tertiles
FIGURE 3

Correlation of serum miR-183-5p levels with gensini score (A) and hypersens
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and serum miR-183-5p levels; (2) serum miR-183-5p levels were

positively correlated with the Gensini score and hs-CRP; (3)

serum miR-183-5p levels could predict CAD presence and

severity, with optimal cut-off values of 1.40 (sensitivity 82.6%,

specificity 70.0%) and 3.65 (sensitivity 54.2%, specificity 88.3%),

respectively; (4) the predictive value of serum miR-183-5p levels

on CAD presence and severity were confirmed in multivariable

analysis.

MiR-183 belongs to the miR-183 cluster, consisting of three

microRNAs: miR-183, miR-96 and, miR-182. These homologous

microRNAs are highly co-expressed in the murine retina, and

their chromosomal loci are quite close (18). Increased miR-183

cluster members have been found in autoimmune diseases,

neuronal and psychiatric disorders, and various malignancies

(19). MiR-183 was identified in 2003 by cloning from the human

Saos-2 cell line and mouse tissues (20). MiR-183-5p is known to

overexpress in the peripheral blood mononuclear cells (PBMCs)
itive-C-reactive protein (hs-CRP) (B).
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FIGURE 4

Diagnostic value of serum miR-183-5p levels on the presence of CAD (A) and severe CAD (i.e., 3-vessel or LM disease). (B) AUC, area under the receiver
operating characteristic curve; CAD, coronary artery disease.
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(21) of breast cancer, in the tumor tissue of breast cancer (9),

primary nasopharyngeal carcinoma (11), and hepatocellular

carcinoma (10). In addition, elevated miR-183-5p is observed in

PBMCs from patients with systemic lupus erythematosus (22),

and in plasma-derived exosomes from patients with intestinal

Behçet’s syndrome (23).

The main underlying pathophysiology of CAD is

atherosclerosis and/or thrombosis, which is a chronic

inflammatory disease. Recently, Meerson et al. found that,

compared to healthy individuals, plasma miR-183-5p levels were

significantly increased in women with early diabetes (an

important risk factor of atherosclerosis) (24). Meanwhile,

overexpression of miR-183-5p was observed in the serum of

patients with carotid atherosclerosis (12, 13), and positively

correlated with carotid intima-media thickness (13). Similarly,

elevated miR-183 levels were detected in the plasma exosome
TABLE 3 Prediction of CAD presence and severe CAD of the study populatio

Variables Prediction of CAD presence

Univariate Multivariate

HR 95% CI p-value HR 95% CI p-
Age 1.04 0.99–1.10 0.161 1.04 0.98–1.10

Male 1.13 0.44–2.92 0.801 1.06 0.37–3.05

BMI 0.93 0.77–1.12 0.448 0.93 0.76–1.14

Diabetes 3.26 0.90–11.78 0.071 3.52 0.91–13.61

hs-CRP 1.43 0.98–2.06 0.061 1.08 0.76–1.54

miR-183-5p 0.004* 0

Low tertile 1.00 – – 1.00 –

Middle tertile 3.86 1.17–12.77 0.027 3.81 1.07–13.56

High tertile 18.86 2.37–149.79 0.005 14.57 1.38–153.65

Variables in the left column included in the logistics regression analysis.

CAD, coronary artery disease; HR, hazard ratio; CI, confidence interval; BMI, body ma

*Indicated p-value for trend in the logistics regression analysis.
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from patients with MI than in healthy individuals, which

positively correlated with the degree of myocardial injury (14).

Recently, Liu found that exosomal miR-183-5p from epicardial

adipose tissue of patients with CAD were increased compared

with those without CAD (25). Interestingly, Tong et al. found

that plasma miR-183-5p levels were novel diagnostic markers

only for NSTEMI, but not for STEMI (15). These discrepancies

probably resulted from different pathophysiology of these two

CAD subtypes, but also different sensitivity and specificity of

miR-183-5p detecting methods (i.e., RNA-seq and qPCR).

Circulating miR-183-5p might be a promising marker of

carotid atherosclerosis and ACS. However, less is known about

its level in stable CAD patients. To fill the gap, we performed

this cross-sectional study to investigate the relationship between

serum miR-183-5p levels and CAD presence and severity. We

found that serum miR-183-5p levels were increased in CAD
n.

Prediction of 3-vessel or LM disease

Univariate Multivariate

value HR 95% CI p-value HR 95% CI p-value
0.235 1.05 0.99–1.11 0.071 1.05 0.99–1.11 0.092

0.914 1.33 0.54–3.24 0.535 1.29 0.47–3.54 0.618

0.476 0.88 0.73–1.05 0.160 0.85 0.70–1.05 0.124

0.068 – – – – – –

0.657 1.08 1.01–1.16 0.019 1.05 0.72–1.12 0.230

.024* 0.020* 0.020*

– 1.00 – – 1.00 – –

0.039 2.24 0.50–10.00 0.291 2.11 0.46–9.70 0.34

0.026 8.64 2.32–32.26 0.001 6.59 1.59–27.25 0.009

ss index; hs-CRP, hypersensitive-C-reactive protein.
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patients with different severities than in non-CAD control. Serum

miR-183-5p levels were positively correlated with the Gensini

score, and hs-CRP, respectively. Interestingly, in patients with

carotid atherosclerosis, serum miR-183-5p levels were positively

correlated with CRP (13) and ox-LDL (12), which are well-

known causes of atherosclerosis. Importantly, serum miR-183-5p

levels had a relatively high power to diagnose the presence of

CAD (AUC 0.82) and 3-vessel or LM disease (AUC 0.76). The

optimal cut-off values of miR-183-5p predicting CAD presence

and severity were 1.40 and 3.65, respectively, which were higher

than its cut-off point predicting the presence of carotid

atherosclerosis (0.91) in the study of Sun et al. (13). Moreover,

this predictive value of serum miR-183-5p level was independent

of age, sex, BMI, diabetes, and hs-CRP, which are well-

established risk factors of CAD. Therefore, circulating miR-183-

5p level is a marker of all categories of CAD presence, which

could be used for early diagnosis of CAD; Meanwhile, serum

miR-183-5p level could dynamically reflect CAD severity; More

importantly, miR-183-5p might be a therapeutic target after fully

elucidating the underlying mechanism between miR-183-5p and

atherosclerosis/thrombosis.

Although the detrimental effects of miR-183-5p on vasculature

have been reported, its exact mechanism leading to atherosclerosis

is not fully understood. Zhang et al. showed that down-regulation

of miR-183-5p in ox-LDL-treated human umbilical vascular

endothelial cells could attenuate cell injury and inflammation by

upregulation of insulin receptor substrate 1 (26). In subarachnoid

hemorrhage rats, bone marrow mesenchymal stem cell-derived

extracellular vesicles could alleviate endothelial dysfunction by

regulating the KLF3-AS1/miR-183-5p/TCF7L2 signaling axis

(27). In addition, Sun et al. found that overexpression of miR-

183-5p accelerated the proliferation and migration of vascular

smooth muscle cells (VSMCs) (13). Similarly, Fan et al. found, in

VSMCs treated with ox-LDL, miR-183-5p was overexpressed,

which may down-regulate FOXO1, leading to proliferation/

apoptosis imbalance in VSMCs (12). Importantly, miR-183-5p

might intervene the initiation and development of atherosclerosis

by impacting not only vascular endothelial and VSMCs, but

macrophages. In bone marrow-derived macrophages (BMDMs)

transfected with a miR-183 inhibitor, the foam-cell formation

was reduced, and cholesterol efflux increased (28). Furthermore,

in BMDMs subjected to ox-LDL, miR-183 knockdown decreased

the M1/M2 ratio with attenuated NF-kB activation, via targeting

NR4A2 (28). However, exosomal miR-183-5p derived from bone

marrow mesenchymal stem cell could protect ischemia/

reperfusion injury in cardiomyocytes by targeting FOXO1 (29) or

voltage-dependent anion channel 1 (30). These findings

illustrated that miR-183-5p could potentially have multiple effects

on the cardiovascular system.

The present study has several limitations. (1) study population

was restricted to those without ASCVD, which may limit the

extrapolation of the study results to a broader population; (2)

number of the study population was relatively small, precluding

us from finding a statistical difference of miR-183-5p between

CAD patients with different numbers of diseased vessels; (3)

given the cross-sectional design, a causal relation between miR-
Frontiers in Cardiovascular Medicine 07
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183-5p and CAD cannot be determined; (4) although the

multivariate analysis was performed, the residual confounders

affecting the correlation between miR-183-5p and CAD cannot

be excluded; (5) CAD severity was judged by experienced

physician visually, which may be improved using intracoronary

imaging and functional examination.
Conclusions

In the population with chest pain who have no history of

established ASCVD, serum miR-183-5p levels are independently

and positively correlated with stable CAD presence and severity.

Further studies are needed to elucidate the physiopathologic

mechanism between miR-183-5p and atherosclerosis, as well as

the outcome predictive value of miR-183-5p.
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Identification and validation of six
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associated variants, including a
novel prognostic marker for
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Gwangmyeong Hospital, Gwangmyeong, Republic of Korea, 7Department of Internal Medicine, Chungbuk
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Gyeongsang National University Hospital, Jinju, Republic of Korea, 9Personal Genomics Institute (PGI),
Genome Research Foundation (GRF), Osong, Republic of Korea, 10Department of Cardiology, Ulsan
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Background: Acute myocardial infarction (AMI) is one of the leading causes of
death worldwide, and approximately half of AMI-related deaths occur before
the affected individual reaches the hospital. The present study aimed to
identify and validate genetic variants associated with AMI and their role as
prognostic markers.
Materials and methods: We conducted a replication study of 29 previously
identified novel loci containing 85 genetic variants associated with early-onset
AMI using a new independent set of 2,920 Koreans [88 patients with early-
and 1,085 patients with late-onset AMI, who underwent percutaneous
coronary intervention (PCI), and 1,747 healthy controls].
Results: Of the 85 previously reported early-onset variants, six were confirmed in
our genome-wide association study with a false discovery rate of less than 0.05.
Notably, rs12639023, a cis-eQTL located in the intergenic region between
LINC02005 and CNTN3, significantly increased longitudinal cardiac mortality
and recurrent AMI. CNTN3 is known to play a role in altering vascular
permeability. Another variant, rs78631167, located upstream of PLAUR and
known to function in fibrinolysis, was moderately replicated in this study. By
surveying the nearby genomic region around rs78631167, we identified a
significant novel locus (rs8109584) located 13 bp downstream of rs78631167.
The present study showed that six of the early-onset variants of AMI are
applicable to both early- and late-onset cases.
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Conclusion: Our results confirm markers that can potentially be utilized to predict,
screen, prevent, and treat candidate patients with AMI and highlight the potential of
rs12639023 as a prognostic marker for cardiac mortality in AMI.

KEYWORDS

acute myocardial infarction, genome-wide association study, cardiac mortality, genetic marker,

prognostic marker
Introduction

Acute myocardial infarction (AMI) is a leading cause of death

worldwide, with more than one million deaths per year (1).

Elucidating the genetic factors underlying AMI is complex,

because environmental factors complicate the etiology of the

disease (2). In our previous genome-wide association study

(GWAS) (3), we had identified 29 novel genetic loci containing

85 suggestive variants of AMI by targeting 596 patients with

early-onset AMI with a high genetic predisposition (4). This

study provided evidence to support a genetic association between

early-onset AMI and four biochemical pathways: thrombosis,

fibrinolysis, inflammation, and lipid metabolism. Our findings

showed that an imbalance between thrombosis and fibrinolysis, a

conflicting mechanism, may cause AMI. However, it was

necessary to validate the replicability of the variants in a new,

independent cohort, mainly in the ≥65 years of age cohort,

which accounts for most patients with AMI.

Here, we present a replication study of a GWAS using 1,173

new patients with AMI who were eventually treated with

percutaneous coronary intervention (PCI) and 1,747 healthy

controls from the Korean Genome Project (5). Moreover, we

screened for AMI-related variants to determine their association

with cardiac mortality and recurrent AMI.
Materials and methods

Data sources and study population

A total of 1,173 patients with AMI from the Chungbuk National

University Hospital in Korea were enrolled, and 1,747 healthy

individuals from the Korean Genome Project (KGP) were selected

as controls (5, 6). Patients with AMI were hospitalized with a

diagnosis of ST-segment elevation myocardial infarction or non-

ST-segment elevation myocardial infarction caused by

atherothrombotic occlusive lesions treated with PCI (3, 7). Of the

1,173 patients with AMI, 88 and 1,085 were early-onset and late-

onset patients, respectively. Population-based control individuals

were obtained from the KGP (5, 6). The KGP is the largest Korean

Genome Project and currently includes approximately 10,000

human genomes sequenced in Korea. Information regarding the

KGP data can be found on the Korean Genome Project webpage

(http://koreangenome.org). The genomes of these 1,173 patients

were compared with those of 1,747 control subjects in Korea.

Written informed consent was obtained from all participants in

this study. Sample collection and sequencing were approved by the
02
3233
Institutional Review Board (IRB) of the Ulsan National Institute of

Science and Technology (UNISTIRB-15-19-A). Analyses were

performed using Python version 3.7.7 and R version 3.5.0.
Whole-genome sequencing by MGI T7
sequencer

WGS was performed using the MGI T7 platform, and clinical

information from the KGP was matched. A total of 2,920 case and

control samples were sequenced for this study in 2020. We filtered

and finalized samples according to the following criteria: (i) Case:

patients with AMI undergoing PCI surgery and (ii) control: healthy

participants without AMI history or stent surgery. In total, 1,129

cases and 1,636 control samples were analyzed for further

analysis (Table 1). Genomic DNA was isolated from the blood-

containing plates using a DNeasy Blood & Tissue kit (Qiagen,

Germany) according to the manufacturer’s protocol. The

extracted DNA was quantified using a Quant-iT BR Assay Kit

(Invitrogen, USA). Each gDNA sample (200 ng) was used to

construct a genomic DNA library using the MGIEasy FS DNA

Library Prep Set (MGI, Shenhzen, China) according to the

manufacturer’s instructions. DNA was fragmented by enzymatic

fragmentation using magnetic beads. DNA end-repair and adapter

ligation were conducted using the MGIEasy DNA Adapters-96 Kit

(MGI, Shenzhen, China). The products were run on the 4150

TapeStation (Agilent, Santa Clara, CA, USA), using the Agilent

D1000 ScreenTape (Agilent, Santa Clara, CA, USA) to assess the

size distribution of the libraries. They were quantified using a

Quanti-iT HS Assay Kit (Invitrogen, USA). The PCR products

(40 fmol) were circularized and amplified using rolling-circle

amplification to generate DNA nanoball-based libraries, which were

loaded onto a DNBSEQ-T7RS Sequencing flow cell (MGI,

Shenzhen, China) with a DNBSEQ-T7RS High-throughput

Sequencing Kit (MGI, Shenzhen, China). The library was run on a

DNBSEQ-T7RS (MGI, Shenzhen, China) platform at paired-end

150 bp reads. The quality of bases in the reads was checked using

FastQC (ver. 0.11.5; www.bioinformatics.babraham.ac.uk/projects/

fastqc/) software. Additional details regarding the genomic variant

identification are provided in the Supplementary Methods section

of the online Supplementary Information.
Genome-wide association study (GWAS)

GWAS was performed using logistic regression with an

additive genetic model using PLINK (ver. 1.9b) (8). A total of
frontiersin.org
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TABLE 1 Baseline characteristics in this study.

Discovery dataset Replication dataset

Early-onset AMI (N = 596) Control (N = 636) AMI (N = 1,129) Control (N = 1,636)
Male, n (%) 486 (81.5) 328 (51.0) 861 (76.3) 718 (43.9)

Age, median (Q1–Q3) 46 (42.0–48.0) 44 (29.5–57.0) 65 (58.0–75.0) 45 (32.0–55.0)

Body mass index, mean ± SD 25.5 ± 3.9 24.0 ± 3.4 30.0 ± 109.7 23.7 ± 3.5

Hypertension, n (%) 188 (31.5) 90 (14.0) 576 (51) 276 (16.9)

Diabetes mellitus, n (%) 118 (19.8) 33 (5.1) 341 (30.2) 112 (6.8)

Current smoking, n (%) 360 (60.4) 82 (12.8) 430 (38.1) 170 (10.4)

Lipid levels, mg/dl
Total cholesterol, mean ± SD 202.7 ± 49.2 179.6 ± 34.3 177.4 ± 47.3 198.6 ± 38.0

LDL cholesterol, mean ± SD 129.1 ± 43.4 115.8 ± 33.0 110.2 ± 39.2 118.1 ± 34.8

HDL cholesterol, mean ± SD 43.9 ± 13.0 57.4 ± 13.9 43.6 ± 12.2 56.8 ± 14.2

Triglycerides, mean ± SD 209.1 ± 185.1 115.8 ± 77.0 144.6 ± 113.6 118.4 ± 73.4

AMI, acute myocardial infarction; LDL, low-density lipoprotein; HDL, high-density lipoprotein.

Values are mean ± SD, median (interquartile range, 25th–75th), or n (%).

Jeon et al. 10.3389/fcvm.2023.1226971
3,484 SNPs and indels, which are near the previous genetic variants

associated with early-onset AMI, were tested for replication. Sex

and the top ten principal components were included as

covariates in the model. The statistically significant P-value

threshold was determined to be 5.88 × 10−4 which is the same as

0.05 FDR value with Bonferroni correction. We assigned

significantly replicated variants using the following criteria: (i)

variants whose P-value was over the significance threshold, and

(ii) variants that had a consistent direction of effect in both

GWAS results between the discovery and replication datasets.
Survival analysis of genetic effect on cardiac
mortality and recurrent AMI

Survival analysis was performed using the Cox multivariate

regression model to estimate the risk of composite outcomes of

cardiac mortality and recurrent AMI among patients with AMI

by genotype. The survival package in R software (ver. 4.2.2) was

used for the analysis (9). Age and sex were also included as

covariates in the model. The follow-up period was restricted to

2,000 days (5.5 years). Wild-type genotype carriers were assigned

a value of 0, heterozygous genotype carriers a value of 1, and

homozygous carriers a value of 2 (10). The Kaplan–Meier curve

was used to visualize genetic effects on cardiac mortality and

recurrent AMI.
Quantitative trait loci (QTL) mapping

QTL analysis was performed using an in-house Python script

(ver. 3.7.7). Significant variants from the GWAS were queried for

their dose-dependent genetic influence on various molecular

phenotypes previously reported in the publicly available QTLbase

database (ver. 2.0; http://www.mulinlab.org/qtlbase) (11). QTLbase

delivers 22 phenotypes ranging from apaQTL (alternative
Frontiers in Cardiovascular Medicine 03
3334
polyadenylation QTL), eQTL (expression QTL), and hQTL

(histone QTL) to stQTL (mRNA stability QTL).
Results

Replication of genetic variants associated
with acute myocardial infarction

We found that six variants out of the 85 suggestive early-

onset markers were significantly replicated in the AMI group

using GWAS over a statistically significant false discovery rate

(FDR) threshold (FDR < 0.05; P < 5.88 × 10−4) (Figure 1,

Table 2, Supplementary Table S1, and Supplementary

Figure S1). Two intergenic variants (rs12639023 and

rs12639020), located near LINC02005 and CNTN3 genes, were

significantly associated with AMI (OR = 1.432, P = 2.17 × 10−8

for rs12639023 and OR = 1.267, P = 4.05 × 10−4 for

rs12639020). Another variant, rs12921822 (OR = 1.388, P =

2.77 × 10−4), located in an intron of RNA binding fox-1

homolog 1 (RBFOX1), was also replicated. RBFOX1 is known

to be involved in cardiomyopathy (12). Furthermore,

rs1560389462, which is an in-frame deletion in Mucin 4

(MUC4), was significantly associated with AMI (OR = 0.093, P

= 7.60 × 10−5). MUC4 was reported to contribute to cancer

progression by suppressing apoptosis and prompting tumor

cell proliferation (13). Other two significant variants were

located in intergenic regions of FRG1CP-FRG1DP and

MIR1263-LINC01324 (OR = 5.126, P = 4.66 × 10−23 and OR =

0.400, P = 1.13 × 10−9) exerting risk and protective effect on

the occurrence of AMI, respectively.

In addition, a variant related to fibrinolysis, rs78631167,

located upstream of plasminogen activator urokinase receptor

(PLAUR) was moderately significant in this study (OR = 0.691,

P = 1.58 × 10−3). Although rs78631167 did not show a strong

association in the new cohort, rs8109584 showed a significant

association with AMI (P = 1.43 × 10−5), which is 13 bp away
frontiersin.org
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FIGURE 1

Validation process workflow for genetic variants associated with acute myocardial infarction (AMI).

Jeon et al. 10.3389/fcvm.2023.1226971
from rs78631167, indicating that the genetic block where these

variants lie may have a relationship with AMI. PLAUR

encodes CD87, which converts plasminogen to plasmin,

resulting in clot lysis and plaque healing (3, 14).
Quantitative trait locus associated with
acute myocardial infarction

Four significantly replicated variants for AMI and two

additional variants upstream of PLAUR were found to have at

least one quantitative trait locus (QTL), such as eQTL

(expression QTL), mQTL (methylation QTL), and tuQTL

(transcript usage QTL), from the QTLbase (ver. 2.0), which

accumulates information about molecular phenotypes and their

QTLs to improve the biological interpretability of genetic

markers (Table 3 and Supplementary Table S2). Notably, we

found evidence that rs12639020 and rs12639023, which are

intergenic variants residing between LINC02005 and CNTN3,

may alter the expression and transcript usage of the CNTN3 gene

itself (P = 1.54 × 10−4 in rs12639020 and P = 2.93 × 10−3 in

rs12639023; Supplementary Table S2) and its neighboring gene,

PDZRN3 (P = 1.12 × 10−4 in rs12639020 and rs12639023;

Table 3). Both CNTN3 and PDZRN3 are involved in the

regulation of vascular morphology and permeability (15–19).
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Moreover, the variant at rs12921822 was shown to affect the

expression of a novel gene with an unknown function referred to

as AC009135.1 (P = 9.08 × 10−3; Supplementary Table S2),

while also influencing the methylation status of the RBFOX1

itself (P = 2.43 × 10−18; Table 3). RBFOX1 has recurrently proven

its relationship with cardiomyopathy (12).
Genetic effects on cardiac mortality and
recurrent acute myocardial infarction

Of the six significantly replicated variants for AMI and two

additional variants upstream of PLAUR, seven variants had

greater allele frequency differences between AMI patients with

cardiac death and controls than between living patients and

controls (Figures 2A,B, and Supplementary Table S3).

Rs12639023, located near the LINC02005 and the CNTN3,

showed the largest difference in allele frequency between the

cardiac death and the living groups among the patients with

AMI (Figure 2A; allele frequency in the cardiac death group =

0.3977, allele frequency in the living group = 0.2958, and allele

frequency in the control group = 0.2171).

Furthermore, the two variants were found to have enhancing

effects [Hazard Ratio (HR) > 1] on longitudinal cardiac mortality

and recurrent AMI when the survival associations between the
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TABLE 3 Representative quantitative trait locus (QTL) results of the replicated variants for AMI by QTLbase.

QTL type rsID Gene Tissue Affected gene P-value
eQTL rs12639023 LINC02005-CNTN3 Blood-macrophage PDZRN3 1.12 × 10−04

eQTL rs12639020 LINC02005-CNTN3 Blood-macrophage PDZRN3 1.12 × 10−04

eQTL rs1560389462 MUC4 Artery-tibial SMBD1P 4.18 × 10−06

eQTL rs78631167 PLAUR-IRGC Blood-macrophage ZNF235 6.64 × 10−05

eQTL rs8109584 PLAUR-IRGC Blood PLAUR 6.39 × 10−13

eQTL rs12921822 RBFOX1 Brain-prefrontal cortex AC009135.1 9.08 × 10−03

hQTL rs8109584 PLAUR-IRGC Blood-neutrophils CD16+ PLAUR 2.62 × 10−03

m6AQTL rs78631167 PLAUR-IRGC Lymphocyte IRGQ 4.06 × 10−02

mQTL rs12639023 LINC02005-CNTN3 Blood AKR1B1P2 1.21 × 10−83

mQTL rs8109584 PLAUR-IRGC Blood-monocytes CD14+ PLAUR 7.99 × 10−11

mQTL rs12921822 RBFOX1 Blood RBFOX1 2.43 × 10−18

tuQTL rs12639023 LINC02005-CNTN3 Stem cell-iPSC PDZRN3 7.78 × 10−03

tuQTL rs12639020 LINC02005-CNTN3 Stem cell-iPSC PDZRN3 7.78 × 10−03

tuQTL rs8109584 PLAUR-IRGC Stem cell-iPSC PLAUR 1.98 × 10−03

Representative QTL results show the QTL with the lowest P-value per genetic variant and QTL type.

Jeon et al. 10.3389/fcvm.2023.1226971
variants and cardiac mortality were analyzed using longitudinal

follow-up data after PCI in individuals with AMI (Table 2,

Figures 2C,D, and Supplementary Figure S2). Among these,

rs12639023 was the only variant with a significant enhancing

effect (HR = 1.371, P = 0.049) on longitudinal cardiac mortality

and recurrent AMI (Figure 2C).
Discussion

This study aimed to identify replicated genetic variants of AMI

from 85 previously reported variants associated with early-onset

AMI using a new set of 2,920 Koreans. The new independent

replication dataset consisted mainly of patients with late-onset

AMI. We hypothesized that there are markers that are applicable

to both stages or types of AMI. Nonetheless, our sample size

including 1,747 healthy controls is still relatively small.

Among the variants related to the four major mechanisms

previously mentioned for early-onset AMI (3), a fibrinolysis-

related variant was moderately replicated in this study, whereas

variants related to thrombosis, inflammation, and lipid

metabolism were not significantly replicated. This may be

because the replication dataset was mainly composed of patients

with late-onset AMI, who were probably more affected by

environmental risk factors than by genetic factors. We anticipate

that the variants related to the remaining major mechanisms

may be significantly replicated if the dataset includes a larger

number of patients with early-onset AMI with a high genetic

predisposition in the replication dataset. Nevertheless, a variant

related to fibrinolysis, rs78631167, located upstream of PLAUR,

had a modest effect (P = 1.58 × 10−3). Moreover, rs8109584,

located 13 bp downstream of rs78631167, was significantly

associated with AMI (P = 1.43 × 10−5), suggesting that the genetic

block located upstream of PLAUR is significantly associated with

AMI.

The results of the present study propose that vascular

permeability could serve as a crucial mechanism for predicting

the occurrence and prognosis of AMI. Of the significantly
Frontiers in Cardiovascular Medicine 06
3637
replicated variants, rs12639023, located near LINC02005 and

CNTN3, showed the highest enhancing effect on longitudinal

cardiac mortality and recurrent AMI expression. It is also a cis-

eQTL that increases the expression of CNTN3 encoding contactin

3 (Supplementary Table S2). Notably, contactin 3 is an

activator of Arf6 that has been reported to affect

inflammation-induced vascular permeability (15, 16). Elevated

vascular permeability causes trackable macromolecules to

extravasate, thereby threatening endothelial integrity and

dysfunction in cardiovascular disease (19). However, the role

of vascular permeability in AMI has not been sufficiently

focused on. Phinikaridou et al. demonstrated that vascular

permeability is elevated in atherosclerotic vessels compared to

stable vessels, and it is higher in rupture-prone than in stable

atherosclerotic lesions in a rabbit model (20, 21). Nonetheless,

there was a paucity of human studies investigating the

association between vascular permeability and AMI in

patients, who experience atherosclerotic plaque rupture as a

major cause of AMI. The present study suggests that increased

vascular permeability could be a potential target as a major

pathogenic mechanism contributing to plaque development

and rupture, which represent primary steps in the

development of AMI. Furthermore, our longitudinal result

implies that patients with increased vascular permeability,

even after PCI, may face a higher risk of plaque development

and rupture, indicating a poor prognosis.

The two key strengths of our study include clearly defined

sample collection and replication of genetic markers using

thousands of samples in an independent cohort. While most

studies have used patients with AMI with heterogeneous

phenotypes (22, 23), the present study was designed to include

only those patients with AMI who underwent PCI for

atherothrombotic occlusive lesions to prevent misclassification of

the AMI phenotype. Therefore, AMI samples with non-

obstructive and non-atherothrombotic causes, such as

spontaneous coronary artery dissection, spasm, and

thromboembolism, were excluded. Strict sample filtering allowed

us to identify and validate genetic factors related to
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FIGURE 2

Genetic effects on cardiac mortality and recurrent acute myocardial infarction (AMI). (A,B) Comparison of allele frequencies among cardiac death, alive
and control groups in (A) rs12639023, LINC02005-CNTN3 and (B) rs12639020, LINC02005-CNTN3. (C,D) Kaplan–Meier curves for two variants with a
positive genetic effect for cardiac mortality and recurrent AMI. (C) Survival curve by rs12639023 genotype. (D) Survival curve by rs12639020 genotype.
X-axis denotes days from enrollment to death or last follow-up. Y-axis denotes event-free survival probability. Event means cardiac mortality and
recurrent AMI.
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atherothrombosis in AMI, which correspond to most AMI

phenotypes. In addition, this study confirmed the replication of

potential genetic markers associated with AMI using 2,920

individuals in an independent cohort. This provides evidence

that these markers can be used to predict and diagnose AMI.

Our study has two limitations. First, this study was conducted

in patients with AMI of Korean ancestry. These results should be

validated in populations of multiple races. Second, this study

confirmed the replication of AMI-associated variants in a small

sample size of 2,920 individuals. While significant variants were

observed not in the replication but in the discovery phase,
Frontiers in Cardiovascular Medicine 07
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rs8109584, which is 13 bp away from rs78631167, was

significantly found in the replication rather than the discovery

phase. It is necessary to increase the sample size to ensure

validation.

In conclusion, this study confirmed the replication of six

genetic variants associated with AMI by using GWAS, QTL

mapping, and survival analyses. Our findings highlight the

potential of rs12639023 as a prognostic marker for cardiac

mortality in AMI. These results provide insights into the latent

etiology of AMI. The replicated genetic variants are potential

biomarkers for the prediction, prevention, prognosis, and
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personalized treatment of AMI in individuals who carry the

variant. They could be clinically utilized in routine health check-

ups to assess the risk of AMI by a genetic risk score derived

from these variants, enabling the early prediction of individuals

with a higher genetic predisposition for AMI.
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Idiopathic pulmonary arterial hypertension (IPAH) is a life-threatening disease with
a poor prognosis and high heritability, characterized by elevated pulmonary
vascular resistance (PVR) and pulmonary artery pressure. N6-methyladenosine
(m6A) RNA modification influences many RNA metabolism pathways. However,
the position of m6A methylation regulators in IPAH remains unknown. Therefore,
the study aims to disclose the function m6A regulators exert in the pathological
mechanisms of IPAH and the immune microenvironment involved. The
GSE117261 dataset was downloaded from the Gene Expression Omnibus (GEO)
to screen the differentially expressed genes (DEGs) between normal and IPAH
samples. Functional and pathway enrichment analyses of DEGs were then
conducted by Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG). We also identified the differentially-expressed m6A
(DEm6A) regulators between normal and IPAH samples. Key m6A regulators
related to the prediction of IPAH were selected using the random forest
model. The results showed that FMR1, RBM15, HNRNPA2B1 and IGFBP3 were
upregulated in IPAH. In contrast, LRPPRC was downregulated. The single sample
gene set enrichment analysis (ssGSEA) method was then adopted to estimate the
immune microenvironment in distinct m6A clusters and m6A phenotype-related
genes (PRGs) clusters, respectively. Furthermore, we calculated the m6A score via
principal component analysis (PCA), and the Sankey diagram was selected to
present the correlation among the m6A clusters, m6A PRGs clusters and m6A
score. Finally, quantitative RT-PCR and Western blotting were used to validate the
key genes in human pulmonary artery smooth muscle cells (HPASMCs) treated by
human platelet-derived growth factor-BB (PDGF-BB). The relative mRNA and
protein expression levels of FMR1were significantly elevated, however, the relative
mRNA and protein expression levels of LRPPRCwere downregulated. Besides, the
relative mRNA level of HNRNPA2B1 was increased. Generally, this bioinformatics
analysis might provoke more insights into diagnosing and treating IPAH.
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1 Introduction

Pulmonary arterial hypertension (PAH) is a rare progressive
disease characterized by the occlusion of small pulmonary arteries
due to endothelial dysfunction and excessive proliferation of
pulmonary arterial smooth muscle cells (PASMCs) and
fibroblasts. Treated ineffectively, patients with PAH will die of
right heart failure (Aulak et al., 2021). However, almost 30%–
40% of PAH patients could not be detected with definite risk
factors or causes, so-called idiopathic pulmonary arterial
hypertension (IPAH) (Kennedy and Rodgers, 2019). Meanwhile,
IPAH is a life-threatening disease with a poor prognosis and high
heritability, characterized by elevated pulmonary vascular resistance
(PVR) and pulmonary artery pressure (Miyamoto et al., 2021).
Despite numerous research on the occurrence and development
of IPAH, prevention and treatment remain unsolved problems.
Thus, exploring promising biomarkers and prognostic indicators
is of obvious necessity for suppressing IPAH.

N6-methyladenosine (m6A) RNA modification, as the major
type of RNA modification pattern in eukaryotes, influences many
RNA metabolism pathways (Sun et al., 2019). In recent years, new
forms of RNA methylations (m5C, m6A, m7G, m1A) have been
revealed to occupy an important position in cardiovascular diseases,
including pulmonary hypertension (PH), heart failure,
hypertension, etc. (Zhou et al., 2021). Zeng et al., (2021). Proved
that m6A levels and the expression of methylation-related enzymes
were altered in PAH rats, playing crucial roles in PAH development
(Zeng et al., 2021). In addition, one of m6A regulators, YTHDF1, has
been confirmed to facilitate hypoxic PASMCs proliferation in mice.
While silencing of YTHDF1 attenuated pulmonary vascular
changes, pulmonary fibrosis and decreased right ventricular
systolic pressure compared with PAH mice (Kang et al., 2023).
However, the function of m6A regulators in the occurrence of IPAH
remains unknown. Therefore, there is of great essential to identify
m6A regulators in the development of IPAH and discover new
predicted biomarkers and therapeutic targets for IPAH.

In this study, we performed functional and pathway enrichment
analysis of differentially expressed genes (DEGs) between normal
and IPAH lung tissues on the basis of Gene Expression Omnibus
(GEO) databases. A total of 22 m6A regulators in IPAH were then
analyzed, and the samples were collected to illustrate m6A
modification patterns. Correlation analysis was applied between
the m6A modification patterns and the immune
microenvironment. Besides, m6A phenotype-related genes
(PRGs) between distinct m6A modification patterns were used to
generate the m6A PRGs signature. Finally, we validated the relative
mRNA and protein expression levels of key genes in platelet-derived
growth factor-BB (PDGF-BB) treated human pulmonary artery
smooth muscle cells (HPASMCs). Our research established the
first integrated bioinformatics analysis of the function of m6A
regulators in IPAH, providing some valuable insights into the
molecular mechanisms of IPAH at the biological level.

2 Materials and methods

2.1 Data collection and process

GEO is a public database providing high-throughput gene
expression and genomics data sets (Barrett et al., 2013). The
gene expression dataset GSE117261 (GPL6244, human lung
tissues) (Stearman et al., 2019; Romanoski et al., 2020) was
accessed from the GEO database and processed by R software
(version 4.2.1) and Perl language. The GSE117261 dataset was
based on the GPL6244 platform, and the sample species was
homo sapiens. GSE117261 included 32 IPAH and 25 normal
lung tissues. Genes with different expression levels between
normal and IPAH lung tissues were collected via the “limma”
package with the criterion of adjusted p-value <0.05 and |
logFC| >1. A total of 22 m6A regulators were obtained from
previous research to observe their expressions between IPAH
and normal samples in GSE117261. The regulators include eight
writers (METTL3, METTL14, METTL16, WTAP, ZC3H13,
RBM15, RBM15B and CBLL1), twelve readers (YTHDC1,
YTHDC2, YTHDF1, YTHDF2, YTHDF3, FMR1, LRPPRC,
HNRNPA2B1, IGFBP3, IGFBP2, IGFBP3, and ELAVL1) and
two erasers (FTO and ALKBH5).

2.2 Functional and enrichment analyses

Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes
and Genomes (KEGG) were then performed as functional and
enrichment analyses based on the DEGs (adjusted
p-value <0.05 and |logFC| >1). GO analysis, including biological
processes (BPs), molecular functions (MFs) and cellular
components (CCs), is a bioinformatics tool providing annotated
genes and analysis of the gene products (Ashburner et al., 2000).
Meanwhile, KEGG is a database resource with higher-order
functional information for understanding comprehensive analysis
of gene functions and genomic information (Kanehisa and Goto,
2000).

2.3 Construction of random forest

With p < 0.05, differentially-expressed m6A (DEm6A)
methylation regulators between normal and IPAH tissues were
selected through the “limma” package. The random forest (RF)
and support vector machine (SVM) were both conducted to predict
the occurrence of IPAH as training models. A receiver operating
characteristic (ROC) curve, reverse cumulative distribution of
residual and boxplots of residual were adapted to estimate
effective models. Predicting the occurrence of IPAH based on the
DEm6A methylation regulators was performed by RF with the
“randomForest” package in R software.
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2.4 Nomogram model

We established a nomogram model to screen candidate genes
using the “rms” package. Calibration curves were constructed to
compare the heterogenicity between the observed and the predicted
values. Then, we used decision curve analysis (DCA) (Fu J. et al.,
2022) and a clinical impact curve to validate the clinical effectiveness
of nomograms.

2.5 Discover different m6A clusters and
immune microenvironment involved

The “ConsensusClusterPlus” package was operated to
differentiate the m6A clusters on the basis of DEm6A
methylation regulators. The number of clusters was determined
following the cumulative distribution function (CDF) curve and
specific k values (Wilkerson and Hayes, 2010). Then, the m6A
modification patterns were further validated using principal
component analysis (PCA) (Fu et al., 2022). The single sample
gene set enrichment analysis (ssGSEA), as a method to evaluate the
number of distinct infiltrating immunocytes and their specific
immune reactions, was then adapted to estimate the abundance
of 23 immune cells between distinct m6A clusters to explore the
correlation (Zhang et al., 2021).

2.6 Exploring m6A PRGs signature and
immune microenvironment

Genes with different expression levels between distinct m6A
clusters (as known as m6A PRGs genes) were picked out through
the “limma” package. The selection criteria were formulated as |
logFC| >0.5 and the adjusted p-value <0.05. Then, m6A PRGs
were used to build the m6A Gene signature using the
“ConsensusClusterPlus” package. Samples were then classified
as distinct m6A PRGs clusters according to the m6A gene
signature. The number of m6A PRGs clusters should align
with the number of m6A clusters. Similarly, ssGSEA was then
performed to observe the link between distinct immune cells and
m6A gene signature.

2.7 m6A score calculation

PCA method was applied to calculate the m6A score of each
sample based on DEm6A methylation regulators between the
normal and IPAH groups. The formula

m6A score � Σ PC1i + PC2i( )
was used to calculate m6A score, where PC1 stands for principal
component 1, PC2 stands for principal component 2, and i
stands for the m6A-related genes. Moreover, box plots were
performed to understand the m6A score in the two clustering
types. Finally, the Sankey diagram was selected to present the
correlation among the m6A clusters, m6A PRGs clusters and
m6A score.

2.8 Isolation and treatment of HPASMCs

Human pulmonary arteriole samples were obtained based on the
protocol approved by the Medical Research and Clinical Technology
Application Branch of the Ethics Committee of the First Affiliated
Hospital of Fujian Medical University [Approval No. MRCTA,
FMU (2001) 483 ECFAH]. These samples were collected from
10 male patients, aged 60 ± 11 years, who had part of their lung
lobes removed due to emphysema or lung abscess in the Department
of Thoracic Surgery of the First Affiliated Hospital of Fujian Medical
University. All participants have understood and signed the written
informed consent. Meanwhile, we determined where to take the
pulmonary arteries based on the lung lobe to be resected during
surgery. Sterile ophthalmic scissors were used to cut the pulmonary
arteries of patients into small pieces. Then, small pieces of
pulmonary arteries were cultured in DMEM/F12 containing 20%
FBS in a humidified environment of 5% CO2 at 37°C (Wu et al.,
2022). The medium was replaced by DMEM with 0.02% FBS and
starved for 24 h when the cells were 70%–80% confluent. Treated
with human PDGF-BB (Pepro Tech) (20 ng/mL) for 48 h,
HPAMSCs were collected for the following testing.

2.9 RNA extraction and real-time
quantitative RT-PCR

The Fast-Pure Cell/Tissue Total RNA Isolation KIT V2
(Vazyme, Nanjing, China) was used to extract the total RNA
from HPASMCs. HiScript II Q RT SuperMix for qPCR (+gDNA
wiper) (Vazyme, Nanjing, China) was selected to obtain cDNA.
Finally, Quantitative RT-PCR was performed with ChamQ SYBR
qPCR Master Mix in the LightCycler® 96 System (Roche
Diagnostics, Mannheim, Germany). The relative expression level
of mRNA was calculated based on the 2−ΔΔCT method. The primer
pairs used in Quantitative RT-PCRwere as follows: FMR1 F: 5′-ACT
TACGGCAAATGTGTGCCA-3′; R: 5′-GCAGACTCCGAAAGT
GCATGT-3′; LRPPRC F: 5′-GATTGCCTGCCGATTGAACC-3′;
R: 5′- TGAAGCCCTTGATGTGGGTC-3′; RBM15 F: 5′-GCA
GTCCAGAATTGAGCAGTAG-3′; R: 5′-TACCTCGTCTGTCTC
TGATTGG-3′; HNRNPA2B1 F: 5′-TGGTGGTAGCAGGAACAT
GG-3′; R: 5′-TCAGTATCGGCTCCTCCCAC-3′; IGFBP3 F: 5′-
GAATCACCTGAAGTTCCTCAATGT-3′; R: 5′-CTTATCCAC
ACACCAGCAGAAG-3′; GAPDH F: 5′-GGTGTGAACCATGAG
AAGTATGA-3′; R: 5′-GAGTCCTTCCACGATACCAAAG-3′.

2.10 Protein extraction and Western blotting

Western blotting was performed as previously described (Chen
et al., 2010). After PDGF-BB administration, proteins from
HPASMCs were extracted by lysis buffer. Lysates were collected
to detect the protein concentrations using a BCA protein assay kit
(Beyotime, China). Equal volumes of protein lysates were separated
by 8% or 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and electroblotted onto PVDF membranes before
blocking with 5% nonfat milk for 1 h. Subsequently, blots were
incubated in primary anti-FMR1 (1:500; Abcam), anti-LRPPRC (1:
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500; Proteintech), anti-RBM15 (1:500; Proteintech), antibodies at
4°C overnight. Then, the corresponding secondary antibody was
diluted with the PVDF membrane for 1 h at room temperature after
washing with TBST three times for 10 min each. Next, the blots were
visualized using an ECL detection system (Beyotime, China).
Further analysis of the blots was performed using ImageJ
software (National Institutes of Health, Bethesda, MD,
United States) (Zhong et al., 2018).

2.11 Statistical analysis

Perl, R for mac 4.2.1 software and R studio 2022.07.1 + 554 were
conducted in our research. Student’s t-test or non-parametric one-way
analysis of variance (ANOVA) was applied in a two-group comparison
or three or more group comparisons, respectively. p-value of less than
0.05 with 2-sided defined statistically significant. **** means
p-value <0.0001; *** means p-value <0.001; ** means p-value <0.01;
* means p-value <0.05 and ns means no significance.

3 Results

3.1 Functional and pathway enrichment
analysis

DEGs between normal and IPAH samples were collected with
the criteria of adjusted p-value <0.05 and |logFC| >1. A heatmap was
conducted to show the DEGs expression in each sample (Figure 1A).
Meanwhile, a volcano map was displayed for an in-depth
understanding of the DEGs (Figure 1B). Functional and pathway
enrichment analyses were subsequently applied to understand
77 DEGs between normal and IPAH samples comprehensively.
The top 6 BP, CC and MF results according to the p-value were
listed in Figure 1C. Meanwhile, the results of KEGG enrichment
analysis suggested that DEGs were statistically concentrated in
Pathways of Fluid shear stress and atherosclerosis, Cytokine-
cytokine receptor interaction, African trypanosomiasis, cytokine
receptor, Malaria and Viral protein interaction with cytokine and
Hematopoietic cell lineage (Figure 1D). Notably, MF results showed

FIGURE 1
Functional and pathway enrichment analysis. (A) Heatmap of identified DEGs in lung tissues of normal and IPAH patients based on
GSE117261 datasets. (B) A volcano map of the DEGs in 25 normal and 32 IPAH samples. (C) The BP, CC and MF of DEGs. (D) KEGG analysis illustrating
pathway enrichment of DEG. DEG, differentially-expressed genes.
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FIGURE 2
The outlook of m6A regulators in the lung tissues of normal and IPAH samples. (A)Heatmap of significantly differential-expressed 6m6A regulators
in samples of GSE117261 datasets. (B) The location of different m6A regulators on chromosomes. (C) Boxplot displaying m6A regulators of different
expression levels between Ctrl and IPAH samples. *p < 0.05, **p < 0.01, ***p < 0.001. (D) The association between the expression level of METTL14 and
YTHDC2. (E) The associations between the expression level of ZC3H13 and HNRNPA2B1. (F) The associations between the expression level of
ZC3H13 and YTHDF2. Ctrl, normal group; IPAH, idiopathic pulmonary arterial hypertension.
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that immune receptor activity changed significantly, indicating the
disordered immune activity involved in the IPAH development.

3.2 The outlook of m6A regulators in the
lung tissues of normal and IPAH samples

To depict the landscape of m6A methylation regulators, we
analyzed the differential m6A methylation regulators between
normal and IPAH lung tissues. The GSE117261 dataset was used
to perform the subsequent analysis. After exploring DEm6A
methylation regulators in control (n = 25) and IPAH (n = 32),
the expression of m6A methylation regulators was shown by a
heatmap (Figure 2A). We also analyzed the location of 22 m6A

regulators on chromosomes (Figure 2B). Precisely, the expression
of FMR1, RBM15, HNRNPA2B1, IGFBP3 and METTL3 were
elevated in IPAH (the criterion of adjusted p-value <0.05 and |
logFC| >1); however, LRPPRC was downregulated (the criterion
of adjusted p-value <0.05 and |logFC| >1) in IPAH compared
with the normal samples (Figure 2C). Furthermore, a co-
expression analysis was performed to indicate the positive
correlation between METTL14 and YTHDC2, ZC3H13 and
HNRNPA2B1, respectively (Figures 2D, E), and the negative
correlation between ZC3H13 and YTHDF2 (Figure 2F). In
short, 6 differential m6A methylation regulators (FMR1,
RBM15, HNRNPA2B1, IGFBP3, METTL3 and LRPPRC) were
screened for subsequent studies with the criterion of adjusted
p-value <0.05 and |logFC| >1.

FIGURE 3
The RF was selected to build the IPAH predictive models. (A) Residual distribution of RF and SVM displayed by a boxplot. (B) The reverse cumulative
distribution of residual curve of RF and SVMmodel. (C) The prediction ability of SVM and RFmodels shown by ROC curves. (D) The prediction error curves
in the RF model. (E) Ranking of differential-expressed m6A regulators by their importance according to RF. (F) Nomogram model based on five m6A
regulator genes to detect the predictive ability. (G) The production efficiency nomogram model illustrated by the calibration curves. (H,I)
Determination of clinical prediction validity of nomogrammodel based on decision curve analysis and clinical impact plot. RF, random forest; Ctrl, normal
group; IPAH, idiopathic pulmonary arterial hypertension.
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3.3 The RF was selected to build the IPAH
predictive models

We chose boxplots of residual, reverse cumulative distribution of
residual, and a ROC curve (Figures 3A–C) to appraise the prediction
accuracy of the RF and SVM methods. Obviously, the RF method is

of higher prediction accuracy, so RF method was chosen for ranking
the importance of the DEm6A regulators. The optimal ntree was
confirmed in Figure 3D. Then, the top 5 genes were defined as the
5 most significant m6A methylation regulators after ranking their
importance (Figure 3E). Then, a nomogram model was applied to
estimate the susceptibility to IPAH according to the 5 m6A

FIGURE 4
The link between distinct m6A clusters and immune microenvironment. (A) The consensus CDF curve based on various k (k = 2–9). (B) Relative
change in area under distinct CDF curve (k = 2–9). (C) Consensus clustering matrix of 32 IPAH patients for k = 2. (D) The expression level of 6 m6A
methylation regulator genes between distinctm6A clusters shown by the boxplot. (E)Heatmap displaying the transcriptional profile of 6m6Amethylation
regulator genes of distinct m6A clusters. (F) PCA illustrating a significant difference between m6A clusters A and B. (G) Boxplot presenting the
immune microenvironment in m6A clusters A and B. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 5
The link between m6A methylation regulators and immune microenvironment. (A) Heatmap showing the correlation between m5C methylation
regulator genes and immune microenvironment. (B) The correlation between FMR1 and immune microenvironment. (C) The correlation between
LRPPRC and immune microenvironment. (D) The correlation between RBM15 and immune microenvironment. (E) The correlation between
HNRNPA2B1 and immune microenvironment. (F) The correlation between IGFBP3 and immune microenvironment. (G) The correlation between
METTL3 and immune microenvironment. *p < 0.05, **p < 0.01, ***p < 0.001.
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methylation regulators (Figure 3F). The calibration curves revealed
that the nomogram method has high predictive power for IPAH
(Figure 3G). Finally, decision curve analysis (DCA) and clinical
impact curves manifested that the nomogram model was a reliable
predictive model for IPAH (Figures 3H, I). It is noteworthy that
FMR1, LRPPRC, RBM15, HNRNPA2B1and IGFBP3 were selected
as 5 most crucial m6A methylation regulators based on RF method
to construct the nomogram model for IPAH.

3.4 The link between distinct m6A clusters
and immune microenvironment

We classified distinct m6A clusters according to the seven m6A
methylation regulators by conducting the “ConsensusClusterPlus”
package in R. Taken 2 as the optimal k value, 32 IPAH samples were
grouped into m6A clusters A and B (Figures 4A–C). Compared with
m6A cluster A, the expression level of HNRNPA2B1 was higher in
m6A cluster B, whereas IGFBP3 declined (Figure 4D). The heat map
was also used to illustrate the distinct expression profiles of genes in
two m6A clusters (Figure 4E). Then, PCA was used to validate the
accuracy of our m6A cluster classification (Figure 4F). Considering
the link between IPAH and the immune microenvironment, a
deeper analysis of immune cell infiltration was applied. A total of
12 types of immune cells were determined to be statistically different
between m6A clusters A and B in Figure 4G, implying that the
immune response differs between the two clusters.

3.5 The link between m6A methylation
regulators and immune microenvironment

The link between immune cell infiltration and the six m6A
methylation regulators’ expression profile was demonstrated via a
heatmap based on ssGSEA (Figure 5A). Furthermore, we explored
the relationship between the immune cell infiltration and six m6A
methylation regulators via ssGSEA. As shown in Figure 5B,
FMR1 was negatively correlated with Macrophage, Gamma delta
T cell, Plasmacytoid dendritic cell and Neutrophil; LRPPRC was
negatively correlated with Eosinophil as displayed in Figure 5C; The
levels of RBM15 and METTL3 were not significantly linked with
immune cell infiltration (Figures 5D, G); HNRNPA2B1 was
positively linked with T follicular helper cell could be drawn
from Figure 5E; while the IGFBP3 was negatively correlated with
Activated B cell, Immature B cell, MDSC, Immature dendritic cell,
Natural killer T cell, Natural killer cell, Monocyte, Regulatory T cell,
T follicular helper cell, Type 1T helper cell and Type 2T helper cell,
displayed in Figure 5F. The above findings confirmed the potential
association of these DEm6A methylation regulators with the
immune microenvironment in IPAH.

3.6 Generation of the m6A PRGs signature
and immune microenvironment

m6A PRGs signature was constructed on the basis of m6A PRGs
through the “ConsensusClusterPlus” package in R. In order to be
consistent with the number of m6A clusters, the optimal k value of

m6A PRG clusters was set as 2 (Figures 6A–C). A heatmap
displaying the different expression profiles of m6A PRGs between
two m6A PRGs clusters was adopted (Figure 6D). Compared with
m6A PRGs cluster A, the expression level of LRPPRC,
HNRNPA2B1 and METTL3 were increased in m6A PRGs cluster
B; however, IGFBP3 showed the opposite trend (Figure 6E). Finally,
we found that nine types of immune cells were statistically
differentially expressed between m6A PRGs clusters A and B
(Figure 6F), indicating the distinguished characteristics of
immune microenvironment infiltration.

3.7 m6A score determination

For the sake of observing the different m6A score in m6A
clusters and m6A PRGs clusters, boxplots were then applied,
respectively. The m6A score of m6A cluster B was higher than
that in m6A cluster A as shown in Figure 7A. Compared to m6A
PRGs cluster A, m6A score was higher in m6A PRGs cluster B
(Figure 7B). Thus, the m6A score in diverse m6A clusters and m6A
PRGs clusters were both statistically different. To better understand
the corresponding relations among m6A score, m6A clusters and
m6A PRGs clusters, we used the “ggalluvial” R package to produce
the Sankey diagram (Figure 7C).

3.8 The mRNA and protein expression levels
of the key genes

In order to estimate the expression levels of the selected key
genes in HPASMCs with PDGF-BB administration, the quantitative
RT-qPCR experiment and Western blotting were conducted. After
being treated with PDGF-BB for 48 h, the mRNA and protein
expression levels of FMR1 were upregulated (Figures 8A, B);
however, the mRNA and protein expression levels of LRPPRC
were downregulated in comparison with the control groups
(Figures 8C, D), both were in line with the bioinformatics
analysis. While the mRNA and protein expression levels of
RBM15 remained unchanged (Figures 8E, F), which were not
consistent with the results of bioinformatics analysis. Besides, the
relative mRNA level of HNRNPA2B1 was increased; the relative
mRNA level of IGFBP3 was not changed (Supplementary Figure S1).

4 Discussion

The IPAH, characterized by elevated PVR due to lung
remodeling and/or vasoconstriction, is a serious disease leading
to cardiopulmonary dysfunction and premature death (Barnes et al.,
2019). Recently, new RNA methylations (m5C, m6A, m7G, m1A)
have been demonstrated to be a promising target for improving
CVDs, including PH (Zhou et al., 2021). As the most common RNA
modification in eukaryotes, m6A levels and the expression of m6A
methylation regulators have been reported to be altered in
monocrotaline (MCT)-induced PAH rats by an integrated
analysis (Zeng et al., 2021). Meanwhile, METTL3 and
YTHDF2 were proven to be involved in the PASMCs
proliferation induced by hypoxia, providing a novel insight for
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FIGURE 6
Generation of the m6A PRGs signature and immune microenvironment. (A–C) The consensus clustering of 130 m6A PRGs. (D) Heatmap showing
the differential expression of m6A PRGs in distinct gene clusters. (E) Expression outlook of 6 m6A methylation regulators in distinct m6A PRGs clusters
shown by a boxplot. (F) The immune microenvironment in the two m6A PRGs clusters. *p < 0.05, **p < 0.01, ***p < 0.001. Gene cluster, m6A PRGs
clusters.
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treating hypoxic PH (HPH) (Qin et al., 2021). However, the function
of m6A methylation regulators in IPAH has not been discussed yet.

Therefore, in this research, bioinformatics analysis was adopted
on the basis of the GSE117261 database. GO and KEGG were
performed to analyze the functional and pathway enrichment
based on the DEGs between 25 normal samples and 32 IPAH
samples. The results of MF suggested that the pathology of IPAH
may be related to abnormal immune activity. Previous reports have
also shown that compromised immune homeostasis might lead to
IPAH progression (Heukels et al., 2021).

Besides, 6 differential-expressed m6A methylation regulators
were screened, including 5 upregulated regulators and
1 downregulated regulator. Compared with SVM, the RF showed
higher accuracy in predicting disease occurrence. Thence, FMR1,
LRPPRC, RBM15, HNRNPA2B1, and IGFBP3 were identified as the
5 most important genes after ranking their importance via the RF
model. Among them, the expression level of FMR1, RBM15,
HNRNPA2B1 and IGFBP3 were upregulated in IPAH; however,
LRPPRC was downregulated. Meanwhile, FMR1 ranked as the most
crucial one.

Studies in recent years have revealed similarities in the
pathological mechanisms of PAH and cancer, including increased
cell proliferation, resistance to apoptosis, and enhanced Warburg
effect, suggesting PAH is a pseudo-malignant disease (Rehman and
Archer, 2010; Boucherat et al., 2017; Liu et al., 2017). Besides,
elevated expression of FMR1 was regarded as a pathogenic target
in promoting cell proliferation in esophageal squamous cell
carcinoma (ESCC) (Men et al., 2022); the positive feedback loop
HNF4α-BC200-FMR1 is also necessary in promoting invasive
mucinous lung adenocarcinoma (IMA) progression and
metastasis. Based on the above research, we assumed that the
increased FMR1 might be associated with the hyperproliferation
of PASMCs.

LRPPRC, as a mitochondrion-associated protein, has been
demonstrated as an autophagy inhibitor in many pieces of
research. LRPPRC has been reported to decline under constant
mitophagy stress, then initiating the autophagy level in cells by
impairing the stability of Bcl-2 (Zou et al., 2013; Zou et al., 2014; Zou
et al., 2015). In addition, increased autophagy level have been
reported to play a significant role in many lung diseases,

FIGURE 7
m6A score determination. m6A score calculated between (A) distinct m6A clusters and (B) m6A PRGs clusters. (C) Sankey diagram demonstrating
the corresponding relations among m6A cluster, m6A PRGs clusters and m6A score. Gene cluster: m6A PRGs clusters.
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including PAH (Ornatowski et al., 2020). Thus, we supposed the
decreased LRPPRC in our results might lead to enhanced autophagy
levels in IPAH, which has not yet been illustrated in previous studies.

In our results, RBM15 is elevated. Consistent with previous
research, increased RBM15 is also related to the development of
tumors, such as colorectal cancer, laryngeal squamous cell cancer
(LSCC) and pancreatic adenocarcinoma. It was reported that
knocking down RBM15 inhibits colorectal cancer cell proliferation
and metastasis as reported (Zhang Z. et al., 2021). Meanwhile, as a
“writer” of methyltransferase, RBM15 was increased in LSCC,
indicating an unfavorable prognosis; the decline of RBM15 reduced
the proliferation, migration and invasion of LSCC cells (Wang et al.,
2021). Besides, suppression RBM15 could significantly reduce

pancreatic cancer cell proliferation in pancreatic adenocarcinoma
(Zhao et al., 2022). Due to the similarity of PAH and tumors, we
supposed RBM15 was a risk factor in the development of IPAH, which
has not been proposed previously.

Similarly, increased HNRNPA2B1 was found in human PAH-
PASMC and MCT-PAH rats, and inhibition of HNRNPA2B1 applied
in vivo rescued PH in rats (Ruffenach et al., 2022); IGFBP-3 was
revealed to promote the proliferation of HPASMCs under persistent
hypoxia (Ismail et al., 2009);METTL3/YTHDF2/PTEN axis also plays a
crucial role in hypoxia-induced PASMCs proliferation (Qin et al., 2021).
In general, our analysis identified FMR1, LRPPRC and RBM15 as novel
factors involved in PAH as well as IPAH for the first time, which is one
of the most crucial scientific significances for our research. Therefore,

FIGURE 8
The mRNA and protein expression levels of key genes. (A) Relative mRNA level of FMR1 in control vs. PDGF-BB treated group. (B) Relative protein
expression level of FMR1 in control vs. PDGF-BB treated group. (C) Relative mRNA level of LRPPRC in control vs. PDGF-BB treated group. (D) Relative
protein expression level of LRPPRC in control vs. PDGF-BB treated group. (E) Relative mRNA level of RBM15 in control vs. PDGF-BB treated group. (F)
Relative protein expression level of RBM15 in control vs. PDGF-BB treated group. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance. Data are
presented as mean ± standard deviation (mean ± SD), n = 5.
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FMR1, LRPPRC and RBM15 were selected for quantitative RT-PCR
andWestern blotting validation. While for HNRNPA2B1 and IGFBP3,
only quantitative RT-PCR was performed.

Previous reports displayed that PASMCs from patients with
IPAH showed a higher growth rate stimulated by PDGF-BB than
that of control cells (Ogawa et al., 2005; Fujio et al., 2006; Ikeda
et al., 2010); besides, the PDGF-receptor inhibitor such as
imatinib (STI571) is attracting more and more attention as a
promising therapy for PH (Ghofrani et al., 2005; Schermuly et al.,
2005; Perros et al., 2008; Hatano et al., 2010). Therefore, we
observed the relative mRNA and protein expression levels of key
genes in HPASMCs treated by PDGF-BB for 48 h.

Besides, the results of MF indicated that abnormal immune
receptor activity was involved in IPAH. Furthermore, we found
that the immune cells infiltration in two m6A clusters and two
m6A PRGs clusters were identified, suggesting the distinguished
immune responses in the different m6A clusters. We also used
ssGSEA to estimate the relationship between the immune cell
infiltration and six DEm6A methylation regulators. The results
incarnate a tight correlation between the immune
microenvironment in IPAH and these six methylation
regulators. Besides, several past reports confirmed our fundings.
Qu et al., (2022) demonstrated that PAH might be associated with
dysregulation of the immune microenvironment as well as an
abnormal immune response (Qu et al., 2022). In addition,
modulation of the immune microenvironment may help to slow
the progression of PH (Guo et al., 2021). The previous research
also explored the potential association of m6A RNA methylation
regulators with the tumor immune microenvironment in
Esophageal squamous cell carcinoma (ESCC), indicating that
these key m6A methylation regulators may be crucial mediators
of immune cell infiltration (Guo et al., 2021). Similarly, it was
shown that m6A-regulated genes are linked to immune status in
hepatocellular carcinoma (HCC) (Li et al., 2022). In our result, the
m6A score of m6A clusters and m6A PRGs clusters were also
calculated to have a better understanding of samples in different
clusters based on DEm6A methylation regulators.

Whereas, there are still some flaws in our research. First, the
mechanisms underlying IPAH were still unclear; thus, deeper
bioinformatics analyses and experimental verifications are
needed. Second, multiple microarray analyses have higher
detection accuracy than single microarray analyses, so integrated
microarray analyses should be performed in a future study. Third, to
improve the prediction accuracy of the screened genes related to
IPAH, it is necessary to enlarge the sample size for further proof.
Fourth, because of clinical data lacking and heterogeneity of IPAH
patients, risk indicators related to the degree of patients under the
severity of IPAH are hard to summarize. Fifth, samples of IPAH
with different severity are essential to distinguish the mechanisms
underlying the occurrence and development of IPAH.

In conclusion, our study provided an integrated analysis by
processing GSE117261 to discover the DEm6A regulator genes
connected to the development of IPAH. 77 DEGs between
normal and IPAH samples were collected for functional and
pathway enrichment analysis, indicating the abnormal immune
activity involved with IPAH. 5 key m6A modification regulators

were screened out. 2 m6A clusters and 2 m6A PRGs clusters were
distinguished. Besides, the immune microenvironment correlated to
different m6Amodification patterns was also checked. Furthermore,
quantitative RT-PCR and Western blotting were performed to
determine the key genes in HPASMCs stimulated by PDGF-BB.
The relative mRNA and protein expression levels of FMR1 were
increased, while the relative mRNA and protein expression levels of
LRPPRC were decreased. Besides, the relative mRNA level of
HNRNPA2B1 was significantly increased.
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Role of histone lactylation
interference RNA m6A
modification and immune
microenvironment homeostasis in
pulmonary arterial hypertension
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Xue-liang Zhou1*
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2Institute of Translational Medicine, Shanghai University, Shanghai, China

Pulmonary arterial hypertension (PAH) is a severe disease resulting from
progressive increases in pulmonary vascular resistance and pulmonary vascular
remodeling, ultimately leading to right ventricular failure and even death. Hypoxia,
inflammation, immune reactions, and epigenetic modifications all play significant
contributory roles in themechanism of PAH. Increasingly, epigenetic changes and
their modifying factors involved in reprogramming through regulation of
methylation or the immune microenvironment have been identified. Among
them, histone lactylation is a new post-translational modification (PTM), which
provides a novel visual angle on the functional mechanism of lactate and provides
a promising diagnosis and treatment method for PAH. This review detailed
introduces the function of lactate as an important molecule in PAH, and the
effects of lactylation on N6-methyladenosine (m6A) and immune cells. It provides
a new perspective to further explore the development of lactate regulation of
pulmonary hypertension through histone lactylation modification.

KEYWORDS

pulmonary arterial hypertension, histone lactylation, epigenetic modifications, post-
translational modification, m6A, immune microenvironment

1 Introduction

PAH is a serious disease that involves pulmonary vasoconstriction, pulmonary vascular
multiplication, and the development of plexiform lesions. At first, the right ventricle (RV)
improves circulation by increasing contractility and ventricular wall thickness. With the
progress of the disease, the RV gradually expands, eventually leading to right heart failure
and even death (Harbaum et al., 2022). At the same time, PAH is also an important global
health problem that can affect any age group. The prevalence of PAH is approximately
25 cases per population of 1 million (Maron et al., 2021). In the UK, the prevalence of PAH
was 97 per million, with a female: male ratio of 1.8:1 (Galie et al., 2016), and in the
United States, there are approximately 10.6 cases per 1 million adults (Badesch et al., 2010),
with different epidemiological data of different types of PAH. With the development of
medicine and the continuous efforts of doctors, the 5-year survival rate has increased from
34% tomore than 60% through targeted treatment of PAH (Boucly et al., 2021). Even though
currently available therapies focus on improving PAH symptoms and reducing pulmonary
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vasoconstriction, the mortality rate remains unacceptably high.
Therefore, the identification of new pathways responsible for
pulmonary vascular remodeling as well as identifying novel
therapeutic targets are crucial.

Epigenetics emerging research has brought about many novel
discoveries in PAH. Previous research has already demonstrated
that m6A is a ubiquitous and abundant transcriptional modification.
Mechanically, m6A modification affects multiple functions of
mRNA, including transport, degradation, and translation, thus
participating in various pathophysiological processes. The
imbalance of m6A will lead to the occurrence and development
of tumors, inflammation, cardiovascular disease, and immune
disease (Efremova et al., 2020). The dynamic regulation of m6A
affects the expression level of specific genes involved in PAH. In
addition, inflammation and immune disorders are also involved in
pulmonary vascular remodeling, especially through the secretion of
cytokines and metabolic reprogramming (Xu et al., 2021). The
pathological specimens of PAH patients showed the
accumulation of perivascular inflammatory cells, such as
macrophages, lymphocytes, and mast cells (Jia et al., 2020).

The crosstalk between epigenetics and metabolism plays a key
role in gene expression, cell differentiation, and proliferation
(Vasconcelos et al., 2020). Lactate has been found to be a
signaling molecule and a metabolism regulator, participate in
intercellular signal transduction and immune reaction (Shime
et al., 2008), and play a key role in epigenomic reprogramming
(Bhagat et al., 2019). Under hypoxia, cells stimulate intracellular
lactate production by inhibiting oxidative phosphorylation and
enhancing glycolysis, thereby increasing histone lactylation and
promoting metabolic reprogramming (Zhang et al., 2019). The
increase or decrease of lactate concentration has been shown to
affect cell differentiation and function through multiple pathways.
The increasing understanding of lactate has promoted the
development of new targets. However, it just begin research
histone lactylation in PAH. This review describes the regulation

of m6A and the immune microenvironment by histone lactylation,
affecting the occurrence and development of PAH.

2 Pulmonary arterial hypertension

In 1975, WHO published the first standardized hemodynamic
criterion for pulmonary hypertension (PH) (Maron et al., 2018). In
the resting state at sea level, check through the right heart catheterisation
(RHC) technique, measure the mean pulmonary arterial pressure
greater than 25 mmHg (mPAP ≥ 25 mmHg) (Al-Omary et al.,
2020), and this definition has been followed ever since then. Until
to 2018, the 6th World Symposium on Pulmonary Hypertension
(WSPH) suggest that the diagnostic criteria for PH be modified to
mPAP >20 mmHg, a pulmonary artery wedge pressure of 15 mmHg or
lower, and a pulmonary vascular resistance of 3 Wood units or greater
(Simonneau et al., 2019).

As shown in Table 1, PH is clinically divided into five major
categories (Simonneau et al., 2019). The pathogenesis of PAH is
complex and involves various factors, including vasoactive
molecules (ET-1, Ang, PG, NO, etc.), ion channels (K+ channel,
Ca2+ channel, and new cation channels), signaling pathways (MAPK
pathway, PI3K/AKT pathway, Notch pathway, etc.) (Shafiq et al.,
2021; Zhang et al., 2022), apoptosis resistance, oxidative stress,
inflammation, and immune dysregulation (Norton et al., 2020).
The pathological changes of PH include proliferation of pulmonary
arterial endothelial cells (PAECs) along with the inflammatory
response, proliferation of pulmonary arterial smooth muscle cells
(PASMCs) and sustained contraction, and fibrosis of the external
membrane and matrix remodeling (Rhodes et al., 2019). The main
pathological feature of PH is pulmonary vascular remodeling caused
by phenotypic changes in endothelial cells and muscularization of
the vessel wall (Hautefort et al., 2019). This review focuses on
elucidating the molecular mechanisms underlying the first type of
epigenetic modifications of PH.

TABLE 1 Updated clinical classification of pulmonary hypertension (PH).

1. PAH 2. PH due to left heart disease 4. PH due to pulmonary artery
obstructions

1. 1 Idiopathic PAH 2. 1 PH due to HF with preserved LVEF 4. 1 Chronic thromboembolic PH

1.2 Heritable PAH 2.2 PH due to HF with reduced LVEF 4.2 Other pulmonary artery obstruction

1.3 Drug- and toxin-induced PAH 2.3 Valvular heart disease

1.4 PAH associated with:connective tissue disease, HIV infection, portal
hypertension, congenital heart disease,schistosomiasis

2.4 Congenital/ acquired cardiovascular conditions
leading to post-capillary PH

1.5 PAH long-term responders to calcium channel blockers 3. PH due to lung diseases and/or
hypoxia

5. PH with unclear and/or
multifactorial mechanisms

1.6 PAH with overt features ofvenous/ capillaries (PVOD/PCH)
involvement

3. 1 Obstructive lung disease 5. 1 Haematological disorders

1.7 Persistent PH of the newborn syndrome 3.2 Restrictive lung disease 5.2 Systemic and metabolic disorders

3.3 Other lung disease with mixed restrictive/
obstructive pattern

5.3 Others

3.4 Hypoxia without lung disease 5.4 Complex congenital heart disease

3.5 Developmental lung disorders

PAH, pulmonary arterial hypertension; HF, heart failure; PVOD, pulmonary veno-occlusive disease; PCH, pulmonary capillary haemangiomatosis; LVEF, left ventricular ejection fraction.
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Early symptoms of PAH are not specific and usually include
fatigue and chest tightness. As the disease progresses, symptoms
gradually become more severe, including dyspnea, syncope, chest
pain and right heart failure. Experts believe that early diagnosis and
treatment can improve survival (Simonneau et al., 2019). The
treatment of PAH includes general treatment, special drug
treatment, surgical treatment, and targeted drug therapy. General
treatment includes: activity and rehabilitation, anticoagulant
therapy, diuretic and cardiovascular active drug therapy, oxygen
therapy, anemia improvement and iron supplementation therapy,
and psychosocial support. The specific drug treatments include:
calcium channel blockers (CCB); endothelin receptor antagonists
(ERA) consisting of bosentan, ambrisentan, and macitentan; 5-
phosphodiesterase inhibitor (sildenafil, tadalafil); guanylate
cyclase agonist (sGC) include Adempas; prostacyclin analog
(epoprostenol, treprostinil, iloprost) and prostacyclin receptor
agonist (selexipag) (Humbert et al., 2022).

Additionally, combination therapy is considered a standard
treatment method in PAH. In spite of the fact that these
treatments can improve the life quality and survival of patients,
they do not cure the disease, the long-term prognosis is poor and the
mortality rate is high. Therefore, the development of new drugs and
the search for new treatments are the key to the treatment of PAH.

3 Mechanism of m6A methylation-
modified mRNA affecting the
development of PAH

3.1 The structure and function of m6A

A large number of research have shown that epigenetic
modifications play an important role in regulating cell proliferation,
protein synthesis, and gene transcription, including methylation,
histone lactylation modification, and microRNA dysregulation. It is
worth noting that m6A is a key regulator of mRNA stability, protein
expression, and other cellular processes (Ries et al., 2019). The m6A
peaks are mainly found in the open reading frame (ORF) (Li et al.,
2018), the 3′-untranslated regions (UTRs), and near the stop codons of
the mRNA (Ke et al., 2015). Mechanistically, m6A affects all stages of
RNA metabolism, including translation, stabilization, and degradation,
and plays a key role in the pathological and physiological processes of
cells (H. Huang et al., 2019).

The mRNA methylation modifications are dynamically
regulated by methyltransferases, demethylases, and methylation-
binding proteins to maintain normal gene expression. Among them,
the regulators involved are: methyltransferase including METTL3
(methyltransferase-like3) (Vu et al., 2017), METTL14
(methyltransferase-like14) (Chen et al., 2020), METTL16
(methyltransferase-like16) (Pendleton et al., 2017), WTAP
(Wilms tumor 1associated protein) (Zhu et al., 2020), RBM15
(RNA binding motif protein15) and zinc finger CCCH-type
containing 13 (ZC3H13) (Wen et al., 2018). The demethylases
FTO (FAT mass and obesity-associated protein) (Mathiyalagan
et al., 2019) and ALKBH5 (ALKB homologue5 protein) (Zhang
et al., 2017) both are the ALKB protein family, and belong to the
ferric hydride/ketoglutarate-dependent dioxygenase. The m6A
reader protein recognizes mRNA and binds to it to achieve

corresponding functions. One class of direct and robust m6A
readers are proteins containing the YT521-B homology (YTH)
domain, the YTH domain of the m6A reader protein is
composed of 134 amino acids (Zaccara, and Jaffrey, 2020),
including YTH domain family 1–3 (YTHDF1-3) (Gao et al.,
2019; Li et al., 2020) and YTH domain containing 1–2
(YTHDC1-2) (Roundtree et al., 2017; Jain et al., 2018) in
humans, were confirmed to regulate the mRNA processing,
translation, and degradation processes (Table 2). How to
maintain the above molecular expression level in homeostasis is
the key to preventing vascular dysplasia and elevated pulmonary
arterial blood pressure.

Immunofluorescence showed that METTL3 is located on the
nuclear spots rich in mRNA splicing factors and has a potential
regulatory role in mRNA metabolism (Vu et al., 2017). Previous
research showed that METTL3 might promote the development of
thyroid cancer through the methylation modification of TCF1
(Wang et al., 2020). In mammals, both METTL3 and
METTL14 are highly conserved, and both form stable
heterodimers. Among them, METTL4 is an snRNA m6Am
methyltransferase involved in the regulation of pre-mRNA
splicing (Chen et al., 2020). Li et al. found that METTL14 may
contribute to hepatocellular carcinoma progression through
modulation of m6A methylation of cysteine sulfinic acid
decarboxylase, glutamic-oxaloacetic transaminase 2, and cytokine
signaling suppressor 2 (Li et al., 2020). The methyltransferase
WTAP interacts with METTL3 and METTL14 to jointly regulate
them6A levels of mRNA transcription (Ping et al., 2014).METTL16, a
homolog of METTL3, regulates the expression of human MAT2A,
controls cellular SAM levels, and is also a methyltransferase of
U6 snRNA (Pendleton et al., 2017). In addition, a study has
shown that at least 78 m6A residues of XIST are highly methylated
in human cells. Among them, RBM15 and RBM15B mediate the
methylation of adenosine nucleotides in the commonmotif of m6A in
XIST and mRNA (Patil et al., 2016). The above methyltransferases
achieve different functions by modifying different stages of mRNA.

The demethylases FTO and ALKBH5 play powerful functions in
RNA translation, processing, and splicing (Tang et al., 2018). In
terms of modified bases, the m6Am is one of the most common near
the first coding nucleotide of the 7-methylguanosine cap of mRNA.
FTO preferentially demethylates m6Am and reduces the stability of
mRNA (Mauer et al., 2017). The regulation of mRNA function by
FTO leads to FTO-dependent changes in m6A demethylated protein
levels (Su et al., 2018). A study found that FTO plays a key role in
cardiac remodeling. Compared with healthy heart tissue, m6A
modification was increased and FTO expression was significantly
decreased in heart failure and myocardial infarction regions
(Mathiyalagan et al., 2019). ALKBH5 is the second discovered
m6A demethylase, which is similar to the m6A demethylation
activity of FTO (Zhang et al., 2017). A study showed that
ALKBH5 overexpression can inhibit the proliferation of
pancreatic cancer cells in vitro, whereas ALKBH5 knockdown
promoted the progression of pancreatic cancer (Guo et al., 2020)
(Table 2). This suggests that m6A demethylase achieves distinct
cellular functions by interfering with mRNA stability.

The m6A binding protein YTHDF1 is translocated from the
cytoplasm to the nucleus, where it initiates and enhances translation
in a manner that is dependent on the eIF3 initiation factor
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(Wang et al., 2015). YTHDF1 gene deletion leads to decreased
memory and learning, while YTHDF1 expression enhances
memory and learning (Shi et al., 2018). Transporting mRNA
targets to cytoplasmic processing bodies and promoting their
degradation are the functions of YTHDF2. The CCR4-NOT
deadenylase complex partially promotes the degradation of target
transcripts by cytoplasmic YTHDF2 (Du et al., 2016). The
YTHDF3 protein interacts with the YTHDF1 and
YTHDF2 proteins to enhance translation and degradation (Shi
et al., 2017). A structural and binding study indicates that the
YTH domain of YTHDC1, one of the core members of the YTH
family proteins, preferentially recognizes the GG (m6A)C sequence
(Roundtree et al., 2017). It has been shown that YTHDC1 promotes
the proliferation of cancer cells, the formation of tumors and the
migration of cells (Zhu et al., 2021). In addition, YTHDC2 binds to
the consensus motif of m6Amore preferentially than other members
of the YTH family, improving translation efficiency and reducing
mRNA bundling (Jain et al., 2018). Heterogeneous nuclear
ribonucleoproteins (HNRNPs) regulate alternative splicing or
processing of target transcripts, including HNRNPC, HNRNPG,
and HNRNPA2B1 (Wu et al., 2018) (Table 2).

3.2m6Amethylation-modifiedmRNA affects
the occurrence and development of PAH

The physiological function of m6 A in the cell is mediated by
different mechanisms, m6 A regulates the stem cell fate by modifying
mRNA (Li et al., 2018). In the past 2 years, many studies have
reported that the occurrence and development of PAH is closely
associated with epigenetic modification of mRNA, particularly m6A
methylation modification (Zhu et al., 2021). Zeng et al. had

confirmed that increased m6A methylation in PAH (Zeng et al.,
2021). In addition, some studies have demonstrated that METTL3
(Qin et al., 2021), METTL14 (Zhou et al., 2021), YTHDF1 (Hu et al.,
2021), and YTHDF2 (Qin et al., 2021) are involved in PASMC
proliferation and pulmonary vascular remodeling.

METTL3 plays an important role in the pathogenesis of
hypoxia-induced PAH. Qin et al. pointed out that METTL3 is
abnormally overexpressed in PASMCs of PAH. However,
downregulation of METTL3 inhibited hypoxia-induced
proliferation and migration of PASMCs (Qin et al., 2021).
Meanwhile, study revealed that YTHDF2 regulates RNA
metabolism by localizing bound mRNAs to degradation sites (Fei
et al., 2020). There was a significant upregulation of YTHDF2 in
PASMCs under hypoxia. Since YTHDF2 recognizes m6A on PTEN
mRNA, METTL3 decreases the stability of PTEN mRNA and
accelerates its degradation via YTHDF2. The PI3K/Akt signaling
pathway is activated in response to the reduced PTEN level, further
promoting the proliferation of PASMCs (Qin et al., 2021). In
addition, research also shows that SETD2 catalyzes
H3K36me3 and plays a key role in hypoxic PAH formation (Yao
et al., 2020). Hypoxia-induced PAH mice showed increased
expression of SETD2 and m6A transcript METTL14 in PASMCs,
and SETD2-specific knockout in SMC ameliorated PAH and also
decreased METTL14. This suggests that hypoxia-induced PAH is
caused by METTL14-mediated m6A modification and SETD2-
mediated H3K36me3 modification (Zhou et al., 2021) (Table 3).
Thus, the occurrence and development of PAH are commonly
promoted by multiple m6A methylation modifications.

Recently, YTHDF1 has been shown to be overexpressed in
human and rodent PAH samples and hypoxic PASMCs. The
researchers found that MAGED1 regulates PAH pathogenesis by
directly targeting m6A. YTHDF1 promoted PASMC proliferation

TABLE 2 The structure and function of m6A.

Type Regulator Function References

m6A writer METTL3 catalyzes m6A modification (Vu et al., 2017; Wang et al., 2020)

METTL14 helps METTL3 to recognize the subtract (Chen et al., 2020; Li et al., 2020)

METTL16 catalyzes m6A modification (Pendleton et al., 2017)

WTAP contributes to the localization of METTL3-METTL14 heterodimer to the nuclear
speckle

(Ping et al., 2014; Zhu et al., 2020)

RBM15 binds the m6A complex and recruit it to special RNA site (Patil et al., 2016)

ZC3H13 bridges WTAP to the mRNA-binding factor Nito (Wen et al., 2018)

m6A eraser FTO removes m6A modification (Mathiyalagan et al., 2019; Mauer et al., 2017; Su et al.,
2018)

ALKBH5 removes m6A modification (Guo et al., 2020; Tang et al., 2018; Zhang et al., 2017)

m6A reader YTHDF1 enhances mRNA translation (Gao et al., 2019; Shi et al., 2018; Wang et al., 2015

YTHDF2 promotes mRNA degradation (Du et al., 2016; Li et al., 2020)

YTHDF3 enhances translation and degradation by interacting with YTHDF1 and YTHDF2 (Gao et al., 2019; Shi et al., 2017)

YTHDC1 contributes to RNA splicing and export (Roundtree et al., 2017; Zhu et al., 2021b)

YTHDC2 enhances the translation of target RNA and reduces the abundance of target RNA (Jain et al., 2018)

HNRNPC mediates mRNA splicing (Wu et al., 2018)
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and the development of PAH by increasing MAGED1 translation,
and MAGED1 knockdown reduced hypoxia-induced proliferation
of PASMCs by downregulating proliferating cell nuclear antigen
(PCNA) (Hu et al., 2021). Meanwhile, Wang et al. showed that the
expression of YTHDC1 was enriched in PAECs under hypoxic
conditions and mediated FENDRR involved in the hypoxia-
induced proliferation of PAECs (Wang et al., 2022). In addition,
DEGs and HNRNPA2B1 target genes overlapped in PASMCs,
indicating that HNRNPA2B1 was upregulated in PASMCs.
HNRNPA2B1 regulates the Wnt signaling pathway, cAMP
signaling pathway, P53 signaling pathway, and cell cycle of
muscle cell differentiation, and participates in the signaling
pathway by modifying m6A modification (Zheng et al., 2022)
(Table 3).

4 The immune microenvironment
dysequilibrium promotes the
development of PAH

Recent studies have found that the occurrence and development of
PAH is the result of a variety of cell interactions, which is not only
related to PAECs dysfunction, PASMCs phenotypic switching and
fibroblast activation, moreover, it is also closely related to the immune
microenvironment imbalance. Accumulating evidence suggests that
inflammation is a major contributor to vascular remodeling in PAH
(Xu et al., 2021). The disorder of the immune microenvironment plays
an important role in the development of PAH, and the immune system
regulates PAH via multiple mechanisms.

Mechanistically, immune cells induce an inflammatory response by
releasing various types of inflammatory mediators and cytokines to
bind to cytokines receptors on vascular endothelial cells, smoothmuscle
cells, and fibroblasts (Guihaire et al., 2021; Tang et al., 2021). Pulmonary
vascular and perivascular inflammation is one of the major factors
leading to vasoconstriction and vascular remodeling. PAECdysfunction
leads to the release of vasoconstrictive and inflammatory factors that
promote excessive proliferation of PASMCs and pulmonary artery
constriction (Florentin et al., 2018). Extensive research has shown
that different subsets of T lymphocytes play distinct roles in PAH,

including helper T lymphocytes (Th cells), cytotoxic T lymphocytes,
and regulatory T lymphocytes (Tregs). Among them, Th1 and
Th17 cells are involved in the autoimmune and inflammatory
response of PAH by producing IL-2, IL-6, IL-21, IFN-c and TNF-α
(Steiner et al., 2009). Meanwhile, Maston et al. found that Th17 cells
promote the progression of hypoxia-induced PAH in rats by releasing
IL-17A (Maston et al., 2017) (Figure 1).

Elevated levels of cytokines and chemokines have been found in
patients with idiopathic PAH (Perros et al., 2013). Meanwhile, The
expression of CRTH2 (chemoattractant receptor homologous molecule
expressed on Th2 cells) was increased in both circulating CD3+CD4+

T cells in idiopathic PAH patients and rodent models of PAH. Chen
et al. have shown that CRTH2 promotes PASMC proliferation by
activating STAT6 (Chen et al., 2018; Harbaum et al., 2016). In addition
to regulating collagen synthesis and proliferation of PASMCs, CD44+

T cells play a key role in pulmonary vascular remodeling, immune
regulation, and phenotypic transformation (Isobe et al., 2019). The
above studies suggest that the release of inflammatory factors promotes
the progression of PAH.

In humans and mice, studies have shown that Tregs make up
approximately 5%–10% of peripheral blood lymphocytes (Elkord,
2009). They inhibit autoimmunity and maintain immune
homeostasis. Previous studies have shown that abnormal Tregs
may impair the anti-inflammatory function of PAECs and play a
key role in the pathogenesis of PAH. A decreased number of Tregs
was observed in the pulmonary vessels of PAH patients, while an
increase was observed in the peripheral circulation, indicating the
decreased suppressive function of Tregs (Huertas et al., 2016). In
addition, Tregs are involved in the regulation of adaptive and innate
immunity. In PAH, Treg deficiency promotes the emergence of
destructive macrophage-based immunity that damages the
endothelium and leads to vascular remodeling (Tian et al., 2013).
In conclusion, normal function of Tregs may limit pulmonary
vascular damage and prevent the development of PAH.

Bone morphogenetic protein receptor type 2 (BMPR2) is also
involved in the pathogenesis of PAH, which is mainly secreted by
PAECs and feeds back to them, then inhibits their proliferation and
differentiation (Diebold et al., 2015). Research has shown that Tregs
function by upregulating BMPR2 expression to decrease endothelial

TABLE 3 Role of m6A methylation modification in PAH.

Type Regulator Expression Mechanisms References

m6A
writer

METTL3 Increase METTL3/YTHDF2/PTEN axis promotes the hypoxia induced PAH. (Qin et al., 2021; Zeng et al.,
2021)

METTL14 Increase SEDT2/METTL14-mediated m6A methylation contributes to the hypoxia induced PAH in
mice

(Zhou et al., 2021)

m6A
reader

YTHDF1 Increase YTHDF1 regulates the PAH through translational control of MAGED1 (Hu et al., 2021; Zeng et al.,
2021)

YTHDF2 Increase METTL3/YTHDF2/PTEN axis promotes the hypoxia induced PAH. (Qin et al., 2021)

YTHDC1 Increase FENDRR with YTHDC1 regulates PAH by mediating DRP1 DNA methylation (Wang et al., 2022)

HNRNPA2B1 Increase Interfered with RNA splicing, transport, and maturation which mediate the phenotype
translational of PASMCs

(Zheng et al., 2022)

m6A
eraser

FTO Decreased — (Zeng et al., 2021)

ALKBH5 Decreased — (Zeng et al., 2021)
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cell apoptosis and perivascular inflammation. However, as a
consequence of decreased BMPR2 secretion in injured PAECs,
they are much more susceptible to PAH (Hong et al., 2008). In
the meantime, the study by Chu et al. found that Tregs inhibit
PASMC proliferation and PAH development by inhibiting Akt and
extracellular signal-regulated kinase (Chu et al., 2015). According to
several studies, macrophages are involved in the progression of PAH
through their inflammatory response (Zhang et al., 2020). In
addition, accumulation of B cells and macrophages after 1 week
in Treg-deficient rats exposed to SU5416 (Tamosiuniene et al.,
2011). Jia et al. have shown that by reducing vascular remodeling
through stimulation of H-PGDS-dependent PGD2 release from
macrophages, niacin blocks the progression of HySu-induced
PAH in rodents (Jia et al., 2020).

The immune microenvironment was significantly altered when
PAH rats were exposed to lipopolysaccharide (LPS) and
M1 macrophage polarization was increased. By increasing the
proportion of M1 macrophages, IL-1 and other inflammatory
factors are released, further impairing pulmonary arterial and
cardiac function (Guo et al., 2021). The key transcription factor
STAT1 can activate signaling cascades leading to macrophage
activation and inflammation. METTL3 can upregulate
STAT1 expression and promote macrophage M1 polarization by
directly methylating STAT1 mRNA (Liu et al., 2019). However,
inhibition of METTL3 can inhibit the NF-κB pathway to reduce the
macrophage inflammatory response induced by LPS, reducing the
progression of PAH (Wang et al., 2019). This shows that inhibition
of macrophage inflammatory response can reduce PAH in vascular
remodeling. In addition, dysregulation of m6A regulators was

similarly observed in NK cells, B cells, T cells and Tregs in the
stroma (Zheng et al., 2022). However, the mechanism of action
between m6A and numerous immune cells needs to be further
investigated.

In addition, the vascular endothelial growth factor (VEGF)
secreted by mast cells in PAH may cause angiogenesis to
malfunction, and mast cells around blood vessels produce
chymase. It is known that chymase could stimulate
vasoconstriction and vascular remodeling by promoting the
activation of Ang II, endothelin, and matrix metalloproteases (Qu
et al., 2022) (Figure 1). Therefore, inhibiting the secretion of growth
factors and cytokines by mast cells may slow the progression
of PAH.

In summary, inhibiting the release of inflammatory factors is
one of the most important ways to suppress the progression of PAH.
In PAH, PASMCs, PAECs, fibroblasts and immune cells are
dysfunctional, resulting in pulmonary vascular remodeling.
Inflammation could activate the function of immune cells and
promote the proliferation of PASMCs and PAECs, leading to
pulmonary artery remodeling. Anti-inflammatory therapy may be
a viable option for the treatment of severe PAH, which is associated
with inflammation and dysregulated immunity.

5 Glycolysis and glucose oxidation
in PAH

The interaction between metabolism and epigenetics plays a key
role in gene expression, cell proliferation, and differentiation.

FIGURE 1
Schematic representation of pulmonary artery remodeling promoted by immune microenvironment dysregulation. The dysfunction of
macrophages, mast cells, T cells, B cells, NK cells and Tregs together lead to pulmonary vascular remodeling in PAH. Th1 and Th17 cells mediate the
inflammatory response in PAH by producing IL-2, IL-6, IL-21, IL-17A, IFN-c, and TNF-α. Meanwhile, PASMCs proliferation is promoted by CRTH2 from
Th2 lymphocytes through the activation of STAT6. Tregs inhibit the proliferation of PASMCs by decreasing Akt activity and regulating the kinase of an
extracellular signal. Tregs can reduce perivascular inflammation and PAECs apoptosis through upregulation of BMPR2. In addition, VEGF, Ang II, and ET-1
secreted by mast cells are all involved in the remodeling of the pulmonary vasculature.
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During cellular metabolism, nutrients are absorbed, released, and
converted into energy and complex biomolecules. Depending on the
availability of nutrients, metabolic products modulate cell signaling
and gene expression (Liberti, and Locasale, 2020). A large amount of
lactate is produced by anaerobic glycolysis (Zhang et al., 2021),
which is originally thought that it was a Warburg effect end product
and a metabolic waste product by glycolysis. Nevertheless, lactate is
now recognized as an energy source, a signaling molecule, and an
immunoregulatory molecule (Bhagat et al., 2019).

Cellular metabolic reprogramming due to an imbalance between
the glycolysis and the citric acid (TCA) cycle, leading to increased
histone lactylation (Liberti, and Locasale, 2020). Glucose is first
metabolized by glycolysis in tissues to pyruvate, which is then
converted to circulating lactate. At the same time, pyruvate can
also be oxidized to acetyl-CoA, which participates in the TCA cycle
and ATP production (Gustafsson et al., 2007) (Figure 2). During
hypoxia, cells reorganize metabolism by suppressing oxidative
phosphorylation and increasing glycolysis, which accelerates
lactate production (Zhang et al., 2019). Rather than entering the
TCA cycle, pyruvate is converted into lactate by cytosolic lactate
dehydrogenases (LDHs) in highly glycolytic cells. Finally, as a result
of enhanced glycolysis, microenvironments become acidification
with increased lactate production.

In PAECs (Cao et al., 2019) and PASMCs (Hernandez-Saavedra
et al., 2020) from PAH patients and animal models of PAH, glucose
metabolism gradually shifts from mitochondrial oxidative
phosphorylation to glycolysis, ultimately leading to elevated

lactate levels (Saygin et al., 2017). Meanwhile, evidence suggests
that a glycolytic shift increases the proliferation and extracellular
matrix (ECM) production of PASMCs, thereby promoting
pulmonary vascular remodeling (Kovacs et al., 2019). In addition,
glycolysis-related enzymes were increased in PAH lungs, including
glycolytic regulator PFKFB2 (6-phosphofructo-2-kinase/fructose-2,
6-biphosphatase) (Zhao et al., 2014) and PFKFB3 (6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3). With the
increase of glycolysis and lactate level, the expression of
PFKFB3 in PASMCs is upregulated, resulting in the proliferation
and extracellular collagen synthesis of PASMCs. Studies have shown
that PFKFB3 can induce calpain-2 activation and ERK1/
2 phosphorylation in pulmonary artery smooth muscle cells,
which promote vascular remodeling in PAH. In Sugen/Hypoxia
PAH rat model, inhibition of calpain-2 can prevent ERK1/2 activity,
and reduces lactate-induced increases of PAH and pulmonary
vascular remodeling (Kovacs et al., 2019). Research has also
shown that PFKFB3 promotes the production of
proinflammatory cytokines and growth factors in PAECs through
enhancing endothelial glycolysis. In PAH models, these factors
promote inflammation in endothelial cells and the proliferation
of PASMCs through autocrine and paracrine pathways (Hernandez-
Saavedra et al., 2020).

The proliferation of PASMCs is influenced by endothelial
dysfunction, hypoxia, inflammation, or mechanical stress, which
are augmented by vasoconstrictors, growth factors, and chemokines.
Enhanced anaerobic glycolysis can activate HIF, and the

FIGURE 2
Schematic representation of the glycolysis and the TCA cycle. HK, hexokinase; GPI, phosphoglucose isomerase; G6PD, glycolysis/glucose-6-
phosphate dehydrogenase; PFK, 6-phosphfructokinase-1; G-3-PD, glyceraldehyde-3-phosphate dehydrogenase; PGK, phosphoglycerate kinase; PGM,
phosphoglycerate mutase; PK, pyruvate kinase; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase.
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overexpression of PFKFB3 also promotes the release of HIF, thus
leading to the dysfunction of PAECs (Cao et al., 2019). Hypoxia-
induced vasoconstriction is a unique response, and mechanistically,
the cellular response to hypoxic conditions is primarily mediated by
HIF activation (Yang et al., 2021). Induced vasoconstriction by acute
hypoxia results in a reversible increase in pulmonary vascular
resistance, whereas prolonged hypoxia promotes PASMCs
proliferation and migration, thereby facilitating vascular
remodeling and sustained vasoconstriction (Han et al., 2021)
(Figure 3).

Under hypoxic conditions, HIF-1 enters the nucleus and
associates with hypoxic regulatory genes, thereby enhancing
anaerobic glycolysis and further contributing to the hypoxic
response (Depping et al., 2008). Several downstream effects
activated by HIF-1α are associated with immune escape, and
HIF-1α is also an important regulator of macrophage glycolysis
metabolism (Mouton et al., 2018). During hypoxia, HIF-1α is
increased as a result of oxygen-independent protein synthesis and
oxygen-dependent degradation (Kurosawa et al., 2019). During
PAH progression, HIF-1α plays an important role in modulating
downstream gene transcription (Kurosawa et al., 2019). Studies have
shown that HIF-1α expression is upregulated in the pulmonary
artery, leading to long-term sustained pulmonary artery constriction
and promoting pulmonary artery remodeling (Mouton et al., 2018).
Chen et al. have shown that mROS (mitochondrial reactive oxygen
species)-dependent HIF-1α accumulation promotes the PASMCs
proliferative phenotype (Chen et al., 2022). In addition, high levels of
lactate also promote HIF-2α accumulation, leading to PAEC damage
(Tang et al., 2018). This suggests that HIF homeostasis is regulated

by multiple PTMs that control multiple pathophysiological
processes by targeting transcription and translation.

Several signaling pathways may be activated during chronic
hypoxia. The mTORC pathway has been shown to be activated in
both PASMCs and distal pulmonary arteries from patients with
idiopathic PAH (Goncharov et al., 2014). Mechanistically, the
mTORC1 pathway activates certain glycolytic enzymes and
accelerates glucose metabolism by increasing GLUT1 expression
(Liang et al., 2022). With activation of the mTOR-HIF1α axis, the
rate of glycolysis is accelerated, resulting in an increase in the
production of pyruvate and lactate (Bekkering et al., 2018). In
addition, HIF-1α is activated by PI3K/AKT and MAPK/
ERK1 pathways in hypoxia conditions (Xu et al., 2016). A classic
downstream signaling pathway in PAH, PI3K/AKT activation can
promote smooth muscle proliferation in the pulmonary arteries.
Previous studies confirmed PAH development by activating the
PI3K/AKT/mTOR/HIF-1α signaling pathway (Xiao et al., 2017)
(Figure 3). However, the cAMP/PKA signal pathway could
suppress mTOR activity (He et al., 2020). Consequently,
inhibition of the high expression of HIF and mTOR signaling
pathway could suppress pulmonary artery remodeling and the
development of PAH.

6 Histone lactylation regulates m6A
affects the development of PAH

Cellular metabolic reactions require glucose and oxygen as
substrates. During glycolysis, large amounts of lactate are

FIGURE 3
Schematic of signaling pathways driving PASMC proliferation via hypoxia-induced glycolysis. High levels of lactate promote HIF production by
increasing PFKFB3 expression, leading to PAECs dysfunction. After injury, PAECs secrete growth factors and proinflammatory cytokines through the
paracrine pathway to promote PASMC proliferation. At the same time, PFKFB3 promoted PASMCs proliferation by activating calpain-2 and
phosphorylating ERK1/2. In addition, hypoxia promotes HIF release, promotes glycolysis, and inhibits the tricarboxylic acid cycle, thereby increasing
lactate levels, and the increase in lactate can also enhanceHIF expression. Hypoxiamay also promote the onset and development of PAH by activating the
PI3K/AKT/mTOR/HIF-1α signaling pathway.
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produced as an energy source to maintain cellular metabolism.
Histone lysine lactylation has been shown to be caused by lactate
accumulation and regulated by lactate levels. The regulation of gene
expression by lactate through histone lactylation modification is a
newly discovered epigenetic modification, and a novel PTM has
been identified in human and mouse core histones (Bhagat et al.,
2019). Histone lactylation is involved in many cellular processes,
including translation, metabolism, recombination, and repair
(Zhang et al., 2021). Mechanically, lactate is used as a substrate
to generate lactyl-CoA for lysine lactylation on histones, a process
that regulates gene expression in a variety of pathophysiological
conditions (Zhang et al., 2019). Meanwhile, in terms of transcription
and antigenic variation, chromatin repression or induction is
determined by the PTM status of core histones (Stillman, 2018).

In addition to their critical function in signal transduction and
cellular metabolism, PTMs also play a key role in regulating protein
conformation, stability and function (Zhang et al., 2021). Several
factors were associated with PASMCs and PAECs proliferation,
including lactate metabolism, oxidative stress response, HIF-1
pathway and PTMs. A number of studies have shown that
glycolysis plays a critical role in PASMC proliferation, and
inhibition of glycolysis can inhibit PASMC proliferation and
migration and also reverse PAH in animal models (Xiao et al.,
2017). Chen et al. found that mROS-mediated HIF-1α-driven
glycolysis promotes pulmonary artery remodeling. Mechanistically,
lactate accumulation increases histone lactylation at HIF-1α targets
linked to proliferative phenotype (Chen et al., 2022).

Lactate in the intracellular environment can promote the
lactylation of histone H3 on the promoters of homeostatic genes,
which activates their expression (Zhang et al., 2019). A study
found that METTL3 expression was upregulated in tumor-
infiltrating myeloid cells (TIMs) and associated with poor
prognosis. Meanwhile, study confirmed that lactylation was
indeed present in METTL3, and H3K18la was enriched in the
promoter regions of METTL3. In a mechanical manner, lactate
promotes METTL3 transcription by modifying H3K18la. Lactate
accumulated in the tumor microenvironment potently promoted
METTL3 upregulation in TIMs through H3K18la, and lactylation
of METTL3 in TIMs promoted m6A-mediated immunosuppression
(Xiong et al., 2022). In addition, the “CCCH” zinc finger domains
(ZFDs) of the METTL3 protein can be directly lactylated, which via the
METTL3-JAK1-STAT3 signaling pathway. METTL3 was bound and
enhancesm6Amodification of target RNA and promotes the expression
of downstream immunosuppressive effector molecules like iNOS, IL-6,
and IL-10 (Kumagai et al., 2022). This suggests that lactate could
promote METTL3 expression through H3K18la modification, thereby
affecting downstream signaling and gene expression.

METTL3 expression is upregulated in hypoxia-induced PASMCs,
which promotes pulmonary artery remodeling through the METTL3/
YTHDF2/PTEN axis (Qin et al., 2021). Meanwhile, studies have
shown that lactate promotes PASMC proliferation through histone
lactylation modification. H3K18laChIP-seq analysis of PDH kinase 1
(PDK1) and PDK2 silenced hypoxic PASMCs revealed that the density
of H3K18la around the HIF-1α peak was also reduced (Chen et al.,
2022). This suggests that both histone lactylation and METTL3 play
important roles in PAH. However, the specific role of H3K18la and
METTL3 in PAH is still unclear and needs to be further explored,
which will also provide an important basis for the treatment of PAH.

The metabolic dynamics of glucose and lactate levels change
to regulate histone lactylation (Varner et al., 2020). Previous
studies have shown that histone lactylation may contribute to
tumor growth by increasing YTHDF2 transcription. One study
confirmed that H3K18la enrichment is present at the promoter of
YTHDF2, transcription of YTHDF2 is regulated by H3K18la, and
glycolysis inhibitors reduced this enrichment (Yu et al., 2021).
Meanwhile, another study showed that the translation and
expression of LDHB are decreased by YTHDF2, which inhibits
aerobic glycolysis and cell proliferation by promoting mRNA
degradation (Huang et al., 2020; Qing et al., 2021). YTHDF2 is
upregulated and expressed in PAH and inhibited YTHDF2 can
prevent hypoxia-induced PASMC proliferation. However, the
specific role of histone lactylation and YTHDF2 in PAH needs
to be further explored (Figure 4).

In addition, modifications of m6A are enriched around
H3K36me3 peaks, and are reduced globally when H3K36me3 is
depleted in the cell, this indicated that loss of H3K36me3 reduces
m6A methylation. H3K36me3 and m6A modifications overlapped
well with METTL14 binding sites on RNA, according to distance
analysis. In terms of mechanism, METTL14 recognizes and binds
H3K36me3 directly, m6A co-transcriptionally deposited by
delivering the m6A methyltransferase complex (MTC) on actively
transcribed nascent RNAs (Huang et al., 2019). Evidence shown that
METTL14 is upregulated expressed in PAH and inhibited
METTL14 can prevent hypoxia-induced PASMCs proliferation
(Zhou et al., 2021). However, The mechanism of action between
lactate and H3K36me3 remains unclear. The target mechanism of
histone lactylation involved in the methylation modification of

FIGURE 4
Schematic of the hypothesis that lactate regulates m6A to affect
PAH development via histone lactylation modification. Lactate may
promote transcription of RNA METTL3 and YTHDF2 through H3K18la
modification, and whether it may further influence PAH
progression remains to be studied. In addition, whether lactate can
affect the transcription of METTL14 and interfere with PASMC
proliferation through H3K36me3 modification remains to be
investigated.
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METTL14 to regulate the occurrence and development of PAH
requires further study.

7 The immune microenvironment
disrupted by histone lactylation and
promotes the development of PAH

Histone lysine lactylation is involved in the regulation of gene
expression by affecting mRNA splicing, translation, processing, and
degradation. A growing body of evidence suggests that lactate
regulates both innate and adaptive immune cells and affects
significant changes in gene expression in a unique way (Zhang
et al., 2019). According to lactate homeostasis, lactate is vital in fine-
tuning cellular metabolism by regulating extracellular metabolism,
and the function of lactate metabolism is further emphasized by
energy homeostasis (Lagarde et al., 2021). In addition to playing a
role in metabolism, lactate or signal molecules are involved in a
variety of physiological and pathological processes. Lactate shuttles
between and within cells to accomplish its effects and affects cell
function. This shows that connect histone lactylation metabolism
and the importance of epigenetic process.

Lactate is an active signal that regulates immune cells,
metabolically reprogramming them to regulate their function
(Lee et al., 2018). Histone lactylation has been shown to
modulate immune responses and play important biological roles
in the immune system. Lactate promotes the release of pro-
inflammatory cytokines by regulating a variety of immune cell
functions. Lactate can accumulate in response to inflammation or
hypoperfusion. Studies have shown that lactate is a powerful
amplifier of inflammation in arthritis (Souto-Carneiro et al.,
2020). In PAH, an altered immune system contributes
significantly to pulmonary vascular remodelling by promoting
inflammatory cell recruitment and autoimmune dysfunction (Xu
et al., 2021).

Most immunometabolic studies have focused on tumour-
associated macrophages in cancer or abnormal B and T
lymphocyte function in autoimmune diseases. Several studies
have shown that lactate suppresses the proliferation, migration
and function of T cells (Brand et al., 2016). Extracellular lactate
levels are sensed by T cells, causing intracellular signalling and
altering cell function and homeostasis. Excessive lactate inhibits
T-cell mediated immune responses (Watson et al., 2021). By aerobic
oxidative metabolism, glucose is mainly metabolised to carbon
dioxide by resting T cells, whereas activated cytotoxic T cells
utilise glycolysis and produce lactate for energy and biosynthesis
(Fischer et al., 2007).

Lactate signalling in CD4+ T cells promotes Th17 cell
differentiation and suppresses T cell migration and trafficking
(Pucino et al., 2019). Lactate enters CD4+ T cells via MCT1,
through LDHB into pyruvate, promote TCA cycle, decrease
T-cell glycolysis, inhibits CD4+ T cell proliferation, induces
effector T cell dysfunction (Kaushik et al., 2019), favors Treg
expansion, and maintains their suppressive function
(Watson et al., 2021). A link has been established between
aerobic glycolysis and cytokine production. Several studies have
shown that glycolytic enzymes are involved in the production of
cytokines. Ex vivo T-cell activation assays have shown that lactate

stimulates the secretion of cytokines such as IFN-γ, IL-2 and TNF-α
(Wen et al., 2021). In addition, other studies found that the high
lactate microenvironment decreased IFN-g production and
inhibited NKT cell proliferation, survival and effector function
(Kumar et al., 2019) (Figure 5).

An important mechanism for the induction of macrophage
plasticity is the modulation of phenotypic stability and epigenetic
dynamics in the context of inflammation, autoimmune responses
and cancer. Under physiological or pathological conditions,
epigenetic modification may form an integrated pathway during
lactate-induced cell polarisation (Bekkering et al., 2018). Previous
studies have shown that glycolysis and oxidative phosphorylation
(OXPHOS) are closely linked to macrophage polarisation. There are
two types of activated macrophages: pro-inflammatory
M1 macrophages rely primarily on glycolysis, whereas reparative
and immunoregulatory M2 macrophages rely on OXPHOS
(Watanabe et al., 2018) (Figure 5). Thus, these factors that affect
macrophage metabolism may disrupt M1/M2 homeostasis and
exacerbate inflammation.

PAH is the result of a variety of factors and one of the most
important is the imbalance of the immune microenvironment.
Lactate can increase the expression of pro-inflammatory
cytokines and regulate macrophage polarisation both in vivo and
in vitro. Boutens et al. found that in human cell lines, hypoxia and
glucose supplementation increased intracellular lactate levels and
upregulated the expression of histone lactylation, and in particular
promoted histone H3K18 lactylation (Sun et al., 2021), thereby
promoting the polarisation of M1-type macrophages (Boutens et al.,
2018) (Figure 5). The research showed that lactate production is
required for proper histone lactylation, which induces gene
expression and maintains homeostasis by promoting an M2-like
phenotype in the late stages of M1 macrophage polarisation. In the
M1macrophage polarisationmodel, ChIP-seq showed that H3K18la
was enriched at specific genes. When M1 macrophages are polarised
by infection, this is characterised by increased histone lactylation in
promoter regions and leads to the expression of homeostatic genes
(Zhang et al., 2019). One line of clinical evidence suggests that the
expression of H3K18 in peripheral blood monocytes is strongly
correlated with the severity of critically ill patients. Therefore,
H3K18 is a very promising biomarker (Chu et al., 2021).

Endothelial dysfunction accompanied by glycolysis increase
metabolic changes in the pathophysiology, PAH is of great
importance. Recent studies have shown that lactate increases the
acetylation and lactylation of high mobility group protein B1
(HMGB1), and enhances its release from macrophages through
exosomes. In addition, lactate inhibits the steady state and promotes
vascular permeability, which induces vascular endothelial cell injury
(Yang et al., 2022). Meanwhile, from in vitro cultured PASMC,
HMGB1 by increasing the endoplasmic reticulum stress-related
protein PERK and ATF4 reduce HIPK2 expression, increase
SIAH2 expression, thus promoting PASMC proliferation and
migration. Through glycyrrhizic acid interference, HMGB1 can
reduce the development of PAH (Zhang et al., 2023). Glucose
enters the cytoplasm through the glucose transporter 1 (GLUT1)
and is metabolized through the pathways of glycolysis and the
tricarboxylic acid cycle. Overexpression of the primary
macrophage GLUT1 enhances glycolysis and pro-inflammatory
cytokine release. Similarly, lacking GLUT1 of macrophages
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promoted M2 polarization (Freemerman et al., 2019). It has been
shown that GLUT-1 is over-expressed in PAs and PASMCs in an
animal model of MCT-induced PAH (Li et al., 2019). In addition,
studies have shown that the increase of pyruvate kinase M2 (PKM2)
protein expression in PAH can promote the phosphorylation of
ERK1/2 and further upregulate the expression of key glycolytic
enzymes LDHA and GLUT1, thereby participating in vascular
remodeling in PAH. However, increasing shikonin decreased the
protein level of PKM2, decreased the phosphorylation level of
ERK1/2 and the expression level of GLUT1 protein, and
inhibited the progression of PAH (Li et al., 2023).

A hypoxia-induced adaptive response is initiated by HIF-1,
which increases or represses the expression of genes regulating
vascular tone, autophagic response, cell metabolism, and
proliferation. HIF-1 could enhance the transcription of a
glycolysis and pro-inflammatory M1 gene profile (Boutens et al.,
2018). Lactate, as a promoter of angiogenesis, increases angiogenesis
through HIF-1α stabilization to promote the expression of VEGF
(Depping et al., 2008) Furthermore, studies have shown that the
progression of PAH is due to VEGF (Wang et al., 2022) and
Arginase (Arg) (Ji et al., 2022) overexpression. Hypoxia induces
changes in the subcellular distribution of nuclear proteins and
significantly promotes the activation of EGFR signaling. The
phosphorylation modification of EGFR increases the sensitivity of
vascular cells to Ca2+, leading to enhanced vasoconstriction and the
development of pulmonary vascular remodeling, whereas injection
of EGFR inhibitors can improve pulmonary artery remodeling in
MCT-induced PH rats (Wang et al., 2022). EGFR can activate
downstream ERK, and ERK phosphorylation can activate HIF-1.

In addition, lactate induced M2 macrophage polarization can be
attributed to the activator ERK of the STAT3 signaling pathway as
well as increased VEGF and Arg-1 expression (Mu et al., 2018).

In conclusion, lactate accumulation and histone lactylation
contribute to the development of immunotherapy (Cascone et al.,
2018). Several studies have shown that there is some correlation
between immune cells and glucose metabolites. Therapies targeting
immune metabolism are in the early stages of development.
However, the mechanism of their interaction, whether through
direct or indirect signaling pathways, remains unclear and needs
to be further explored. In this review, we bridge the gap between
histone lactylation and the immune microenvironment for the first
time, providing new insights into PAH research.

8 Conclusion

PAH is a serious cardiovascular disease that results from a complex
mechanism involving many cellular and molecular interactions, and
recent studies have shown that lactate plays an important role in PAH.
While impressive progress has beenmade, there are still many questions
that remain unanswered. Specifically, lactate can affect m6A through
histone lactylation modification, thereby altering transcription and
translation of mRNA, which in turn affects cell growth and
metabolism. In addition, lactate may also affect the immune
microenvironment by regulating the number and function of
immune cells, thereby affecting the disease course of patients with PAH.

Existing literature shows that in almost all proteins involved in
at least one regulatory PTM. Lactylated proteins are widely involved

FIGURE 5
Schematic of the hypothesis that lactate promotes PASMC proliferation by disrupting the immune microenvironment via histone lactylation
modification. Glycolysis and the TCA cycle are the major metabolic processes of glucose in the body. When oxygen is adequate, cells produce energy
primarily through the TCA cycle. However, in hypoxia, glucose is metabolized by glycolysis to produce large amounts of lactate. Lactate is transported via
MCT1 to CD4+ T cells, which then promote the differentiation of Th17 cells and the expansion of Treg cells. At the same time, the increase in lactate
promotes the secretion of IFN-γ, IL-2 and TNF-α by immune cells, which promotes PASMC proliferation by activating downstream signalling pathways. In
addition, lactate promotes the release of IL-1 through histone lactylation modification of M1 macrophages, thereby promoting the proliferation of
PASMC.
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in PTMs and protein turnover, and are involved in chaperones,
ribosomal structure, and biogenesis (Zhang et al., 2021). Lactate
regulates cellular metabolism through histone lactylation-mediated
gene expression. In addition, lactate has been shown to play an
important role in angiogenesis, energy supply, immunosuppression,
and epigenetic regulation (Jiang et al., 2021). The lysine lactylation
in core histones is a novel type of histone mark. So far, 28 lactylation
sites have been identified, H3, H4, H2A, and H2B are among the
sites for lactylation on core histones (Zhang et al., 2019). The
discovery of novel signaling pathways, transcription factors,
biomarkers and metabolic mediators of PAH, as well as
intersections that may aid in the development of effective
targeted therapies, is essential.

Investigating the biological mechanisms behind the onset and
progression of PAH is critical to more effectively treating the
disease, improving its prognosis and developing effective strategies to
reverse it. With the discovery of lactylation, the historical role of lactate
has been re-examined from a biological and functional perspective.
Therapeutic strategies targeting lactate metabolism are becoming
increasingly useful and promising. Because lactate stimulates histone
lactylation modifications and contributes to gene expression, advancing
our knowledge of the physiopathology of PAH with histone lactylation
modification is likely to fill an important knowledge gap.
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Case Report: SCN5A mutations in
three young patients with sick
sinus syndrome
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China

Background: Sick Sinus Syndrome (SSS) is generally regarded as a degenerative
disease with aging; however, genetic mutations have been confirmed to be
associated with SSS. Among them, mutations in SCN5A are common in patients
with SSS. We report three young SSS patients with SCN5A mutations at different
sites that have not been previously reported in Asian patients.
Case presentation: The three patients were all young females who presented with
symptoms of severe bradycardia and paroxysmal atrial flutter, for which two
patients received ablation therapy. However, after ablation, Holter monitoring
indicated a significant long cardiac arrest; therefore, the patients received
pacemaker implantation. The three patients had familial SSS, and genetic testing
was performed. Mutations were found in SCN5A at different sites in the three
families. All three patients received pacemaker implantation, resulting in the
symptoms of severe bradycardia disappearing.
Conclusion: SCN5A heterozygous mutations are common among patients
clinically affected by SSS. Their causative role is confirmed by our data and by
the co-occurrence of genetic arrhythmias among our patients. Genetic testing
for SSS cannot be performed as a single gene panel because of feasible
literature results, but in presence of familial and personal history of SSS in
association with arrhythmias can provide clinically useful information.

KEYWORDS

sick sinus syndrome, gene mutation, SCN5A gene, gene testing, pacemaker implantation

Introduction

Sick Sinus Syndrome (SSS) is caused by impaired electrical automaticity of the sinus

node or impaired conduction of electrical impulses generated by the sinus node to the

surrounding atrial muscles, leading to sinus bradycardia, sinus block, or sinus arrest on

the electrocardiogram (ECG) (1). Although SSS is usually regarded as a degenerative

disease with aging, gene mutations have been confirmed to be associated with SSS in

previous studies (2). Such genetic mutations include genes involved in sodium channels

(3) and potassium channels (4), as well as ANK2 (5), HCN4 (6), and myosin heavy chain

genes and their regulator genes (7), among which SCN5A (a sodium channel gene) is a

common cause of familial SSS. Although SSS is prevalent in the elderly, patients with

hereditary SSS can present with symptoms at a young age.

We report the cases of three unrelated young patients with familial SSS with missense

mutations in SCN5A.
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Case presentation

Case 1

A 19-year-old Chinese woman was admitted to hospital due

to left limb weakness. She has no history of cardiovascular

disease but has occasional episodes of dizziness for 3 months.

Her mother was diagnosed with SSS and received pacemaker

implantation in her 30’s. After admission, neurological

examinations showed acute cerebral infarction in the right

centrum semiovale and basal ganglia. At admission, ECG was

obtained and it showed atrial flutter with 2:1 conduction

(Figure 1A). The patient did not receive any pharmacological

control for atrial flutter. One day later, the atrial flutter

terminated spontaneously and it showed no obvious P wave

and significant bradycardia with junctional rhythm

(Figure 1B). A subsequent Holter examination indicated

paroxysmal atrial fibrillation accompanied by a severe sinus

arrest with a minimum ventricular rate of 21 beats per minute

and the maximum R–R interval of 7.96 s (Figure 1C).

Echocardiography revealed no structural and functional

changes. In addition, cardiac magnetic resonance imaging did

not display obvious fibrosis and other biochemical tests were all
FIGURE 1

Arrhythmia in case 1. (A) Atrial flutter with 2:1 conduction; (B) Junctional escape
7.96 s; (D) Gene testing revealed SGN5A gene mutation (C.664C >G).
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normal. Taken together, this young patient was diagnosed with

SSS; her stroke was thought to be related to the atrial standstill

and thrombosis. Subsequently, genetic testing (whole exome

sequencing, Illumina NovaSeq 6,000, Illumina, US) indicated a

heterozygous mutation from cytosine C to guanine G (C.664C

> G) at nucleotide 664 of SCN5A, causing amino acid no. 222

to change from arginine to glycine (p.R222G) (Figure 1D).

This mutation is consistent with her mother’s genetic test

results. Therefore, familial SSS was finally diagnosed, and this

young patient received dual-chamber pacemaker implantation

and prophylactic anticoagulation with edoxaban for stroke

treatment. After pacemaker implantation, the sinus rate was

around 55 beats per minute with 2.5% of atrial pacing by

Holter monitoring. During a follow-up of 2 years, the patient

had no symptoms of bradycardia and did not undergo stroke

or other systemic embolisms.
Case 2

A woman aged 33 years was admitted to hospital due to

paroxysmal palpitation lasting 5 years. She denied a history of

cardiovascular disease and the physical examination was
rhythm with atrial standstill; (C) Holter indicated maximum R-R interval of
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unremarkable. Her mother received pacemaker implantation in

her 30’s due to SSS. ECG upon admission showed atrial flutter

(Figure 2A). Echocardiography and blood testing were

normal. The patient was diagnosed lone atrial flutter and

received radiofrequency ablation. However, after the

procedure, Holter examination revealed that the minimum

ventricular rate was 15 beats per minute and the maximum

R–R interval was 6.73 s (Figure 2B). The severe

bradyarrhythmia was sinus arrest and origined from atrial site

or atrioventricular node. Therefore, SSS was diagnosed.

Genetic testing (whole exome sequencing, Illumina NovaSeq

6,000, Illumina, US) revealed a heterozygous mutation in

SCN5A located at nucleotide 3,823 from guanine G to adenine

A (c.3823G > A), resulting in amino acid no. 1,275 changing

from aspartic acid to asparagine (D1275N) (Figure 2C),

consistent with her mother’s genetic test results. The patient

received dual-chamber pacemaker implantation and the sinus

rate was around 60 beats per minute with 7.8% atrial pacing

by Holter monitoring. Following pacemaker implantation, this

patient no longer experienced palpitation.
Case 3

A woman in her 30s presented with recurrent dizziness and

palpitation. She reported that she had experienced atrial flutter

(Figure 3A) for 5 years without symptoms. Recently, she felt
FIGURE 2

Arrhythmia in case 2. (A) Atrial flutter with 2:1 conduction; (B) Holter indicated
mutation (c.3823G > A).

Frontiers in Cardiovascular Medicine 03
7273
episodes of dizziness and palpitation and was admitted to

hospital. Her mother also had atrial flutter in her 30’s and

received radiofrequency ablation; however, after the procedure,

she presented with severe bradycardia and received pacemaker

implantation. Due to the obvious symptom of atrial flutter, she

requested radiofrequency ablation. However, severe bradycardia

occurred after the procedure with a minimum ventricular rate of

32 beats per minute and a maximum R-R interval of 4.11 s by

Holter monitoring (Figure 3B). She was also diagnosed with SSS

and was recommended to receive pacemaker implantation;

however, the patient refused. Genetic testing (whole exome

sequencing, Illumina NovaSeq 6,000, Illumina, US) also

demonstrated that she and her mother had the same

heterozygous mutation in SCN5A located at position 4,895 from

guanine G to adenine A (c.4895G > A), causing amino acid

no.1,632 to be altered from arginine to histidine (p.R1632H)

(Figure 3C). During the follow-up period, the patient was found

to suffer from breast cancer and the maximum R-R interval by

Holter monitoring was extended to 5.01 s. Finally, she received

leadless pacemaker implantation and the sinus rate was around

50 beats per minute with 2.5% atrial pacing by Holter

monitoring. During follow up, no symptoms of bradycardia

occurred again.

The timelines of the diagnosis and treatment in the three

patients are shown in Figure 4. In Case 1 and Case 2, after

diagnosed with SSS, they received pacemaker implantation

immediately. In Case 3, the patient refused to receive
maximum R-R interval of 6.73 s; (C) Gene testing revealed SGN5A gene
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FIGURE 3

Arrhythmia in case 3. (A) Atrial flutter with 2-4:1 conduction; (B) Holter indicated maximum R-R interval of 4.11 s; (C) Gene testing revealed SGN5A gene
mutation (c.4895G > A).
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pacemaker implantation when she was diagnosed with SSS;

however, the symptoms worsened during follow up and finally

she received pacemaker implantation. None of the three
FIGURE 4

The timelines of the diagnosis and treatment in the three patients. (A) Timeline o
pacemaker; RA, radiofrequency ablation; SSS, sick sinus syndrome.
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patients received any antiarrhythmic drug and neither

underwent symptoms of bradycardia after pacemaker

implantation.
f case 1; (B) Timeline of case 2; (C) Timeline of case 3. AF, atrial flutter; PM,
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Discussion

In the present study, we report three unrelated young patients

suffering from SSS, all of whom had a mutation in SCN5A at

different sites. All patients received pacemaker implantation and

no symptoms occurred again. Although SSS often develops in the

elderly, it has been reported to occur at any age, including

childhood. Therefore, SSS should be considered to be congenital

due to the presence of gene mutations.

SCN5A is located in the first band of region 2 on the short arm of

chromosome 3 (3p21) and encodes sodium channels in the

cardiomyocytes, which plays a critical role in the excitation process

underlying cardiac contraction (8). Previous studies have shown

that mutations in SCN5A are related to a variety of hereditary

arrhythmias, such as Brugada syndrome, long QT syndrome,

familial progressive cardiac conduction disease (Lenegre disease),

familial atrial fibrillation, and familial atrial standstill, etc. (9–13),

among which Brugada syndrome is one of the most common

phenotypes associated with single-copy SCN5A mutation (14–16).

In fact, SCN5A mutation was the first genetic variant shown to be

associated with Brugada syndrome (17) and has been shown to be

responsible for 20%–25% of the disease in Caucasian populations

(18). Mechanically, SCN5A mutations are associated with Nav1.5

loss-of-function either by decreased expression of Nav1.5 in the

sarcolemma, expression of nonfunctional channels, or altered

gating properties, resulting loss of action potential dome and

consequently phase-2 re-entry upon arrival of a subendocardial

action potential wavefront (19). Arrhythmias caused by SCN5A

mutations can be divided into two categories according to the

changes in sodium channel function; first is functionally enhanced

mutations, such as long QT syndrome type 3, and the second is

reduced function mutations, including Brugada syndrome, heart

conduction system diseases, and SSS (20). Several reports have

revealed the SCN5A mutant sites from the myocardium in humans

(10, 21, 22); however, there appears to be no simple

correspondence between mutated genes and phenotypes. One the

one hand, patients who have the same mutation sites do not

definitely present with the same clinical phenotypes; and on the

other hand, mutations at the different sites may present the same

arrhythmia. Therefore, there is a complex relationship between

SCN5A mutations and the clinical phenotype.

Arrhythmias associated with SCN5A mutations have been

previously reported to involve multiple mutant sites. The mutant

sites in the three patients in the present study have also been

reported previously. The first patient presented with C.664C > G

(R222G) in SCN5A gene. Mutation in this site was reported to

mainly relate with Purkinje ventricular arrhythmia and bigeminal

arrhythmia possibly due to the missense amino acid substitution

located in the S4 voltage sensor in domain I (23). However,

Lehmann et al. (21) also reported a German family who suffered

from atrial standstill and were found to have this site mutation

in SCN5A. Further studies demonstrated that SCN5A mutation at

this site reduced the current density with alteration of

biophysical tissue properties, leading to SSS in an animal model

(24). Although most studies reported this site mutation related
Frontiers in Cardiovascular Medicine 05
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with ventricular arrhythmia, bradyarrhythmia such as the atrial

standstill is also a clinical phenotype, indicating a complex

relationship between genotype and phenotype. Moreover, the

patient’s mother also diagnosed with SSS and received pacemaker

implantation, and also had the same mutation site in SCN5A as

in her daughter; however, the ECG of the patient’s mother is

unavailable and whether the clinical phenotypes were consistent

between the patient and her mother deserves further study.

A previous study has shown that the mutation SCN5A (D1275N)

is pathological (25); it was first reported by Groenewegen et al. (26)

who found that co-inheritance of the mutation in SCN5A (D1275N)

led to atrial standstill in a Dutch family, and it was associated with a

range of cardiac diseases including dilated cardiomyopathy, sinus

node dysfunction, atrial and ventricular tachyarrhythmias,

conduction disease, etc. Subsequently the clinical phenotype

associated with this mutation was extensively confirmed (22, 27–

30). However, the clinical phenotype varies significantly, even if

the mutation occurs at the same site, ranging from atrial to

ventricular arrhythmia, from bradycardia to tachycardia, and from

presenting in childhood to older age. Therefore, the mechanisms

associated with the different clinical phenotypes are quite different.

C.3823G > A makes negative charge of aspartic acid replaced by

the neutral electric behavior of asparagine and therefore alters the

electric properties of Nav1.5 (29). Furthermore, the clinical

phenotypes are not completely isolated and have some overlap

among the different clinical profiles. For example, case 2 in our

study presented with familial atrial flutter and sinus pause,

indicating the complexity in the pathogenesis of SCN5A (D1275N).

The SCN5A (R1632H) variant was reported in 2003; scholars

from the United States recruited ten pediatric patients with an

explicit diagnosis of congenital SSS from seven families.

Probands of these patients exhibited six mutations in SCN5A

identified by polymerase chain reaction, including the R1632H

mutant (10). The SCN5A (R1632H) mutation was also found in

the family of a 14-year-old girl, who described fast palpitations

during exercise lasting a couple of minutes resulting in pre-

syncope, heavy transpiration and retrosternal pain. After a series

of examinations, she was diagnosed with atrial flutter and then

received ablation (31). Studies have shown R1632H is related

with various arrhythmias, including bradyarrhythmia, such as

SSS, atrioventricular block, and tachyarrhythmia, such as

Brugada syndrome. The clinical phenotype the present case 3 is

similar to that reported in previous studies. Case 3 also received

ablation, but presented with severe bradycardia after ablation,

indicating that bradycardia–tachycardia syndrome is a common

phenomenon in patients with SCN5A mutation. It also suggested

that ablation should be carefully administered in young patients

with bradycardia–tachycardia syndrome.

Notably, in addition to SCN5A, some genetic mutations such as

in MYH6 (32), HCN4 (6), PITX2, ZFHX3, TTN/CCDC141,

SCN10A and KRT8 have been reported to associated with SSS

(33); however, these genes above mentioned are included in the

panel used in our present sequencing and did not detect any

mutation, suggesting the mutation of SCN5A gene is responsible

for the clinical phenotype in the three patients.
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Our present study has some clinical implications. First,

previous studies have shown familial SSS with SCN5A mutation

has strong male predominance (34); however, in our present

study, all three familial SSS patients were female, suggesting that

both males and females are susceptible to SCN5A mutation.

Second, although the three mutations have been reported

previously, there is lack of Asian patients reported to suffer from

these mutations. Our present study extends previous findings,

indicating the clinical phenotypes associated with SCN5A

mutation are similar among different races. Third, the frequency

of these mutations in SCN5A such as C.3823G > A is unknown

among population of Asian descent (35) and our present study

provided some potential available data. In addition, although SSS

is regarded as a degenerative disease and usually occurs in the

elderly, taking our findings and previous studies together,

patients with SSS associated with SCN5A mutation tend to have

an earlier age of onset. When young patients present with SSS,

there is a definite family history; thus, familial SSS should be

considered and genetic testing is warranted.

There are some limitations in our present study. First, intracardiac

maps during radiofrequency ablation could provide important

information regarding the origin of atrial flutter and sinus rhythm as

well as the electrophysiological characteristics of the conduction

system. However, the intracardiac maps were unavailable in our

present study. Second, some simple methods, such as current

cardioversion can be used to evaluate the sinus function in patients

with paroxysmal atrial arrhythmia. A severe bradyarrhythmia after

cardioversion is an indication of sinus dysfunction and further

radiofrequency ablation for such patients should be cautious. In our

present study, none of the three patients undergo current

cardioversion. However, if the patients received current

cardioversion, it would probably present severe bradyarrhythmia due

to the sinus node dysfunction and overdrive suppression by atrial

flutter which was demonstrated in case 1. Third, the severe sinus

node dysfunction in the three patients may be related with multigene

variation in addition to SCN5Amutation, such asHCNand/or calcium

channels. Silent variant in one of these channels combined with

SCN5A mutation together could cause the severe sinus node

dysfunction because previous studies have shown silent variation was

involved in the pathogenicity of arrhythmia such as in long Q-T

syndrome (36). Although we used whole exome sequencing to

identify the potential gene variations and did not find mutated sites

in HCN or calcium channels, the whole exome sequencing also has

some limitations such as only identifying the common variations

and may omit some rare or novel variations. Therefore, whole

genome sequencing may provide more variation information and

more studies are warranted. Last but not least, we only provided the

clinical presentation and the genetic results, but did not provide

evidence of mechanisms associated the mutation of SCN5A gene in

our cases and the precise mechanisms needed to be clarified.
Conclusion

SCN5A heterozygous mutations are common among patients

clinically affected by SSS. Their causative role is confirmed by
Frontiers in Cardiovascular Medicine 06
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our data and by the co-occurrence of genetic arrhythmias among

our patients. Genetic testing for SSS cannot be performed as a

single gene panel because of feasible literature results, but in

presence of familial and personal history of SSS in association

with arrhythmias can provide clinically useful information.
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The obstructed coronary artery undergoes a series of pathological changes due to
ischemic-hypoxic shocks during acute myocardial infarction (AMI). However, the
altered DNA methylation levels in endothelial cells under these conditions and
their implication for the etiopathology of AMI have not been investigated in detail.
This study aimed to explore the relationship between DNA methylation and
pathologically altered gene expression profile in human umbilical vein
endothelial cells (HUVECs) subjected to oxygen-glucose deprivation (OGD),
and its clinical implications in AMI patients. The Illumina Infinium
MethylationEPIC BeadChip assay was used to explore the genome-wide DNA
methylation profile using the Novaseq6000 platform for mRNA sequencing in
3 pairs of HUVEC-OGD and control samples. GO and KEGG pathway enrichment
analyses, as well as correlation, causal inference test (CIT), and protein-protein
interaction (PPI) analyses identified 22 hub genes that were validated by
MethylTarget sequencing as well as qRT-PCR. ELISA was used to detect four
target molecules associated with the progression of AMI. A total of
2,524 differentially expressed genes (DEGs) and 22,148 differentially methylated
positions (DMPs) corresponding to 6,642 differentially methylated genes (DMGs)
were screened (|Δβ|>0.1 and detection p < 0.05). After GO, KEGG, correlation, CIT,
and PPI analyses, 441 genes were filtered. qRT-PCR confirmed the overexpression
of VEGFA, CCL2, TSP-1, SQSTM1, BCL2L11, and TIMP3 genes, and downregulation
of MYC, CD44, BDNF, GNAQ, RUNX1, ETS1, NGFR, MME, SEMA6A, GNAI1, IFIT1,
and MEIS1. DNA fragments BDNF_1_ (r = 0.931, p < 0.0001) and SQSTM1_2_NEW
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(r = 0.758, p = 0.0043) were positively correlated with the expressions of
corresponding genes, and MYC_1_ (r = −0.8245, p = 0.001) was negatively
correlated. Furthermore, ELISA confirmed TNFSF10 and BDNF were elevated in
the peripheral blood of AMI patients (p = 0.0284 and p = 0.0142, respectively).
Combined sequencing from in vitro cellular assays with clinical samples, aiming to
establish the potential causal chain of the causal factor (DNA methylation) -
mediator (mRNA)—cell outcome (endothelial cell ischemic-hypoxic injury)-
clinical outcome (AMI), our study identified promising OGD-specific genes,
which provided a solid basis for screening fundamental diagnostic and
prognostic biomarkers of coronary endothelial cell injury of AMI. Moreover, it
furnished the first evidence that during ischemia and hypoxia, the expression of
BNDF was regulated by DNA methylation in endothelial cells and elevated in
peripheral blood.

KEYWORDS

DNA methylation, oxygen-glucose deprivation, acute myocardial infarction, mRNA
sequence, brain-derived neurotrophic factor, tumor necrosis factor superfamily
member 10

1 Introduction

Acute myocardial infarction (AMI) is a common but critical
disease with high mortality and morbidity rates. Once the plaque in
the coronary artery ruptures and the blood flow is interrupted, it not
only leads to injury in cardiomyocytes due to reduced oxygen and
glucose supply, but also triggers a series of pathophysiological
changes in endothelial cells. Recently, studies have illustrated that
endothelial cells release an enormous number of extracellular
vesicles following an AMI event, including exosomes and
microvesicles, which facilitate myocardial repair and angiogenesis
(Loyer et al., 2018; Liu et al., 2020). Moreover, endothelial cells play
an essential role in cardiac ischemia/reperfusion (I/R) injury
(Cochain et al., 2013) and the revascularization of the
surrounding vessels in the infarcted area (Li et al., 2019).
Although early reperfusion after AMI could be beneficial to limit
the infarct size, delayed diagnosis of patients with massive
myocardial injuries often leads to poor outcomes, suggesting that
new treatment modalities are urgently required to promote
myocardial perfusion, cardiac repair, and regeneration for this
subset of high-risk AMI patients. Through revascularization and
the promotion of angiogenesis, the apoptosis and necrosis of
cardiomyocytes can be effectively reduced, which is the key
treatment for myocardial infarction to save cardiomyocytes
(Virani et al., 2020). Therefore, clarifying the underlying
pathomechanisms of endothelial cell injury during AMI is
necessary, as it enables early diagnosis and improved treatments
(Wu et al., 2015).

DNA hypermethylation-mediated suppression of gene
expression is the primary type of epigenetic regulation in living
organisms, including humans. DNA methylation occurs at the
C5 position of cytosine by conjugation of methyl groups, most
commonly known as 5′-C-phosphate-G-3’ (CpG) dinucleotides
(Razin et al., 1984). Hypermethylation of specific promoter
regions of acute coronary syndrome (ACS)-associated genes can
inhibit their transcriptional activation and alter their biological
functions, leading to an increased risk in these patients (Lu et al.,
2013). Besides, genome-wide and site-specific DNA methylation
alterations have been found in cardiovascular disease (Afzali et al.,

2013) and ACS (Li et al., 2010; Kim et al., 2015) patients and disease
models. Previous studies suggest that modulation of DNA
methylation might be a promising tool for early ACS prediction
and diagnosis (Li et al., 2017; Soares et al., 2020; Long et al., 2021;
Park et al., 2021; Schiano et al., 2022). However, there are no disease-
oriented datasets of systematic analyses of AMI-linked changes in
genomic DNA methylation status in endothelial cells. Oxygen-
glucose deprivation (OGD)-induced hypoxia and metabolic stress
in cultured endothelial cells is used to mimic the conditions
experienced by coronary arteries during AMI (Zhang et al.,
2021). Hence, in this study, we used the human umbilical vein
endothelial cells (HUVEC) stressed with the OGD model to explore
the DNA methylation patterns in endothelial cells and delineate
their significance in acute ischemic-hypoxic conditions. In addition,
we analyzed peripheral blood samples from AMI patients to
investigate potential biomarkers released into the circulation
during the onset of AMI and to evaluate their clinical significance.

2 Materials and methods

The pramiry materials and methods used in the experiments
were listed below, and the flow chart of the whole study was shown
in Figure 1.

2.1 Study subjects

The present study recruited 71 AMI patients and 17 age-
matched control subjects who were negatively diagnosed with
coronary angiography (CAG) from the Heart Center of the First
Hospital of Lanzhou University (Lanzhou, China) between June
2021 and January 2022. The patients with non-ST-elevation
myocardial infarction (NSTEMI) were those with no
characteristic ST-segment elevation on ECG but with chest pain
symptoms and elevated levels of myocardial enzymes
(TNI>0.023 ng/mL) for more than 4h, as well as confirmed
vascular occlusion in the coronary angiography. In contrast the
control subjects had no coronary stenosis confirmed by coronary
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angiography and had normal physical examinations and ECG
findings. The patients with tumours, severe hepatic or renal
abnormalities, severe infections, and any other conditions that
the investigators deemed inappropriate for participation were
excluded from this study. This study was approved by the Ethics
Committee of the First Hospital of Lanzhou University (Approval
No. LDYYLL-2023-42).

2.2 Blood sampling

Peripheral venous blood samples from the elbow vein were
collected from the patients in EDTA-coated tubes before the
coronary angiography. Tubes were turned upside down 8-
10 times to mix the blood with EDTA and centrifuged at
3500 rpm for 10 min. The uppermost layer was aspirated as
plasma and stored at −80°C for downstream analysis.

2.3 Cell culture and OGD treatments

The HUVEC line was purchased from ATCC (Manassas, VA,
United States) and cultured in the endothelial cell medium (ECM,
ScienalysisnCell, CA, United States) containing 5% fetal bovine
serum, endothelial cell growth supplement, and 1X penicillin/
streptomycin solution. Cells were passaged into a 1:3 ratio when
the density reached 80%-90%. Cells between the third and eighth
passages were taken for experiments. OGD is used as an in vitro
model to mimic in vivo hypoxia-ischemia injury. Cells were plated,

walled for 12h, and washed three times with PBS. Then the culture
medium was replaced with glucose-free DMEM (Meilunbio, Dalian,
China) followed by incubation in a chamber containing a mixture of
94%N2, 5% CO2 and 1% O2 (Thermo Fisher Scientific, MA,
United States) for certain hours (Baldea et al., 2018). The normal
control group was maintained all the time in a complete medium.
Cells were collected immediately after the treatment and stored
at −80°C for future use. All studies were performed using
3 biologically independent sets of experiments.

2.4 MTT assay

The HUVEC cells were incubated overnight to adhere to the
wall. After treatment with OGD for 0h, 2h, 4h, 6h, and 8h, 10 μL of
MTT solution (concentration of 5 mg/mL) (solarbio, Beijing, China)
was added and incubated for 4 h. The culture solution was carefully
aspirated. 150μL of dimethyl sulfoxide (solarbio, Beijing, China) was
added to each well, and the wells were shaken horizontally for
10 min at low speed on a shaker. The absorbance of each well was
measured at 490 nm on an enzyme marker (Tecan).

2.5 RNA isolation

According to the manufacturer’s instructions, the total RNAwas
isolated from HUVECs using the M5 universal RNA Mini Kit
(Mei5 Biotechnology, Beijing, China). In brief, the culture
medium was thoroughly aspirated from the treated HUVECs,

FIGURE 1
A flow chart illustration of the study design and experimental strategies.
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and 350 μL of RLT lysis buffer was added. The cells were lysed by
repeatedly blowing. An equal volume of 70% ethanol was added to
the mixture and immediately mixed by blowing. The mixture was
then transferred to an adsorption column (RA) placed in a collection
tube, and centrifuged at 13,000 rpm for 30 s, with the flow-through
being discarded. Next, 700 μL of proteinase-free buffer (RW1) was
added, incubated at room temperature for 30 s, and centrifuged at
13,000 rpm for 30 s, followed by discarding the flow-through.
Subsequently, 500 μL of wash buffer (RW) was added,
centrifuged at 13,000 rpm for 30 s, and the flow-through was
discarded. The wash step was repeated. The adsorption column
(RA) was placed back into an empty collection tube, and centrifuged
at 13,000 rpm for 2 min to remove excess wash buffer. The
adsorption column (RA) was then transferred to a 1.5 mL
centrifuge tube, and 30-50 μL of RNase-Free H2O was added to
the middle portion of the adsorption membrane, depending on the
expected RNA yield. The mixture was incubated at room
temperature for 1 min, followed by centrifugation at 13,000 rpm
for 1 min to obtain the RNA solution. The purity of RNA was
assessed by a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, United States) and the concentration was
measured on an Invitrogen Qubit 3.0 spectrophotometer
(Thermo Fisher Scientific, Waltham, United States). RNA quality
was evaluated on a Bioanalyzer 2,100 (Agilent Technologies, Santa
Clara, United States), and DNA integrity was analyzed by agarose gel
electrophoresis.

2.6 DNA methylation and expression
profiling

The cells prepared in step 1.3 were collected into 1.5 mL
centrifuge tubes, added 500 μL of proteinase K solution (10 mg/
mL) to each tube. Extracted DNA according to the instructions from
the nucleic acid purification kit (Concert, Xiamen, China) and
performed quality assessment. Treated DNA with bisulfite,
followed by whole genome amplification (WGA) and
fragmentation to generate fragmented DNA. Precipitated and
resuspended the obtained DNA then hybridized it with the beads
on the chip, where specific bases were attached. Washed away the
unhybridized and non-specifically hybridized DNA, and performed
single-base extension reactions on the chip, incorporating detectable
label moieties. Placed the processed chip into a scanner and used
laser excitation to stimulate the fluorescence emitted by the single-
base extension products on the chip. The scanner captured the
fluorescence signals emitted by the fluorescent moieties. The DNA
methylation level was measured using the Illumina Infinium
Methylation EPIC v2.0 BeadChip and processed with ChAMP
package in R (https://bioconductor.org/packages/release/bioc/
html/ChAMP.html). The cDNA samples prepared in step 1.
5 were sequenced for RNA expression profiling using the
Illumina Novaseq 6,000 system (von Kanel and Huber, 2013;
Bibikova and Fan, 2010). The raw reads were filtered using
TrimGalore (http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/), and the filtered data were analyzed using FastQC
software. The methylation level at an individual locus was reported
as b a value, which varied from 0 (unmethylated) to 1 (fully
methylated).

Based on the defined differentially methylated positions
(DMPs), hierarchical clustering was conducted using Cluster
3.0 and Java TreeView software. DMPs located in the gene
region were assigned to the corresponding genes, which were
defined as DMGs (Zhu et al., 2019).

The differentially expressed genes (DEGs) between the OGD
and control groups were identified using Deseq2 software. The
DEGs were selected by p < 0.05 and |log2 (fold change, FC)|>1,
where log2(FC) > 1 and log2(FC)<-1 respectively indicated
upregulated and downregulated genes. The combined datasets,
including 3 OGDs and 3 negative controls (NCs), were
normalized by the BMIQ algorithm.

The gene ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and disease ontology (DO) enrichment analyses
were performed using the clusterProfiler. STRINGdb (Szklarczyk
et al., 2017; Szklarczyk et al., 2019) was used to analyze DEGs’
protein-protein interaction (PPI) network.

2.7 Integrative analysis of DNA methylation
and gene expression data

To determine whether the methylation level was associated with
the expression profile of the concerned gene, a correlation analysis
was performed by R as well as Causal Inference Test (CIT) Analysis
by the R package Causallmpact (https://google.github.io/
CausalImpact/). Correlation analysis screened out CpG loci
whose methylation levels were negatively correlated with the
unique DEGs expression (r > 0.8). The CpG locus is within
1,000 kb of the gene it regulates and therefore has a cis-
regulatory effect on the gene. Subsequently, the screened CpGs
and DEGs were analyzed by CIT to find out the differentially
methylated CpG loci and DEGs that were statistically causally
related. The STRING database was used for the PPI analysis of
causally related DEGs and differentially methylated genes (DMGs).
The fast greedy algorithm of the igraph package was used to cluster
the constructed internetworks and partition it into different modules
for plotting.

2.8 Quantitative real-time PCR (qRT-PCR)
analysis

The extracted RNAwas used to synthesize complementary DNA
(cDNA) for the downstream qRT-PCR analysis using SYBR Green
Master Mix (ABI/QuantStudioTM DX, United States). The primer
sequences of each gene were listed in Table 1. The relative gene
expression level was determined by the 2−ΔΔCT method, using
GAPDH as an internal reference.

2.9 Targeted methylation sequencing

DNA extraction was performed after remodeling, and the
samples were processed using the EZ DNA Methylation-Gold Kit
(ZYMO, CA, United States) to convert unmethylated cytosine C) to
uracil U). Multiplex PCR tests were conducted to target specific
fragments of the samples, and specific label sequences were added.
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All samples’ Index PCR amplification products were mixed in equal
amounts, and the MethylTarget sequencing library was obtained by
gel purification. After accurately quantifying the molar
concentration of the library, high-throughput sequencing was
performed on the Illumina Hiseq/Miseq platform using a 2 ×
150 bp/2 × 250 bp paired-end sequencing mode, resulting in
FastQ data. The analysis methods were as shown in step 1.6.

2.10 The enzyme-linked immunosorbent
assay (ELISA)

The ELISA kit (Elabscience, Wuhan, China) was used to detect
extracted plasma samples, according to the manufacturer’s
instructions.

2.11 Statistical analysis

Statistical analyses were performed using GraphPad Prism 7
(San Diego, CA, United States). D’Agostino-Pearson omnibus
normality test was used to evaluate the normality of the
distribution of the variables. Normally distributed values were

expressed as the mean ± standard deviation (SD), and the
differences between the groups were analyzed by unpaired t-test.
Non-normally distributed data were expressed as median and
quartile and analyzed by the Mann-Whitney test. A p-value
of <0.05 was considered statistically significant.

3 Results

3.1 Identification of DEGs in the HUVEC-
OGD group by mRNA sequencing

The MTT results showed a significant decrease in cellular
activities of HUVECs at 4 h of OGD treatment (Figure 2A).
Therefore, we used HUVECs sequencing at the 4 h time point of
OGD induction to identify disease-associated deregulated gene
expressions and the involved signaling pathways. About
2,524 DEGs were detected by examining mRNA expressions of
3 HUVEC-OGD and 3 HUVEC samples by the Illumina Novaseq
6,000 (Illumina, United States) after normalization. According to the
screening criteria, 1,393 genes (including HSPA6, ZFAND2A, CCL2,
N4BP3, and F2RL3) were significantly upregulated, and 1,466 genes
(including ID1, SMAD6, ZBTB16, SLC16A14, and TRIM8) were

TABLE 1 Primer sequence.

No. Gene Forward Sequence (5′-3′) Reverse Sequence (5′-3′)

1 MYC TCGGATTCTCTGCTCTCCTCG TCTTCTTGTTCCTCCTCAGAGTCG

2 VEGFA CTTCAAGCCATCCTGTGTGCC GTTTGATCCGCATAATCTGCATGG

3 CD44 GTCGCTACAGCATCTCTCGG CAGAGCTTTCTCCATCTGGGC

4 BDNF TGGAGGTGGGGCATGGTATT AAAGCACGAGGTCCAAGCAG

5 CCL2 TGAAAGTCTCTGCCGCCCTT GGGGCATTGATTGCATCTGGC

6 TSP-1 AACACGGACCCCGGCTACAA TACGGGGCTTGCACACCTGTT

7 TNFSF10 TGGCTATGATGGAGGTCCAGGG GACTGCAGGAGCACTGTGAAGA

8 COL1A2 CCCAGAGTGGAGCAGTGGTTA CCGGATACAGGTTTCGCCAG

9 GNAQ AGAGTTCGAGTCCCCACCAC CCCCCTACATCGACCATTCTGA

10 SQSTM1 GTAGCGTCTGCGAGGGAAAG TGCGAGAAGCCCTCAGACA

11 RUNX1 CCCATCGCTTTCAAGGTGGT TGGCTGCGGTAGCATTTCTC

12 ETS1 CAGATGCCGACGAGTGATGG GAGTCCAACCAACACGGCTG

13 NGFR CACCGACAACCTCATCCCTGT CTTGCAGCTGTTCCACCTCTTG

14 BCL2L11 ACCAAATGGCAAAGCAACCTTC GCTCTGTCTGTAGGGAGGTAGG

15 LUM GCAGTGTCAAGACAGTAAGGATTC ACCACCAATCAATGCCAGGA

16 MME CTGGAGATCAGCCTCTCGGT TCGTAGGTTGCATAGAGTGCG

17 SEMA6A CGTTGCACTGTTTGCAGATGG TGAATCGTGCTTGACGGTCC

18 TIMP3 ACCGAGGCTTCACCAAGATG CCATCATAGACGCGACCTGT

19 GNAI1 GGTGCCCTTCTGGGAACTAC GTCCAATGCTGGAGGACTCG

20 IFIT1 CGCTGGGTATGCGATCTCTG CCTGCCTTAGGGGAAGCAAAG

21 LRP5 CAACGGCAGGACGTGTAAGG CACGATGTCGGTGAAGTCCG

22 MEIS1 CTGCACTCGCATCAGTACCC GGGAAGAGGGGGTGTCCATA
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downregulated in the HUVEC-OGD group (Figures 2B–E). To
further explore these DEGs’ related pathways and biological
functions, we performed GO and KEGG analyses (Figures 3A,B).
Biological process (BP) analysis demonstrated most of these DEGs
were related to the regulation of cell-cell adhesion (93 genes), peptidyl-
tyrosine phosphorylation (92 genes), response to endoplasmic
reticulum (ER) stress (74 genes), as well as response to
topologically incorrect (63 genes) and unfolded (61genes) proteins.
Cellular components (CC) categorisation showed that 112 DEGs were
distributed in the extracellular matrix (ECM) and 87 in the cytoplasm.
The molecular function (MF) analysis detected 103 DEGs that were
relevant to receptor-ligand activities and 64 DEGs specific to the
cytokine receptor binding function. Enrichments were also found in
the KEGG analysis. Possible underlying pathomechanistic pathways
of ischemia-hypoxia injury involved cytokine receptor signaling
(74 genes), PI3K-Akt signaling (74 genes), hyperlipidemia and
atherosclerosis (52 genes), and others.

To elaborate on the interaction between DEGs, we performed
PPI network analyses on significant DEGs. 151 DEGs of top
1,000 exhibited interactions, which were divided into 42 clusters
with 136 edges (Figure 3C). The top 20 hub genes were also closely
related (Figure 3D).

3.2 Identification of OGD-associated DNA
methylation positions

We measured DNA methylation levels at 865,100 methylation
sites in 3 HUVECs-OGD and 865,315 in 3 HUVEC controls using
the Illumina Infinium MethylationEPIC BeadChip. After screening
and QC check, 732,322 methylation positions were subjected to
differential analysis. As shown in Figure 4A, the overall methylation
levels of six samples were comparable. In total, 22,148 differentially
methylated positions (DMPs; |Δβ|>0.1 and p = 0.0302), including
8,764 hypermethylated and 13,384 hypomethylated ones, were
identified, which correctly separated most OGDs and NCs in the
clustering analysis, as shown in the volcano plot of DMPs in
Figure 4D. Locations of genome-wide distribution of
differentially methylated CpG islands are described in Table 2. In
contrast, 505 differentially methylated regions (DMRs) were
identified among the 2,134 methylation regions examined. Of
these, 276 were hyper- and 229 were hypo-methylated in the
OGD group (Figure 4G). The differential analysis of DMPs and
DMRs and their distribution levels in chromosomes are shown in
Figures 4E,H. The heat map of top 1,000 DMPs and 100 DMRs are
illustrated in Figures Figure4B,G. According to the annotation,

FIGURE 2
Differentially expressed genes (DEGs) were analyzed by a scatter plot. (A) MTT results of HUVECs at specific time points of OGD treatment. **p <
0.01 and ****p < 0.0001vs control group; At 2h, the cell viability decreased almost 50% and 20% at 4 h. (B) Each point in this plot represents the
logarithmic value of the mean expression of a gene after correction in two groups-the X-axis for the OGD group and the Y-axis for the NC group. The
points of the diagonal surface represent relatively highly expressed genes in the corresponding group. (C)Heatmap of clustering of DEGs. The X-axis
indicates different samples and Y-axis for different genes; the red color represents highly expressed and green for genes with decreased expressions. (D)
Heatmap of top 50 significant DEGs. (E) Volcano plot of DEGs. Red dots indicate genes with upregulated expressions in theOGD group relative to the NC
group, green dots for downregulated, and blue dots for genes with no significant differences.
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22,148 DMPs were physically located within 6,642 unique genes.
Figure 4C indicates the top70 genes, including SOX2OT, HOXC4,
PTPRN2, and COL4A2, are associated with numerous DMPs.
Functional enrichment analyses showed that the 1844 genes were
significantly enriched in some BP, most of which were related to
OGD (Figure 4F). For example, 229 genes like SQSTM1 and NGFR
were enriched in GO:0007264/small GTPase-mediated signaling.
Furthermore, the hub genes validated in the subsequent experiments
also showed significant enrichment in pathways related to OGD, for
instance, 167 DEGs were involved in GO:0050900/leukocyte
migration, including COL1A2, TSP-1, VEGFA, CD44, and CCL2,
and 194 DMGs were associated with GO:0198738/cell-cell Wnt
signaling, including RUNX1, LRP5, and GNAQ. The enrichment
was also found in KEGG pathways for OGD injury (e.g., hsa04151/
PI3K−Akt signaling, hsa04010/MAPK signaling, hsa04510/focal
adhesion, and hsa04020/calcium signaling) (Figure 4I). These
results suggest that DNA methylation differences may play
critical roles in the pathogenesis of ischemia and hypoxia in
HUVECs.

3.3 Identified DMPs regulate mRNA
expressions

Pearson correlation analysis showed that within 500 kb of
upstream and downstream of differentially methylated CpG loci
(Mendelson et al., 2018), there were 2,130 unique genes (covering
11,608 DMPs) with differentially expressed mRNA levels (p < 0.05;
Pearson correlation coefficient>0.8). The distribution of DMPs
associated with DEGs on the chromosome is shown in
Figure 5A. Because correlation analysis alone does not establish
causation, we conducted in-depth CIT analyses to investigate
whether DNA methylation causes endothelial cell ischemic-
hypoxic injury by regulating gene expression. In other words, we
aimed to assess the potential causal chain of the causal factor (DNA
methylation) - mediator (mRNA)—cell outcome (endothelial cell
ischemic-hypoxic injury)-clinical outcome (AMI) (Zhu et al.,
2019).which identified 1780 unique genes with 7,054 differentially
methylated CpG loci. To investigate which pathophysiological
processes were influenced by these 1780 DEGs, we conducted

FIGURE 3
Functional enrichment and protein-protein interaction (PPI) analyses of DEGs. (A) Gene ontology (GO) enrichments in a bar graph. The log10 (p
values) are shown in green at the left of the X-axis. The categories of BP, MF, and CC in GO analysis were illustrated in yellow, purple, and red, respectively.
(B) The KEGG scatter plot. The horizontal coordinate represents the GeneRatio and the vertical coordinate is the -log10 (Q-value). (C) PPI analysis of top
1,000 DEGs. The nodes in the graph are proteins, and the edges are reciprocal relationships. Different clusters of modules are indicated by different
base colors. (D) PPI analysis of the top 20 hub genes.
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DO, GO term, and KEGG pathway enrichment analyses. DO
enrichment analysis, including 759 genes, showed that kidney
and nervous system cancer involved many of these genes, but
still, there were 32 genes enriched in the DO (ID:326) of
ischemia (p = 0.0038). GO term suggested there were 1,551 genes
enriched in 984 functional categories (adjusted p < 0.05). The most
considerable portion of the functional terms comprised BP (n =
845), while the rests were CC (n = 56) and MF (n = 83). When BPs
were used for categorization, the majority of enriched groups
included responses to ER stress, topologically incorrect protein
stress, and unfolded protein-ER-nucleus signaling pathway.

Categorization by CC indicated that proteins encoded by the
target genes were mainly associated with the localization in the
ECM and cytoplasm. The MF analysis demonstrated a significant
gene enrichment in transcription factor (TF) activity, RNA
polymerase II proximal promoter sequence−specific DNA
binding, and receptor-ligand interaction. Figure 5B presents the
top 10 terms of the three GO categories ranked by their statistical
significance and scatter plot of DO is illustrated in Figure 5C. In the
KEGG pathway analysis (Figure 5D), 727 genes showed significant
enrichment in pathways, including PI3K−Akt signaling, cytokine
receptor signaling, and ER signaling for protein processing. Further

FIGURE 4
DMP and DMR analyses. (A) Violin plot for DNAmethylation. The horizontal coordinate represents each sample and the vertical coordinate indicates
the overall methylation level of that sample. (B)Heat map of top 1,000 DMPs. Each column represents a sample, and each row represents a gene where a
DMP is located. (C) Bar plot of top 70 genes enriched for DMPs, where the horizontal coordinate indicates the single gene name, and the vertical
coordinate shows the number of DMPs in that gene. (D) Volcano plot of DMPs. Red color for the hypermethylated OGD group relative to that of the
control group, while blue color denotes hypomethylation. (E) Circle diagram of the chromosomal distribution of DMPs. The height of the bar inside the
circle plot indicates |log2(FC)|, red color for the hypermethylatedOGD group, and blue for the hypomethylated group. (F) Bar graph for GO enrichment of
DMPs. (G) Heat map of top 100 DMRs. (H) Chromosomal distribution of DMRs. (I) KEGG scatter plot of DMPs.
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PPI analysis suggested 441 nodes and 770 edges, with an average node
degree of 0.34, an average local clustering coefficient of 0.34, and an
expected number of edges of 542 (PPI enrichment, p < 1.0e-16). These
441 genes were enriched in 75 BPs. For instance, 224 genes were
enriched in GO: 0050896 (response to stimulus), 159 genes in GO:
0007154 (cell communication), 115 genes in GO: 0030154 (cell
differentiation), 42 genes in GO:0016477 (cell migration), 41 genes in
GO: 0007155 (cell adhesion), and 40 genes in GO: 0035295 (tube
development). Furthermore, among the 6 enriched CCs, 38 genes
were in GO: 0070161 (anchoring junction) and 27 genes in GO:
0005911 (cell-cell junction). These results indicated that DEGs in
ischemic-hypoxic HUVECs were closely related to intercellular
interactions and angiogenesis, where DNA methylation regulation
played an important role. Figure 5E demonstrated the STRING
analysis of 3 clusters of 441 DMGs.

3.4 Validation of key DMPs and
corresponding DEGs

To verify the reliability of the sequencing results, we
validated the top 25 hub genes in PPI analysis and their CpG
islands in a new sample of the same OGD model. PPI analysis of
these 25 genes was revealed in Figure 5F. Among them, RUNX3,
TNFRSF9, and MAP3K5 were not tested by qRT-PCR as we
failed to construct any efficient and reproducible primer pairs,
and no CpG islands were detected for genes CCL2, IFIT1, LUM,
and TNFSF10.

The results of qRT-PCR, the number of nodes in the PPI
analysis, and the categories and examples involved in the
functional clustering analysis of these 22 hub genes are listed in

Table 3. The qRT-PCR analysis revealed that altered expressions of
12 DMGs were consistent with the sequenced samples, while
6 DMGs exhibited opposite expression patterns. Expressions of
COL1A2, LRP5, LUM, and TNFSF10 were not significantly
changed (p > 0.05). As shown in Table 3 and Figure 6,
expression levels of VEGFA, CCL2, TSP-1, SQSTM1, BCL2L11,
and TIMP3 were significantly elevated in the OGD group, while
that of MYC, CD44, BDNF, GNAQ, RUNX1, ETS1, NGFR, MME,
SEMA6A, GNAI1, IFIT1, andMEIS1 decreased due to ischemia and
hypoxic shocks.

We quantified the methylation levels of CpG islands and DNA
fragments from 21 DMGs by MethylTarget sequencing. Notably,
42 of 1,179 CpG sites were differentially expressed, and 15 of
486 methylated haplotypes were significantly different in
abundance (see Table 2; Table 3 in the supplement). Four of the
66 fragments were differentially expressed: BDNF_1_demethylated
in the OGD group (p = 0.02334636), MYC_1_ (p = 0.0443373),
RUNX3_4_ (p = 0.03415566) and SQSTM1_2_NEW (p =
0.04771069) had higher methylation levels than before (Figures
7A–D), where fragments BDNF_1_ (r = 0.931, p < 0.0001) and
SQSTM1_2_NEW (r = 0.758, p = 0.0043) were positively correlated
with the mRNA expressions of corresponding genes, and MYC_1_
(r = −0.8245, p = 0.001) was negatively correlated with the mRNA
expression (Figures 7E–G).

3.5 BDNF and TNFSF10 overexpresses in AMI
patients

Since the expressions of target genes were significantly altered in
endothelial cells during ischemia and hypoxia, we hypothesized that

TABLE 2 Distribution of genomic regions of significant differentially methylated CpG sites.

Genomic region of CpG
sites

All CpG
sites,n (%)

Hypermethylated CpG
sites,n (%)

Hypomethylated CpG
sites,n (%)

Region-level gene
based

TSS1500 2087 960 (46.00%) 1,127 (54.00%)

TSS200 715 287 (40.14%) 428 (59.86%)

5′-UTR 1783 597 (33.48%) 1,186 (66.52%)

1st Exon 251 100 (39.84%) 151 (60.16%)

Body 8,825 3,369 (38.18%) 5,456 (61.82%)

ExonBnd 100 41 (41.00%) 59 (59.00%)

IGR 7,928 3,217 (40.58%) 4,711 (59.42%)

3′-UTR 459 193 (42.05%) 266 (57.95%)

Region-level island
based

island 1,404 523 (37.25%) 881 (62.75%)

N-shore 2070 813 (39.28%) 1,257 (60.72%)

S-shore 1715 687 (40.06%) 1,028 (59.94%)

N-shelf 752 228 (30.32%) 524 (69.68%)

S-shelf 681 231 (33.92%) 450 (66.08%)

opensea 15,526 6,282 (40.46%) 9,244 (59.54%)

total 22,148 8,764 (39.57%) 13,384 (60.43%)

aCpG, 5′-C-phosphate-G-3’; UTR, untranslated region; TSS, transcription start site; N, north; S, south, and IGR, intergenic region.
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there might have corresponding changes in coronary artery
endothelial cells in the AMI patients and if disease-related factors
released into the blood might be exploited as biomarkers. Based on
previous findings and the differential expression analyses, we
selected four indicators to be tested in downstream experiments.
The basic clinical characteristics of the patients are described in
Table 4. ELISA test results revealed that BDNF and TNFSF10 levels
were indeed elevated in the peripheral blood of AMI patients
(Table 5; Figure 8 C&E), and the BDNF expression was slightly
lower in the group with complete occlusion under coronary
angiography, compared with the group with non-complete

occlusion [2,962 (2,362, 3,909) vs. 5,347 (2048, 9,181); p =
0.0204; Figure 8 D ]. Correlation analysis showed that
TNFSF10 was positively correlated with the expression of
homocysteine, COL1α2 and BDNF, while negatively correlated
with EF, suggesting that TNFSF10 might be associated with heart
failure. BDNF, in turn, was positively correlated with TSP-1 level
and platelet and leukocyte count. In contrast, although COL1α2 and
TSP-1 expressions could not be detected among differentially
expressed genes in the AMI group, correlation analysis revealed
that the expression of COL1α2 was positively correlated with the
length of time from the disease onset to a blood draw and negatively

FIGURE 5
Analysis of DEGs associated with DMPs. (A) Manhattan plot of DEGs associated with DMPs. The horizontal coordinate indicates the chromosome
and the vertical coordinate for the -log10 (p-value) of the DEGs associated with DMPs on the corresponding chromosome. (B) Bar graph of GO
enrichment. (C) Scatter plot of DO. (D) Scatter plot of KEGG pathway enrichment. (E) PPI network constructed by the STRING using 441 DMGs and DEGs.
The stronger associations are represented by thicker edges. The disconnected nodes are hided. Different colors represent different clusters. (F) PPI
network constructed by the STRING using the top 25 hub genes (DMGs and DEGs).
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TABLE 3 Expression and cluster analysis of 22 hub genes.

Gene DEGs in sequencing Validation by RT-qPCR String node
degrees

GO analysis KEGG analysis

log2FoldChange Type p adjust
value

Expressiona p-value Type Count Example Count Example

NC
(%)

OGD
(%)

BDNF 1.251,956,305 Up 3.98264E-05 0.0023 0.0012 0.0015 Down 23 90 transport vesicle 9 MAPK signaling pathway

COL1A2 2.10,533,194 Up 5.0646E-12 0.0443 0.0457 0.4,461,868 Up 15 43 platelet activation 11 PI3K-Akt signaling pathway

TSP-1 1.272,757,804 Up 1.2377E-23 14.4803 20.0269 0.0006954 Up 19 323 response to decreased oxygen levels 12 p53 signaling pathway

MYC 1.025,573,653 Up 0.000118844 0.8137 0.4278 3.402E-06 Down 49 176 cellular response to hypoxia 33 Hippo signaling pathway

VEGFA 2.076,530,808 Up 5.89859E-14 0.0667 0.2030 1.77E-05 Up 39 359 regulation of transcription from RNA
polymerase II promoter in response to

hypoxia

23 HIF-1 signaling pathway

CD44 1.159,563,467 Up 0.001,341,815 0.5391 0.4210 3.694E-05 Down 34 113 leukocyte migration 6 ECM-receptor interaction

CCL2 5.069,944,423 Up 5.5462E-134 0.2544 0.7800 4.98E-07 Up 21 149 positive regulation of endothelial cell
apoptotic process

17 NOD-like receptor signaling
pathway

SQSTM1 1.548,462,125 Up 2.29785E-09 1.4727 1.7631 0.0004683 Up 15 85 autophagy of mitochondrion 9 Fluid shear stress and
atherosclerosis

RUNX1 1.196,038,099 Up 3.15132E-12 0.1028 0.0477 1.66E-07 Down 14 125 positive regulation of angiogenesis 5 Tight junction

ETS1 1.606,366,428 Up 1.34887E-21 0.0904 0.0639 0.0165721 Down 13 87 response to hypoxia 4 Ras signaling pathway

BCL2L11 2.075,699,979 Up 3.44266E-28 0.0250 0.0469 3.648E-05 Up 11 163 tube formation 9 FoxO signaling pathway

MME 1.448,298,803 Up 9.58586E-06 0.0705 0.0430 0.0016804 Down 11 0 0

TIMP3 1.64,760,662 Up 1.00799E-26 0.1460 0.3782 6.798E-07 Up 11 49 regulation of ERK1 and ERK2 cascade 2 MicroRNAs in cancer

GNAI1 −1.484,975,055 Down 1.19953E-14 0.0012 0.0004 0.0016735 Down 10 59 response to platelet aggregation inhibitor 40 Adrenergic signaling in
cardiomyocytes

IFIT1 −2.936,485,257 Down 9.38353E-10 0.0057 0.0012 4.065E-06 Down 10 50 negative regulation of immune system
process

1 Hepatitis C

LRP5 −1.469,642,161 Down 3.34967E-11 0.1383 0.1275 0.2,818,192 Down 10 113 tissue remodeling 8 Wnt signaling pathway

MEIS1 −1.76,793,772 Down 4.55049E-11 0.0180 0.0064 2.738E-05 Down 10 60 cardiac muscle tissue growth 2 Signaling pathways regulating
pluripotency of stem cells

GNAQ −1.068,236,204 Down 5.71031E-15 0.2201 0.1403 6.761E-05 Down 15 85 regulation of circadian rhythm 47 Rap1 signaling pathway

NGFR −4.690,983,395 Down 1.67034E-55 0.0065 0.0008 4.48E-07 Down 13 87 regulation of blood vessel endothelial cell
proliferation involved in sprouting

angiogenesis

8 Apoptosis - multiple species
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correlated when patients took a double antiplatelet prior to
phlebotomy. TSP-1, on the other hand, was positively correlated
with NT-proBNP expression (Table 6).

4 Discussion

Acute myocardial infarction (AMI) is a complication of
atherosclerosis that takes place in the coronary arteries (Xiao
et al., 2020). It causes severe damage to the coronary
microcirculation, resulting in vascular disintegration and capillary
thinning in the infarct zone. Cardiac endothelial cells are estimated
to be almost triple the number of cardiomyocytes (Pinto et al., 2016;
Xiao et al., 2020). Endothelial dysfunction is involved from the initial
stage of atherosclerosis to the late stage of cardiovascular
complications (Gimbrone and Garcia-Cardena, 2016).
Additionally, it serves as a marker of cardiovascular risk and a
contributor to the progression of cardiovascular events. What is
more, cardiac endothelial cells play a vital role in remodeling injured
cardiac myocytes after cardiac tissue injury (Segers et al., 2018).
Tissue repair following the myocardial infarction involves a drastic
angiogenic response that begins in the infarction border zone and
extends to the necrotic infarct core. Cell lineage tracing studies have
revealed that new capillary structures are generated by angiogenesis
only from pre-existing endothelial cells in the infarction border zone
(Zhou et al., 2011; Dube et al., 2017; Tang et al., 2018). As a key
factor in the function of blood vessels, the viability of endothelial
cells is decisive in the reconstruction of blood flow for rescuing
cardiomyocytes, reducing infarct size, and improving cardiac
function (Guo et al., 2021). Furthermore, animal studies also
support the notion that post-AMI endogenous angiogenic
responses can be boosted to reduce scarring and adverse left
ventricular remodeling (Wu et al., 2021).

The combination of LAD ligation and the OGD model is
commonly used in vivo and in vitro studies of AMI (Xiao et al.,
2020;Wang et al., 2021; Guo et al., 2021; Zhang et al., 2021;Wu et al.,
2022). As early as 2000, researchers used the OGDmodel to simulate
oxidative stress in myocardial cells under ischemic and hypoxic
conditions (Persky et al., 2000). OGD/R-induced endothelial
cytotoxicity alters the cellular pH balance, increases oxidative
stress, and reduces endothelial nitric oxide production (Yang
et al., 2016). These changes are inseparable from the regulation
of DNA methylation. Therefore, to explore the gene expression
profiles of endothelial cells under ischemic-hypoxic stress and reveal
the regulatory roles of DNA methylation on the mRNA expression,
facilitating further exploration of early diagnosis of AMI and
therapeutic targets in post-AMI angiogenesis, we utilized the
HUVEC OGD model to simulate in vitro ischemic-hypoxic
conditions in endothelial cells.

Firstly, We performed sequencing and validation to identify a
large number of DEG and differentially methylated loci. Among
them, fragment BDNF_1_ was demethylated, and BDNF gene
expression was decreased in response to ischemia and hypoxic
shocks. SQSTM1_2_NEW methylation level and SQSTM1 gene
expression were both elevated. Hypermethylation of MYC_1_ did
cause a decrease inMYC gene expression. In addition, we found that
TNFSF10 and BDNF proteins were differentially elevated in the
peripheral serum of AMI patients. The inconsistent trends in theTA
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FIGURE 6
The mRNA expressions of 22 hub genes relative to GAPDH. The horizontal coordinates show each genes and the vertical coordinates for the
expressions relative to GAPDH. Green color for the NC group and purple for the OGD group. *p < 0.05, **p < 0.01 and ***p < 0.001vs control group.

FIGURE7
Differentially expressed CpG fragments and correlation analysis. (A–D) The horizontal coordinates represent each groups and the vertical
coordinates represent the methylation levels. Each point represents each sample, and the box plot illustrates the median and quartiles. (E–G) The
horizontal coordinates represent the relative mRNA expression levels, and the vertical coordinates represent the methylation levels of methylated
fragments. The pink squares represent the NC group, while the blue dots represent the OGD group.
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TABLE 4 The clinicopathological features of candidates.

Group p-value

CAG(−) (n = 17) AMI (n = 71)

Age, years (medium (25% Percentile, 75% Percentile)) 56 (52, 68.5) 59 (54, 69) >0.05

Male (%) 10 (62.5%) 65 (90.3%) 0.005

BMI (mean ± SD) 23.87 ± 2.509 25.66 ± 5.461 >0.05

Family history (%) 1 (5.9%) 17 (18.3%) >0.05

History of hypertension (%) 5 (29.4%) 38 (53.5%) >0.05

History of diabetes (%) 5 (29.4%) 10 (14.1%) >0.05

History of hyperlipidemia (%) 0 (0.0%) 1 (1.4%) >0.05

History of drinking (%) 1 (5.9%) 12 (16.9%) >0.05

History of Smoking (%) 3 (17.6%) 36 (50.7%) 0.014

History of COPD(%) 1 (5.9%) 1 (1.4%) >0.05

History of cardiovascular and cerebrovascular disease (%) 0 (0.0%) 6 (8.5%) >0.05

Systolic pressure, mmHg 131.80 ± 19.95 133.30 ± 25.63 >0.05

Diastolic pressure, mmHg 77.88 ± 8.97 74.58 ± 13.66 >0.05

HR, bpm 79.06 ± 19.32 72.42 ± 13.97 >0.05

TNI, ng/mL 0.01 (0.01,0.01) 2.4 (0.94,16) <0.0001

MYO, ng/mL 55.76 ± 28.01 335.7 ± 217.4 0.0005

CKMB, ng/mL 2 (2, 2.4) 45.46 (15.28, 177) <0.0001

d-Dimer, ug/mL 0.25 (0.17, 0.6555) 0.339 (0.17, 2.07) >0.05

NT-proBNP, pg/mL 64 (37, 598) 617.5 (234.3, 1,363) 0.0025

Leukocytes, 10–9/L 6.346 ± 1.829 10.41 ± 3.4 <0.0001

Hb, g/L 147 (141.5, 162) 161 (147, 168) >0.05

NE%, % 70.7 (61.75, 73.8) 81.3 (74.5, 84.9) <0.0001

Platelet, 10–9/L 175 (111, 204) 183 (161, 222) >0.05

Creatinine, ummol/L 78.21 ± 25.2 71.75 ± 15.78 >0.05

Uric acid, ummol/L 343.9 ± 101.1 347.6 ± 86.74 >0.05

Total cholesterol, mmol/L 3.975 ± 0.8251 4.599 ± 1.011 0.0205

Triglycerides, mmol/L 1.55 (1.065, 3.185) 1.66 (1.12, 2.34) >0.05

HDL-C, mmol/L 1.052 ± 0.364 1.018 ± 0.2294 >0.05

LDL-C, mmol/L 2.462 ± 0.5984 3.089 ± 0.7789 0.0026

APOAI, g/L 1.24 ± 0.3082 1.18 ± 0.2245 >0.05

APOB, g/L 0.8482 ± 0.3331 0.9909 ± 0.2654 >0.05

APOB/AI 0.68 (0.52, 0.79) 0.82 (0.655, 1.015) 0.0105

LP(a), mg/dL 7.53 (4.27, 31.27) 12.62 (5.615, 26.64) >0.05

Hcy, umol/L 14.6 (10.6, 24.75) 16.5 (12.55, 22.5) >0.05

Glycohemoglobin, % 5.7 (5.3, 7.1) 5.7 (5.225, 6.15) >0.05

PT, s 11.4 (10.95, 12.75) 11.9 (11.5, 12.5) >0.05

APTT, s 31.8 (29.5, 34.7) 33.4 (30.1, 44.3) >0.05

(Continued on following page)
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expression of target molecules measured in cells and patient serum
were also well understood. Levels of target molecules in the cellular
assays only represented the local distribution in HUVECs. On the
contrary, these factors represented their total amounts
corresponding to overall tissues and organs In the serum.

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophic factor family, is involved in stress and inflammation.
As an essential component of ischemic tissue angiogenesis, BDNF
can stimulate the migration and proliferation of ischemic local
endothelial cells mediating cell survival (Pius-Sadowska and
Machalinski, 2017). Recently, it has been discovered that
vascular smooth muscle cells, endothelial cells, and
atherosclerotic arteries express BDNF (Ejiri et al., 2005). A
study (Donovan et al., 2000) using animal models showed that
endothelial cell survival in intramyocardial arteries and capillaries

during the early postnatal period could be compromised by low
levels of BDNF expression. Insufficient BDNF can cause
intraventricular wall bleeding, decreased heart contractility, and
early postnatal mortality because of reduced endothelial cell-cell
interactions and increased apoptosis. In clinical research, Luigi
Manni et al. (Manni et al., 2005) found that serum BDNF levels
decreased in acute coronary syndromes, but the number of cases in
this study was very minimal (n = 31). On the contrary, Haibo Wu
et al. (Wu et al., 2019) reported that serum BDNF expressions were
higher in AMI patients combined with AHF than in AMI patients
without AHF. Shinpei Kadowaki et al. (Kadowaki et al., 2016)
demonstrated that serum BDNF levels in 134 chronic heart failure
patients were significantly lower than that of 23 control subjects. In
another study (Ejiri et al., 2005), the difference in BDNF levels
between the coronary sinus and aorta was significantly greater in
the unstable angina group compared with the stable angina and
non-coronary artery disease groups. A review that included
35 studies showed that BDNF levels were lower in patients with
chronic heart failure and stroke, but higher in patients with
unstable angina and myocardial infarction. Our finding match
those observed in earlier studies that BDNF expression was
significantly higher in the AMI group, but we performed
subgroup analysis and found no significant difference between
the ST-segment elevation myocardial infarction (STEMI) and
NSTEMI groups, while was significantly lower in the completely
occluded group than in the non-occluded group at coronary
angiography. Moreover, serum BDNF levels correlated with the
number of platelets in peripheral blood since circulating BDNF

TABLE 4 (Continued) The clinicopathological features of candidates.

Group p-value

CAG(−) (n = 17) AMI (n = 71)

FDP, ug/mL 0.9 (0.77, 1.53) 1.15 (0.69, 3.45) >0.05

EF, % 62 (58.5, 64.5) 55 (50, 58) 0.0001

Infarct related artery

LM 2 (2.8%)

LAD 30 (42.3%)

LCX 8 (11.3%)

RCA 31 (43.7%)

number of stenosed coronary vessel

1 31 (43.7%)

2 23 (32.4%)

3 17 (23.9%)

Onset-blood drawing time

up to 6 h 28 (39.44%)

7-12 h 24 (33.80%)

over 12 h 19 (26.76%)

coronary occlusion in angiography 38 (53.52%)

Thrombolytic therapy 17 (23.94)

TABLE 5 Expression of BDNF, TNFSF10,TSP-1 and COL1α2 in AMI and control
patients.

Variable Group p-value

Control (n = 17) AMI (n = 71)

BDNP (pg/mL) 2011 (1,597, 4,053) 3,609 (2,256, 6,082) 0.0284

TNFSF10 (pg/mL) 13.18 (6.875, 36.51) 48.46 (11.65, 117.7) 0.0309

TSP-1 (ng/mL) 71.17 (22.93, 85.38) 56.79 (25.79, 95.66) >0.05

COL1α2 (ng/mL) 16.62 (6.912, 39.71) 15.09 (9.836, 30.04) >0.05
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was captured and sequestered by circulating platelets, consistent
with previous studies (Yang et al., 2006; Farmer et al., 2021).
Considering the relationship between BDNF expression and
inflammation, it is reasonable to suggest that there could be a
link between BDNF level and white blood cell count. Hence, we
suspected the elevated BDNF expression in the AMI group might
be related to rapid endothelial cell proliferation and
revascularization after ischemia.

Tumor necrosis factor superfamily member 10 (TNFSF10), also
known as tumor necrosis factor-related apoptosis inducing ligand

(TRAIL), is a soluble marker of apoptosis. TNFSF10 is normally a
membrane-bound ligand expressed by immunocytes. Soluble
TNFSF10 can also act as a weaker inducer of apoptosis
compared to membrane-bound TNFSF10 (Li et al., 2003). The
significance of TNFSF10 in endothelial cells has been studied. Jie
Hui Li et al. (Li et al., 2003) showed that incubation of endothelial
cells with TNFSF10 induces inflammation and apoptosis. In
surviving cells, TNFSF10 promotes the adhesion of leukocytes.
Injection of TNFSF10 into human skin xenografts promotes focal
EC injury accompanied by limited neutrophil infiltration. Also,

FIGURE 8
ELISA results about key candidates. (A,B) There were no differences in expressions of TSP-1 and COL1α2 between AMI and NC patients (p > 0.05).
(C,D) BDNF and TNFSF10 were overexpressed in AMI patients (p = 0.0284 and p = 0.0142, respectively). (E) BDNF expression was lower in the occlusion
group compared to the non-occlusion group (p = 0.0118).

TABLE 6 Correlation analysis of key indicators.

Variable Variable Pearson’s correlation coefficient p-value

TNFSF10 Hcy 0.294 0.006

TNFSF10 COL1α2 0.281 0.008

TNFSF10 BDNF 0.563 <0.001

TNFSF10 EF −0.274 0.01

TSP-1 BDNF 0.293 0.006

COL1α2 Onset-blood drawing time 0.317 0.007

COL1α2 Dual antiplatelet before blood drawing −0.256 0.03

BDNF platelet 0.246 0.021

BDNF WBC 0.223 0.037

TSP-1 NT-proBNP 0.264 0.018
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TNFSF10 protects endothelial cells from apoptosis and proliferation
through the activation of Akt and extracellular signal-regulated
kinase (ERK) pathways, partly due to nitric oxide generation
(Wu et al., 2021; Wu et al., 2022). Several studies (Secchiero
et al., 2009; Osmancik et al., 2013; Teringova et al., 2018)
revealed that TNFSF10 level was lower after PCI in AMI patients
compared to a pre-procedure or healthy population and gradually
increased after that. A low TNFSF10 level is an indicator of heart
failure and poor prognosis (Teringova et al., 2018). Nakajima et al.
(Nakajima et al., 2003) indicated that the expression of TNFSF10 on
peripheral lymphocytes in AMI patients increases compared with
healthy controls. This study also reported that TNFSF10 protein
expression was higher in human atherosclerotic plaques, especially
the most vulnerable ones, and could be induced by the ox-LDL
expression. Soluble active TNFSF10 negatively regulates calcium
influx through store-operated calcium release-activated calcium
channels, which is crucial to activating lymphocytes (Lunemann
et al., 2002). Our sequencing results in endothelial cells showed that
TNFSF10 was significantly downregulated during ischemia and
hypoxia and slightly elevated upon re-modeling verification.
Whereas analysis of blood samples of AMI patients before PCI
demonstrated that the level of soluble TNFSF10 was elevated, and its
expression was positively correlated with that of BNDF and
COL1α2. This contradictory conclusion may be related to the
involvement of different types of receptors. There are five types
of TNFSF10 receptors: TRAIL-RI (DR4), TRAIL-R2 (DR5), TRAIL-
R3 (DcRl), RAIL-R4 (DcR2), and osteoprotegerin (OPG)
(Buchsbaum et al., 2006). The first two are death receptors, and
the last three are decoy receptors, playing a role in promoting and
inhibiting apoptosis, respectively. In this study, TNFSF10 was not
found to correlate with LDL, ApoAI, APOB, and LPa, but we did not
detect the ox-LDL level. This study further suggests that
TNFSF10 correlates with EF and Hcy, and is needed to explore
the mechanisms involved.

Collagen type 1 alpha 2 (COL1α2), a major component of
fibrotic tissue and associated with excessive collagen production,
is less studied in the heart, rather than that in the kidney. In diabetic
nephropathy studies, excessive aggregation of COL1α2 has been
associated with renal fibrosis (Das et al., 2022). In clinical
investigations, increased levels of COL1α2 have also been
associated with inflammatory fibrosis (Wang et al., 2021). Studies
have shown that COL1α2 expression is directly regulated by HIF-1α
binding to a functional hypoxia-responsive element in its promoter
at −335bp relative to the transcription start site (TSS).
Phosphorylated Smad3 also associates with the −335 hypoxia-
responsive element of the COL1α2 promoter region independent
of a Smad DNA binding sequence (Baumann et al., 2016). Hypoxia
simultaneously stimulates ECM synthesis and suppresses its
turnover due to increased production of COL1α2, decreased
collagenase expression, and increased tissue inhibitor of
metalloproteinase (TIMP)-1 (Norman et al., 2000). In terms of
COL1α2 in heart research, a bioinformatics analysis revealed that
COL1α2 underlies the comorbidity mechanisms of HF and
depression (Huang et al., 2022). Single-cell sequencing results
using an obese mouse model suggested that COL1α2 and
COL1α1 might be important markers of obesity-induced cardiac
fibrosis (Pan et al., 2022). Another investigation confirmed the
association between COL1α2 and cardiac fibrosis (Xu et al.,

2021). In our study, COL1α2 was overexpressed in the OGD
group. Although any significant increase in expression was not
observed in the peripheral blood of AMI patients, the analysis
showed a positive correlation between the expressions of
COL1α2 and TNFSF10, and the time from onset to blood
sampling, and a negative correlation with the administration of
dual antiplatelet agents, suggesting a gradual initiation of fibrosis
with prolonged ischemia. Based on these findings, we measured the
COL1α2 level in endothelial cells, indicating that endothelial cells
could be involved in the post-ischemic myocardial fibrosis processes
and that the administration of antiplatelet agents would attenuate
the degree of fibrosis.

Thrombospondin-1 (TSP-1 or THBS-1) is a significant
component of platelet granules and a thrombin-sensitive ECM
glycoprotein (McLaughlin et al., 2005), that produces adaptive
ER stress through interaction with activating transcription factor
6α (ATF6α). Increased expression of TSP-1 has been reported to be
associated with thrombosis (Vallejo et al., 2000), which is
significantly elevated in large vessels with atherosclerotic lesions
(Smadja et al., 2011), peripheral arterial diseases (Huang et al., 2015),
as well as AMI (Abdelmonem et al., 2017). The pathophysiological
mechanisms may include upregulation of platelet aggregation,
adhesion of endothelial cells and leukocytes (Narizhneva et al.,
2004), chemotaxis and proliferation of VSMCs (McLaughlin
et al., 2005; Krishna and Golledge, 2013), reduction of the
physiological protective effects of nitric oxide (NO) (Rogers et al.,
2014), impact on angiogenesis, and expression of cell adhesion
factors that play crucial roles in inflammation and atherosclerosis
(Krieglstein and Granger, 2001). Studies have shown that thrombin
can not only induce platelet activation and regulate TSP-1 by
releasing granules but also modulate the expression of TSP-1 in
endothelial cells (McLaughlin et al., 2005). Yang Xiang et al. (Xiang
et al., 2022) found that elevated levels of TSP-1 and BNP in patients
with chronic heart failure and TSP-1 expression were significantly
correlated with alterations in cardiac functions. Our study revealed
that the TSP-1 mRNA level was significantly elevated in the OGD
treatment. However, there was no overexpression of TSP-1 in the
serum of AMI patients. Further expansion of sample size and
refinement of blood sampling time may lead to more objective
experimental results. Nevertheless, the expression of TSP-1 was
positively correlated with the serum levels of BDNF and NT-
proBNP. In summary, TSP-1 might not only be related to plaque
formation but also play an essential role in heart failure andmay also
have a mechanistic connection with TSP-1 expression in promoting
the release of tumor necrosis factor-alpha (TNF-α) from
macrophages (Lopez-Dee et al., 2011; Li et al., 2013).

Furthermore, among the validated hub gene products, MYC
binds to the VEGFA promoter region to activate VEGFA expression
and subsequent sprouting of angiogenesis (Shi et al., 2014). Studies
in tumor tissues have indicated that CD44 plays a role as a cell
surface receptor in processes like cell-cell interaction, adhesion, and
migration, thereby facilitating the sensing and immune response to
pathological lesions in the tumor microenvironment (Yoshida et al.,
2012). CCL2 may be involved in the recruitment of monocytes into
the arterial wall during the progression of atherosclerosis (Li et al.,
1993). GNAQ (a G-protein subunit alpha q) is required for platelet
activation, and its mutation in endothelial cells leads to capillary
malformations (Couto et al., 2016). ETS1, as a transcription factor,
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can regulate angiogenesis by modulating the expression of genes
controlling endothelial cell migration and invasion (Yordy et al.,
2005). Semaphorin 6A (SEMA6A), as a cell surface receptor for
PLXNA2, plays an important role in cell-cell signaling as well as
promotes the reorganization of the actin cytoskeleton (Perez-Branguli
et al., 2016). TIMPmetallopeptidase inhibitor 3 (TIMP3) is an antagonist
of the matrix metalloproteinases, a group of peptidases involved in the
degradation of the ECM. TIMP3 was reduced in various cardiovascular
diseases, and study had shown that TIMP3 replenishment ameliorates
the disease, suggesting a therapeutic potential for TIMP3 in
cardiovascular diseases (Fan and Kassiri, 2020). Nerve growth factor
receptor (NGFR), also known as TNF receptor superfamily member 16
(TNFRSF16), binds to BDNF (Tapia-Arancibia et al., 2004). Lumican
(LUM), membrane metalloendopeptidase (MME), G protein subunit
alpha i1 (GNAI1), interferon-induced protein with tetratricopeptide
repeats (1IFIT1), LDL receptor-related protein 5 (LRP5), and Meis
homeobox 1 (MEIS1) was barely studied in the ischemic-hypoxic
endothelial cells or AMI, even though qRT-PCR confirmed that the
expressions ofNGFR, LUM, SEMA6A,GNAI1, and IFIT1were relatively
lower. Specific roles played by these factors and the regulatory pathways
in the OGD-treatedHUVECs can further be investigated in vivomodels.

Our study focused on the importance of endothelial cells in AMI,
aimed to establish the potential causal chain of the causal factor (DNA
methylation) - mediator (mRNA)—cell outcome (endothelial cell
ischemic-hypoxic injury)-clinical outcome (AMI), and the findings
laid a solid foundation for screening essential diagnostic and
prognostic biomarkers of coronary endothelial cell injury of AMI.
Secondly, we combined the sequencing results from in vitro cell
experiments with clinical samples to demonstrate the feasibility of
cellular assay screening and in vivo validation. Furthermore, our
study provided the first evidence that during ischemia and hypoxia,
the expression of BNDF was regulated by DNA methylation in
endothelial cells and elevated in peripheral blood. Our study also had
some shortcomings that were worth improving. Firstly, Hi-C
experiments should be employed to elucidate the genes associated
with DNA methylation based on the physical interaction. Moreover,
the lack of validation regarding the specific pivotal role of BDNF, is a
question we need to address. Last but not least, the clinical significance of
the screened target proteins could be further explored by drawing blood
from the coronary circulation before and after the primary PCI in the
future.
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Epigenome-wide DNA
methylation analysis of late-stage
mild cognitive impairment

Yi Zhang* and Shasha Shen

Institute of Neuroscience, Panzhihua University, Panzhihua, China

Background: Patients with late-stage mild cognitive impairment (LMCI) have a
higher risk of progression to Alzheimer’s disease (AD) than those with early-stage
mild cognitive impairment (EMCI). However, previous studies have often pooled
EMCI and LMCI patients into a single MCI group, with limited independent
investigation into the pathogenesis of LMCI.

Methods: In this study, we employed whole-genome methylation association
analysis to determine the differences in peripheral blood methylation profiles
between 663 cognitive aging (CN) and 554 LMCI patients.

Results: Our results revealed 2,333 differentially methylated probes (DMPs) and
85 differentially methylated regions (DMRs) specific to LMCI. The top hit
methylation sites or regions were associated with genes such as SNED1,
histone deacetylases coding gene HDACs, and HOX and ZNF gene family. The
DNA methylations upregulated the expression of HDAC4, HDAC8, and HOX
family genes HOXC5 and HOXC9, but they downregulated the expression of
SNED1, ADCYAP1, and ZNF family genes ZNF415 and ZNF502. Gene Ontology
(GO) and KEGG analysis showed that the genes associatedwith thesemethylation
sites were predominantly related to the processes of addiction disorders,
neurotransmission, and neurogenesis. Out of the 554 LMCI patients included
in this study, 358 subjects (65%) had progressed to AD. Further association
analysis between the LMCI subjects with a stable course (sLMCI) and those
who progressed to AD (pLMCI) indicated that the methylation signal intensities
of HDAC6, ZNF502, HOXC5, HOXC6, and HOXD8 were associated with
increased susceptibility to AD. Protective effects against progression to AD
were noticed when the methylation of SNED1 and ZNF727 appeared in
LMCI patients.

Conclusion: Our findings highlight a substantial number of LMCI-specific
methylated biomarkers that differ from those identified in previous MCI
case–control studies. These biomarkers have the potential to contribute to a
better understanding of the pathogenesis of LMCI.
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EWAS, LMCI, methylation, blood, Alzheimer’s disease

1 Introduction

Mild cognitive impairment (MCI) is a complex and heterogeneous condition between
normal cognitive aging (CN) and dementia, specifically Alzheimer’s disease (AD) (Petersen
et al., 2001; McGirr et al., 2022). Patients with MCI have memory complaints and objective
memory impairment that is abnormal for their age, while their general cognitive function
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remains relatively preserved, enabling them to perform everyday
activities independently (Petersen, 2004; Chen et al., 2022). MCI can
be subcategorized into early-stage MCI (EMCI) and late-stage MCI
(LMCI), where LMCI is accompanied by more severe memory
decline in cognitive domains, such as language, executive
function, and visuospatial skills (Aisen et al., 2010; Zhang et al.,
2019). It has been reported that approximately 10%–15% of patients
each year, MCI progresses to AD, and 75% of such individuals have
LMCI (Petersen et al., 2001; Farias et al., 2009; Jessen et al., 2014;
Tábuas-Pereira et al., 2016). Therefore, the early recognition of MCI,
especially LMCI, is essential for preventing AD.

Epigenetic changes in the central nervous system (CNS) and
peripheral blood have widely been used for the early diagnosis of
MCI and AD (Lunnon et al., 2014; Madrid et al., 2018; Roubroeks
et al., 2020; Vasanthakumar et al., 2020; Li et al., 2021). These
changes reflect potential immune system disorders, altered
proteostasis, neuronal decay, and changes in brain structure that
are associated with the disease (Lunnon et al., 2014; Madrid et al.,
2018; Roubroeks et al., 2020; Vasanthakumar et al., 2020; Li et al.,
2021). However, most studies have pooled patients with EMCI and
LMCI into a single MCI group, which may obscure the different
disease progression risks between these two subgroups (Zhang et al.,
2019; Vasanthakumar et al., 2020; Li et al., 2021). Given that the risk
of conversion to AD is higher for LMCI than for EMCI (36% vs.
15%) (Jessen et al., 2014), identifying epigenetic biomarkers specific
to LMCI can be more beneficial in reducing the incidence of AD and
improving the effectiveness of rehabilitation exercises and
medication. In this study, we compared the peripheral blood
methylome of CN individuals and LMCI patients. We revealed a
significant number of LMCI-specific methylated biomarkers, which
differ from those identified in previous MCI case–control studies.
These biomarkers may help to elucidate the pathogenesis of LMCI.

2 Materials and methods

2.1 Subjects

The data utilized in this study were sourced from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database.
The ADNI is a multicenter, longitudinal study encompassing
approximately 50 sites across the United States and Canada, and
it was initiated in 2003 with the primary aim of monitoring the
progression of AD through the use of clinical and cognitive
assessments, magnetic resonance imaging (MRI), fludeoxyglucose
positron emission tomography (PET), amyloid PET, cerebrospinal
fluid analysis, and blood biomarker analysis. For the purposes of
ADNI research, a total of 1,720 samples from 653 individuals who
participated in two phases of ADNI (ADNI2 and ADNIGO) were
selected for DNA methylation analysis. These samples were
randomized using a modified incomplete balanced block design,
in which all of the samples from a single subject were placed on the
same chip, while the remaining space on the chip was filled with age-
matched samples from a subject of the opposite sex with a
different diagnosis.

Amnestic MCI was defined in accordance with the diagnostic
criteria established by ADNI as detailed in the ADNI protocol
(http://adni.loni.usc.edu/methods/documents/). Specifically, the

criteria were as follows: a) a score of 24–30 on the Mini-Mental
State Examination (MMSE); b) a self-reported memory complaint,
as well as objective evidence of memory loss as measured by
education-adjusted scores on the Wechsler Memory Scale Logical
Memory II; c) a Clinical Dementia Rating (CDR) score of 0.5; and d)
the absence of significant impairment in other cognitive domains, as
well as the preservation of activities of daily living and the absence of
dementia (Jack Jr et al., 2008). MCI was further classified into two
subtypes, namely, EMCI and LMCI based on the severity of memory
impairment. The criteria for LMCI were the same as those for EMCI,
with the exception that the memory impairment on the Logical
Memory II subscale had to be more severe. Specifically, the cutoff
scores for LMCI were ≤8 for individuals with 16 or more years of
education, ≤4 for 8–15 years of education, and ≤2 for 0–7 years of
education. The corresponding cutoff scores for EMCI were 9–11 for
individuals with 16 or more years of education, 5–9 for 8–15 years of
education, and 3–6 for 0–7 years of education (Jack Jr et al., 2008).

The datasets utilized in this study included clinical information
and epigenetic data obtained from the ADNI database (http://adni.
loni.usc.edu), accessed on 12 June 2021. The methylation profile
pertained to 1,220 samples, including 665 individuals with CN status
and 555 individuals with LMCI status. Data processing and quality
control procedures were performed on the collected data, which
resulted in the selection of 663 CN and 554 LMCI samples for
downstream analysis.

2.2 Data quality control

The analysis was conducted in accordance with the previously
outlined protocol (Fortin et al., 2017; Tian et al., 2017). Specifically,
we employed a rigorous quality control and preprocessing approach
utilizing the Minfi package from the R software. The detection p
values (detP) were calculated through the “m + u” method, which
compared the total DNA signal (methylated + unmethylated) for
each probe to the background signal level. None of the samples had
mean detP value higher than 0.05, but three samples were excluded
due to a low ratio of unmethylated to methylated sites (uMeth/
mMeth), i.e., less than 10.5 (as shown in Supplementary Figure S1).
The call rate was determined as the proportion of probes present in
each sample. The probes with a detection p-value of 0.05 or higher in
at least 1% of the samples were filtered out. Finally, a total of
1,217 samples (663 CN and 554 LMCI) comprising 823605 probes
were retained for downstream analysis.

2.3 Identification of differentially methylated
probes (DMPs)

We performed a probe-wise analysis to identify DMPs using the
Bioconductor package limma. To ensure statistical validity, beta
values were converted to M-values, which are considered more
statistically robust than beta values due to their higher detection
rates and true positive rates for both highly methylated and
unmethylated CpG sites. The experimental design was modeled
as follows: ≈class (disease status) + age + gender + education + DNA
source (buffy coat or whole blood) + B cells + CD4 T + CD8 T +
Mono + Neu + NK, where the last six terms represent cell type

Frontiers in Cell and Developmental Biology frontiersin.org02

Zhang and Shen 10.3389/fcell.2024.1276288

9899

http://adni.loni.usc.edu/methods/documents/
http://adni.loni.usc.edu
http://adni.loni.usc.edu
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1276288


composition estimations obtained using estimateCellCounts from R
Package FlowSorted.Blood.EPIC at default settings. The
estimateCellCounts function combined the reference library from
FlowSorted.Blood.450K with the target methylation dataset to build
the model with cellular deconvolution algorithms for the relative
quantification of the proportion of cell types (Houseman et al., 2012;
Fortin et al., 2017; Tian et al., 2017). Because the study was prone to
significant inflation and bias of test statistics, we applied a Bayesian
method based on estimation of the empirical null distribution in the
Bioconductor package limma to control for inflation of test statistics
and for lambda inflation factors. A stringent threshold using
Bonferroni correction was used to declare study-wide significance
(adjusted p-value <0.05).

2.4 Identification and annotation of
differentially methylated regions (DMRs)

We employed a DMR analysis in the R package DMRcate to
identify a group of CpGs associated with LMCI. DMRcate models
Gaussian kernel smoothing within a predefined distance (1 kbp in
this study) and collapses contiguous significant CpGs (p < 0.05) after
multiple testing correction. The default algorithm parameters were
utilized, which included the following: a) regions with
gaps ≥1,000 nucleotides between significant CpG sites were
separated; b) regions containing at least two different CpGs
within 1 kb with a minimum methylation difference of 10% were
included in the analysis. The regions with an adjusted p-value lower
than 0.05 from Stouffer’s, Harmonic, and Fisher’s tests were
considered to be significant. Visualization and functional analysis
of DMRs were performed by means of the R package coMET.

2.5 Functional analysis of DMPs

Using the missMethyl R package, we performed a generalized
gene set enrichment analysis to assess pathway enrichment through
a hypergeometric test, which took into account the number of CpG
sites per gene on the EPIC array. The analysis included curated gene
sets from the KEGG database and Gene Ontology (GO) gene sets
related to biological processes, cellular components, and molecular
functions. The pathways or terms with a Benjamini–Hochberg false
discovery rate (FDR)–corrected p-value lower than 0.05 were
considered significant. The ratio values of the number of
significantly annotated genes in a particular pathway to the total
number of genes in the pathway were calculated.

2.6 Gene expression profile

We utilized the microarray expression data of 318 samples
(207 CN, 175 LMCI) in the ADNI cohort to investigate the effect
of DNAmethylation on the overlapping genes. A total of 28 protein-
coding genes (PCGs) overlapping between DMPs or DMRs were
included. We processed the raw data based on the standard quality
control (QC) procedures described in ADNI (http://adni.loni.usc.
edu/methods/documents/). The raw expression values were
normalized for differential gene expression (DEG) analysis with

the Bioconductor package limma. The model design was similar to
the previously described DMP analysis. Specifically, we adjusted for
the effect of age, gender, education, DNA source, and cell type
compositions. The genes with a Benjamini–Hochberg FDR-
corrected p-value lower than 0.05 were considered to be DEGs.

2.7 Serum proteomic profiling

We further employed the serum proteomic profile data of
20 samples (10 with CN, 10 with LMCI) in the ADNI cohort to
validate the results of epigenome-wide association studies (EWAS).
The data were obtained from the Gene Expression Omnibus (GEO)
under accession number GSE74763. Due to the limitation of
fluorescence probes for specific proteins, we could only filter out
the proteomic data of HDAC4, HDAC6, HDAC8, HOXC5,
HOXC6, HOXC9, ZNF415, and ZNF502. The raw data were
processed and normalized in line with Invitrogen’s standard
instructions (www.invitrogen.com/protoarray). One-way ANOVA
was used for statistical analysis. Proteins with a
Benjamini–Hochberg FDR-corrected p-value lower than 0.
05 were considered to be differentially expressed across the groups.

2.8 Association analysis between DMPs and
conversion from LMCI to AD

A logistic regression model was built to evaluate the effects of
27 candidate methylation probes on the conversion from LMCI to
AD. These DMPs were associated with SNED1, RP11-526P5.2,
ADCYAP1, HDACs, and HOX and ZNF gene family (listed in
Figure 6; Supplementary Table S12). A total of 554 LMCI subjects,
including 196 subjects with a stable course (sLMCI) and 358 subjects
who had progressed to AD (pLMCI), were involved in the analysis.
The effects of age, gender, education, DNA source, and
ApoEε4 alleles were adjusted for in the model. We calculated the
odds ratio (OR) and confidence interval of each DMP to assess the
effect of DNAmethylation on the progression to AD. OR values with
p-value lower than 0.05 were considered significant.

Furthermore, we filtered pLMCI subjects and evaluated the
association of DMPs with the progression time and cognitive
impairment levels. We checked the Pearson correlation
coefficients between DMP signal intensity and indicators related
with cognitive impairment, such as the scores at the baseline
diagnosis with the mini-mental state examination (MMSE), the
clinical dementia rating scale sum of boxes (CDRSB), the
modified preclinical Alzheimer cognitive composite using digit
symbol substitution test (mPACCdigit), and the modified
preclinical Alzheimer cognitive composite using trail-making test
part B (mPACCtrailsB). Higher MMSE, mPACCdigit, and
mPACCtrailsB scores indicate better cognitive function. However,
a higher CDRSB score represents more severe cognitive impairment.
Correlation coefficients with a p-value lower than 0.05 were
considered significant.

Besides, we measured the speed of cognitive decline based on
MMSE (MMSE_speed), CDRSB (CDRSB_speed), mPACCdigit
(mPACCdigit_speed), and mPACCtrailsB (mPACCtrailsB_speed).
The speed scores were calculated as |Score (first diagnosis as AD)–Score
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(baseline diagnosis as LMCI)|/progression time (months). Higher MMSE_
speed, CDRSB_speed, mPACCdigit_speed, and mPACCtrailsB_
speed scores represent greater speeds of cognitive decline. We
also calculated the Pearson correlation coefficients between DMP
signal intensity and scores of cognitive decline speed. Correlation
coefficients with a p-value lower than 0.05 were considered
significant.

3 Results

3.1 Study participants

The association of DNA methylation with LMCI was analyzed
by using the Illumina EPIC array datasets from the ADNI. We
filtered three samples that had been lost during processing or
excluded during the QC procedure, and we finally kept
1,217 samples for peripheral blood DNA methylation analysis
(Table 1; Supplementary Figure S1; Supplementary Table S1).
The demographic characteristics and cognitive assessments of the
samples used in the comparative analysis are presented in Table 1.

3.2 Alterations of blood cell composition in
different groups

Altered blood cell composition has been observed in various
neurodegenerative disorders, thus suggesting the possibility of
systemic immune perturbations. DNA methylation signals offer a
promising approach for estimating the relative abundance of
different lymphocyte subpopulations. Compared with the CN
cases, the patients with LMCI presented a smaller estimated
proportion of B cells and CD8 T cells (p = 2.75E-04 and p = 6.3E-

06, respectively, t-test with Wilcoxon post hoc test), a higher
proportion of neutrophils (p = 3.87E-04), and no significant
changes in CD4 T cells, monocytes, and natural killer cells (NK)
(p > 0.05) (Figure 1A). We also evaluated the changes in blood cell
composition driven by sex distribution (Figure 1B) and DNA
sources (buff coat or whole blood; Figure 1C). Except for
CD8 T cells and NK cells, the overall blood composition varied

between the male and female groups, where the female cases showed
an increased proportion of B cells and CD4 T cells (p = 1.35E-09 and
p = 2.78E-11, respectively, t-test with Wilcoxon post hoc test), but a
reduced proportion of monocytes and neutrophils (p = 2.76E-11 and
p = 8.1E-05, respectively). Previous studies have reported that
differences in the storage of the sample used for DNA isolation
(buff coat or whole blood) influence the cell composition. However,
in our study, the whole-blood samples only demonstrated significant
alterations in neutrophils and NK cells compared with the buff-coat
samples (Figure 1C), showing increased neutrophils (p = 9.84E-03)
and reduced NK cells (p = 2.54E-02). Moreover, we assessed the effect
of APOE4 gene alleles on blood lymphocyte composition. There
were significant differences in lymphocyte composition only
between individuals with zero alleles and those with one allele
(p < 0.05; Figure 1D).

3.3 DMPs in LMCI vs. CN

A cross-sectional analysis of blood methylation was performed
in LMCI and CN cases. Linear regression models were employed,
adjusting for age, gender, education, DNA source, and blood cell
composition. We identified 2,333 DMPs in LMCI vs. CN (raw p <
1.42 E-06; adjusted p < 0.05), 709 of which reached genome-wide
significance at adjusted p < 0.01 (raw p < 8.56E-06; Table 2; Figure 2;
Supplementary Table S2). The Quantile–Quantile plot showed that
the genomic inflation factor (lambda) was less than 1.10 (lambda =
1.0115; Figure 2; Supplementary Figure S2). Overall changes in
methylation were modest, with |log2 of fold-change| ≤ 0.8 (Table 2;
Supplementary Table S2). Among these DMPs, 1,608 CpG sites
showed increased methylation in the LMCI patients (625 of them
without overlapping annotated genes, e.g., cg03709428 and
cg07934746; Table 2; Supplementary Table S2), while the rest
showed lower levels of methylation in the LMCI cases compared
with the CN group (Supplementary Table S2).

We found 74 sex-linked DMPs, 2 DMPs with unknown
chromosome location, and 2,257 DMPs uniformly distributed
across the autosomal chromosomes. Six of the 10 most
significant CpGs were associated with PCGs (Table 2;
Supplementary Table S4), including DMPs annotated to SNED1

TABLE 1 Demographic data of the selected ADNI subjects separated by diagnosis group.

Variable CN LMCI p-value

N 663 554

Age 74.77 ± 5.46 73.07 ± 7.22 3.35E-06

Education 16.45 ± 2.65 16.01 ± 2.87 5.20E-03

Gender (proportion of males) 50.53% 61.55% 9.99E-01

Gender (proportion of females) 49.47% 38.45%

ApoEε4 (proportion of subjects with 0 alleles) 73.30% 45.13% 9.12E-01

ApoEε4 (proportion of subjects with 1 alleles) 24.74% 43.68%

ApoEε4 (proportion of subjects with 2 alleles) 1.96% 11.19%

ApoEε4, the ε4 allele of the Apolipoprotein E gene; CN, cognitive normal; EMCI, early mild cognitive impairment; LMCI, early mild cognitive impairment; AD, Alzheimer’s disease. Data were

expressed as mean ± standard error of the mean (SEM). One-way ANOVA, was used for statistical analysis of age and education across groups. Chi-square test was used for statistical analysis of

gender and ApoEε4 allele across groups.
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(cg15361291, chr2: 242,003,523, adjusted p = 6.89E-08; cg21239079,
chr2: 242,003,549, adjusted p = 7.14E-08), ADCYAP1 (cg16288125,
chr18: 904,243, adjusted p = 6.89E-08), CYLD (cg21228068, chr16:

50,827,518, adjusted p = 9.63E-07), HOXD9 (cg09173768, chr2:
176,989,349, adjusted p = 1.59E-06), and ATG4C (cg24082680,
chr1: 63,249,199, adjusted p = 6.95E-06). Four non PCGs (NCGs;

FIGURE 1
Analysis of estimated blood cell type composition in late-stage mild cognitive impairment (LMCI) versus normal cognitive aging individuals (CN).
Abundance of specific blood cell types was estimated based on unique methylation markers for cell identity. Estimated proportions of B lymphocytes
(Bcell), CD4T cells (CD4T), CD8T cells (CD8T), monocytes (mono), neutrophils (Neu) and natural killer cells (NK) were compared across disease groups
(A), genders (B), sample sources (C) and Apoe4 alleles (D). Significant differences across groups are estimated by usingWilcoxon test after correction
for multiple observations (A–C) or one-way analysis of variance with Bonferroni correction for multiple observations (D).

TABLE 2 List of differentially methylated probes (DMPs) with adjusted p less than Bonferroni correction threshold of 0.05.

Probes Chr Pos Strand GencodeCompV12 LogFC Ave M-value t p-value Adjusted p-value

cg15361291 Chr2 242,003,523 − AC005237.4; SNED1 −0.28 −0.58 −7.48 1.45E-13 6.89E-08

cg09261703 Chr10 2,543,967 + RP11-526P5.2 −0.41 1.10 −7.42 2.16E-13 6.89E-08

cg16288125 Chr18 904,243 + ADCYAP1 −0.30 0.71 −7.40 2.51E-13 6.89E-08

cg21239079 Chr2 242,003,549 − SNED1; AC005237.4 −0.32 −0.86 −7.36 3.47E-13 7.14E-08

cg17750572 Chr10 2,544,120 + RP11-526P5.2 −0.29 1.29 −6.95 5.86E-12 9.63E-07

cg21228068 Chr16 50,827,518 + CYLD; RP11-327F22.4 −0.48 2.89 −6.93 7.02E-12 9.63E-07

cg09173768 Chr2 176,989,349 − HOXD9; HOXD-AS2 −0.19 −0.32 −6.83 1.35E-11 1.59E-06

cg03709428 Chr6 31,275,741 + 0.31 0.82 6.79 1.72E-11 1.68E-06

cg07934746 Chr19 15,774,266 + 0.21 −0.41 6.78 1.84E-11 1.68E-06

cg24082680 Chr1 63,249,199 + ATG4C 0.26 −0.25 6.55 8.44E-11 6.95E-06

Chr, chromosome; Pos, DNA, base position; Strand, DNA, strand; GencodeCompV12, GENCODE, Comprehensive database version 12 containing all transcripts at protein-coding loci; LogFC,

log2 of fold change of M-value across groups; Ave M-value, average M–value across all samples.
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Table 2; Supplementary Table S4), namely, AC005237.4
(cg15361291, chr2: 242,003,523, adjusted p = 6.89E-08;
cg21239079, chr2: 242,003,549, adjusted p = 7.14E-08), RP11-
526P5.2 (cg09261703, chr10: 2,543,967, adjusted p = 6.89E-08;
cg17750572, chr10: 2,544,120, adjusted p = 9.63E-07), RP11-
327F22.4 (cg21228068, chr16: 50,827,518, adjusted p = 9.63E-07),
and HOXD-AS2 (cg09173768, chr2: 176,989,349, adjusted p =
1.59E-06) were annotated by six of the top 10 DMPs. The most
significant site was cg15361291, located in chr2: 242,003,523, which
showed 21% lower methylation (variation = |1−2−logfc|×100%) in the
LMCI subjects than in the CN individuals (Table 2). The second

CpG site (cg09261703), located in Chr10: 2,543,967, had 33% lower
methylation (variation = |1−2−logfc|×100%) in the subjects with
LMCI than in the CN participants (Table 2).

3.4 DMR analysis

DMR analysis enabled identification of the regions in the
genome that showed concerted changes in methylation and were
deemed to have a large impact on modulating transcription. Overall,
the DMRcate algorithm identified 85 DMRs as significantly

FIGURE 2
Analysis of blood methylation in late-stage mild cognitive impairment (LMCI) versus normal cognitive aging individuals (CN). (A) Manhattan plot
compiling genome-wide methylation sites for the comparison of LMCI versus CN. Differentially methylated probes (DMPs) above short dashed line
showed genome-wide significance (adjusted p ≤ 1E−06). (B) Representative violin plots of select top 10 significant DMPs showing increased or decreased
methylation in LMCI cases compared to CN cases.
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associated with cognitive decline in the participants with LMCI
(Table 3; Supplementary Table S3). All of the DMRs in the genome
were located in autosomal chromosomes (Figure 3). Among them,
we identified 46 DMRs annotated to PCGs (Supplementary Table
S5), such as DMRs annotated to SNED1 [chr2: 242,002,695 to
242,003,549 (4 probes), Fisher-corrected p = 1.58E-12],
ZNF727 [chr7: 63,505,584 to 63,506,261 (9 probes), Fisher-
corrected p = 2.34E-10], COL5A2 [chr2: 190,043,537 to
190,044,983 (8 probes), Fisher-corrected p = 3.01E-10],
NTNG1 [chr1: 108,022,767 to 108,023,486 (7 probes), Fisher-
corrected p = 5.72E-10], and CREBZF [chr11: 85,393,571 to
85,394,069 (6 probes), Fisher-corrected p = 3.73E-09]. Recent
studies have underlined the potential involvement of these genes

in regulating immune cell function and inflammation, as well as
their potential implication in the pathogenesis of various
neurological disorders, such as AD and Parkinson disease (Naba
et al., 2014; Cassandri et al., 2017; Krushkal et al., 2020; Barqué et al.,
2021; Bu et al., 2021; Vallet et al., 2021; Arunachalam et al., 2022;
Raouf Issa et al., 2022). The methylation region associated with the
crucial gene TTC23, which plays a vital role in protein QC during
brain development (Roubroeks et al., 2020; Vasanthakumar et al.,
2020; Li et al., 2021; Lee et al., 2022), had the second highest density
of significant CpG probes (13 probes; Supplementary Table S3;
Supplementary Figure S4).

Moreover, DMRcate detected 12 DMRs annotated to NCGs
(Supplementary Table S5), such as DMRs annotated to

TABLE 3 List of differentially methylated regions (DMRs) ranked by Fisher’s multiple comparison statistics.

Chr Start End Width No.
DMPs

Min.
FDR

Stouffer HMFDR Fisher Mean.
diff

Overlapping
genes

Chr10 2,543,474 2,544,596 1,123 8 1.30E-46 1.13E-18 5.07E-07 4.33E-21 −0.0345 RP11-526P5.2

Chr2 242,002,695 242,003,549 855 4 6.73E-28 9.65E-10 1.40E-07 1.58E-12 −0.0288 SNED1; AC005237.4

Chr7 63,505,584 63,506,261 678 9 1.57E-30 4.87E-09 6.13E-05 2.34E-10 0.0252 ZNF727; RP11-3N2.13

Chr2 190,043,537 190,044,983 1,447 8 1.78E-28 6.38E-05 6.75E-04 3.01E-10 0.0145 COL5A2

Chr1 108,022,767 108,023,486 720 7 2.20E-26 1.86E-09 1.52E-03 5.72E-10 0.0262 NTNG1

Chr11 85,393,571 85,394,069 499 6 7.68E-24 3.49E-10 1.32E-03 3.73E-09 0.0308 CREBZF

Chr5 1,102,675 1,104,195 1,521 6 1.19E-18 5.78E-09 1.39E-03 5.84E-08 0.0126 SLC12A7

Chr1 63,249,197 63,249,765 569 9 1.06E-26 3.79E-02 6.02E-05 6.43E-08 0.0163

Chr16 53,543,684 53,544,321 638 5 2.44E-18 1.90E-08 6.85E-04 1.33E-07 0.0201

Chr15 99,789,622 99,791,336 1715 13 3.04E-22 3.90E-07 3.25E-03 2.59E-07 0.0183 TTC23

Chr, chromosome; Start, start base position of region; End, end base position of region; Width, width of region; No. DMPs, number of DMPs, within the region; Min. FDR, the minimum

adjusted p from the CpGs constituting the significant region; Stouffer, the adjusted p of Stouffer’s test; HMFDR, the adjusted p of Harmonic test; Fisher, the adjusted p of Fisher’s test; Mean. diff,

the mean methylation difference across groups in Fisher’s test.

FIGURE 3
Differentially Methylated Regions (DMRs) distribution along the chromosomes. The red vertical lines indicate upregulated DMRs, while the blue
vertical lines indicate downregulated DMRs. All identified DMRs are localized within autosomes; no DMRs were detected within sex chromosomes.
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AC005237.4 [chr2: 242,002,695 to 242,003,549 (4 probes), Fisher-
corrected p = 1.58E-12], RP11-3N2.13 [chr7: 63,505,584 to
63,506,261 (9 probes), Fisher-corrected p = 2.34E-10],
LINC00116 [chr2: 110,969,641 to 110,970,909 (8 probes),
Fisher-corrected p = 3.21E-07], CTC-281F24.1 [chr17:
6,557,720 to 6,559,109 (7 probes), Fisher-corrected p = 3.75E-

06], and MIR4520A [chr17: 6,557,720 to 6,559,109 (7 probes),
Fisher-corrected p = 3.75E-06]. The most significant DMR
identified in this study that was associated with conversion
status in the patients with LMCI was annotated to RP11-
526P5.2 [chr10: 2,543,474 to 2,544,596 (8 probes), Fisher-
corrected p = 4.33E-21; Table 3; Supplementary Table S3].
Six DMPs in this region, including the second significant CpG-
site cg09261703, were highly correlated and located in the
upstream CpG island of the RP11-526P5.2 gene
(Supplementary Figure S4).

3.5 Methylation profiles in HOX and ZNF
family genes

Some of the top hit DMPs and DMRs were closely associated
with HOX and ZNF family genes. We summarize the significant
methylation sites of HOX and ZNF family genes in Tables 4, 5;
Supplementary Table S6; Supplementary Figure S5. The results
showed that nine DMPs, such as cg09173768 (chr2: 176,989,349,
adjusted p = 1.59E-06) and cg15410411 (chr2: 54,392,884, adjusted
p = 3.59E-04), were enriched in the gene regions of HOXC4,
HOXC5, HOXC6, HOXC9, HOXC-AS1, HOXD3, HOXD8,
HOXD9, HOXD-AS1 and HOXD-AS2. However, no significant
DMRs were found in HOX family genes. In the case of ZNF family
genes, 31 methylation sites, such as cg13947469 (chr7: 63,505,871,
adjusted p = 1.53E-05) and cg14768256 (chr3: 44,754,587, adjusted
p = 1.09E-04), were shown to be significant in the LMCI patients.
Two DMRs overlapping with ZNF727 or ZNF502 were associated
with LMCI (adjusted p < 0.05).

3.6 DNA methylation in genes associated
with histone modification

To investigate the DNA methylation status of genes that encode
the enzymes of histone modification, we summarized the DMPs and
DMRs related to histone acetyltransferases (HATs), histone
deacetylases (HDACs), histone methyltransferases (HMTs),
histone demethylases (KDMs), protein kinases (PTKs), and
protein phosphatases (PPs) in Table 6; Supplementary Figure S6.
Unfortunately, we did not find any DMPs in HATs, HMTs, KDMs,
PTKs, and PPs. Only five DMPs in HDAC4, HDAC6, or HDAC8,
such as cg14865678 (chr2: 239,984,042, adjusted p = 1.71E-02) and
cg20784693 (chr2: 239,984,030, adjusted p = 1.94E-02), were
identified. There were no DMRs in the region overlapping
HMTs, HDACs, KDMs, PTKs, and PPs.

3.7 Enriched pathways related to
neurotransmission

Generalized gene set enrichment analysis with the
hypergeometric test in the R package missMethyl was performed
to gain biological insight from these epigenetic differences. GO
terms and KEGG pathways with adjusted p values less than
0.05 were selected to annotate the PCGs of differential CpG sites
(Supplementary Table S4). This selection yielded 503 GO terms
(Supplementary Table S7), including 357 terms of biological
processes (BP), 75 terms of cell components (CC), and 71 terms
of molecular functions (MF), and 20 KEGG pathways
(Supplementary Table S8). A total of 157 of the identified GO
terms reached enrichment significance at an adjusted p < 0.0001
(99 BP, 28 CC, and 30 MF; Supplementary Table S7). The results of
GO analysis showed that the DMPs annotated genes were involved
in nervous system development, neurogenesis, and cell (neuron)
projection pathways (adjusted p < 0.05, ratio values of DMPs
annotated genes in the pathways ranging between 0.67 and 1;

TABLE 4 List of differentially methylated probes (DMPs) related with HOX family genes.

Probes Chr Pos Strand GencodeCompV12 LogFC Ave
M-value

t p-value Adjusted
p-value

cg09173768 Chr2 176,989,349 − HOXD9; HOXD-AS2 −0.19 −0.32 −6.83 1.35E-11 1.59E-06

cg15410411 Chr12 54,392,884 + HOXC9; HOXC-AS1; HOXC5;
HOXC6

−0.19 −1.16 −5.56 3.30E-08 3.59E-04

cg21336435 Chr12 54,398,561 − HOXC5; HOXC6 −0.14 −0.96 −4.91 1.04E-06 2.90E-03

cg08254359 Chr12 54,398,518 − HOXC5; HOXC6 −0.15 −0.59 −4.62 4.32E-06 6.41E-03

cg05611263 Chr12 54,425,634 − HOXC4; HOXC5 −0.12 1.30 −4.28 2.00E-05 1.66E-02

cg06316886 Chr2 177,027,043 − HOXD3 −0.13 −1.82 −4.23 2.47E-05 1.86E-02

cg22934308 Chr2 177,038,617 − HOXD3; HOXD-AS1 0.14 −0.22 4.22 2.65E-05 1.94E-02

cg07783843 Chr2 176,997,311 + HOXD-AS2; HOXD8 0.10 −0.56 3.91 9.65E-05 4.04E-02

cg14324370 Chr2 177,042,789 − HOXD-AS1; AC009336.24 0.08 −4.23 3.88 1.09E-04 4.29E-02

Chr, chromosome; Pos, DNA, base position; Strand, DNA, strand; GencodeCompV12, GENCODE, Comprehensive database version 12 containing all transcripts at protein-coding loci; LogFC,

log2 of fold change of M-value across groups; Ave M-value, average M–value across all samples.
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Figure 4; Supplementary Tables S4, S7). Parallel testing in the KEGG
gene sets showed a marked enrichment in addiction disorders
and neurotransmission, such as morphine addiction, the calcium
signaling pathway, and GABAergic synapses (adjusted p < 0.05,
ratio values of DMPs annotated genes in the pathways
ranging between 0.73 and 0.92; Figure 4; Supplementary
Tables S4, S8).

3.8 Influence of DNA methylation on gene
expression

To investigate the influence of DNA methylation on the gene
expression, we examined the expression levels of 28 PCGs that
overlapped with DMPs or DMRs. In general, these target genes
exhibited low expression abundance, that is, their average expression
counts were lower than 50 (Table 7; Supplementary Table S9). As
shown in Table 7, a total of 11 genes were significantly differentially
expressed between the LMCI and CN individuals. Four of the DEGs
were HOX or ZNF family genes, namely, HOXC9 (adjusted p =
5.49E-03), HOXC5 (adjusted p = 1.15E-02), ZNF415 (adjusted p =
7.17E-05), and ZNF502 (adjusted p = 7.17E-05). In addition, we found
that the expression of HDAC8 (adjusted p = 8.75E-03) and HDAC4

(adjusted p = 1.03E-02) was significantly upregulated in the LMCI
patients. In contrast, SNED1 and ADCYAP1, which were annotated
by the top hit DMPs and DMRs, were downregulated in the
LMCI patients.

3.9 Validation with proteomic profiling

The serum proteomic profile analysis of the eight proteins
associated with DMPs further validated the EWAS results. The
results showed that six of these proteins, namely, HDAC4, HOXC5,
HOXC6, HOXC9, ZNF415, and ZNF502, were significantly
differentially expressed between LMCI and CN (adjusted p <
0.05; Figure 5; Supplementary Table S10). Consistent with the
results of the gene expression profile analysis, the expression of
proteins HDAC4 (adjusted p = 2.70E-02), HOXC5 (adjusted p =
1.30E-03), and HOXC9 (adjusted p = 1.46E-02) was significantly
upregulated in the LMCI patients (Figure 5; Supplementary Table
S10). However, the proteomic results of proteins ZNF415 and
ZNF502 were opposite those of the results of the gene expression
profile analysis. Both of ZNF415 and ZNF502 were also significantly
upregulated in the LMCI patients (adjusted p < 0.05; Table 7;
Figure 5; Supplementary Tables S9, S10).

TABLE 5 List of top 10 differentially methylated probes (DMPs) related with ZNF family genes.

Probes Chr Pos Strand GencodeCompV12 LogFC Ave M-value t p-value Adjusted p-value

cg13947469 Chr7 63,505,871 − ZNF727; RP11-3N2.13 0.27 −1.43 6.36 2.78E-10 1.53E-05

cg14768256 Chr3 44,754,587 + ZNF502 0.25 1.06 5.90 4.82E-09 1.09E-04

cg06088684 Chr2 180,610,608 − ZNF385B −0.13 2.79 −5.41 7.44E-08 5.83E-04

cg18831899 Chr17 5,019,056 − ZNF232; USP6 0.16 2.03 5.33 1.17E-07 7.57E-04

cg09560297 Chr19 37,406,349 − ZNF568; ZNF829 0.14 0.94 5.11 3.65E-07 1.52E-03

cg05769153 Chr19 53,636,398 + ZNF415 0.20 1.75 5.04 5.36E-07 1.89E-03

cg05223766 Chr19 53,590,304 + ZNF160 0.15 −2.07 4.86 1.33E-06 3.36E-03

cg01511534 Chr16 3,284,640 − ZNF200 0.14 −1.72 4.80 1.81E-06 4.02E-03

cg16428517 Chr16 3,317,428 + ZNF263 0.12 2.51 4.71 2.75E-06 4.91E-03

cg05241461 Chr19 22,816,980 − ZNF492 0.15 −3.48 4.71 2.82E-06 4.99E-03

Chr, chromosome; Pos, DNA, base position; Strand, DNA, strand; GencodeCompV12, GENCODE, Comprehensive database version 12 containing all transcripts at protein-coding loci; LogFC,

log2 of fold change of M-value across groups; Ave M-value, average M–value across all samples.

TABLE 6 List of differentially methylated probes (DMPs) related with HDAC family genes.

Probes Chr Pos Strand GencodeCompV12 LogFC Ave M-value t p-value Adjusted p-value

cg14865678 Chr2 239,984,042 + HDAC4 0.13 0.83 4.27 2.10E-05 1.71E-02

cg20784693 Chr2 239,984,030 + HDAC4 0.15 0.55 4.22 2.67E-05 1.94E-02

cg04067339 ChrX 71,760,492 − HDAC8 0.09 −1.28 3.94 8.76E-05 3.85E-02

cg24616736 ChrX 48.659,713 − HDAC6 0.10 −1.84 3.92 9.24E-05 3.95E-02

cg09155776 Chr2 239,984,105 − HDAC4 0.11 −0.22 3.90 1.03E-04 4.18E-04

Chr, chromosome; Pos, DNA, base position; Strand, DNA, strand; GencodeCompV12, GENCODE, Comprehensive database version 12 containing all transcripts at protein-coding loci; LogFC,

log2 of fold change of M-value across groups; Ave M-value, average M–value across all samples.
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FIGURE 4
Pathway enrichment analysis of DMPs annotated genes. (A) Top gene ontology (GO) enrichment terms with adjusted p < 0.05 (tomato color bars:
BP; grey color bars: CC; orange color bars: MF). (B) Top KEGG pathways (blue color bars: pathways with ratio of genes annotated by DMPs ≤ 0.8; red color
bars: pathways with ratio of genes annotated by DMPs >0.8).

TABLE 7 Gene expression validation of candidate DMPs or DMRs related protein-coding genes (11 significant genes).

Genes LogFC AveExpr t p-value Adjusted p-value

NTNG1 −1.34 2.31 −9.80 2.45E-20 6.87E-19

COL5A2 1.41 2.48 9.04 8.75E-18 1.23E-16

ADCYAP1 −1.06 2.72 −7.09 6.71E-12 6.26E-11

ZNF415 −0.75 2.63 −4.47 1.02E-05 7.17E-05

CYLD −1.48 7.55 −3.63 3.23E-04 1.81E-03

HOXC9 0.71 3.58 3.27 1.18E-03 5.49E-03

HDAC8 0.71 4.43 3.08 2.19E-03 8.75E-03

HDAC4 0.79 4.19 2.99 2.94E-03 1.03E-02

HOXC5 0.64 4.15 2.92 3.70E-03 1.15E-02

SNED1 −0.57 3.98 −2.45 1.47E-02 4.12E-02

ZNF502 −0.72 5.25 −2.38 1.80E-02 4.57E-02

LogFC, log2 of fold change of expression counts across groups; AveExpr, the average value of log2 expression count.
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3.10 Association of DNA methylation level
with progression to AD

We screened the samples (756 with EMCI and 1,120 with LMCI)
in the ADNI cohort to calculate the proportion of MCI progression
to AD. As shown in Figure 6A; Supplementary Table S11, we found
that the probability of LMCI progressing to AD was about three
times higher than that of EMCI (49% vs. 17%). The average
progression speed of the LMCI patients was much faster than
that of the EMCI patients (26 months vs. 46 months; Figure 6B;
Supplementary Table S11). Out of the 554 LMCI patients included
in this study, 358 subjects (65%) had progressed to AD. The OR
values from the logistic regression model indicated that HDAC6-
associated DMP cg24616736 [OR = 1.67, 95% CI (1.08–2.62), p =
2.33E-02], ZNF502-associated DMP cg14768256 [OR = 1.53, 95% CI
(1.16–2.02), p = 2.57E-03], HOXC5- and HOXC6-associated DMP
cg08254359 [OR = 1.41, 95% CI (1.01–1.97), p = 4.30E-02], and
HOXD8-associated DMP cg07783843 [OR = 1.75, 95% CI
(1.15–2.71), p = 1.04E-02] were associated with increased
susceptibility to AD in LMCI subjects (Figures 6C, D;
Supplementary Table S12). SNED1-associated DMPs
cg15361291 [OR = 0.48, 95% CI (0.36–0.65), p = 2.49E-06] and
cg21239079 [OR = 0.55, 95% CI (0.43–0.71), p = 5.53E-06] and
ZNF727-associated DMP cg13947469 [OR = 0.74, 95% CI

(0.58–0.94), p = 1.33E-02] showed protective associations with the
risk of progression to AD from LMCI (Figures 6C, D;
Supplementary Table S12). DMP cg21336435 highly correlated
with cg08254359 (Supplementary Figure S5), and both of them
were associated with the expression of HOXC5 and HOXC6
(Figures 6C, D; Supplementary Table S12). However, the OR of
cg21336435 was not significant [OR = 1.49, 95% CI (1.00–2.23), p =
5.22E-02; Figures 6C, D; Supplementary Table S12].

Two methylation sites, namely, cg24616736 (r = −0.26, p =
9.73E-07) and cg13947469 (r = 0.17, p = 1.59E-03) were significantly
associated with progression time from LMCI to AD (Supplementary
Table S13). The distribution curve of methylation signal intensity
over time clearly showed that subjects with a weaker methylated
signal of cg24616736 had slower progression speed (Figure 6E).
Progression speed of subjects with a high unmethylated signal of
cg24616736 was mainly between 96 and 120 months (Figure 6E). A
similar trend was noticed in the distribution of cg21336435
(Figure 6E). Although there was no significant correlation
between progression time and signal intensity of protective
DMPs cg21239079 and cg15361291 (p > 0.05), we found that
subjects with a high methylated signal needed more time for
progression from LMCI to AD (Figure 6E). The progression
speed in subjects with a high methylated signal of cg21239079 or
cg15361291 mainly ranged between 84 and 120 months (Figure 6E).

FIGURE 5
Proteomic profile of candidate DMPs or DMRs related proteins (8 candidate proteins).
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Among the DMPs increasing susceptibility to AD, HDAC6-
associated DMP cg24616736 was significantly correlated with
cognitive scores at baseline diagnosis (Figure 7; Supplementary
Table S14), namely, MMSE_bl (r = −0.15, p = 5.36E-03), CDRSB_
bl (r = 0.12, p = 2.20E-02), mPACCdigit_bl (r = −0.22, p = 1.77E-05),
and mPACCtrailsB_bl (r = −0.17, p = 1.23E-03), and was also
significantly correlated with the speed of cognitive score decline
(Figure 8; Supplementary Table S14), namely, MMSE_speed (r =
0.19, p = 3.95E-04), CDRSB_speed (r = 0.13, p = 1.49E-02),
mPACCdigit_speed (r = 0.20, p = 1.40E-04), and mPACCtrailsB_
speed (r = 0.20, p = 1.20E-04). As shown in Figures 7, 8, ZNF502-
associated DMP cg14768256 was significantly correlated with
MMSE_speed (r = −0.11, p = 3.79E-02), CDRSB_bl (r = −0.10,
p = 4.75E-02), mPACCdigit_speed (r = −0.13, p = 1.45E-02), and
mPACCtrailsB_speed (r = −0.13, p = 1.24E-02). HOXC5- and

HOXC6-associated DMP cg08254359 was significantly correlated
with the cognitive decline speed (Figure 8; Supplementary Table
S14), namely, mPACCdigit_speed (r = −0.12, p = 2.76E-02) and
mPACCtrailsB_speed (r = −0.12, p = 2.92E-02). DMP cg21336435,
which was highly correlated with cg08254359, was the only DMP
that was significantly correlated with CDRSB_bl (r = 0.16, p = 3.20E-03;
Figure 7; Supplementary Table S14). There was no significant
correlation between HOXD8-associated DMP cg07783843 and the
cognitive scores at baseline diagnosis or the speed of cognitive score
decline (p > 0.05; Figures 7, 8; Supplementary Table S14). Moreover,
we found that the LMCI patients with a higher intensity of
cg21239079, which was associated with SNED1, had better
cognitive ability as measured by the MMSE_bl (r = 0.12, p =
2.29E-02) and mPACCtrailsB_bl (r = 0.11, p = 4.37E-02) scores, but
also had a higher CDRSB_bl score (r = 0.17, p = 1.37E-03), which

FIGURE 6
Association analysis of AD progression from LMCI. (A) Comparison of progression probability between EMCI and LMCI. (B) Comparison of
progression time between EMCI and LMCI. (C) Odds ratio values from logistic regression with comparison between sLMCI and pLMCI. (D) Box plot of
methylation signal intensity across groups. (E) Distribution curve of methylation signal intensity over time.
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FIGURE 7
Correlation of methylation signal intensities of DMPs with the cognitive scores at baseline diagnosis. MMSE, mini-mental state examination; CDRSB,
clinical dementia rating scale sum of boxes; mPACCdigit, modified preclinical Alzheimer cognitive composite that used digit symbol substitution test;
mPACCtrailsB, modified preclinical Alzheimer cognitive composite that used trail-making test part B. Higher scores of MMSE, mPACCdigit, and
mPACCtrailsB, represent better cognitive function. However, higher score of CDRSB represent more severe cognitive impairment. Correlation
coefficients with p-value lower than 0.05 were considered to be significant.

Frontiers in Cell and Developmental Biology frontiersin.org13

Zhang and Shen 10.3389/fcell.2024.1276288

109110

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1276288


FIGURE 8
Correlation of methylation signal intensities of DMPs with the speed of cognitive decline. The speed scores were calculated as |Score (first diagnosis as

AD)–Score (baseline diagnosis as LMCI) |/progression time (months). MMSE_speed: the speed of cognitive decline based on MMSE; CDRSB_speed: the speed of
cognitive decline based on CDRSB; mPACCdigit_speed: the speed of cognitive decline based on mPACCdigit; mPACCtrailsB_speed: the speed of
cognitive decline based onmPACCtrailsB. Higher scores of MMSE_speed, CDRSB_speed, mPACCdigit_speed, andmPACCtrailsB_speed, represent
higher speed of cognitive decline. Correlation coefficients with p-value lower than 0.05 were considered to be significant.
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represents declined cognitive function (Figure 7; Supplementary Table
S14). Similarly, cg15361291, another protective DMP associated with
SNED1, was positively correlated with both MMSE_bl (r = 0.10, p =
4.99E-02; Figure 7; Supplementary Table S14) and CDRSB_bl (r = 0.15,
p = 5.68E-03; Figure 7; Supplementary Table S14). ZNF727-associated
DMP cg13947469 was negatively correlated with CDRSB_bl
(r = −0.11, p = 3.93E-02; Figure 7; Supplementary Table S14), but
positively correlated with mPACCtrailsB_bl (r = 0.13, p = 1.17E-02;
Figure 7; Supplementary Table S14).

4 Discussion

Both patients with EMCI and LMCI generally exhibit preserved
daily activities but present slight cognitive deficits (Grundman et al.,
2004; Petersen, 2004; Zhang et al., 2019). Patients with LMCI show
more severe impairment in episodic memory than those with EMCI,
which has led to the belief that LMCI typically arises during a
progression from EMCI (Aisen et al., 2010; Zhang et al., 2019).
Previous studies that pooled patients with EMCI and LMCI into a
single MCI group have hindered research into the pathogenic
mechanisms of LMCI and the elucidation of factors that
contribute to LMCI progression to AD (Jessen et al., 2014; Zhang
et al., 2019; Vasanthakumar et al., 2020; Chen et al., 2022).

In this study, a total of 2,333 DMPs and 85 DMRs were found in
the LMCI patients. The high-risk genes identified in previous EWAS
that combined EMCI and LMCI groups into a single MCI group for
comparison with CN (Lo et al., 2011; Dumurgier et al., 2017;
Chouliaras et al., 2018; Roubroeks et al., 2020; Vasanthakumar
et al., 2020), such as FLRT2, were not confirmed to be associated
with LMCI in the present study. It is possible that LMCI patients
have a higher likelihood of progression to AD than those with EMCI
(Jessen et al., 2014); thus, the comparative analysis of LMCI and CN
showedmore similar results with the studies of AD progression from
CN or MCI. Previous EWAS and molecular genetic studies have
shown that the DMPs or DMRs associated with HOX and ZNF
family genes are closely associated with the onset of AD or
progression from MCI to AD (Cassandri et al., 2017; Smith et al.,
2018; Roubroeks et al., 2020; Bu et al., 2021; Li et al., 2021;
Arunachalam et al., 2022). In this study, gene expression and
proteomic profile analysis confirmed that the DNA methylations
in LMCI could disrupt the expression of HDAC, HOX, and ZNF
family genes. These methylations were closely associated with the
cognitive impairment in LMCI patients as measured by the scores of
MMSE, CDRSB, mPACCdigit, and mPACCtrailsB.

In the case of HOX family genes, aberrantly expressed HOXB
and HOXA genes have been validated as high-risk genes for AD
(Smith et al., 2018; Roubroeks et al., 2020; Li et al., 2021;
Arunachalam et al., 2022). However, few studies have directly
linked HOXC genes to AD or the direct formation of MCI. Only
one study has shown that HOX Antisense Intergenic RNA
(HOTAIR), transcribed from the antisense strand of the HOXC
locus, may be associated with central nervous system inflammation
and potentially induce AD (Lu et al., 2022). In this study, we revealed
that upregulated expression of HOXC5, HOXC6, and HOXC9 may
be associated with the onset of LMCI. Results from EWAS and
proteomic profiling showed that increased unmethylated signals of
positions such as cg08254359 and cg21336435 could cause high

expression levels of HOX family proteins in LMCI patients. These
alterations in specific sites of HOX family genes may be related to the
cognitive decline in LMCI, and further influence the progression
speed from LMCI to AD. While the precise molecular biology links
between HOXC genes and LMCI remain unclear, it is apparent that
HOX family genes play a crucial role in the occurrence of LMCI.

Peripheral blood EWAS is helpful for identifying the changes in
common methylation status across tissues, such as brain and
peripheral lymphocytes. This is the reason why the GO and
KEGG analyses revealed that the DMPs-associated genes were
significantly enriched in the pathways of addiction disorders,
neurotransmission, and neurogenesis. The results from peripheral
blood EWAS may provide new insights into the link between
immune dysfunction and neurodegeneration. Based on DNA
methylation signals, we could estimate the composition of
lymphocyte subpopulations. We found that the patients with
LMCI had lower abundance of B cells and CD8+ T cells and
higher abundance of neutrophils (Neu) compared with the CN
individuals. These findings suggest that LMCI patients exhibit signs
of abnormal immune function. Most of the genes associated with
DMPs were closely associated with the maintenance of both neural
and immune systems. For example, SNED1, which is associated with
the top hit DMPs, has been demonstrated to function as a promoter
of breast cancer metastasis and amyotrophic lateral sclerosis, and its
abnormal expression significantly affects the survival outcome of
these patients (Naba et al., 2014; Tarr et al., 2019; Krushkal et al.,
2020; Barqué et al., 2021; Vallet et al., 2021). Similarly, the HOX and
ZNF family genes have been proven to influence immune function
and contribute to the development of neurological system disorders,
such as glioblastoma and Parkinson’s disease (Cassandri et al., 2017;
Bu et al., 2021; Arunachalam et al., 2022; Raouf Issa et al., 2022).

Investigation in the large population of the ADNI cohort showed
that the probability of progressing to AD was about three times
higher from LMCI than from EMCI (49% vs. 17%), which is
consistent with the findings reported by other research groups
(Jessen et al., 2014; Zhang et al., 2019; Vasanthakumar et al.,
2020; Chen et al., 2022). Furthermore, we found that the average
progression speed of the LMCI patients was much faster than that of
the EMCI patients (26 months vs. 46 months). These results
demonstrate the importance of independently exploring the
pathogenesis of each stage of MCI. Progression analysis indicated
that DMPs associated with HDAC6, ZNF502, HOXC5, HOXC6,
and HOXD8 were associated with increased susceptibility to AD in
LMCI subjects. In contrast, DMPs associated with SNED1 and
ZNF727 showed protective associations with the risk of
progression from LMCI to AD. In particular, DMP cg24616736,
which was associated with HDAC6, showed the strongest
correlation with progression time and the speed of cognitive
decline in the LMCI patients. We found that both the
methylation status and protein expression level of HDAC6 were
different between LMCI and CN. This finding suggests that
HDAC6 may be a crucial histone deacetylase in the whole
process from CN to MCI and further progression to AD.
Previous evidence has indicated the important role of HDAC6 in
tau-mediated neurodegeneration, and HDAC6 may be involved in
various neurodegenerative diseases such as AD, Parkinson disease,
amyotrophic lateral sclerosis, and Huntington disease (Zhang et al.,
2013; Trzeciakiewicz et al., 2020; Li et al., 2022). However, the
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epigenetic regulation mechanism behind the expression of
HDAC6 is not yet clear. Both LMCI and AD exhibit symptoms
of cognitive decline; therefore, targeted inhibition or degradation of
HDAC6 as a therapeutic approach for AD could potentially have
preventive effects on the occurrence of LMCI.

This study also demonstrated the presence of an association
between ZNF family genes and cognitive impairment in LMCI
patients. Most of them, including ZNF502, ZNF727, ZNF415,
ZNF385B, ZNF232, ZNF200, and ZC3H14, have been validated
as critical genes implicated in the pathogenesis of AD (Cassandri
et al., 2017; Roubroeks et al., 2020; Vasanthakumar et al., 2020; Bu
et al., 2021; Li et al., 2021). However, their roles in the molecular
process of cognitive decline are not yet clear. We found that
methylations of ZNF727 and ZNF502 have opposite effects on
the progression of LMCI to AD. Consistent with this, previous
studies have shown that the function of ZNFs could be distinct in
altering cerebrospinal fluid (CSF) tau/ptau levels, promoting or
inhibiting neuroinflammation in different regions, protecting or
exposing neurons to oxidative stress–induced apoptosis, and
interfering with the differentiation potential of neural stem cells
(Cassandri et al., 2017; Calderari et al., 2018; Lopez et al., 2019; Baker
et al., 2020; Bu et al., 2021). ZNFs act as transcription factors that
modulate the expression of crucial genes involved in cellular
biochemical processes by specifically binding to DNA or RNA
(Farmiloe et al., 2020). Further studies of gene expression
regulation related to these candidate ZNFs may be helpful to
explore the onset and progression of cognitive impairment.

To the best of our knowledge, this is the first comprehensive
genome-wide DNAmethylation association analysis for LMCI. This
analysis serves to elucidate the mechanisms of LMCI development,
and aid in the prevention of LMCI progression to AD. However, due
to the absence of relevant cellular biological experiments, the
functionality of the noncoding gene RP11-526P5.2, which is
associated with the top DMPs, could not be validated. It is
important to mention another limitation of this study, namely,
we only collected the methylation data from the ADNI cohort;
thus, the results may be affected by the limitations imposed by the
experimental design of the ADNI study. Therefore, it is imperative
to expand the sample size and validate the experimental findings
using datasets from other research centers to ensure the reliability of
the results.
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Atiyeh M. Abdallah1*
1Department of Biomedical Sciences, College of Health Sciences, QU Health, Qatar University, Doha,
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Introduction: Many factors contribute to the risk of cardiovascular disease
(CVD), an umbrella term for several different heart diseases, including
inflammation. Macrophage migration inhibitory factor (MIF) is an important
immune modulator that has been shown to be involved in the pathogenesis of
different heart diseases, so understanding pathogenic variants of the MIF gene
is important for risk stratification. We therefore conducted a meta-analysis to
investigate whether the MIF -173G/C (rs755622) polymorphism is associated
with CVD.
Methods: The PubMed, Science Direct, and Embase databases were searched
from inception to June 2023 for case-control studies of the MIF -173G/C
polymorphism and its relationship to any type of CVD. Correlations between
the MIF -173G/C polymorphism and CVD were estimated by pooling the odds
ratios (ORs) with 95% confidence intervals in allelic, dominant, and recessive
models using random-effects meta-analysis.
Results: A total of 9,047 participants (4141 CVD cases and 4906 healthy
controls) from 11 relevant studies were included. In the total population,
there was no significant association between the MIF -173G/C (rs755622)
polymorphism and the risk of developing CVD in the three different
models. In a stratified analysis by ethnicity, the allelic model (C vs G) was
significantly associated with CVD in the Arab and Asian populations (OR =
0.56, CI 0.42 -0.75 and OR = 1.28, CI 1.12 -1.46, respectively); the dominant
model (CC+CG vs GG) was significantly associated with CVD in the Arab
population (OR = 0.42, CI 0.30 -0.61); while the recessive model (GG+GC vs
CC) was associated with CVD susceptibility in the Arab population (OR= 3.84, CI
1.57 -9.41). There were no significant associations between the MIF -173 G/C
polymorphism and CVD risk in the European population. Conclusion, the MIF
-173G/C polymorphism is associated with CVD in some populations.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/,
PROSPERO (CRD42023441139).
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1 Introduction

Macrophage migration inhibitory factor (MIF) is an immune

cytokine with pro-inflammatory, enzymatic, and hormonal

functions implicated the pathogenesis of inflammatory and

neoplastic diseases. MIF has various functions including in

leukocyte recruitment, regulation of immune responses,

inflammation, counter-regulation of glucocorticoid activity, and

cellular proliferation (1). It is expressed in several immune cell

types including T cells, neutrophils, monocytes/macrophages, and

eosinophils and also in pituitary cells, epithelial cells, smooth

muscle cells, and cardiomyocytes (2, 3), suggesting that it can have

diverse roles in various pathophysiological processes (4, 5). MIF is

known to play a critical role in both innate and acquired immune

responses and it upregulates the expression of pro-inflammatory

cytokines (6, 7). In addition, MIF is implicated in cardiovascular

diseases (CVD), acting as a reliable biomarker of disease severity

and being readily detectable in the blood and at sites of

inflammation (8). MIF may therefore have significant impact on

the prognosis of CVD patients through its ability to modulate the

disease phenotype.

CVD is a common and leading cause of mortality and morbidity

worldwide (9, 10). Recognizing CVD as a serious concern for global

health, the WHO launched the 25 × 25 Action Plan in 2013 to

reduce premature mortality due to non-communicable diseases by

25% by 2025 (11). The 2015 Global Burden of Diseases study

estimated that there are 422.7 million CVD cases and 17.59

million CVD deaths worldwide (10). Furthermore, its prevalence is

increasing, mostly due to population growth and aging

populations, with especially high prevalences in South and East

Asia due to their large and rapidly growing populations.

Conversely, CVD mortality rates decreased by ∼15% between 1990

and 2015 in some high-income and some middle-income
FIGURE 1

Cardiovascular disease (CVD) is an umbrella term for different heart disease
pericardial effusion), myocardial layer [e.g., myocarditis, cardiomyopathy, co
coronary artery abnormalities (CAA), acute coronary syndrome (ACS)], the e
rheumatic heart disease (RHD)], abnormalities of the cardiac conductive s
such as hypertension and aneurysm.
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countries (11), while mortality rates have plateaued in high-

income regions such as Western Europe, North America, and

Australia. Overall, middle-to-low-income countries appear to be

disproportionately burdened by CVD mortality. Additionally,

CVD occurs approximately 7–10 years later in females than in

males, although it remains a major cause of death in females over

65 years. For instance, recent data from the National Health and

Nutrition Examination revealed that the prevalence of MI has

increased in females aged between 35 and 45 years over the past

two decades while decreasing in similarly aged males (12). Deaths

due to CVD are most amenable to rapid intervention, and

preventing deaths from CVD requires reliable data on CVD risk

factors to inform effective treatment and prevention. Individual

predisposition to CVD is determined by both environmental and

genetic risk factors, the most prevalent environmental factors

being hypertension, hypercholesteremia, diabetes, obesity, smoking,

stress, gender, ethnic origin, and a sedentary lifestyle (13–15).

CVD is an umbrella term for different heart diseases including

coronary artery disease (CAD), myocardial infarction (MI), heart

failure (HF), coronary artery abnormalities (CAA), acute coronary

syndrome (ACS), and rheumatic heart disease (RHD) (Figure 1).

CHD is defined as the narrowing of the coronary arteries leading to a

reduced luminal diameter and hence a decrease in blood flow, and it

is the most common cause of MI (16). Hypertension and

hypercholesteremia accelerate atherosclerotic plaque development

and formation due to endothelial injury, which increases endothelial

permeability and allows plasma components to infiltrate (17). Plaque

hemorrhage ultimately activates thrombus formation initiated by

platelet aggregation. Furthermore, cholesterol and triglycerides

contribute to plaque formation, both positively and negatively (18).

Prolonged and silent atherosclerosis and plaque formation involve

chronic inflammatory reactions that influence immune cell, platelet,

and complement recruitment to the site of injury (18). Recent
s that include abnormalities of the pericardial layer (e.g., pericarditis and
ronary artery disease (CAD), myocardial infarction (MI), heart failure (HF),
ndocardial layer [e.g., valvular heart diseases including endocarditis and
ystem including all cardiac arrythmias, and lastly arterial abnormalities
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compelling evidence highlights a central role for macrophage

proliferation within atherosclerotic lesions in driving disease

progression. These macrophages, initially immune cells, undergo

multiplication, contributing significantly to the pool of foam cells

within arterial walls (19). As part of this process, myocardium-

produced MIF is highly associated with the development of various

CVDs (20), and there is increasing evidence that MIF plays a major

role in atheroma formation and CVD progression.

MIF is a short gene (<0.7 kb) at 22q11.2 composed of three short

exons of 107, 172, and 66 base pairs (21). TheMIF promoter harbors

two polymorphisms that have a regulatory effect on gene

transcription (22): the -974 CATT tetranucleotide repeat, which

exists in 5–8 repeats (rs5844572), and the -173 G-to-C

polymorphism (rs755622). The CATT5 repeat is associated with

low MIF expression compared with the CATT6, CATT7, and

CATT8 repeat alleles. By contrast, -173C allele is associated with

high MIF gene expression (23). Both polymorphisms have been

reported to be associated with different autoimmune and

inflammatory diseases. A meta-analysis of 23 articles from

different populations representing 5,559 cases and 7,335 controls

reported an association between the -173G/C polymorphism and

susceptibility to a wide range of different autoimmune diseases

(24). Karakaya et al. reported an association between the

MIF -173C allele and erythema nodosum in Löfgren syndrome

patients but not sarcoidosis, indicating a role for MIF after the

sarcoid inflammatory response has begun (25). Interestingly, MIF

demonstrated a specific role in the recruitment and accumulation

of inflammatory macrophages in an animal model of

polymicrobial sepsis (26). Moreover, MIF was found to play an

important role as a stress molecule counteracting the
FIGURE 2

Flow chart of the literature review.
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immunosuppressive effect of glucocorticoids in renal inflammation

(27), and MIF deficiency suppressed apoptosis and protected the

liver from ischemia-reperfusion injury (28). Conversely, MIF has

been shown to play a protective role in Parkinson’s disease (29).

Therefore, there is evidence that MIF is associated with CVD,

with an association between the MIF -173C/G polymorphism and

CVD reported in some but not all populations. To clarify this

association, here we conducted a meta-analysis based on a

systematic literature review to confirm whether MIF -173G/C

(rs755622) is associated with the risk of developing CVD.
2 Materials and methods

2.1 Study design and objectives

This review followed Preferred Reporting Items for Systematic

Review and Meta-Analysis (PRISMA) guidelines (Figure 2) (30)

and was registered in the International Prospective Register of

Systematic Reviews (PROSPERO; CRD42023441139) database.

A PICO strategy was used to guide the study design: population,

patients with CVD; intervention, association between the MIF

-173G/C variant and CVD; and primary outcome, the association

between MIF -173G/C and CVD.
2.2 Search strategy

The PubMed, Science Direct, and Embase databases were

searched from inception of these databases to June 2023 using the
frontiersin.org
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following terms: macrophage migration inhibitory factor or MIF

[TEXT WORD] and cardiovascular disease or coronary artery

disease [TEXT WORD] or cardiomyopathy [TEXT WORD] or

cardiac surgery [TEXT WORD] or HF [TEXT WORD] or

rheumatic heart disease [TEXT WORD] or kawasaki disease

[TEXT WORD], MI [TEXT WORD] or intracoronary thrombosis

[TEXT WORD] or acute coronary syndrome [TEXT WORD] or

sudden cardiac death [TEXT WORD]. In addition, the reference

lists of compatible articles and conferences were reviewed. Two

authors individually screened each article by title and abstract and

then evaluated the full text to fully assess eligibility for inclusion.
2.3 Inclusion and exclusion criteria

The inclusion criteria were: (1) all conditions affecting the heart

or blood vessels were included as CVD; (2) evaluated MIF -173 G/C

polymorphisms and cardiovascular risk; (3) case-control or nested

case-control design; (4) included the genotypes for the MIF

-173G/C gene polymorphism in CVD cases and controls; and (5)

the study reported that the distribution of genotypes among

controls was in Hardy-Weinberg equilibrium (HWE). Exclusion

criteria were: (1) failed to provide detailed data in the abstract and

review; (2) the study was a duplicate; (3) failed to report the

genotype frequency; and (4) the controls failed to meet HWE.
2.4 Data extraction and models

The author’s details, date of publication, region of study,

population ethnicity, number of genotypes analyzed, and the total

number of cases and controls were recorded from each article.

Two authors individually extracted the required data for each

study article, and any disagreement was resolved by consensus or

by consultation with a senior author.

Three different genetic models were used to assess the association

between the genetic variant and the outcome: the dominant model

(Model 1) was defined as the presence of the common allele (CC +

CG vs. GG); the recessive genetic model (Model 2) was the

presence of rare allele (GG +GC vs. CC); and the allelic model
TABLE 1 Characteristics of studies included in the meta-analysis.

No Reference Country Ethnicity CVD

1 Idouz et al. 2019 (32) Morocco Arab Dilated cardiom

2 El-Mahdy et al. 2021 (33) Egypt Arab Heart failure

3 Abdallah et al. 2016 (34) Saudi Arabia Arab Rheumatic heart

4 Simonini et al. 2008 (35) Italy European Kawasaki diseas

5 Tereshchenko et al. 2009 (36) Czech European Myocardial infar

Tereshchenko et al. 2009 (36) Russian European Myocardial infar

6 Luo et al. 2016 (37) Chinese Kazakh Asian Coronary artery

7 Ji et al. 2015 (38) Chinese Han Asian Coronary heart

8 Luo et al. 2021 (39) Chinese Han Asian Coronary artery

9 Du et al. 2020 (40) Chinese Asian Acute coronary

10 Zhang et al. 2022 (41) Chinese Asian Acute coronary

11 Qian & Ripeng 2018 (31) Chinese Asian Coronary heart

Total

Frontiers in Cardiovascular Medicine 04
117118
assessed the association between the alleles (C vs. G) and the

outcome, regardless of whether it was dominant or recessive.
2.5 Quality assessment

Quality was assessed using the Newcastle-Ottawa quality

assessment scale (NOS) for case-control studies. Data quality was

judged based on comparability, selection, and outcome of interest

for case-control study articles and was noted using a “star

system”. To compare study quality, star counts were totaled

(Table 1). Data validity was assessed by senior authors based on

the provided criteria.
2.6 Statistical analysis

All statistical analyses were performed in STATA v17

(StataCorp, College Station, TX, United States). Heterogeneity

between studies was assessed with the I2 statistic. The pooled

odds ratio (OR) with 95% CI in the forest plot was analyzed

using a random-effects model [restricted maximum likelihood

(REML) method] with the subgroup option in Stata. Begg’s

funnel plot was used to qualitatively assess the risk of publication

bias. All analyses were performed using Stata 18. A p-value <0.05

(two-sided) was considered statistically significant in all analyses.
3 Results

3.1 Study characteristics

Figure 1 summarizes the search process. Forty articles were

found in the initial search, 29 of which were excluded after

applying exclusion criteria. Eleven articles met the inclusion

criteria and were used in the meta-analysis, representing 4,906

controls and 4,141 cases.

The characteristics of the included articles are summarized in

Table 1. Of the included studies, three were performed in Arab

populations, six in Asian populations, and two in European
type Case
number

Control
number

Genotyping Newcastle-
Ottawa score

yopathy (DCM) 53 50 TaqMan 6/7

90 60 PCR-RFLP 6/7

disease 124 202 TaqMan 6/7

e 69 60 PCR-RFLP 6/7

ction 219 137 TaqMan 5/7

ction 240 174 PCR-SSP

disease 320 603 TaqMan 4/7

disease 70 186 PCR 3/7

disease 1,176 1,120 TaqMan 5/7

syndrome 699 1,153 TaqMan 5/7

syndrome 963 932 50-Plex SNPscan 6/7

disease 118 229 PCR-RFLP 3/7

4,141 4,906
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populations (31–41). All included studies were cross-sectional case-

control studies that included the necessary data to calculate the

possible association between the MIF -173G/C polymorphism

and CVD. One study was published in Chinese, while the

remaining studies were published in English.

The individual studies’ quality was appraised utilizing the

Newcastle-Ottawa Scale (NOS) scoring system. According to the

NOS results, 73% of the included studies achieved a score of 5 or

higher out of 7 on the NOS scale, indicating an overall good

level of quality (Table 1).
3.2 Quantitative data synthesis

The distribution of the MIF -173 genotype in CVD is shown in

Table 2, and the meta-analysis results are shown in Table 3. There

was no significant impact of the MIF -173G/C polymorphism and

the risk of CVD in the three models assessed: Model 1 (dominant):
TABLE 2 Genotypes and allele frequencies of MIF -173G/C genes in CVD pat

Study Case

GG GC CC G C
Idouz et al. 2019 (32) 29 18 6 76 30

El-Mahdy et al. 2021 (33) 51 36 3 87 39

Abdallah et al. 2016 (34) 95 26 3 216 32

Simonini et al. 2008 (35) 46 19 14 111 47

Tereshchenko et al. 2009 (36) 163 47 9 373 65

Tereshchenko et al. 2009 (36) 164 73 3 401 79

Luo et al. 2016 (37) 153 140 27 446 194

Ji et al. 2015 (38) 46 14 10 106 34

Luo et al. 2021 (39) 688 411 77 1,787 565

Du et al. 2020 (40) 396 272 31 1,064 334

Zhang et al. 2022 (41) 586 317 60 1,489 437

Qian & Ripeng 2018 (31) 71 26 21 168 68

HWE, Hardy-Weinberg equilibrium; MIF, macrophage migration inhibitory factor; CVD

TABLE 3 Summary of different meta-analysis results.

Study

Sample size

Case Control Number of studies OR (9

CC + CG vs. GG
Overall 4,279 5,069 12 1.03 [0.7

Arab 267 312 3 0.42 [0.3

European 528 371 3 1.30 [0.9

Asian 3,484 4,386 6 1.24 [0.9

GG + GC vs. CC
Overall 4,279 5,069 12 0.86 [0.5

Arab 267 312 3 3.84 [1.5

European 528 371 3 0.63 [0.1

Asian 3,484 4,386 6 0.67 [0.4

C vs. G
Overall 4,279 5,069 12 1.13 [0.9

Arab 267 312 3 0.56 [0.4

European 528 371 3 1.42 [0.8

Asian 3,484 4,386 6 1.28 [1.1
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CC + CG vs. GG (Figure 3), Model 2 (recessive): GG + GC vs. CC

(Figure 4), and Model 3 (allelic): C vs. G (Figure 5).

In the stratified analysis by ethnicity, Model 1 (CC + CG vs.

GG) and Model 2 (GG +GC vs. CC) demonstrated significant

associations between the MIF -173G/C polymorphism and CVD

in the Arab population (OR = 0.42, CI 0.30 to 0.61, p < 0.001 and

OR = 3.84, CI 1.57 to 9.41, p < 0.001) (Figures 3, 4) but not in

the European and Asian populations. Model 3 (C vs. G) also

demonstrated a significant association between the MIF -173G/C

polymorphism and the risk of CVD in the Arab population

(OR = 0.56, CI 0.42 to 0.75, p < 0.001) (Figure 5) and in the

Asian population (OR = 1.28, CI 1.12 to 1.46, p < 0.001) but not

in the European population.
3.3 Publication bias analyses

Begg’s funnel plot and Egger’s test were performed to assess

publication bias (Figure 6). For all three models, there was no
ients and controls.

Control

GG GC CC G C Sample size HWE (P)
11 39 0 61 39 53/50 0.01

24 30 6 54 36 90/60 0.15

122 64 16 308 96 124/202 0.07

46 12 2 104 16 69/60 0.30

103 31 3 237 37 219/137 0.71

126 42 6 294 54 240/174 0.30

367 205 31 939 267 320/603 0.73

136 44 6 316 56 70/186 0.31

703 373 44 1,779 461 1,176/1,120 0.53

727 382 44 1,836 470 699/1,153 0.48

559 337 36 1,455 409 963/932 0.09

142 73 14 357 101 118/229 0.27

, cardiovascular disease.

Test of association Heterogeneity

5% CI) Z p-value X2 p-value I2 (%)

3 to 1.46] 0.19 0.85 0.30 0.00 91.2

0 to 0.61] −4.60 0.00 0.00 0.32 0.00

2 to 1.85] 1.48 0.14 0.02 0.19 24.2

8 to 1.57] 1.82 0.07 0.06 0.00 76.8

2 to 1.43] −0.58 0.56 0.53 0.00 81.2

7 to 9.41] 2.94 0.00 0.00 0.66 0.00

3 to 3.15] −0.56 0.57 1.50 0.02 74.2

6 to 0.97] −2.12 0.03 0.14 0.01 68.1

0 to 1.43] 1.04 0.30 0.13 0.00 87.9

2 to 0.75] −3.83 0.00 0.00 0.59 0.0

2 to 2.47] 1.24 0.21 0.18 0.03 76

2 to 1.46] 3.60 0.00 0.01 0.04 59
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FIGURE 3

Forest plot of cardiovascular disease risk associated with the MIF -173 G/C polymorphism in Model 1 (CC +CG vs. GG) in Arab, Asian, and European
ethnicities.
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obvious asymmetry and there was no evidence of publication bias for

Model 1 (p = 0.851), Model 2 (p = 0.154), or Model 3 (p = 0.687).
4 Discussion

In this meta-analysis, we aimed to comprehensively review and

quantify the literature to establish whether the MIF -173G/C

(rs755622) polymorphism is associated with a risk of CVD

development. By meta-analyzing eleven studies representing
Frontiers in Cardiovascular Medicine 06
119120
4,279 cases and 5,069 controls, we found no significant

association between the MIF -173G/C polymorphism and the

risk of CVD in the overall study population in the three models

assessed: CC + CG vs. GG (OR= 1.03), GG +GC vs. CC (OR =

0.86), and C vs. G allele (OR = 1.13). In addition, due to overall

heterogeneity and variability in study outcomes between different

studies, we conducted a subgroup analysis of the different

ethnicities, which revealed that the MIF -173G/C polymorphism is

significantly associated with a decreased risk of CVD in the Arab

population but not the Asian or European populations in the CC
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FIGURE 4

Forest plot of cardiovascular disease risk associated with the MIF -173 G/C polymorphism in model 2 (GG +GC vs. CC) in Arab, Asian, and European
ethnicities.
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+ CG vs. GG model. In the second GG +GC vs. CC model, there

was again a significant association between the MIF -173G/C

polymorphism and the risk of CVD in the Arab population but

not the Asian or European populations. Finally, for the C vs. G

allele model, a significant association was observed in the Arab

population (OR = 0.56) and the Asian population (OR = 1.28)

but not the European population for the MIF -173G/C

polymorphism and CVD risk. Our findings are similar to other

meta-analyses of MIF, where the C allele was found to be more

common within CAD patients (42) and those with chronic

kidney diseases (43). However, in systemic lupus erythematosus,
Frontiers in Cardiovascular Medicine 07
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while serum MIF levels were associated with the disease, a

meta-analysis found no association between the -173G/C

polymorphism and the disease (44).

In atherosclerosis, macrophages play a pivotal role, undergoing

proliferation and apoptosis. Macrophage proliferation contributes

to plaque inflammation, while apoptosis, if excessive, may lead to

plaque instability (45). MIF influences macrophage functions,

promoting recruitment and inhibiting migration. This interplay is

crucial in atherosclerotic plaque development. Within plaques,

activated macrophages release pro-inflammatory signals and

transform into foam cells by engulfing oxidized LDL cholesterol.
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FIGURE 5

Forest plot of cardiovascular disease risk associated with the MIF -173 G/C polymorphism in model 3 (C vs. G) alleles in Arab, Asian, and European
ethnicities.
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The balance between macrophage dynamics and MIF’s influence

determines the progression and severity of atherosclerosis.

Blockade of MIF reduces the aortic inflammatory response and is

associated with reduction in aortic plaque and foam cell

formation (46). In addition to its direct effects on inflammation

and plaque stability, MIF interacts intricately with CXCL4L1,

leading to the formation of prothrombotic and proinflammatory

MIF-CXCL4L1 heterocomplexes (47, 48). These heterocomplexes

have been implicated in promoting endothelial dysfunction,
Frontiers in Cardiovascular Medicine 08
121122
thrombosis, and exacerbation of inflammatory responses

within the vascular environment (49). The presence of the

-173 polymorphism in the MIF gene may modulate the

formation or activity of these heterocomplexes, potentially

influencing the progression and severity of CAD.

Consequently, understanding the interplay between MIF

protein levels, genetic variations, and the formation of MIF-

CXCL4L1 heterocomplexes is crucial for deciphering the

multifaceted molecular mechanisms underlying CAD and
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FIGURE 6

Begg’s funnel plot of the MIF -173 polymorphism and CVD for all
models; Model 1: CC +CG vs. GG, Model 2: GG+GC vs. CC, and
Model 3: C vs. G. Egger’s test was used to provide statistical
evidence of funnel plot symmetry for the three models, and no
evidence of publication bias was found in Model 1 (p= 0.851),
Model 2 (p= 0.154), and Model 3 (p= 0.687).
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devising targeted therapeutic strategies aimed at disrupting these

detrimental interactions (50).

Studies of patients with MI have demonstrated dual functions

for the MIF polymorphism depending on disease severity and the

patient’s age. For instance, when cardiac ischemia is brief, MIF

secreted by cardiomyocytes is cardioprotective through

activation of AMP-activated protein kinase (AMPK) (51).

Phosphorylation of AMPK stimulates glucose uptake through

glucose transporter-4 (GLUT4). Conversely, when myocardial

ischemia is prolonged, MIF activates immune cells, thereby

increasing inflammation and cardiac remodeling by utilizing

myofibroblasts to promote matrix protein synthesis (51).

Similarly, Abdallah et al. (34) reported a similar dual function

for MIF in RHD patients, with a lower frequency of the MIF

-173C allele in RHD patients compared with controls and in

those with later disease onset. Their findings suggested that

MIF may help to clear pathogens and apoptotic cells during the

early stages of RHD, perhaps protecting cardiomyocytes and

delaying valvular damage. Conversely, after repetitive rheumatic

insults, MIF may accelerate the recruitment of inflammatory

cells and pro-inflammatory mediators, increasing regional

inflammation and cardiac tissue damage. Similar studies on

other diseases have also demonstrated that MIF is age-

dependent. For instance, Das et al. (52) reported that adults

expressing the low MIF (CATT5) allele were more susceptible to

Gram-negative bacterial infections, while Lehmann et al. (53)

found that adults expressing high levels of MIF polymorphisms

were protected from sepsis mortality. In animal models, the

protective role of MIF was lost in aged animals after ischemic

heart injury, with low MIF expression impairing AMPK

activation (54). These data suggest that it is important to

consider the patient’s age and disease stage when analyzing

MIF polymorphisms.
Frontiers in Cardiovascular Medicine 09
122123
Sex has also been reported to be associated with MIF

polymorphisms. The MONICA/KORA Augsburg study

concluded that female carriers of the MIF -173C polymorphism

were at higher risk of coronary heart disease (55). This result

was later confirmed in two studies of Chinese populations (37,

38). In inflammatory diseases, MIF -173 was found to be a

disease severity marker for male multiple sclerosis patients (56),

while the minor homozygous genotype for both the 974 CATT

repeat and the -173G/C polymorphism were reported to protect

female patients from major depressive disorder (57). However,

another study showed that the MIF -173C allele is a

susceptibility factor for depression in type 2 diabetes patients

(58). These data suggest that these two polymorphisms are sex-

specific disease modifiers.

There are several limitations to our meta-analysis. First, we

identified relatively few studies for inclusion, and independent

validation is now needed, especially for different ancestries. The

number of studies for certain diseases and demographic subgroups

was small, and the control group in one study was not in HWE.

This precluded meaningful subgroup analysis with specific

genotypes. In addition, several records without available original

data were excluded from the final analysis. The chance of

publication bias is high, as studies with statistically significant

results are more likely to be published. The lack of representation

of certain ethnicities leads to a reduction in the overall

heterogeneity of the study samples, so the results require cautious

interpretation. The influence of the MIF -173G/C variant on CVD

may be affected by genetic, lifestyle, or environmental factors that

were inconsistently measured across studies. This lack of consistent

measurement may have led to underreporting of these phenomena

in the context of MIF variants and CVD within the scope of this

meta-analysis. Finally, variations in diagnostic methodology and

criteria for CVD can contribute to inconsistencies, compromising

the data integrity of published results. Consequently, these

discrepancies may restrict the relevance of this meta-analysis.

In conclusion, our meta-analysis suggests that the MIF -173G/C

polymorphism is not significantly associated with the risk of

cardiovascular disease in the overall population. In subgroup analysis

by ethnicity, the polymorphism was associated with a decreased risk

of CVD in the Arab population. Future meta-analyses should

consider the dual effect of MIF and the other promoter

polymorphisms as well as disease status, sex, and patient age.
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