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ORIGINAL RESEARCH ARTICLE

Long Noncoding RNA MIAT Controls  
Advanced Atherosclerotic Lesion Formation  
and Plaque Destabilization
Francesca Fasolo, PhD*; Hong Jin , MD, PhD*; Greg Winski , MD*; Ekaterina Chernogubova, PhD; Jessica Pauli , MSc; Hanna 
Winter , MSc; Daniel Y. Li, MD, PhD; Nadiya Glukha, MSc; Sabine Bauer , MSc; Susanne Metschl, DVM;  
Zhiyuan Wu, MD; Marlys L. Koschinsky, PhD; Muredach Reilly , MBBCh, MSCE; Jaroslav Pelisek, PhD; Wolfgang Kempf, PhD; 
Hans-Henning Eckstein , MD; Oliver Soehnlein , MD, PhD; Ljubica Matic , PhD; Ulf Hedin , MD, PhD;  
Alexandra Bäcklund, PhD; Claes Bergmark, MD; Valentina Paloschi , PhD†; Lars Maegdefessel , MD, PhD†

BACKGROUND: Long noncoding RNAs (lncRNAs) are important regulators of biological processes involved in vascular tissue 
homeostasis and disease development. The present study assessed the functional contribution of the lncRNA myocardial 
infarction-associated transcript (MIAT) to atherosclerosis and carotid artery disease.

METHODS: We profiled differences in RNA transcript expression in patients with advanced carotid artery atherosclerotic lesions 
from the Biobank of Karolinska Endarterectomies. The lncRNA MIAT was identified as the most upregulated noncoding RNA 
transcript in carotid plaques compared with nonatherosclerotic control arteries, which was confirmed by quantitative real-time 
polymerase chain reaction and in situ hybridization.

RESULTS: Experimental knockdown of MIAT, using site-specific antisense oligonucleotides (LNA-GapmeRs) not only 
markedly decreased proliferation and migration rates of cultured human carotid artery smooth muscle cells (SMCs) but also 
increased their apoptosis. MIAT mechanistically regulated SMC proliferation through the EGR1 (Early Growth Response 
1)-ELK1 (ETS Transcription Factor ELK1)-ERK (Extracellular Signal-Regulated Kinase) pathway. MIAT is further involved in 
SMC phenotypic transition to proinflammatory macrophage-like cells through binding to the promoter region of KLF4 and 
enhancing its transcription. Studies using Miat–/– and Miat–/–ApoE–/– mice, and Yucatan LDLR–/– mini-pigs, as well, confirmed 
the regulatory role of this lncRNA in SMC de- and transdifferentiation and advanced atherosclerotic lesion formation.

CONCLUSIONS: The lncRNA MIAT is a novel regulator of cellular processes in advanced atherosclerosis that controls 
proliferation, apoptosis, and phenotypic transition of SMCs, and the proinflammatory properties of macrophages, as well.

Key Words: atherosclerosis ◼ carotid artery diseases ◼ lipoprotein(a) ◼ myocytes, smooth muscle ◼ RNA, long noncoding ◼ stroke 

Atherosclerosis is a chronic disease of intra-arte-
rial atheromatous plaque progression that can 
remain asymptomatic for decades.1 Pathologi-

cally, advanced lesions can be separated into “stable” and 

“unstable” (also referred to as “vulnerable”) lesions.2 Sub-
clinical data show that plaques are most common in the 
iliofemoral arteries (44%), followed by the carotid arter-
ies (31%), aorta (25%), and coronary arteries (18%).3 
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The rupture of lesions in the carotid and coronary vas-
cular beds is the main cause of stroke and myocardial 
infarction, respectively. Stroke remains a massive public 
health problem with an increasing need for better strate-
gies to prevent and treat the disease in our aging soci-
ety.4 Despite surgical removal of the plaque with carotid 

endarterectomy or stenting for symptomatic patients, 
obtaining a better understanding of the cellular mecha-
nisms and regulatory networks driving carotid plaque 
development and progression is essential to identifying 
novel therapeutic targets.

The pathogenesis of carotid atherosclerotic lesions is 
orchestrated by different vascular cell subtypes.5 Vascu-
lar smooth muscle cell (SMC) accumulation is considered 
a hallmark of atherosclerosis and vascular injury.6 It is 
well documented that the aberrant proliferation of SMCs 
can promote plaque formation.6,7 Recent genetic lineage 
tracing studies show that SMC phenotypic switching 
into macrophage-like cells can promote vascular inflam-
mation and the progression of atherosclerosis.8,9 In this 
advanced disease process, lipid loading and phagocy-
tosis play a crucial role.10,11 Accumulating data suggest 
that constant uptake of oxidized low-density lipoprotein 
(oxLDL) in macrophages and SMCs can trigger foam cell 
formation while activating an inflammatory cascade that 
enhances plaque vulnerability.12,13

Long noncoding RNAs (lncRNAs), defined as non-
protein coding transcripts longer than 200 nucleotides, 
have emerged as important regulators in various bio-
logical processes and during disease development.14 
However, the functional relevance during disease pro-
gression remains elusive for most of these transcripts.15 
The lncRNA Myocardial Infarction Associated Transcript 
(MIAT, also known as Gomafu) was initially identified in 
a genome-wide association study in Japanese patients 
with myocardial infarction.16 Recent evidence suggests 
that MIAT regulates endothelial cell inflammation in 
diabetic retinopathies by competing as an endogenous 
RNA in a feedback loop with the vascular endothelial 
growth factor and miR-150-5p.17 Whether and how 
MIAT participates in atherosclerosis and mechanisms 
that destabilize advanced plaques has yet to be experi-
mentally addressed.

We performed RNA profiling in 2 independent 
patient cohorts with advanced carotid plaques under-
going carotid endarterectomy. We further analyzed 
carotid plaques from a Yucatan LDLR–/– mini-pig model 
of advanced atherosclerosis and performed mecha-
nistic studies using vascular injury (carotid ligation) 
and inducible plaque rupture (ligation and cuff) in 
mice to establish functional relevance for MIAT dur-
ing lesion progression and destabilization. We show 
that MIAT not only promotes proliferation of carotid 
SMCs through the ERK (extracellular signal-regulated 
kinase)-ELK1 (ETS transcription factor ELK1)-EGR1 
(early growth response 1) pathway, but also regulates 
macrophage activation through Nuclear Factor κ-light-
chain enhancer of activated B cells (NF-κB) signaling. 
In addition, it regulates the phenotypic transition of 
SMCs into macrophage-like cells through direct inter-
action with the promoter region of Krüppel-like factor 4 
(KLF4) to accelerate its transcriptional activation. 

Clinical Perspective

What Is New?
• The contribution of long noncoding RNAs to the 

development and progression of vascular disease 
remains largely unknown.

• The long noncoding RNA Myocardial Infarction 
Associated Transcript (MIAT) had previously been 
discovered in genome-wide association and tran-
scriptomic profiling studies using diseased cardio-
vascular specimens and experimental models.

• We describe a novel role for MIAT in regulating pro-
liferation and transdifferentiation of arterial smooth 
muscle cells and inflammatory activity in macro-
phages, as well, during atherosclerotic plaque 
development and progression.

What Are the Clinical Implications?
• Long noncoding RNAs possess key regulatory 

functions, directly interacting and mediating expres-
sion and functionality of proteins, other RNAs, and 
DNA, as well.

• The long noncoding RNA MIAT plays a key role 
during atherosclerotic plaque development and 
lesion destabilization. Its expression becomes 
highly increased in high-risk patients with vulner-
able plaques.

• Therapeutic targeting of MIAT, using antisense oli-
gonucleotides, offers novel treatment options for 
patients with advanced atherosclerosis in carotid 
arteries at risk of stroke.

Nonstandard Abbreviations and Acronyms

EGR1 early growth response 1
ELK1 ETS transcription factor ELK1
ERK extracellular signal-regulated kinase
hCASMC human carotid smooth muscle cell
KLF4 Krüppel-like factor 4
lncRNAs long noncoding RNAs
Lp(a) lipoprotein(a)
MIAT  Myocardial Infarction Associated 

Transcript
NF-κB  nuclear factor κ-light-chain-enhancer of 

activated B cells
oxLDL oxidized low-density lipoprotein
SMC smooth muscle cell
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METHODS
The authors declare that all data that support the findings of 
this study are available within the article and its Supplemental 
Material. Detailed descriptions of materials and methods used 
in this study, including the preparation and transcriptomic 
analysis of human plaques, RNA scope in murine and human 
tissue, laser capture microdissection of human carotid lesions, 
the inducible plaque rupture model in mice, the murine carotid 
artery ligation model, cholesterol and triglyceride measure-
ments in mouse plasma, in vitro cell culture and transfection, 
proliferation, migration, apoptosis, and oxLDL uptake assays 
using the kinetic live-cell imaging in murine and human cell 
lines, the porcine atherosclerosis model, in situ hybridization, 
immunohistochemical and immunofluorescent analysis, RNA 
immunoprecipitation, luciferase reporter assays, MIAT modula-
tion in vitro and in vivo, protein extraction, and immunoblotting 
can be found in the Supplemental Material.

Human Advanced Atherosclerotic Carotid Artery 
Plaques
Advanced carotid artery atherosclerotic lesions (carotid plaques) 
and nonatherosclerotic iliac artery controls were obtained from 
the Biobank of Karolinska Endarterectomies as previously 
published.18 RNA profiling and gene expression analysis were 
performed as described.18 Microarray data related to this study 
are available from Gene Expression Omnibus data sets (acces-
sion number GSE21545). Paraffin-embedded sections were 
used for in situ hybridization and immunostaining as described 
in the Supplemental Material. Another set of independent 
carotid atherosclerotic plaques originate from the Munich 
Vascular Biobank.18 From this biobank, plaques with either a 
ruptured or stable plaque phenotype were analyzed and used 
for laser-capture microdissection experiments as described in 
the Supplemental Material. All studies were approved by the 
Ethical Committee of Stockholm and Klinikum Rechts der Isar, 
Technical University Munich; patient informed consent was 
obtained according to the Declaration of Helsinki.

Statistics
Data are presented as mean±SEM, unless stated differently. 
Groups were compared by using the Student t test (2-tailed) for 
parametric data. Normality was tested to ensure that parametric 
testing was appropriate. Gene expression data were analyzed 
using log2 expression values and then transformed into fold-
change for presentation purposes. When comparing multiple 
groups, data were analyzed using ANOVA with post hoc multiple 
comparisons using the Tukey method. For the IncuCyte experi-
ments, normalized data were compared by 2-way repeated-
measures ANOVA (for confluence data) or area under the 
curve (for count data). For analysis of multiple gene expression 
panels, t tests corrected for multiple comparisons using the 
Holm-Sidak method were performed. Categorical data were 
analyzed by using the χ2 test or Fisher exact test when 1 cat-
egory was <3. A value of P<0.05 was considered statistically 
significant. All analyses were performed using GraphPad Prism 
version 9, except that microarray data set analyses were per-
formed with GraphPad Prism versions 6 and 7. A linear regres-
sion model adjusted for age and sex and a 2-sided Student t 
test assuming nonequal deviation with correction for multiple 

comparisons according to Bonferroni were used for analyses 
of the noncoding RNAs from microarrays.

RESULTS
MIAT Was Increased in Advanced Human 
Carotid Plaques and Important for SMC 
Survival
The lncRNA MIAT was identified as the most upregulated 
noncoding RNA transcript in microarray profiling compar-
ing human carotid plaques (n=127) to nonatherosclerotic 
controls (n=10) from the Biobank of Karolinska Endar-
terectomies (Figure 1A and 1B). This result was validated 
by quantitative real-time polymerase chain reaction using 
plaques from a nonoverlapping set of patients in Biobank 
of Karolinska Endarterectomies (Figure S1A in the Sup-
plemental Material, 77 human carotid plaques versus 13 
nonatherosclerotic controls; patient demographics are in 
Table S1 in the Supplemental Material).

Next, we assessed MIAT expression in laser-captured 
microdissected fibrous caps from ruptured/unstable 
(cap thickness ≤200 µm, n=10) compared with stable 
(cap thickness ≥200 µm; n=10) advanced atheroscle-
rotic lesions from the Munich Vascular Biobank19 (Fig-
ure 1C). In these SMC-enriched fibrous caps, MIAT was 
expressed 2-fold higher (P=0.031) in ruptured than in 
stable lesions from laser-dissected tissue (Figure 1D).

RNAscope revealed coexpression of MIAT with 
SMC α-actin (αSMA)–positive cells, and to a lesser 
extent with CD68 (Figure 1E, Figure S1B in the Sup-
plemental Material, positive and negative controls in 
Figure S2A and S2D in the Supplemental Material). 
Conventional in situ hybridization confirmed MIAT 
being predominantly present in the medial layer of 
nonatherosclerotic control arteries (Figure S3A in the 
Supplemental Material: ctrl_MIAT). In stable plaques, 
MIAT expression was substantially elevated (Figure 
S3A in the Supplemental Material, plaque_MIAT) and 
detected predominantly in αSMA-positive cells, and to 
a lesser extent coexpressed with CD68 (Figure 1E, 
Figures S1B and S4A in the Supplemental Material).

MIAT Was Significantly Increased in Advanced 
Murine and Porcine Carotid Plaques and 
Regulated Proliferation in Vascular SMCs
To determine the mechanistic role of MIAT in carotid 
plaque development and progression, we used a murine 
inducible plaque rupture model using incomplete liga-
tion and cuff placement in ApoE–/– mice as previously 
described20,21 (Figure 2A). Consistent with the human 
data discussed earlier, a significant induction of Miat 
was observed in advanced murine carotid plaques com-
pared with contralateral uninjured controls (Figure 2B). 
During early plaque formation using  incomplete carotid 
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ligation for 4 weeks (without cuff placement), Miat ex-
pression was substantially increased (Figure S4B in 
the Supplemental Material).

RNAscope, in situ hybridization, and immunostaining 
showed that Miat expression was induced predominantly 
in αSMA+ cells in the SMC-rich fibrous cap, and in the 
medial layer structures of progressed lesions, as well 
(Figure 2C, Figure S4C in the Supplemental Material). 
This enhanced expression pattern was associated with 
increased cell proliferation (Ki-67+ cells) but not apop-
tosis (Caspase 3+ cells; Figure S5A in the Supplemental 
Material, negative controls for RNAscope in Figure S5B 
in the Supplemental Material).

Next, we evaluated MIAT in advanced lesions from 
LDLR–/– Yucatan mini-pigs after 6 months (early soft-plaque 
stage of atherosclerosis in this model) and 12 months (late 
and advanced atherosclerotic state) of being fed a high-fat 
diet (HFD; Figure 2D). Similar to the inducible plaque rup-
ture model in mice and the expression changes in human 
plaques, advanced lesions (after 12 months of HFD) dis-
played more macrophages (indicated by the microglia/
macrophage-specific ionized calcium-binding adapter mol-
ecule 1/IBA-1–positive cells) and fewer αSMA-positive 
cells than pigs that were on the shorter-term HFD (Fig-
ure 2E). MIAT expression was elevated in the more desta-
bilized lesion phenotype (Figure 2F).

Figure 1. MIAT expression is 
increased in advanced stages of 
human carotid artery disease.
A, Scatter plot of deregulated noncoding 
transcripts in human carotid plaques 
(n=127) compared with nonatherosclerotic 
controls (n=10) from the Biobank 
of Karolinska Endarterectomies. B, 
Expression plot for MIAT based on 
the results presented in Figure 1A. C, 
Hematoxylin and eosin–stained stable 
and unstable/ruptured atherosclerotic 
lesions from the Munich Vascular Biobank. 
Dotted line indicates the laser-catapulted 
fibrous cap (FC). NC represents necrotic 
core. FC >200 µm was considered a 
stable lesion; FC <200 µm was unstable/
ruptured. D, MIAT expression in laser 
captured microdissected stable versus 
ruptured fibrous caps (mean±SEM; 
unpaired nonparametric Student t 
test). E, Colocalization analysis of MIAT 
and αSMA protein was performed by 
RNAscope protocol. MIAT and αSMA 
protein were detected through Opal 
690 and Opal 520, visualized in purple 
and green color, respectively. Nuclei are 
stained with DAPI (gray). Upper Left, 
the boxes represent overview images of 
the carotid plaques, and the zoomed-in 
images are magnifications acquired within 
the plaque shoulder region. White arrows 
highlight the nuclear detection of MIAT in 
cells expressing the smooth muscle cell 
marker (αSMA). Bar=100 µm. *P<0.05; 
****P<0.0005. Data are presented as 
mean±SD (SEM in D) with Student t test 
and corrected for multiple comparison 
(A) using Bonferroni correction. Ctrl 
indicates control; DAPI, 4′,6-diamidino-
2-phenylindole; Rel., relative; and αSMA, 
smooth muscle cell α-actin.
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Modulation of MIAT Affected Proliferation and 
Apoptosis in Human Carotid Artery SMCs
To evaluate the cellular effect of MIAT modulation in hu-
man carotid smooth muscle cells (hCASMCs), we used a 
live-cell imaging system in combination with conventional 
immunohistochemical analysis. First, 3 different custom-
ized anti-MIAT GapmeRs were tested for their knock-
down efficiency, and the most potent one was chosen for 
functional studies (Figure S5C and S5D in the Supple-
mental Material). Cells were dynamically monitored for 
rates of proliferation and apoptosis over time. Knockdown 
of MIAT (KD) limited proliferation rates and substantial-
ly enhanced apoptosis (Casp3+, green) of SMCs in a 
time- and dose-dependent manner (Figure 3A and 3B;  

Figure S5E in the Supplemental Material). Immunostain-
ing with the proliferation marker Ki-67 and apoptosis 
marker Caspase 3 after MIAT knockdown confirmed 
these results (Figures 3c,d).

MIAT regulated hCASMC Proliferation Through 
the ERK/ELK1/EGR1 Pathway
We next assessed the specific molecular mechanism 
through which MIAT mediates carotid plaque advance-
ment and lesion destabilization. Previous data suggested 
that MIAT may act as a sponge for miR-150, which forms 
a negative feedback loop in the endothelium,17 cardiomy-
ocytes,22 epithelial cells,23 and lung cancer cells.24 How-
ever, we did not detect significant changes in miR-150 

Figure 2. MIAT is significantly increased in murine carotid plaques and regulates proliferation in vascular smooth muscle cells.
A, Illustration of the inducible plaque rupture model using incomplete ligation and cuff placement in ApoE–/– mice. B, Expression of Miat 
determined by quantitative real-time polymerase chain reaction from advanced plaques and contralateral controls from the inducible plaque 
rupture model presented in Figure 2B. C, Colocalization analysis of Miat and αSMA protein was performed by RNAscope in murine carotid 
plaques. Miat and αSMA protein were detected through Opal 690 (purple) and Opal 520 (green). Nuclei are stained with DAPI (gray). D, 
Ruptured plaque in the coronary ostia from an advanced lesion from LDLR–/– Yucatan mini-pigs being fed 12 months of high-fat diet (HFD). E, 
Immunostaining of smooth muscle cell α-actin (αSMA) and macrophage marker-ionized calcium-binding adapter molecule 1 (IBA1) in plaques 
from early (6 months HFD) and advanced (12 months HFD) carotid artery lesions (FC indicates fibrous cap; NC, necrotic core). F, Relative 
MIAT expression in advanced (12 months HFD) versus early (6 months HFD) carotid plaques. Data were analyzed by Student t test. *P<0.05; 
***P<0.001. Ctrl indicates control; DAPI, 4′,6-diamidino-2-phenylindole; L, lumen; and Rel., relative.
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Figure 3. MIAT regulates human carotid artery smooth muscle cell proliferation through the ERK/ELK1/EGR1 pathway.
A and B, Proliferation (A) or apoptosis (B) of human carotid smooth muscle cells (hCASMCs) on knockdown of MIAT (KD) monitored through 
live-cell imaging over time (0–72 hours). Data were analyzed by 2-way ANOVA. C and D, Proliferation (C) or apoptosis (D) of hCASMCs on KD 
of MIAT determined by Ki-67 or Caspase 3 immunofluorescent staining (white arrows indicate Ki-67/Caspase 3–positive cells). Bar=50 µm. 
E, In silico analysis of transcription factors associated with MIAT (predicted binding free energy of <–30 Kcal/mol) using the regulatory RNA 
elements/RegRNA tool. F, MIAT fragment containing 2 predicted ELK1 binding sites (MIAT-ELK1_BS1_BS2) was transiently transfected and 
coimmunoprecipitated with endogenous ELK1 in hCASMCs. IgGs were used as control of immunoprecipitation (IP) specificity. MIAT or GAPDH (as 
unrelated target) enrichment in ELK1 IP fraction was quantified with quantitative real-time polymerase chain reaction and expressed as (2ΔCt)×100 
ELK1 IP÷(2ΔCt)×100 IgG. ΔCt was calculated based on input. RNA content in IP or IgG was normalized on RPLPO mRNA. ELK1 IP efficiency 
was monitored by Western blot using an anti-ELK1 antibody. G, Transfected cells were lysed after 24 hours, and total protein was extracted. P-ERK 
normalized to total ERK was monitored using Western Blot. Quantification of the Western Blot was done with Fiji Image J software. H, MIAT-ELK1_
BS1_BS2 was transiently transfected, and proliferation was monitored using the IncuCyte Live Cell Imaging System. Bar=50 µm. Data were analyzed 
by 2-way repeated-measures ANOVA (A), area under the curve (B), and Student t test (C, D, F, G). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 
Casp indicates caspase; Ctrl, control; DAPI, 4′,6-diamidino-2-phenylindole; EV, empty vector (control); and IgG, immunoglobulin G.
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in human carotid plaques or cultured hCASMCs after 
MIAT modulation (Figure S6A and S6B in the Supple-
mental Material), suggesting that the influence of MIAT 
on SMCs in advanced atherosclerosis is not mediated 
through its miR-150 interaction.

Transcription factors are master regulators controlling 
gene expression, chromatin stability, and cell homeo-
stasis.25–27 To explore how MIAT regulates SMC prolif-
eration, we hypothesized that it might affect molecular 
processes through alteration of transcription factors. 
On the basis of an in silico analysis using the regula-
tory RNA elements/RegRNA tool,28 we identified several 
transcription factors that potentially interact with MIAT 
but still require experimental validation: transcription fac-
tor CP2 (TFCP2), early growth response 1 (EGR1), vita-
min D receptor (VDR), E1A binding protein 300 (P300/
EP300), myeloid zinc finger 1 (MZF1), nuclear recep-
tor subfamily 3 group C member 1 (GR/NR3C1), ETS 
transcription factor (ELK1), ETS pro- to-oncogene 1 (C-
ETS/ETS1), and poly (AD-Ribose) polymerase (PARP). 
According to RegRNA, these transcription factors have 
a predicted binding free energy of < –30 kcal/mol (Fig-
ure 3E). To determine whether these transcription factors 
are regulated by MIAT, a custom-designed mRNA array 
investigating changes in expression for these transcrip-
tion factors in SMCs after knockdown of MIAT was per-
formed as previously described.29

Results revealed that EGR1, ELK1, and GR/NR3C1 
were downregulated after knockdown of MIAT (Figure 
S6C in the Supplemental Material). EGR1 deficiency is 
associated with reduced plaque development in hyper-
lipidemic mice highlighting its importance in human ath-
erosclerosis.30 Increased ERK signaling and p-ELK1/
ELK1 binding to the proximal EGR1 promoter region 
influence EGR1 transcription.31,32 Because both compo-
nents of this pathway, EGR1 and ELK1, were downregu-
lated by MIAT inhibition, we investigated a potential direct 
interaction. Inhibition of MIAT limited phosphorylation of 
ERK (p-ERK), augmented accumulation of p-ELK1 in 
the nucleus, and subsequently reduced EGR1 expres-
sion, which overall accounted for a loss in SMC prolifera-
tion (Figure S6D and S6E in the Supplemental Material). 
Similar results could be observed in PDGF-BB (platelet-
derived growth factor BB) prestimulated SMCs (Figure 
S7A in the Supplemental Material). Isolation of the nuclear 
and cytoplasmic fraction of hCASMCs followed by quan-
titative real-time polymerase chain reaction revealed a 
predominant nuclear expression of MIAT (Figure S7B in 
the Supplemental Material), leading to the hypothesis of 
a possible direct interaction of the lncRNA with transcrip-
tionally active complexes. To investigate the contribution of 
MIAT to ERK signaling, we assessed its binding with ELK1 
through RNA immunoprecipitation. Enrichment of MIAT in 
the ELK1-immunoprecipitated fraction (Figure 3F) sup-
ports the hypothesis of a MIAT-mediated transcriptional 
regulation at the EGR1 locus. In line with this, MIAT over-

expression increased ERK phosphorylation (Figure 3G) 
and augmented hCASMCs proliferation (Figure 3H).

Moreover, increased MIAT levels correlated positively 
with EGR1 expression in proliferative SMCs (αSMA and 
Ki-67+) in human carotid plaques (Figure S7C in the Sup-
plemental Material). The upregulation of EGR1 and ELK1 
were also confirmed using quantitative real-time poly-
merase chain reaction in human and mouse carotid plaques 
(Figure S7D and S7E in the Supplemental Material).

MIAT Was Increased in Patients With Elevated 
Circulating Lipoprotein(a) Levels
To further dissect the role of MIAT in atherosclerosis, 
we examined its expression in advanced human carotid 
plaques in relation to various clinical parameters of pa-
tients with carotid artery disease (plasma lipid profile, 
C-reactive protein, body mass index, hemoglobin A1c, 
creatinine, medications, etc; see Table S2 in the Supple-
mental Material). We discovered that MIAT expression in 
plaques was substantially elevated and correlated with 
higher plasma levels of lipoprotein(a) (Lp[a]), an impor-
tant risk factor and potential novel therapeutic target in 
cardiovascular disease33–35 (Figure 4A). No significant 
correlation was observed for MIAT and other determi-
nants of plasma lipid levels (triglycerides, low-density 
lipoproteins, and high-density lipoproteins; Table S2 in 
the Supplemental Material). We further assessed this 
finding in vitro, where treatment with lipoprotein(a) 
(Lp[a]) significantly increased MIAT in a dose-depen-
dent manner (Figure 4B) and induced proliferation and 
limited apoptosis of SMCs. The knockdown of MIAT at-
tenuated these effects in SMCs (Figure 4C and 4D), 
indicating that MIAT crucially regulates SMC dynamics 
and thus fibrous cap stability when elevated Lp(a) levels 
are present in atherosclerotic plaques.

Last, we used 2 apo(a) peptide constructs with and 
without an attached oxidized phospholipid34 (17K and 
17KDelta, respectively; Figure 4E) to determine their 
specific importance for Lp(a)-dependent stimulation of 
MIAT and subsequent regulation of SMCs. The wildtype 
17K containing oxidized phospholipid (17K) significantly 
stimulated MIAT production (Figure 4E) and enhanced 
SMC proliferation. This effect was not observed using 
the 17KDelta variant (Figure 4F) lacking oxidized phos-
pholipids. Previous findings have determined that down-
stream Lp(a) effects appear largely executed by the 
oxidation of phospholipids.36 Here, we investigated the 
effect of blocking oxidized phospholipids on Lp(a) by 
treating SMCs with a novel humanized mouse antibody 
targeting the oxidized phosphocholine head of phospho-
lipids ATH3G10.37 ATH3G10 blocked MIAT expression 
in Lp(a)-prestimulated SMCs (Figure S8A in the Supple-
mental Material), thereby confirming the key role oxidized 
phospholipids play in Lp(a)-mediated vascular disease 
exacerbation.
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MIAT Triggered Inflammation and Macrophage 
Activity in Advanced Atherosclerotic Lesions
Inflammation, matrix degradation, and macrophage ac-
tivity play a decisive role in atherosclerotic lesion for-
mation.10,11,35 A significant positive correlation between 
MIAT and inflammatory and matrix degradation indica-
tors, such as transforming growth factor β1 (TGFβ1) 
and matrix metalloproteinase-2 (MMP2) was detected 
in advanced lesions (Figure S8B and S8C in the Sup-
plemental Material).

The plaque microarray data consistently revealed that 
MIAT was not only significantly correlated with SMC 
marker genes such as actin alpha 2 (ACTA2), smoothelin 
(SMTN), and myosin heavy chain 11 (MYH11), but also 
several indicators of macrophage activity (such as CD80, 
CD36, CD163, CD40), cell proliferation (PCNA and NF-
κB1), and inflammatory cytokines and growth factors 

including interleukins 6, 10 and 1β (IL6, IL10, and IL1β), 
TGFβ1, platelet-derived growth factor β (PDGFβ), and 
tumor necrosis factor α, as well (TNFα; Table S3 in the 
Supplemental Material).

To confirm that MIAT contributes to macrophage 
activity and is of relevance to inflammation in advanced 
lesions, we first evaluated their ability to internalize 
oxLDL and transform into foam cells. The knockdown 
of MIAT caused a reduction in oxLDL uptake in human 
monocyte–derived macrophages (Figure 5A and 5B). In 
addition, MIAT was markedly elevated in THP1-derived 
macrophages, which exerted a proinflammatory pheno-
type following lipopolysaccharide stimulation (Figure 5C, 
Figure S8D in the Supplemental Material). In contrast, 
lower expression rates of MIAT were seen in conjunction 
with IL4 (interleukin 4) pretreatment (Figure 5D, Fig-
ure S8E in the Supplemental Material), linking MIAT to 
a more proinflammatory macrophage phenotype in ath-

Figure 4. MIAT is increased in 
patients with elevated circulating 
lipoprotein(a) levels.
A, Expression of MIAT in patients in 
Biobank of Karolinska Endarterectomies 
with low (<20 mg/dL) and high (>60 mg/
dL) lipoprotein(a) (Lp[a]) serum levels. 
B. Expression of MIAT in hCASMCs on 
Lp(a) stimulation. C and D, Proliferation 
(C) or apoptosis (D) of hCASMCs 
on MIAT knockdown (KD), Lp(a) or 
combined treatment monitored live-cell 
imaging over time (data were analyzed 
by 2-way ANOVA). E, Left, Schematic of 
APO(a) peptide constructs with (17K) or 
without (17KDelta) an attached oxidized 
phospholipid. E, Right, Expression of 
MIAT in hCASMCs on 17K or 17KDelta 
stimulation. F, Immunostaining of Ki-67 
in hCASMCs with 17K or 17KDelta 
stimulation (white arrows indicate Ki-
67–positive cells). Data were analyzed 
by Student t test (A), 2-way repeated-
measures ANOVA (C), area under the 
curve (D), or 1-way ANOVA (B, E). 
*P<0.05; ***P<0.001; ****P<0.0001. Cas 
indicates caspase; ctrl, control; DAPI, 
4′,6-diamidino-2-phenylindole; and Rel., 
relative.
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erosclerosis. Lipid loading using oxLDL also significantly 
increased MIAT expression levels (Figure 5E).

Next, we explored how MIAT affects molecular pro-
cesses and inflammatory signaling in macrophages. 
We discovered that under nonstimulated (control) con-
ditions, NF-κB activity remained at relatively low lev-
els (Figure 5F). When challenged with oxLDL, NF-κB 
became activated, as indicated by its translocation into 
the nuclei of macrophages. This nuclear translocation 
was completely attenuated by MIAT knockdown (Fig-
ure 5F). OxLDL uptake was consistently substantially 
impaired after treatment with an NF-κB translocation 
inhibitor (Figure S8F in the Supplemental Material). 
MIAT knockdown further limited expression of trans-
porters involved in cellular oxLDL uptake (CD36; ste-
roid receptor RNA activator, SRA), whereas mediators 

of cholesterol efflux (ATP Binding Cassette Subfamily 
Members: ABCA1 and ABCG1) remained unchanged 
(Figure S8G and S8H in the Supplemental Material). 
These data suggest that MIAT facilitates NF-κB acti-
vation and translocation during plaque progression 
and destabilization. Similar changes in NF-κB acti-
vation and translocation were present in peritoneal 
mouse macrophages (Figure S9A and S9B in the 
Supplemental Material). A direct MIAT-NF-κB inter-
action (with NFκB2/p52/p100) was confirmed by 
RNA immunoprecipitation in THP1 cells (Figure 5G), 
where MIAT expression was induced through oxLDL 
stimulation. The NF-κB interaction with NF-κB–inter-
acting lncRNA (NKILA)38 served as a positive control 
for the RNA immunoprecipitation experiment (Figure 
S8G in the Supplemental Material).

Figure 5. MIAT triggers inflammation 
and macrophage activity in advanced 
atherosclerotic lesions.
A, Expression of MIAT in human monocyte-
derived macrophages on MIAT knockdown 
(KD). B, Uptake of florescence-labeled 
oxLDL in human monocyte-derived 
macrophages on MIAT KD monitored 
through live-cell imaging and analyzed by 
1-way ANOVA. C, Expression of MIAT in 
human monocyte-derived macrophages 
on stimulation with oxLDL. D and E, 
Expression of MIAT in THP1-derived 
macrophages stimulated with LPS (D) or 
IL4 (E). F, Immunostaining of NF-κB in 
human monocyte-derived macrophages 
on oxLDL stimulation with or without MIAT 
KD. Quantification is shown on the right 
side. G, Binding of endogenous MIAT to 
NFKB2/p52/p100 in THP1 cells. MIAT 
expression in THP1 cells was triggered by 
oxLDL stimulation and immunoprecipitation 
with NFKB2/p52/p100 or control IgG 
performed. MIAT or GAPDH (as unrelated 
target) enrichment in NFKB2 IP fraction 
were quantified with real-time quantitative 
polymerase chain reaction. Data were 
analyzed by Student t test (A, C–E, G), AUC 
(B), or Mann-Whitney U test (F). Bar=50 
µm. **P<0.01; ***P<0.001; ****P<0.0001. 
ctrl indicates control; DAPI, 4′,6-diamidino-
2-phenylindole; FITC, fluorescein 
isothiocyanate; IgG, immunoglobulin G; IL4, 
interleukin 4; IP, immunoprecipitation; LPS, 
lipopolysaccharide; NF-κB, Nuclear Factor 
κ-light-chain enhancer of activated B cells; 
oxLDL, oxidized low-density lipoprotein; and 
Rel., relative. 
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MIAT Participated in SMC Transdifferentiation 
Into Inflammatory Macrophage-Like Cells 
Through KLF4
SMC phenotypic switching plays a key role during the 
development and progression of atherosclerotic le-
sions.8,39 OxLDL stimulation induced the SMC pheno-
typic transition to inflammatory macrophage-like cells, 
evidenced by downregulation of SMC markers (ACTA2, 
Transgelin, Myosin heavy chain 11) and elevation of 
phagocytosis and macrophage markers (CD68, Galectin 
3; Figure 6A). This shift in cellular content and marker 
gene expression was also evident in stable versus rup-
tured human carotid arteries (Figure S9C and S9D in the 
Supplemental Material). MIAT inhibition in oxLDL-primed 
SMCs did alter expression of the cholesterol sensing 
gene low density lipoprotein receptor (LDLR), but not 
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase 
(HMGCR; Figure S9E in the Supplemental Material).

The proinflammatory transdifferentiation process 
could be blocked in vitro by inhibiting MIAT expres-
sion (Figure 6A). Recent studies identified Krüppel-like 
factor 4 (KLF4) as a key transcription factor mediat-
ing the SMC-macrophage transition.8,9 We observed 
a remarkable induction of KLF4 after oxLDL stimula-
tion in hCASMCs (Figure 6B and 6D), and in advanced 
human (Figure S9F in the Supplemental Material) and 
mouse carotid plaques (Figure S9G in the Supplemen-
tal Material). The coeffectors ELK1 and HDAC2 were 
also increased (Figure 6B). The knockdown of MIAT suc-
cessfully reversed these changes and decreased KLF4, 
ELK1, and HDAC2 expression (Figure 6B). MIAT knock-
down was further able to limit KLF4 on Lp(a) stimulation 
(Figure S10A in the Supplemental Material). Thus, MIAT 
participates in oxLDL/Lp(a)-induced SMC-macrophage 
transition through inducing KLF4 expression.

To thoroughly dissect the molecular mechanism of 
how MIAT interacts with KLF4, we used the lncRNA:DNA 
interaction prediction tool LongTarget,40 which predicted 
a putative MIAT-KLF4 promoter-binding pattern for 
human and mouse (Figure 6D). To assess the transcrip-
tional activity, we conducted a luciferase reporter assay 
using the KLF4/Klf4 promoter region. Human CASMCs 
were transfected with the pLS-KLF4 promoter luciferase 
vector, with or without oxLDL stimulation. OxLDL stimu-
lation led to an induction of luciferase activity, represent-
ing the transcriptional activity of KLF4, here serving as a 
positive control (Figure 6E).  Knockdown of MIAT (MIAT 
KD) was able to block the oxLDL-induced transcription 
of KLF4 completely. In contrast, overexpression of Miat 
enhanced the transcriptional activity of the Klf4 promoter 
(Klf4 promoter_Miat) in mouse aortic SMCs (Figure 6F) 
compared with control (promoter-flanking region) without 
predicted Miat binding sites. In summary, these experi-
ments suggest that MIAT acts as an enhancer of KLF4 
transcription through direct interaction with its promoter.

Miat Deletion Affected SMC Proliferation and 
Plaque Vulnerability in Vivo
For in vivo investigations into Miat-mediated SMC pro-
liferation, Miat–/– mice and their respective wildtype 
controls were exposed to carotid ligation, enabling us 
to investigate their responsiveness to stenotic flow ob-
struction. Miat–/– mice presented with substantially less 
proliferation and increased apoptosis in their SMC-en-
riched intima-medial layers. αSMA-positive cells were 
significantly decreased in Miat–/– mice after vascular in-
jury (Figure 7A and 7B). SMCs derived from Miat–/– mice 
also displayed a decreased migratory capacity and a 
higher rate of apoptosis compared with Miat+/+ controls 
when assessed with live-cell imaging over time (Figure 
S10B and S10C in the Supplemental Material). Overall, 
Miat-depleted murine SMCs displayed changes similar 
to human carotid SMCs after MIAT knockdown.

To further assess the role of MIAT in plaque destabiliza-
tion, we cross-bred Miat–/– with ApoE–/– mice and exposed 
them to the inducible plaque rupture model. Here, Miat–/–

ApoE–/– mice presented with thinner fibrous caps and a 
more unstable plaque phenotype when assessing plaque 
rupture rates (Figure 7C and 7G). The direct Miat targets 
Egr1 and Elk1 were substantially repressed in advanced 
lesions of Miat–/–ApoE–/– mice compared with littermate 
Miat+/+ApoE–/– control mice (Figure S10D in the Supple-
mental Material), which explains the less proliferative SMC 
phenotype in response to ligation and cuff placement. 
Atherogenesis and overall plaque development were 
however significantly augmented in Miat–/–ApoE–/– mice 
compared with their Miat+/+ApoE–/– littermate controls 
(Figure 7F), which we attribute to reduced expression 
levels of Klf4 in double-knockout mice (Figure S10D in 
the Supplemental Material). Lack of Klf4 in SMCs has 
previously been shown to augment the development of 
atherosclerosis.9 Lipid levels and lipid profile (total choles-
terol, low density lipoprotein, very low-density lipoprotein, 
high density lipoprotein, triglycerides) were not altered 
between Miat–/–ApoE–/– and ApoE–/– mice (Figure S10E 
in the Supplemental Material). This strongly suggests that 
limited plaque development in the double-knockout mice 
is a distinct process that initiates within the vascular wall.

Similar to the murine data described earlier, we were 
able to detect higher expression levels of MIAT, KLF4, 
EGR1, and ELK1 (Figure S10F in the Supplemental 
Material) in Yucatan LDLR-deficient mini-pigs with more 
severe lesions (12 versus 6 months HFD).

DISCUSSION
Increasing evidence for lncRNAs suggests that they are 
involved in numerous important biological events, such 
as serving as scaffolding proteins, shaping nuclear ar-
chitecture, imprinting genomic loci, and regulating tran-
scriptional activity.41 The aberrant expression or mutation 
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Figure 6. MIAT participates in smooth muscle cell transdifferentiation into inflammatory macrophage-like cells through 
KLF4 activation.
A, Expression of SMCs, phagocytosis and/or macrophage markers in hCASMCs stimulated with oxLDL and with or without MIAT knockdown 
(KD). B, Expression of MIAT, transcription factor KLF4, coeffectors ELK1 and HDAC2 in hCASMCs stimulated with oxLDL and with or without 
MIAT KD. C, Left, Immunostaining of KLF4 in hCASMCs stimulated with oxLDL and with or without MIAT KD; Right, fluorescence quantification. 
D, Interaction of Miat/MIAT with Klf4/KLF4 promoter as predicted by LongTarget v2.1. Peaks indicate predicted binding sites of Miat/MIAT within 
Klf4/KLF4 promoter region. E, Luciferase reporter assay with human KLF4 promoter on oxLDL stimulation/MIAT KD in hCASMCs. F, Luciferase 
reporter assay with murine Klf4 promoter (containing Miat predicted binding sites; Klf4 promoter_Miat) or promoter flanking regions (harboring no 
predicted Miat binding sites; Ctrl) in mouse aortic SMCs on Miat overexpression (pCAG-Miat, murine). Bar=50 µm. Data were analyzed by 1-way 
ANOVA.*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; P value >0.05 indicates no significance. ctrl indicates control; DAPI, 4′,6-diamidino-2-
phenylindole; FC, fibrous cap; hCASMC, human carotid smooth muscle cell; KLF4, Krüppel-like factor 4; oxLDL, oxidized low-density lipoprotein; 
Rel., relative; and SMC, smooth muscle cell.
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of lncRNA genes has been implicated in various human 
diseases.14 In particular, in vascular biology and disease, 
several lncRNAs have been reported as important func-

tional regulators of endothelial cells and SMCs, such 
as lincRNA-p21,42 ANRIL,43,44 SENCR,45,46 MALAT1,47 
SNHG12,48 Tie-1AS,49,50 and CARMN.51 In our present 

Figure 7. MIAT deletion affects smooth muscle cell proliferation and plaque vulnerability in vivo.
A, Morphology (H&E), immunostaining for CD68 and smooth muscle cell α-actin (αSMA) in Miat–/– mice versus littermate Miat wildtype controls 
on carotid ligation injury. B, Analysis of cell counts (8 times/animal) per high-power field (HPF) for αSMA and CD68 from A. C, Morphology 
(H&E), immunostaining for CD68 and αSMA in ApoE–/–Miat–/– and ApoE–/– (Miat wildtype) controls on exposure to the inducible plaque rupture 
model (incomplete ligation and cuff placement). D, Cell counts (8 times/animal) per HPF for αSMA and CD68 from C. E, H&E, Oil-Red O 
(indicating lipid deposition), and cross-linked immunofluorescent fibrin staining (indicating an atherothrombotic event) in ApoE–/–Miat–/– versus 
Apo–/– Miat+/+ littermate controls (L indicates lumen; L+T, lumen with thrombus). F, Plaque development (in %) when using the inducible plaque 
rupture model in ApoE–/–-Miat–/– versus ApoE–/–Miat+/+ mice. G, Rupture ratio (in %) in the inducible plaque rupture model comparing ApoE–/–Miat–/–

versus ApoE–/– (Miat wildtype) controls. Data were analyzed by Student t test (B, D). Fisher exact test was used to determine plaque development 
and rupture ratio. *P<0.05; **P<0.01. H&E indicates hematoxylin and eosin.
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study, we identified a novel molecular mechanism through 
which the lncRNA MIAT controls proliferation, apoptosis, 
and phenotypic transition of SMCs, and drives proinflam-
matory macrophage activity during foam cell and necrotic 
core formation, as well.

MIAT, also known as RNCR2 (retinal noncoding RNA 
2) and Gomafu,52,53 shows extensive evolutionary and 
functional conservation among mammals. It was first 
identified as a novel transcript that confers a genetic risk 
of myocardial infarction in a Japanese cohort.16 Later, 
it was shown to associate with cardiac hypertrophy,22 
diabetic cardiomyopathy,54 and cardiac fibrosis,55 mainly 
by acting as a sponge for different miRNAs. In addition, 
MIAT regulates diabetes-induced microvascular dys-
function by competing with endogenous vascular endo-
thelial growth factor and miR-150 in retinal endothelial 
cells. Qin et al56 also confirmed that Miat promotes neu-
rovascular remodeling in the eye and brain. Miat knock-
down leads to cerebral microvascular degeneration, 
progressive neuronal loss and neurodegeneration, and 
behavioral deficits in Alzheimer disease, as well.56 Our 
current data suggest that MIAT may not only play a cru-

cial role in microvascular diseases, but also macrovascu-
lar diseases such as carotid stenosis and ischemic forms 
of stroke (Figure 8D).

We discovered an upregulation of MIAT in human 
and murine advanced carotid plaques, where it was 
coexpressed and relevant for both, lesional SMCs and 
macrophages. The aberrant proliferation of SMCs is 
considered a hallmark of carotid plaque formation and 
progression.6,7 SMCs with high MIAT expression dis-
played a more proliferative status in our murine vul-
nerable plaque rupture model, and in human advanced 
lesions, as well, than those with low expression. Fur-
thermore, increased MIAT expression levels or Lp(a) 
treatment significantly promoted proliferation of in vitro 
cultured hCASMCs, whereas the loss of MIAT mani-
fested the opposite phenotype. Increased Lp(a) lev-
els are closely linked to atherosclerosis development 
and progression.32,57 Indeed, our data from advanced 
human carotid lesions indicate a positive correlation 
for high Lp(a) levels and MIAT expression. Inhibition 
of MIAT strongly mediated the consequences of Lp(a) 
stimulation in SMCs.

Figure 8. Proposed mechanism of action for MIAT in advanced atherosclerosis and plaque destabilization.
KLF4 indicates Krüppel-like factor 4; Lp(a), lipoprotein(a); NF-κB, Nuclear Factor κ-light-chain enhancer of activated B cells; oxLDL, oxidized low-
density lipoprotein; and SMC, smooth muscle cell.
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EGR1 is an inducible protein that belongs to the early 
growth response gene family and has been implicated 
in cellular proliferation, differentiation, and engagement 
with cell death pathways in vascular cells.58 A previous 
study shows that EGR1 mediates platelet-derived growth 
factor–induced sphingosine kinase 1 (SphK1) expres-
sion to promote pulmonary artery SMC proliferation.59 
Recent publications further demonstrate that serine/
arginine-rich splicing factor 1 promotes vascular SMC 
proliferation through an EGR1/KLF5-mediated signal-
ing pathway.60 In addition, EGR1 activation is dependent 
on MEK-ERK signaling.31,32 Constitutively bound ELK1 
at the EGR1 proximal promoter occurs, which leads to 
increased pELK1 binding and de novo recruitment of 
RNA polymerase II to this region.32 In our study, we first 
focused on a panel of transcription factors predicted to 
interact with MIAT based on an in silico analysis. This 
analysis revealed ELK1 and EGR1 as relevant targets. 
Activation of ERK signaling increased cell proliferation, 
whereas blocking ERK signaling abolished this pheno-
type. In line with this concept and previous studies,30 we 
confirmed that EGR1 expression was highly increased in 
advanced carotid plaques and positively correlated with 
MIAT expression and SMC proliferation rates.

Macrophage infiltration and activation around lipid 
pools is crucial for necrotic core formation and pro-
gressing plaque vulnerability.61 In atherosclerotic 
lesions, macrophages scavenge oxLDL, which has 
strong proinflammatory and immunogenic proper-
ties.62,63 NF-κB signaling is thought to be involved in 
this process64 and inhibition of NF-κB prevents foam 
cell formation and plaque destabilization.65 Our current 
discovery that knockdown of MIAT impaired oxLDL 
uptake in human monocyte-differentiated and murine 
peritoneal macrophages suggests that MIAT regulates 
inflammation and lesion progression in carotid plaques. 
Furthermore, oxLDL-induced activation and transloca-
tion of NF-κB were attenuated after inhibiting MIAT 
and blocking its proinflammatory contribution to plaque 
progression through direct targeting of the NF-κB sub-
unit NFκB2/p52/p100.

Conventionally, phenotypic switching of SMCs from 
quiescent and contractile to proliferative and syn-
thetic states occurs during vascular development and 
in response to injury.66 Recent studies suggest that 
SMCs that undergo phenotypic switching can acquire 
macrophage-like properties, which is of fundamental 
importance to atherosclerosis.67 This transdifferentiation 
process, which plays a key role in plaque pathogenesis, 
seems to be heavily dependent on KLF4 activity.9 Coop-
erative binding of KLF4, pELK-1, and HDAC2 to a G-C 
repressor element in the SM22α promoter mediates this 
process.8 SMC-specific conditional knockout of KLF4 
results in reduced numbers of SMC-derived mesenchy-
mal stem cells and macrophage-like cells, and marked 
reductions in lesion size, as well, and increases in multiple 

indices of plaque stability.9 Consistent with our results, 
KLF4, ELK1, and HDAC2 are induced by increased 
MIAT expression or oxLDL stimulation. Elevated MIAT 
levels and oxLDL induction, as well, resulted in reduced 
expression of SMC markers (ACTA2) and increased 
macrophage determinants (CD68). The knockdown of 
MIAT reversed these changes, suggesting that MIAT is 
crucially involved in oxLDL-induced SMC-macrophage 
transdifferentiation through control of KLF4. Our data 
suggest direct binding of MIAT to the KLF4 promoter, 
which is sufficient to induce its transcription. MIAT is not 
the only lncRNA with an enhancer-like function. Similar 
roles have been described previously for H19 in abdomi-
nal aortic aneurysm29 and, more recently, for REG1CP in 
promoting tumorigenesis through REG3A.68

The effect of experimental MIAT modulation appears 
to be quite complex. Miat–/–ApoE–/– mice seem largely 
protected from developing advanced lesions compared 
with littermate Miat++-ApoE–/– controls. During athero-
genesis, genetic depletion of Miat limited Klf4-mediated 
SMC-macrophage transition and inflammation. However, 
once lesions were established in Miat–/–ApoE–/–animals, 
they appeared unstable and more likely to rupture than 
Miat wildtype (but ApoE–/–) littermate controls in our 
experimental plaque rupture model. The downregulation 
of the direct Miat targets Erk, Elk1, and Egr1 was respon-
sible for the limited SMC proliferation and the resulting 
fibrous cap thinning.

In conclusion, we identified a key functional role for 
the lncRNA MIAT in atherosclerotic plaque develop-
ment and destabilization. In high-risk individuals with 
advanced atherosclerotic plaques, increased MIAT 
expression has 3 main effects after exposure to ele-
vated oxLDL and Lp(a) levels: (1) it can promote SMC 
proliferation through the ERK-ELK1-EGR1 pathway; 
(2) it activates proinflammatory macrophages through 
NF-κB signaling, and (3) it mediates SMC phenotypic 
transdifferentiation to inflammatory macrophage-like 
cells through increasing the transcriptional activity of 
KLF4. Knockdown of MIAT in vitro and in vivo mitigated 
these disease-relevant consequences. Ultimately tar-
geting MIAT can serve as a novel molecular treatment 
strategy to limit vascular inflammation and atheroscle-
rosis progression under certain conditions.
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