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Background

Diabetes-associated atherosclerosis is characterized by excessive vascular wall

inflammation, including impaired lipid deposition, increased immune cell infiltration

and plaque formation in the vessel wall. Macrophages are instrumental for lesion

formation, however the mechanisms underlying their impaired functional capacity

remain poorly understood in diabetes. Accumulating evidence indicates that long

noncoding RNAs (>200bp, lncRNAs) are dysregulated and play crucial roles in

regulating key cellular processes in diverse disease states including

atherosclerosis

Herein, we identify a unique role of a macrophage-enriched lncRNA MERRICAL

(Macrophage Enriched lncRNA Regulates Inflammation, Chemotaxis, and

AtheroscLerosis) in the development of diabetes-associated atherosclerosis.

Mixed methods design

Transcriptomic analysis of the aortic intima from Ldlr-/- mice was performed at 5 time points along the continuum

of lesion progression and regression under a high fat, high sucrose-containing (HFSC) or chow diet,

respectively, to identify differentially expressed lncRNAs.

Gain- and loss-of-function cell-based assays, RNA-protein interactions, and in vivo knockdown were performed

to uncover

the role of a top lncRNA candidate.
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Result

f

Fig.1 LncRNA MERRICAL is coordinately regulated with a group of chemokine genes

during HFSC diet induced-atherosclerosis in mice. a RNA derived from aortic intima of Ldlr−/−

mice (n = 4; each sample represents RNA pooled from two mice) placed on a high fat, high

sucrose-containing (HFSC) diet for 0 weeks (group 1), 2 weeks (group 2), 12 weeks (group 3), or

18 weeks (group 4) after 6 weeks of resumption of a normal chow diet. b Workflow of genome-

wide RNA-seq profiling for the identification of differentially expressed lncRNAs [log2 fold change

(FC), >1.5; FDR, <0.05]. c Radial heatmap showing the top 50 significantly regulated lncRNAs

during the progression of atherosclerosis induced by HFSC diet in Ldlr−/− mice. d Normalized

reads from RNA-seq of lncRNA MERRICAL in the aortic intima over atherosclerosis progression

and regression. e Scatterplot showing the log2 FCs of mRNAde (differentially expressed mRNA

in G3 vs G1) on the x axis and the log2 FCs of their neighboring divergent lncRNAde

(differentially expressed lncRNA in G3 vs G1) on the y axis within 500 kb (FDR < 0.05). f

Heatmap showing the expression pattern of lncRNA MERRICAL and its neighbor genes in the

progression and regression of diabetes-associated atherosclerosis. For all panels, values are

mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001.

Fig.2 Identification of lncRNA and mRNA pairs in HFSC diet induced atherosclerosis mouse model.

a Spearman correlation coefficients for DE-mRNA (red) and DE-lncRNA blue pairs that are of increasing

genomic distances apart compared to random mRNA and lncRNA pairs. b Table showing lncRNA AI662270

and its neighbor genes in the atherosclerosis mouse model.
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Result
Fig.3 Identification of the lncRNA MERRICAL in lesional

intima. a RT-qPCR expression analysis for lncRNA

MERRICAL in aortic intima and media in Ldlr−/− mice (n = 3).

b RT-qPCR expression analysis of lncRNA MERRICAL in

different body organs in 12 weeks old C57BL/6 mice (n = 4). c

RT-qPCR expression analysis of lncRNA MERRICAL in

different aortic cell types isolated by magnetic beads (CD45+

leukocytes, CD31+ endothelial cells, CD90.2+ fibroblasts,

aSMA+ smooth muscle cells) from C57BL/6 mice (n = 3). d

LncRNA MERRICAL expression in different types of immune

cells isolated from C57BL/5 mice: P.M (peritoneal

macrophages, B.M (bone marrow derived macrophages),

NKT (natural killer T cells), CD19+ (B cells), CD3+ (total T

cells), CD4+ (CD4+ T cells), CD8+ (cytotoxic T cells) (n = 3).

e LncRNA MERRICAL expression kinetics in macrophages

differentiated from bone marrow isolated from C57BL/6 mice

(n = 3). f Uniform Manifold Approximation and Projection

(UMAP) of expression of lncRNA MERRICAL in different

aortic cell types after aortic single cell RNA-sequencing. g

Coding potential assessing tool (CPAT) predicts very low

coding potential for lncRNA MERRICAL. h To test the coding

potential, MERRICAL sequence was cloned upstream of

3xFlag-Tag cassette, transfected in 293T cells, and

immunoblotted for Flag antibody. Positive control was

provided with the kit (n = 3 experiments). i RNA-in situ

hybridization for negative control- and MERRICAL-probes on

PFA-fixed bone marrow derived macrophages (BMDMs). j

RT-qPCR analysis for RNA derived from BMDMs separated

into cytoplasmic and nuclear fractions and normalized to the

cytoplasmic fraction (n = 3). k Representative image of

MERRICAL (cyan dots) colocalized with F4/80+ macrophages

in mouse aortic lesions of Ldlr−/− mice fed HFSC diet. Scale

bar=200 μm. For all panels, values are mean ± SD; *p < 0.05;

**p < 0.01; ***p < 0.001.
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Result Fig. 5 MERRICAL deficient

macrophages inhibit pro-inflammatory

responses and chemokine CCL3 /

CCL4 expression in vitro. a Differential

expression analysis using DEseq2 was

applied to compare non-specific control

(NS) gapmeR treated BMDMs (M1 phase)

with the MERRICAL gapmeR knockdown

(KD) BMDMs (M1 phase). b IPA

Canonical pathway analysis from

differentially expressed genes of

MERRICAL KD BMDM compared to NS

controls. c GOChord plot showing the

significantly regulated genes (log2 fold

change >3; FDR <0.05) involved in the

top 7 enriched pathways in comparison of

MERRICAL KD BMDM to NS controls. d

Heatmap showing the significantly

regulated genes in the chemokine

signaling pathway. e Overlapping

significantly downregulated genes (from

comparison of MERRICAL KD BMDM to

NS controls) with the significantly

increased genes (from aortic intimal RNA-

seq of Ldlr−/− mice fed HFSC diet, G3

progression versus control). f GOChord

plot showing the overlapped genes in e

(log2 fold change >0.58; FDR <0.05)

involved in the top 7 enriched pathways.

Fig.4 Transcriptomic analysis of BMDM from NS control and MERRICAL

KD. a Illustration of gapmeR KD of BMDM. b RT-qPCR confirmed KD efficiency

in MERRICAL KD group. c Heatmap and hierarchical clustering.
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Result
Fig 6. Loss and gain-of-function of

lncRNA MERRICAL regulating chemotaxis

and proinflammatory response in vitro. a

RT-qPCR analysis of knockdown efficiency

using gapmeR targeting lncRNA MERRICAL

in BMDM. b and c RT-qPCR analysis

confirmed the Ccl3 and Ccl4 expression in

NS control and MERRICAL KD BMDM. d

Radial heatmap showing cytokine array in

supernatant from NS control and MERRICAL

BMDMs. e Flow cytometry analysis of M1

(pro-inflammatory phase) differentiation from

M0 (resting phase) in NS control and

MERRICAL gapmeR treated BMDMs. f

Immunofluorescence imaging of

representative fields of PBMC adhesion

assay on bEnd.3 cell monolayer cultured for

24 h with supernatant from NS control or

MERRICAL KD BMDMs. Scalebar: 100 µm.

g Immunofluorescence imaging of

representative fields of migrated BMDM

through the transwell filter with the

supernatant of NS control or MERRICAL KD

BMDMs loaded in the lowered chamber. h

NFκB signaling pathway in BMDM treated

with LPS (1 μg/mL, 4 h and 16h) from NS

control and MERRICAL KD groups. i-k

CCL3, CCL4, and IL-1β mRNA expression in

control vector or MERRICAL overexpression

vector treated BMDMs. l NFκB signaling

pathway in BMDM treated with LPS (1

μg/mL, 4 h and 16h) from control vector and

MERRICAL overexpression vector treated

groups.

Fig 7. Loss and gain-of-function of lncRNA MERRICAL regulating chemotaxis and

proinflammatory response in vitro. a RT-qPCR analysis of knockdown efficiency using

gapmeR targeting lncRNA MERRICAL in BMDM. b and c RT-qPCR analysis confirmed the

Ccl3 and Ccl4 expression in NS control and MERRICAL KD BMDM. d Radial heatmap showing

cytokine array in supernatant from NS control and MERRICAL BMDMs. e Flow cytometry

analysis of M1 (pro-inflammatory phase) differentiation from M0 (resting phase) in NS control

and MERRICAL gapmeR treated BMDMs. f Immunofluorescence imaging of representative

fields of PBMC adhesion assay on bEnd.3 cell monolayer cultured for 24 h.
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Result NS control

MERRICAL

KD

Fig 8. MERRICAL knockdown inhibits pro-

inflammatory responses and atherosclerotic lesion

formation in vivo. a Ldlr−/− mice on HFSC diet were r.o.

injected with non-specific (NS) control gapmeR (n = 15) or

MERRICAL gapmeR (n = 15) once per week (20 mg kg−1

per injection per mouse) for 12 weeks. b and c RT-qPCR

analysis of CCL3 and CCL4 expression in aortic intima

from NS control and MERRICAL KD groups. d RNA-ISH

representative images and quantification of MERRICAL

knockdown in CD68+ macrophages in the aortic sinus from

control and MERRICAL KD groups of mice. e

Representative images and quantification for Oil-Red O

staining in the descending aorta from control and

MERRICAL KD mice. f Representative images and

quantification for Oil-Red O staining in the in the aortic

sinus from control and MERRICAL KD mice (n = 5). g,

Representative image of CD68 (cyan) and α-SMA (red)

staining in aortic roots and quantification of CD68+ cells

(n=5). Scale bar: 100 μm. h, Flow cytometry analysis of

aortic cells (ascending aorta to diaphragm) from control

and MERRICAL KD mice on HFSC diet for 12 weeks (n =

4). i, Volcano plot showing mouse cytokine array in plasma

from control and MERRICAL KD mice on HFSC diet for 12

weeks. j, Heatmap showing significantly regulated

cytokines in plasma from control and MERRICAL KD mice

on HFSC diet for 12 weeks (n = 6). For all panels, values

are mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001.
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Conclusion

These findings establish a cis-regulatory mechanism by which a

macrophage-specific lncRNA potently inhibits pro-inflammatory and

chemotactic responses to alleviate lesion progression in diabetes, with

implications for a broad range of diabetes-associated vascular disease

states.

Loss of

lncRNA

MERRICAL

Recruitment of chromatin modifying

enzyme H3K4me3 by cis-regulatory

function of MERRICAL
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