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Abstract

Background: Activation of vascular smooth muscle cell (VSMC) inflammation is vital to initiate 

vascular disease. However, the role of human-specific long noncoding RNAs (lncRNAs) in VSMC 

inflammation is poorly understood.

Methods: Bulk RNA-seq in differentiated human VSMCs revealed a novel human-specific 

lncRNA called INflammatory MKL1 Interacting Long Noncoding RNA (INKILN). INKILN 
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expression was assessed in multiple in vitro and ex vivo models of VSMC phenotypic 

modulation as well as human atherosclerosis and abdominal aortic aneurysm (AAA). The 

transcriptional regulation of INKILN was verified through luciferase reporter and chromatin 

immunoprecipitation assays. Loss- and gain-of-function studies and multiple RNA-protein and 

protein-protein interaction assays were utilized to uncover a mechanistic role of INKILN in the 

VSMC proinflammatory gene program. Bacterial Artificial Chromosome (BAC) transgenic (Tg) 

mice were used to study INKLIN expression and function in ligation injury-induced neointimal 

formation.

Results: INKILN expression is downregulated in contractile VSMCs and induced in human 

atherosclerosis and AAA. INKILN is transcriptionally activated by the p65 pathway, partially 

through a predicted NF-κB site within its proximal promoter. INKILN activates proinflammatory 

gene expression in cultured human VSMCs and ex vivo cultured vessels. Mechanistically, 

INKILN physically interacts with and stabilizes MKL1, a key activator of VSMC inflammation 

through the p65/NF-κB pathway. INKILN depletion blocks IL1β-induced nuclear localization of 

both p65 and MKL1. Knockdown of INKILN abolishes the physical interaction between p65 and 

MKL1 and the luciferase activity of an NF-κB reporter. Further, INKILN knockdown enhances 

MKL1 ubiquitination, through reduced physical interaction with the deubiquitinating enzyme, 

USP10. INKILN is induced in injured carotid arteries and exacerbates ligation injury-induced 

neointimal formation in BAC Tg mice.

Conclusions: These findings elucidate an important pathway of VSMC inflammation involving 

an INKILN/MKL1/USP10 regulatory axis. Human BAC Tg mice offer a novel and physiologically 

relevant approach for investigating human-specific lncRNAs under vascular disease conditions.
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Introduction

Vascular homeostasis is maintained by the interplay of signaling pathways between resident 

and circulating cells. Humoral, physical, or mechanical perturbations to the vessel wall 

trigger inflammation. 1 Sustained and over-activated vascular inflammation leads to vascular 

cell maladaptation and pathological vascular remodeling.1 Excessive vascular inflammation 

underlies virtually all pathological events in the vasculature, including neointimal formation, 

lipid accumulation, plaque destabilization, aortic rupture, and thrombosis. 2 Targeting 

vascular inflammation is considered a promising strategy to combat different vascular 

disorders as evidenced by numerous preclinical animal trials as well as the CANTOS 

Trial. 3–7 Despite these efforts, successful implementation of anti-inflammatory strategies 

for vascular diseases remains disappointing. 8, 9 This is likely due to the challenges in 

selectively targeting vascular inflammation among the highly complex network of systemic 

inflammatory pathways. As such, a better understanding of the molecular underpinnings of 

vascular inflammation, particularly as to how diverse coding and noncoding genes intertwine 

to govern this process, is essential to develop effective anti-inflammatory based therapeutics 

for vascular disease.
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The human genome undergoes pervasive transcription of long non-coding RNAs (lncRNAs), 

defined as processed transcripts of length ≥ 200 nucleotides that do not encode for a stable 

protein. 10, 11 Unlike mRNAs, which are highly conserved across mammalian species, 

the majority of lncRNAs are human-specific, precluding loss-of-function studies in rodent 

models. Recent studies have identified numerous human-specific lncRNAs associated with 

complex cardiometabolic traits.12 Characterization of these human-specific lncRNAs in 

cardiovascular pathophysiology remains challenging due to the lack of in vivo models. 

Engineering mice with BACs carrying human sequences, especially human lncRNA gene 

loci, represents a potentially effective approach to this endeavor. 13, 14 However, this strategy 

has yet to be harnessed for in vivo investigation of a lncRNA under a vascular disease 

context.

A number of lncRNAs have been documented as key regulators in various biological 

processes and human diseases. 15 The actions of lncRNAs depend on their cellular 

localization, which confers the physical accessibility to their interactive partners for 

function. Nuclear lncRNAs can modulate gene expression by associating with DNA, 

transcription factors, and epigenetic modifiers while cytosolic lncRNAs partner with 

diverse factors to influence protein translation, RNA or protein stability, and protein 

activity. 16 Recent efforts have revealed the important roles of lncRNAs in vascular 

pathophysiology, such as VSMC differentiation, angiogenesis, oxidative stress, senescence, 

endothelial permeability, and, more recently, endothelial to mesenchymal transition. 17–22 

Several lncRNAs have been reported to regulate vascular inflammation. For example, the 

human-specific lncRNA-CCL2 positively regulates its neighboring protein coding gene, 

CCL2. 23 VINAS promotes atherosclerosis via activating NF-κB and MAPK signaling 

pathways. 24 Hematopoietic MALAT1 inhibits vascular inflammation through sponging 

microRNA miR-503. 25 While these studies and others have been conducted in endothelial 

cells and macrophages, lncRNA function in VSMC inflammation is poorly understood. 
19, 24 Elucidating inflammatory lncRNAs in VSMC phenotype transition is of critical 

importance given the established role of VSMCs in such inflammatory vascular diseases 

as atherosclerosis and aneurysm formation. 26

The widely expressed Myocardin related transcription factor A (MRTFA, MKL1) is a 

multifaceted transcription factor, initially recognized as a cofactor of SRF to facilitate 

CArG-dependent gene transcription of the VSMC contractile gene program. 27, 28 In 

contrast to MYOCD and MRTFB (MKL2), whose function is to establish and maintain 

VSMC differentiation, 29 MKL1 expression is robustly induced by and contributes to 

diverse vascular pathologies, including neointimal formation, atherosclerosis, hypertension, 

aortic dissection, and aneurysm. 30–34 The pathological role of MKL1 in the vasculature is 

mediated by disparate gene programs, including extracellular matrix, oxidative stress, and 

vascular inflammation. 33, 34 The proinflammatory action of MKL1 has been attributed to 

its crosstalk with the p65/NF-κB regulatory axis, either through physical interaction with 

p65 to transactivate proinflammatory genes, or complexing with epigenetic modifiers to 

confer an active chromatin state around proinflammatory genes. 35, 36 As such, it is of 

particular importance to understand how MKL1 is induced and stabilized under pathological 

conditions. However, the mechanisms underlying MKL1 expression in vascular disease 

contexts, particularly at the protein level, are virtually unknown. 37
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In the present study, unbiased RNA-seq revealed a novel human-specific lncRNA, called 

INflammatory MKL1 Interacting Long Noncoding RNA or INKILN. We show that 

INKILN is positively associated with and activates a proinflammatory VSMC phenotype 

via a MKL1/p65 pathway. This involves INKILN physical interaction with MKL1 and 

a deubiquitinase, USP10, to prevent ubiquitin-dependent MKL1 degradation. Using a 

humanized INKILN transgenic mouse model, we demonstrate that INKILN is induced by 

and contributes to neointimal formation following carotid artery ligation. In addition to 

revealing a new lncRNA and molecular mechanism underlying the proinflammatory VSMC 

phenotype and vascular pathology, we present an innovative BAC transgenic (Tg) approach 

to study the in vivo regulation and function of human-specific lncRNAs in models of human 

disease.

Methods

The bulk RNA-seq in HCASMCs overexpressing Myocardin (MYOCD) and data analysis 

were described previously and related data were deposited in the Gene Expression 

Omnibus (GEO) database (GSE77120). 17 Long-read sequence data for BAC Tg have been 

submitted to NCBI SRA database (www.ncbi.nlm.nih.gov/sra) under BioProject number 

PRJNA873299. Human sample studies were conducted in accordance with the related 

human subject study protocol, which was approved by the Institutional Review Board (IRB) 

at the Klinikum rechts der Isar of the Technical University Munich. All animal studies were 

approved by the Augusta University Animal Care and Use Committee. Detailed information 

on the related reagents and methods is provided in Supplemental Material. All other data 

that support the findings of this study are available from the corresponding authors upon 

reasonable request.

Statistical analysis

All experiments were repeated in at least 3 independent experiments. Statistical analyses 

were conducted with GraphPad Prism 9.0. Quantitative results were presented as mean ± 

standard deviation (SD). In vivo data with sample size > 10 were first tested for normal 

distribution (Gaussian distribution) via D’Agostino-Pearson normality test. A t-test was used 

when the two groups were both normally distributed and a nonparametric Mann-Whitney 

test was used for groups having a non-Gaussian distribution. We used two-sample t-test 

when comparing two independent samples; paired t-test was used when required by the 

experimental design, as indicated in figure legends. The unpaired comparisons that did 

not have equal variances were analyzed by a t-test with Welch’s correction. Comparisons 

for more than two groups with equal variances were conducted with one-way ANOVA. 

In case of unequal variances, Brown-Forsythe ANOVA test was used. If two groups were 

compared to the same control group, one-way ANOVA followed by a Dunnett’s test was 

used. For all pairwise comparisons, one-way ANOVA followed by Bonferroni test was used 

(e.g, Figure 5D). Two-way ANOVA followed by a Tukey’s post hoc test was used for 

multiple comparisons with two variances. p<0.05 was considered statistically significant. 

The detailed information for all the statistical analyses is included in Table S6.
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Results

INKILN expression correlates with VSMC phenotypic modulation and vascular disease

In an effort to uncover novel lncRNAs linked to VSMC phenotypic modulation and vascular 

disease, we conducted a bulk RNA-seq analysis in human coronary artery smooth muscle 

cells (HCASMs) overexpressing MYOCD, a potent activator of VSMC differentiation. 
50 Assembling the filtered reads derived from RNA sequencing to the human genome 

browser revealed numerous MYOCD-regulated protein coding genes (gray) and noncoding 

RNAs (red). Beyond a number of upregulated lncRNAs, such as MYOSLID, which we 

reported as an activator of VSMC differentiation, 17 MYOCD also downregulates many 

lncRNAs. INKILN appeared to be one of the most abundantly expressed, and significantly 

downregulated lncRNAs (Figure 1A). To determine cell and tissue-specific expression of 

INKILN, we employed FANTOM (Functional Annotation Of the Mammalian genome) 

expression atlas, a meta-annotation which integrates reference genes and newly defined 

transcription start sites (TSSs) based upon CAGE-seq. 51 Analysis of 173 cell types 

and 174 tissues in FANTOM revealed that INKILN was enriched in 5 different types 

of VSMCs, including SMC of the internal thoracic artery, SMC of the carotid artery, 

vascular associated SMC, aortic SMC, as well as different blood vessels which are 

enriched with VSMCs (Figure S1A). Consistently, quantitative RT-PCR (qRT-PCR) showed 

selective expression of INKILN in multiple HCASMC isolates, the human VSMC cell 

line, HITB5, SMC-like myofibroblasts (BR5), and Rhabdomyosarcoma (RD) cells, all of 

which express the VSMC contractile gene LMOD1, as we reported previously (Figure S1B). 
17 qRT-PCR experiments confirmed downregulation of INKILN by MYOCD (Figure 1B). 

INKILN was also downregulated by TGFβ1, another well-recognized activator of VSMC 

differentiation, 52 and a commercial source of conditioned VSMC differentiation medium 

(SMD); like LMOD1, the VSMC contractile gene, CNN1, was upregulated under these 

conditions (Figure 1C, 1D). Upon ex vivo organ or primary cell culture, VSMCs undergo 

dedifferentiation, resulting in the downregulation of VSMC contractile genes. 53 In contrast 

to the VSMC contractile gene MYH11, INKILN was undetectable in freshly obtained 

human saphenous veins (HSVs), whereas it was induced in ex vivo cultured HSV segments 

and primary HSVSMCs dispersed from the same vessel source (Figure 1E, 1F).

Because VSMC phenotypic modulation contributes to the pathogenesis of various vascular 

diseases, we asked if INKILN expression is induced in diseased vessels. We first 

analyzed the combined single nucleus (sn) ATAC libraries from healthy versus diseased 

coronaries, 40 and found three human atherosclerosis-associated peaks residing in intron 

1 of INKILN. Interestingly, these peaks overlap with macrophage-specific peaks (Figure 

1G). Further, qRT-PCR showed markedly elevated INKILN expression in atherosclerotic 

plaques compared to non-atherosclerotic regions from the same vessel source, and human 

AAA tissues versus normal aortas from healthy donors. As expected, gene expression 

of CNN1 was downregulated in both atherosclerosis and AAA, which is in contrast 

to the proinflammatory gene IL8 (Figure 1H, 1I). Immuno-RNA FISH showed a clear 

colocalization of INKILN with ACTA2 positive cells in the neointimal region of human 

AAA tissues, presumably representing phenotypically modulated VSMCs (Figure. 1J); a 

negative control probe failed to give rise to such signal (Figure S1C). Collectively, these 
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results demonstrate that INKILN is a VSMC-enriched lncRNA negatively associated with 

the VSMC contractile phenotype and induced in vascular disease.

INKILN is induced by proinflammatory stimuli through the NF-κB/p65-dependent pathway

INKILN is an intergenic lncRNA residing on chromosome 4, 20 kilobases upstream of IL8. 

Two splice variants of INKILN were found according to sequence assembly, which we refer 

to as V1 and V2 (Figure S2A). RACE and sequencing demonstrated that the full length of 

V1 and V2 is 1,750 bp and 543 bp, respectively. Because of the much lower expression of 

V2 (Figure S2B), we selected V1 for overexpression experiments in this study. PhyloCSF 

analysis and Pfam database query support the absence of any coding potential of INKILN 
(Figure S2C). In vitro transcription/translation assay further validated the absence of protein 

coding potential in INKILN (Figure S2D).

To determine the critical pathway(s) responsible for the induction of INKILN in 

dedifferentiated VSMCs, we analyzed our published bulk RNA-seq dataset (GSE69637) 

done with HSVSMCs treated with proinflammatory cytokine IL1α and PDGF, two 

critical stimuli driving VSMC dedifferentiation. 54 INKILN was induced by IL1α but 

not PDGF, which was further confirmed by qRT-PCR, suggesting the proinflammatory, 

but not proliferative, pathway governs INKILN induction in VSMCs (Figure 2A, 2B). 

Dose-dependent studies in HSVSMCs showed that induction of INKILN expression was 

achieved by IL1α with concentrations as low as 0.01 ng/ml (Figure S2E). Similar induction 

was seen in HCASMCs, human aortic SMCs (HASMCs), as well as pulmonary artery SMCs 

(PASMCs) using different proinflammatory cytokines, such as TNFα and IL1β (Figure 

2C–F, Figure S2F). In HASMCs, IL1β-induced INKILN was time-dependent with peak 

elevation at 12 hours following treatment. This dynamic induction paralleled its neighboring 

gene, IL8 (Figure 2G). IL1β-induced INKILN was suppressed by BAY11-7082, a selective 

inhibitor of the NF-κB pathway (Figure 2H). Overexpression of IKKβ, a specific activator 

of the NF-κB pathway, caused a significant induction of both INKILN and IL8 (Figure 2I), 

suggesting an NF-κB -dependent induction of INKILN expression. To determine if INKILN 
was a direct transcriptional target of the NF-κB pathway, we conducted computational 

analysis of the proximal promoter of INKILN wherein a conserved NF-κB site was 

predicted (Figure S2A). Chromatin immunoprecipitation (ChIP) assays showed that IL1β 
induced p65 binding to the proximal promoter region encompassing a predicted NF-κB site 

in HASMCs (Figure 2J). Finally, TNFα significantly increased the luciferase activity of a 

reporter containing this NF-κB site, whereas such induction was diminished in a truncated 

version lacking this site (Figure 2K). These data support INKILN as a direct transcriptional 

target of the p65/NF-κB pathway.

INKILN positively regulates proinflammatory gene expression in VSMCs

The massive induction of INKILN by proinflammatory stimuli suggests that INKILN 
participates in the proinflammatory gene program in VSMCs. To test this hypothesis, we 

performed RNA-seq in HASMCs treated with two different siRNAs, individually or in 

combination, to INKILN followed by IL1β or vehicle control treatment for 24 hours. 

Principal Component Analysis (PCA) revealed that samples from the same condition 

clustered together, and differences were evident between control and INKILN siRNA 
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treated groups under both vehicle and IL1β stimulated conditions (Figure S3A). We next 

performed differential expression analysis based on an adjusted p-value ≤ 0.05 for each set 

of raw expression measures. A total of 548 genes were significantly differentially expressed 

in siINKILN versus siCtrl under basal conditions, with 333 of them downregulated 

by siINKILN. Notably, of 838 significantly regulated genes under the IL1β stimulated 

condition, 518 were downregulated (see information in GSE158219). To identify the 

pathways regulated by INKILN and gain insight into INKILN molecular functions in 

VSMCs, we performed Gene Ontology (GO) enrichment analysis and KEGG pathway 

analysis. The majority of downregulated pathways upon siINKILN knockdown were 

associated with inflammation-related biological processes, including pathways of cellular 

response to cytokine stimulus, cytokine-mediated signaling, chemokine-mediated signaling, 

and positive regulation of MAPK cascade (Figure 3A). KEGG pathway analysis further 

identified several pathways related to inflammation and immune response such as TNF 

signaling, Cytokine-cytokine receptor interaction, IL-17 signaling, and NF-κB signaling 

(Figure S3B). Numerous proinflammatory genes, including those encoding chemokines 

and cytokines (CXCL1, IL8, and IL6), as well as other inflammatory mediators (NR4A2, 

PTGS2, and OLR1), were downregulated upon INKILN depletion under basal and IL1β-

induced conditions (Figure 3B). Downregulation of proinflammatory genes, such as IL8, 

IL6, CCL2, and CXCL1, was validated by qRT-PCR in both basal and IL1β-induced 

HASMCs, growing HCASMCs, and TNFα-induced PASMCs (Figure 3C, 3D, Figure S3C). 

These results were further validated by a separate siRNA in HASMCs (Figure S3D). To 

independently confirm the siRNA results, we utilized FANA ASO, an alternative approach 

for gene knockdown based on RNase H-mediated RNA-degradation. 55, 56 FANA-mediated 

INKILN knockdown resulted in a similar downregulation of proinflammatory genes in 

both growing HASMCs and HCASMCs, though to a lesser degree compared with siRNA, 

likely due to lower knockdown efficiency (Figure 3E, 3F). In line with the results from loss-

of-function studies, lentivirus overexpressing INKILN (Lenti-INKILN) induced IL6, IL8, 

CXCL1, and CXCL5 gene expression in HASMCs (Figure 3G). To test if INKILN functions 

similarly in the human vasculature, we utilized a well-recognized organ culture model to 

recapitulate pathological vein remodeling in HSV bypass grafts. 39 Robust induction of most 

proinflammatory genes, including INKILN, IL8, IL6, and CXCL5, was observed in HSV 

segments cultured for 3 days (Figure S3E). Notably, siRNA was efficiently delivered to the 

vasculature, as evidenced by 70% INKILN knockdown in the cultured segments, leading 

to a significant reduction of IL8, IL6, and CXCL5 gene expression (Figure 3H). Taken 

together, these results demonstrate that INKILN is a novel activator of the proinflammatory 

gene program in cultured VSMCs and ex vivo cultured vessels.

INKILN interacts with MKL1 in the cytoplasm of VSMCs

To gain insight into the mechanism through which INKILN promotes inflammatory gene 

expression, we sought to determine its cellular localization in cultured VSMCs. qRT-PCR 

of total RNA from fractionated HCASMs showed that INKILN was distributed primarily 

in the cytosolic compartment (Figure 4A), a finding further confirmed by single molecule 

RNA-FISH (Figure 4B, left). The INKILN signal was authenticated by siRNA-mediated 

INKILN gene knockdown and a negative control probe (Figure 4B, middle; Figure S4A). 

Quantitation of INKILN positive cells revealed an average copy number of ~17 INKILN 
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transcripts per cell (Figure 4B, right). Because of the robust induction of MKL1 protein 

levels, its established role in vascular inflammation and disease, 34–36 and its high RNA 

binding potential revealed by a well-recognized algorithm, CatRAPID (Figure S4B), 57 

we sought to test if MKL1 could be an interactive partner of INKILN. In vitro RNA 

pulldown coupled with Western blotting revealed enriched interaction between MKL1 and 

the INKILN transcript, but not the negative control corresponding to antisense INKILN 
(Figure 4C). This interaction appeared to be specific, as two well-recognized activators 

of inflammation, p65 and p38, were not pulled down by INKILN (Figure S4C). Further, 

RNA immunoprecipitation (RIP)-qPCR showed a high enrichment of INKILN in the RNA 

precipitates pulled down by MKL1 antibody, but not p65 antibody and the negative control 

IgG in HCASMCs (Figure 4D) and human rhabdomyosarcoma (RD) cells (Figure 4E). 

This enrichment was specific to INKILN as two abundant transcripts, 18S (Figure 4D) 

and RNU6-1, were not enriched by anti-MKL1 precipitation (Figure 4E). Immuno-RNA-

FISH studies revealed INKILN and MKL1 protein mainly colocalize in the cytosol of 

HCASMs (Figure 4F). Such cytosolic colocalization in VSMCs was specific to MKL1 

as no colocalization was seen with ACTA2, a highly expressed cytoskeletal protein, and 

the species-matched negative control IgG (Figure 4F; Figure S4D). Pearson correlation 

coefficient analysis revealed a higher correlation score for MKL1 with INKILN, but 

not PPIB (Figure 4G). To further validate cytosolic colocalization between INKILN and 

MKL1, we stimulated the cells with Jasplakinolide (Jpk) and TGFβ1, two established 

activators of MKL1 nuclear translocation. 58 Though enhanced nuclear MKL1 was seen 

after stimulation by both activators, colocalization was retained in the cytosol (Figure 4H, 

Left). The correlation in colocalization between MKL1 and INKILN was reduced upon 

either Jpk or TGFβ1 treatment compared with their individual controls (Figure 4H, Right), 
likely attributable to the decreased amount of cytosolic MKL1 protein following nuclear 

translocation. These data support INKILN physically interacting with MKL1 in the cytosolic 

compartment of VSMCs.

Loss of INKILN suppresses MKL1/p65-mediated activation of the proinflammatory gene 
program

The transcription factor MKL1 functions as a critical activator of inflammation in both 

cultured VSMCs and vascular disease models. 34, 36 One well-documented mechanism 

underlying MKL1 activation of vascular inflammation is through the p65/NF-κB pathway. 
34, 36 Knockdown of MKL1 in HCASMCs via lentivirus-shMKL1 or siRNA pool targeting 

MKL1 attenuated the expression of a battery of proinflammatory genes as well as the 

phosphorylated form of p65 (p-p65) (Figure 5A, 5B). Further, increased p-p65 was seen 

in HCASMCs transduced with Ad-MKL1 (Figure 5C). These results prompted us to test if 

INKILN promotes the transactivity of MKL1/p65 on the proinflammatory gene program. To 

test this hypothesis, we first examined the effect of INKILN depletion on IL1β-induced 

p65 nuclear translocation in HASMCs. Western blot of the fractionated protein lysate 

revealed that IL1β increased the amount of p65 in the chromatin fraction of HASMCs. Such 

increase was attenuated by siRNA-mediated INKILN knockdown. In contrast, neither IL1β 
stimulation nor INKILN knockdown significantly changed p65 protein levels in cytosol or 

nucleoplasm of HCASMCs (Figure 5D). Similarly, immunostaining showed a reduction of 

nuclear p65 protein in HCASMCs upon INKILN knockdown and IL1β stimulation (Figure 
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5E). Further, siRNA-mediated INKILN knockdown prevented IL1β-induced MKL1 nuclear 

translocation (Figure 5F). The immunostaining of MKL1 and p65 was authenticated by 

the species-matched negative control IgG (Figure S5). These results suggest that INKILN 
may be critical for the nuclear interaction between MKL1 and p65 to transactivate the 

proinflammatory gene program. Consistent with this notion, a significant reduction of 

TNFα-activated NF-κB reporter activity was seen in HASMCs treated with siINKILN 
(Figure 5G). Collectively, these results support a positive role for INKILN in MKL1/p65 

transactivation of the proinflammatory gene program.

Loss of INKILN reduces MKL1 protein stability via enhancing ubiquitination proteasome 
degradation

Data above suggest that MKL1/p65 may mediate INKILN activation of the proinflammatory 

gene program in VSMCs. To further delineate the molecular mechanism, we performed 

co-immunoprecipitation (Co-IP) in HCASMCs to assess if INKILN impacts the interaction 

between p65 and MKL1, an important mechanism underlying the activation of vascular 

inflammation. 59 INKILN knockdown diminished the association between MKL1 and p65 

in HCASMCs. Interestingly, while INKILN knockdown displayed no effect on the level 

of input p65, it caused a notable reduction of the input MKL1, suggesting INKILN may 

positively regulate MKL1 protein abundance (Figure 6A). Indeed, depletion of INKILN 
by two separate siRNAs significantly reduced the protein levels of MKL1 in HCASMCs 

(Figure 6B). This result was reproduced in HASMCs and RD cells (Figure 6C, 6D). 

Knockdown of INKILN had no effect on MKL1 mRNA levels (Figure 6E), suggesting 

that the influence of INKILN on MKL1 protein abundance was not attributable to changes in 

MKL1 transcription or mRNA stability.

We next considered whether INKILN influences MKL1 protein stability. To test this idea, 

we first assessed whether MKL1 undergoes proteasome-mediated degradation in VSMCs. 

Incubation of HASMC with a proteasome inhibitor, MG132, significantly increased MKL1 

protein levels (Figure 6F), suggesting that MKL1 was subjected to proteasome-mediated 

protein degradation in VSMCs as reported previously. 37 To ascertain if INKILN could 

impact this process, we depleted INKILN in HASMCs with siRNA followed by MG132 

treatment. MG132 completely rescued the downregulation of MKL1 protein caused by 

INKILN loss in HCASMCs (Figure 6G). Finally, immunoprecipitation assays revealed that 

loss of INKILN increased the ubiquitinated form of MKL1 compared with that of control 

siRNA (Figure 6H). These findings suggest that INKILN suppresses MKL1 ubiquitination 

proteasome degradation, leading to elevated levels of MKL1 protein in VSMCs.

INKILN facilitates the interaction between MKL1 and USP10

Ubiquitin proteasome degradation is subjected to the governance of enzyme chains, 

comprising E1 activating, E2 conjugating, and E3 ligase enzymes, which ultimately leads to 

the formation of polyubiquitin chains on a target substrate. 60 This process can be reversed 

by diverse deubiquitinases (DUBs), notably Ubiquitin Specific Peptidase (USP) family 

members that cleave ubiquitin from ubiquitin-conjugated protein substrates. 61, 62 Among all 

USP family members, USP10 has emerged as a key regulator of critical biological processes, 

including immune response and inflammation. 63, 64 To test if USP10 participates in the 
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de-ubiquitination of MKL1, we first examined if MKL1 physically interacts with USP10 in 

VSMCs. Co-IP showed MKL1 forms a complex with USP10, a finding further supported by 

colocalization revealed by immunofluorescence staining (Figure 7A, 7B). Further, siRNA-

mediated USP10 knockdown decreased, while adenovirus overexpressing USP10 increased, 

protein levels of MKL1 in HCASMCs (Figure 7C, 7D). These results suggest that USP10 

may serve as a critical DUB to inhibit MKL1 ubiquitination proteasome degradation. To 

determine how INKILN participates in the regulation of USP10 on MKL1 protein, we 

went on to examine the influence of INKILN on USP10 gene expression. Analysis of bulk 

RNA-seq in INKILN-depleted HASMCs failed to reveal a consistent effect of INKILN 
knockdown on the levels of USP10 mRNA (GSE158219). Western blot showed a marginal, 

but statistically significant, reduction of USP10 protein levels upon INKILN knockdown 

(Figure 7E). These results suggest that INKILN may not have a major role in regulating 

USP10 expression. We then assessed whether INKILN influences the physical interaction 

between USP10 and MKL1. Co-IP showed that the interaction between MKL1 and USP10 

was significantly attenuated by INKILN knockdown in HCASMCs (Figure 7F).

Proximity ligation assay (PLA) is a well-recognized approach to determine the physical 

interactions between proteins. 65 Consistently, PLA revealed a clear interaction between 

MKL1 and USP10 in HCASMCs, and such interaction was significantly attenuated 

upon INKILN knockdown (Figure 7G). These results suggest that INKILN acts as a 

scaffold to facilitate USP10 deubiquitination of MKL1 protein. The immunostaining of 

USP10 and PLA for USP10/MKL1 was authenticated by siUSP10 and siMKL1 (Figure 

S6A, S6B). Similar to MKL1, there was a clear enrichment of INKILN from the RNA 

precipitates against USP10 antibody but not the negative control IgG in HCASMCs. This 

interaction appeared to be specific, as lncRNA NEAT1 was not enriched in the RNA 

precipitates (Figure 7H). Taken together, these results suggest that INKILN stabilizes MKL1 

protein through scaffolding MKL1 and USP10, leading to suppression of MKL1 ubiquitin 

proteasome degradation.

INKILN expression is induced in diseased vessels of BAC transgenic mice and promotes 
ligation injury-induced neointimal formation

Because INKILN is a human-specific lncRNA, with no known mouse ortholog, loss-of-

function studies in vivo are not possible. To circumvent this limitation, we generated 

a humanized BAC transgenic mouse strain carrying the INKILN and UMLILO gene 

loci, a newly annotated gene (ENSG00000289530) found in the first intron of INKILN, 

plus upstream and downstream sequences. Importantly, the neighboring protein-coding 

gene, IL8, was deleted through BAC recombineering; the resultant transgenic mice were 

genotyped using multiple primers targeting different regions of INKILN (Figure S2A, 

Figure S7A, S7B). Using a newly developed CRISPR-Cas9 long read sequencing (CRISPR-

LRS) assay, 49 we mapped this BAC transgene to chromosome 11 at 32,808,215 bp - 

32,828,044 bp (mm10) (Figure 8A). qRT-PCR indicated that the BAC integrated as two 

copies (Figure 8B). CRISPR-LRS libraries found mild genome perturbations on the terminal 

ends of the tandem transgenes comprised of both human and mouse genome sequences 

(Figure S7B), a finding consistent with known structural changes at sites of transgene 

integration. 66. To validate the BAC recombineering, CRISPR-LRS libraries queried inside 
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of the human BAC. Targeting from the 5’ end of INKILN through IL8 revealed successful 

and exclusive removal of human IL8 and its proximal promoter. This feature of the INKILN 
BAC mouse allowed us to properly study the function of INKILN without the confounding 

effects of IL8 expression (Figure S7B). The only protein-coding gene affected in the mouse 

genome was Smim23, a testis-specific gene of unknown function (Figure S7C). We refer 

to this BAC transgenic (Tg) mouse as BAC INKILN Tg. qPCR showed that INKILN was 

undetectable in aortas and carotid arteries under physiological conditions, but robustly 

induced in ex vivo cultured aortas and carotid arteries subjected to complete ligation 

(Figure 8C, 8D). There was no detectable UMLILO or ENSG00000289530 gene expression 

under these conditions (data not shown). The injury-induced INKILN expression in the 

carotids was further validated by RNA FISH using a specific probe to INKILN (Figure 8E). 

Further, INKILN was robustly induced by lipopolysaccharide (LPS) in bone marrow-derived 

macrophages (BMDMs) from INKILN Tg mice (Figure S7D). Finally, immuno-RNA FISH 

confirmed the colocalization of INKILN and mouse MKL1 protein in these LPS-induced 

BMDMs, suggesting a similar physical interaction between INKILN and MKL1 in BAC 

INKILN Tg mice (Figure S7E). These results are congruent with the induction of INKILN 
in phenotypically modulated human SMCs and in atherosclerotic and aneurysmal human 

vessels.

Finally, we sought to determine the influence of INKILN on ligation injury-induced 

neointimal formation in INKILN Tg mice. We subjected INKILN Tg and littermate WT 

control mice to left carotid artery ligation injury for 3 weeks. H&E staining of the serial 

sections at defined distances from the ligation suture site showed significantly increased 

neointimal formation in the distal region (level 3) of INKILN Tg mice relative to littermate 

WT control mice; comparable neointimal formation was seen in level 1 and level 2 regions 

of INKILN Tg and littermate WT control mice (Figure 8F, 8G). No discernable difference 

was observed in the medial layer of injured and sham control carotids in INKILN Tg versus 

WT mice (Figure S7F). Immunostaining showed increased proinflammatory cell infiltration 

and cell proliferation, with increased cell numbers positive for macrophage marker MAC2, 

leukocyte marker CD45, and proliferation marker KI67, respectively, in the injured carotids 

of INKILN Tg mice relative to WT controls (Figure 8H). We did not observe significant 

changes in ACTA2 positive cells in the injured vessels from Tg versus WT mice (Figure 

8H). Authentication of MAC2 and CD45 staining was conducted using species-matched IgG 

controls (Figure S7G). Finally, ligation injured carotids exhibited significantly higher levels 

of MKL1 protein compared with those in WT mice, suggesting a similar effect of INKILN 
on MKL1 protein stability in INKILN Tg mice (Figure 8I). These results demonstrate that 

INKILN is induced in the context of vascular injury and exacerbates neointimal formation, 

consistent with results seen in human cells and vessels.

Discussion

The present study provides insight into the transcriptional control, proinflammatory 

role, and mechanistic action of a novel, human-specific lncRNA, INKILN, in VSMCs. 

Evidence is provided for INKILN downregulation in differentiated contractile VSMCs and 

upregulation upon proinflammatory stimuli in a p65/NFkB-dependent manner. INKILN 
activates the proinflammatory gene program in multiple primary VSMCs and ex vivo HSV 
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cultures, and promotes injury-induced neointimal formation in BAC INKILN Tg mice. 

The molecular basis underlying INKILN activation of VSMC inflammation involves its 

action as a scaffold with MKL1, a major transcriptional activator of vascular inflammation, 

and the deubiquitinase USP10, which inhibits MKL1 ubiquitination and proteasomal 

degradation (Figure 8J). Our study not only uncovers a novel lncRNA activating the 

VSMC proinflammatory phenotype, but also elucidates a previously unknown pathway 

governing MKL1 protein stability to potentiate its proinflammatory role. Given the increased 

recognition of VSMC phenotypic switching to macrophage-like proinflammatory phenotype 

in the initiation and aggravation of vascular diseases, 67 our study provides important 

insights into potential therapeutic strategies for vascular diseases via effectively targeting 

the interplay between coding and noncoding pathways. Because the induction and function 

of INKILN in BAC Tg mice recapitulate those in human cells and tissues, our study also 

indicates that human BAC Tg mouse models may offer an innovative approach to studying 

human-specific lncRNAs in the vascular system.

The genomic localization of INKILN is particularly unique, with its first intron harboring 

the upstream master lncRNA of the inflammatory chemokine locus (UMLILO) transcribed 

in a reverse direction. UMLILO is an enhancer lncRNA that facilitates H3K4me3 epigenetic 

priming of chemokine genes and trained immunity. 68 UMLILO is barely detectable in 

our VSMC systems (data not shown). This suggests that the functional role of INKILN 
may be independent of UMLILO. It should be noted, though INKILN and UMLILO reside 

in the same enhancer RNA region on chromosome 4 and both activate proinflammatory 

genes, several distinctions exist. First, no overlapping sequence is seen in their annotated 

transcripts. Second, INKILN loss-of-function has no effect on UMLILO expression (Figure 

S8). Third, INKILN is predominately located in the cytosolic compartment whereas 

UMLILO resides in the nucleus. Finally, UMLILO activates chemokine genes in cis, whose 

activity is confined to a CXCL topologically associated domain. 68 In contrast, INKILN 
functions in the cytosol and influences a broad range of proinflammatory genes. Therefore, 

though regulatory roles exerted by these two human-specific lncRNAs appear similar in 

triggering inflammation, they utilize distinct pathways to achieve functional consequences. 

Among all lncRNAs annotated in the human genome, the majority of them are restricted 

to humans. This is particularly true for lncRNAs identified as modulators of immune and 

inflammatory responses, including previously published NKILA, lncRNA-CCL2, INCR1, 

and LUCAT1.23, 69–71 These human-specific immune and inflammatory regulatory lncRNAs 

could underlie the complexity of immune responses and inflammatory diseases occurring in 

humans, but not in rodents.

The nearest neighboring protein coding gene to the INKILN locus is IL8, which is located 

20 kb upstream of INKILN with no annotated intervening genes. We thus consider INKILN 
and IL8 as a coding and noncoding gene pair. As a human specific prototypic chemokine, 

IL8 plays a vital role in inflammation initiation and immune cell chemotaxis, contributing 

to the pathogenesis of various inflammatory diseases, such as infectious disease, chronic 

obstructive pulmonary disease, asthma, and cancer. 72–75 Therefore, inhibition of IL8 
gene expression has emerged as an appealing strategy for therapies against these diseases. 
73, 76, 77 Previous studies reported that IL8 gene activation involves three distinct regulatory 

mechanisms: (1) de-repression of the promoter operated by multiple repressors, such as 
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NF-κB-repressing factor, octamer-1 (OCT-1), and HDAC1; (2) transactivation by NF-κB 

and AP1; and (3) mRNA stabilization by the p38MAPK pathway. 78 In our current study, 

we showed that INKILN positively regulates IL8 gene expression, which is consistent with 

our recent survey wherein a connection between IL8 and INKILN was suggested. 79 This 

finding together with the epigenetic activation of IL8 by the enhancer lncRNA UMLILO, 

implies a new lncRNA-mediated regulatory mechanism underlying IL8 gene activation, 

which will have important implications for effectively targeting IL8 gene expression for 

therapy. Elegant studies from Dr. Wang’s lab, using an innovative transgenic mouse model, 

which carries a 166 kilobase BAC encompassing the entire human IL8 gene locus, have 

reported a crucial role for IL8 in aggravating inflammation and gastrointestinal tumor 

formation. 80 Of note, beyond IL8, this BAC also harbors the gene loci of INKILN, 

UMLILO, and ENSG00000289530. Given the genomic complexity of the BAC insert, the 

influence of each of these gene products on phenotypes seen in BAC transgenic mice should 

be taken into account. Finally, careful analysis of the chromatin landscape of INKILN and 

IL8 revealed multiple peaks of active epigenetic markers, such as H3K27ac and H3K4Me1, 

suggesting potential enhancers that participate in the transactivation of both genes (Figure 

S2A). The transcription of both INKILN and IL8 is likely subjected to their individual 

NF-κB site(s) identified in their proximal promoter regions reported here and in previous 

studies. 78 Elucidating the in vivo functional role of these regulatory sites awaits future 

investigative work using genome editing tools as shown for other control elements effecting 

lncRNA gene expression. 46, 47

It has long been recognized that the action of MKL1 on transcriptional regulation is 

signal-responsive and tightly modulated by actin dynamics involving its nucleocytoplasmic 

translocation. 58, 81 In addition, recent studies have reported that MKL1 can also modulate 

gene expression through epigenetic pathways, mainly by interacting with multiple histone 

modifiers, including Brahma-related gene-1 (BRG1), COMPASS/COMPASS-like complex, 

and WD Repeat Domain 5 (WDR5), to ensure an active chromatin status for gene 

transcription. 35, 82, 83 Compared with these well-established mechanisms underlying 

MKL1 transactivity, the regulation of MKL1 expression, especially at the protein level, 

is limited. 37 Here, we report on a novel paradigm for MKL1 protein stability, which 

involves the coordinated actions of INKILN and the deubiquitinase USP10 in the cytoplasm. 

The fact that INKILN depletion results in a decreased interaction between MKL1 and 

USP10 suggests that INKILN acts as a scaffold for USP10 and MKL1 to facilitate USP10-

mediated deubiquitination of MKL1. Given the increased levels of INKILN expression 

reported here and MKL1 protein under vascular disease contexts such as aortic dissection 

and aneurysm, 33, 34 we propose INKILN serves as a previously unknown mechanism 

underlying MKL1 protein stability during disease progression. The detailed mechanism as 

to how the regulatory axis of INKILN/USP10/MKL1 operates to stabilize MKL1 protein 

awaits further investigation.

One distinct paradigm derived from our current study is utilization of human BAC Tg mice 

for elucidating the vascular disease-associated regulation and function of human-specific 

non-conserved lncRNAs. The majority of transcribed lncRNAs in the human genome are 

human-specific, lacking orthologs in rodents. Bioinformatics studies suggest that up to 

2/3 of non-conserved human-specific long intergenic ncRNAs (lincRNAs) are associated 
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with cardiometabolic traits. 12 In vivo characterization of those human-specific lncRNAs 

in a physiological manner represents a big challenge. In our current study, we generated 

a human BAC which carries the intact INKILN gene locus and surrounding sequences, 

providing a physiologically relevant genomic milieu for INKILN gene transcription. The 

gene expression pattern of INKILN in Tg mice mirrors INKILN in human cells and tissues, 

indicating the human BAC Tg mouse captures critical regulatory elements required for 

INKILN transcription. Notably, we observed a significant increase in neointimal formation 

in INKILN Tg mice, which is in line with the proinflammatory function of INKILN in 

humans. These results suggest that humanized BAC Tg mice may offer a physiologically 

relevant tool for in vivo investigation of human specific lncRNAs, whose studies currently 

are largely confined to in vitro cultured cells. 13 To our knowledge, this is the first report 

harnessing human BAC Tg mice to investigate the function of a non-conserved human 

lncRNA in the vascular system.

Several lines of key evidence are provided to support the proinflammatory role of 

INKILN in VSMCs. First, INKILN is highly induced in cultured VSMCs by different 

proinflammatory stimuli, ex vivo cultured HSV segments, and human aneurysm samples. 

Second, both loss-of-function and gain-of-function studies consistently revealed a positive 

role for INKILN in activating a repertoire of proinflammatory genes. Third, loss of INKILN 
reduced the interaction between p65 and MKL1 protein and the transactivity of p65/NF-κB. 

These data collectively suggest a novel regulatory axis comprising INKILN, MKL1, and 

p65 to potentiate the proinflammatory gene program in VSMCs. The attenuation of MKL1 

nuclear translocation upon INKILN depletion is intriguing, and may be partially attributive 

to the decreased MKL1 protein pool. In addition, beyond the cytosolic interaction with 

USP10 and MKL1 to stabilize MKL1 protein, INKILN could sequester away G-actin for 

MKL1 binding, thereby releasing MKL1 for nuclear shuttling. On the other hand, though 

the reduced p65 nuclear translocation was consistently seen in VSMCs with INKILN 
knockdown, we could not detect the physical association between INKILN and p65 in our 

system. We thus surmise that the impact of INKILN on p65 nuclear translocation is likely 

indirect. One possibility is the influence of the proinflammatory cytokines and chemokines 

that are activated by INKILN.

There are several limitations in our current study. First, the NF-κB site we defined only 

exhibited moderate response to TNFα treatment. Given the robust activation of INKILN 
gene expression in response to TNFα, additional cis element(s) may be responsible for 

INKILN gene transcription. Second, additional mechanisms may underlie INKILN-induced 

activation of proinflammatory gene expression. Third, despite repeated attempts, the 

physical interaction between INKILN and MKL1/USP10 in patient samples and animal 

models is lacking. Newer assays and reagents will be necessary to overcome the technical 

challenges in demonstrating such in vivo complexes. Though expression of UMLILO and 

a newly annotated gene ENSG00000289530 are undetectable in vascular cells and Tg mice 

under conditions of INKILN expression (data not shown), the influence on the phenotype 

of Tg mice through an indirect pathway, for example via cis regulatory pathway, cannot be 

excluded. Finally, precise elucidation of INKILN gene transcription using genome editing 

approaches cannot be easily conducted with current INKILN Tg mice because of two 

tandem copies of INKILN.
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In summary, we report the novel lncRNA INKILN as a potent activator of VSMC 

inflammation. The proinflammatory action of INKILN is, at least partially, mediated 

by scaffolding MKL1 and USP10, thereby alleviating MKL1 ubiquitination-mediated 

proteasome degradation. INKILN is the first lncRNA identified that interacts with and 

stabilizes MKL1 protein to activate VSMC inflammation. Given the emerging roles of 

VSMC inflammation, and well-recognized role of the VSMC phenotypic switching to 

macrophage-like transition in the etiology of different vascular disorders, 67 our findings 

provide new insights into a therapeutic strategy for vascular disease via effectively targeting 

the interplay between coding and noncoding pathways. Our studies also indicate that human 

BAC Tg mouse models offer a novel approach for in vivo investigation of human specific 

lncRNAs in a physiological relevant genomic context.
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Nonstandard Abbreviations and Acronyms

BAC Bacterial Artificial Chromosome

ChIP Chromatin immunoprecipitation

CRISPR-LRS CRISPR-Cas9 long-read sequencing

DUB Deubiquitinase

FISH Fluorescence in situ hybridization

HASMC Human aortic smooth muscle cell

HCAMSC Human coronary artery smooth muscle cell

HSV Human saphenous vein

INKILN INflammatory MKL1 Interacting Long Noncoding RNA
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Jpk Jasplakinolide

LncRNA Long noncoding RNA

MKL1 Megakaryoblastic leukemia 1

PLA Proximity ligation assay

RIP RNA immunoprecipitation

Tg Transgenic

USP10 Ubiquitin Specific Peptidase 10

VSMC Vascular smooth muscle cell
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Clinical Perspective

What is New?

• INKILN is a novel human-specific long noncoding RNA (lncRNA), which 

is downregulated in contractile vascular smooth muscle cells (VSMCs) and 

induced in human atherosclerosis and abdominal aortic aneurysm.

• INKILN promotes a proinflammatory VSMC phenotype and exacerbates 

injury-induced neointimal formation, which involves INKILN physical 

interaction with MKL1 and a deubiquitinase, USP10, to prevent ubiquitin-

dependent MKL1 degradation.

• Bacterial Artificial Chromosome (BAC) transgenic mice offer an innovative, 

physiologically relevant approach to study the in vivo regulation and function 

of human-specific lncRNAs in models of human disease.

What Are the Clinical Implications?

• Our findings provide new insight into therapeutic strategies for vascular 

disease via targeting the interplay between coding and noncoding pathways.

• Targeting INKILN gene expression represents a promising approach to 

control VSMC inflammation and vascular diseases.
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Figure 1. INKILN expression correlates with VSMC phenotypic modulation and vascular 
disease.
A. RNA-seq analysis revealed numerous coding (Gray dots) and noncoding genes (red dots) 

regulated by MYOCD in human coronary artery smooth muscle cells (HCASMCs) (n=2). 

B-D. qRT-PCR validation of the downregulation of INKILN in HCASMCs transduced with 

Ad-MYOCD relative to Ad-empty (B, n=3), differentiated HCASMCs induced by either 

TGFβ (2 ng/ml) (C, n=3) or conditioned SMC differentiation medium (SMD) versus growth 

medium (SMG) (D, n=3). E. qRT-PCR (left) and semi-qRT-PCR (right) analysis of the 
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indicated genes in uncultured versus 2 weeks ex vivo cultured human saphenous vein (HSV) 

segments from the same patients (n=7 patients). F. qRT-PCR (left) and semi-qRT-PCR 

(right) analysis of the indicated genes in uncultured HSV versus primary cultured SMCs 

dispersed from fresh HSV tissues (HSVSMCs) (n=6). G. UCSC genome browser screenshot 

of the INKILN gene locus with combined single nucleus (sn) ATAC-seq libraries from 

healthy versus diseased coronary artery (CA) human samples (n=41). Healthy CA: patient 

has no evidence of atherosclerosis and samples are lesion-free; Athero I CA: patient has 

evidence of atherosclerosis, but samples are lesion-free; Atherosclerosis II CA: patient has 

evidence of atherosclerosis and sample contains lesion. H and I. qRT-PCR assessment 

of the indicated genes in human atherosclerotic plaque (Athero) versus non-plaque (Non-

athero) regions from the same patients (H, n=8 patients), and abdominal aortic aneurysm 

(AAA) tissues (n=24 patients) relative to healthy control aortas (Control) from organ donors 

(H, n=6 donors). J. Representative images of the overview for the colorimetric ACTA2 

(brown) immunohistochemistry staining of human AAA tissues and Immuno-RNA FISH for 

INKILN (Red) and a VSMC marker ACTA2 (Green) in the rectangle marked neointimal 

region (see overview) of human AAA vessels (n=5 patients). Arrows indicate specific 

INKILN signal. B-D, and F, unpaired t-test; E, paired t-test; H and I, Mann-Whitney test. 

*p<0.05, ** p <0.01, *** p <0.0001, ns, not significant.
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Figure 2. INKILN is induced by proinflammatory stimuli through the NF-κB/p65-dependent 
pathway.
A. INKILN and its neighboring gene CXCL8 (IL8) expression in primary HSVSMCs ± 

IL1α and PDGF mined from the RNA-seq dataset we published.54 B. qRT-PCR analysis 

of INKILN expression in HSVSMCs induced with IL1α (10 ng/ml) and PDGF (20 ng/ml) 

relative to vehicle control (n=3). C-F. qRT-PCR assay for the indicated genes in HCASMCs 

±TNFα (10 ng/ml) for 48 hours (C), HCASMCs ± IL1β (4 ng/ml) (D), human aortic SMCs 

(HASMCs) ± TNFα (10 ng/ml) (E) or IL1β (4 ng/ml) (F) for 24 hours (n=3). G. qRT-PCR 

for INKILN expression in HASMCs stimulated by IL1β (4 ng/ml) for the indicated time 

points (n=3). H. HASMCs were induced with IL1β (4 ng/ml) for 24 hours followed by 

treatment with BAY11-7082 (10 μM) for 24 hours before RNA extraction for qRT-PCR of 

the indicated genes (n=6). I. qRT-PCR analysis of INKILN in HASMCs transduced with 
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Ad-IKKβ or vector control adenovirus (Ad-Empty) with the same dose (MOI=30) for 72 

hours (n=3). J. Chromatin Immunoprecipitation (ChIP)-qPCR validation of p65 binding to 

the predicted NF-κB site within the proximal INKILN promoter in HASMs induced by 

IL1β or vehicle control for 15 minutes (n=3). K. Schematic of luciferase reporter of the 

putative −1.4 kb INKILN proximal promoter containing a predicted NF-κB site and the 

truncated −1.18 kb reporter lacking this site, and luciferase assays for the −1.4 kb promoter 

of INKILN and the truncated reporter in HEK293 cells induced by TNFα (10 ng/ml) 

for 6 hours (n=3). B, one-way ANOVA followed by a Bonferroni test; C-F, I, K (left), 

unpaired t-test; H, Brown-Forsythe and Welch ANOVA test followed by Dunnett’s multiple 

comparison test; J, and K(right), two-way ANOVA followed by a Tukey’s post hoc test. * p 

<0.05, ** p<0.01, *** p<0.0001, ns, not significant.
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Figure 3. INKILN positively regulates proinflammatory gene expression.
A. The top 10 enriched Gene Ontology (GO) biological process terms downregulated by 

siINKILN in HASMCs under the IL1β-induced condition are shown (false discovery rate 

(FDR) adjusted p<0.05 and absolute log2FoldChange). Individual GO terms were sorted by 

adjusted p values. B. Volcano plot depicts the differentially expressed genes in HASMCs 

± IL1β treated with siINKILN versus siCtrl (sicontrol). C-F. qRT-PCR validation of the 

reduced expression of the indicated pro-inflammatory genes upon INKILN depletion in 

HASMCs ± IL1β (C, n=3) and growing HCASMCs (D, n=6) using siINKILN versus siCtrl 
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(n=3) or FANA Antisense Oligonucleotides (ASO) to INKILN (ASO_INKILN) versus 

ASO control (ASO_Ctrl) in growing HASMCs (E, n=3) and HCASMCs (F, n=3). G. 

Growing HASMCs transduced with the same amount of lentivirus carrying the INKILN 
(Lenti-INKILN) or lentivirus negative control (Lenti-vector) for 72 hours before RNA 

extraction for qRT-PCR of the indicated proinflammatory genes (n=3). H. HSV segments 

incubated with siINKILN or siCtrl for 30 minutes at the dose of 25 nM followed by ex vivo 

culture for 3 days before total RNA isolation for qRT-PCR of the indicated genes (each dot 

represents the average value from 3 separate segments from the same patient, n=6 patients). 

C-G, unpaired t-test; H, paired t-test. * p<0.05, ** p<0.01, *** p<0.0001, ns, not significant.
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Figure 4. INKILN interacts with MKL1 in the cytoplasm of VSMCs.
A. Representative qRT-PCR analysis of INKILN and the indicated control genes in 

total RNA from the fractionated cytosolic and nuclear compartments in HCASMCs (n=3 

independent experiments). B. RNA-FISH for INKILN (red) and PPIB (green) and DAPI 

(blue) staining in growing HCASMCs and the quantitation of the copy number of INKILN 
per cell (n=12 fields with 39 cells for siCtrl and n=17 fields with 71 cells for siINKILN 
from 3 biological replicates quantitated). C. In vitro RNA pulldown using biotinylated sense 

INKILN and antisense INKILN RNA showed an enriched band between 150kD and 250kD 
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with sense INKILN by silver staining (red rectangle), which was validated as MKL1 protein 

by western blot (below). Representative images shown (n=3). D-E. Representative RNA 

Immunoprecipitation (RIP)-qPCR in HCASMC (D) and human rhabdomyosarcoma (RD) 

cells (E) showed an enrichment of INKILN from RNA precipitates by MKL1, but not 

p65 antibodies (n=3 independent experiments). F-G. Representative immuno-RNA-FISH 

for INKILN (red) and MKL1 protein (green) in HCASMCs (F, G) and the quantitation of 

the co-localization between INKILN and MKL1 protein by Pearson correlation coefficient 

analysis (G). PPIB mRNA was used as a negative control which fails to co-localize with 

MKL1 protein (quantitation was from 4 cells of 1 representative experiment out of 3 

independent experiments). H. Representative immuno-RNA-FISH for INKILN and MKL1 

protein in HCASMCs treated with Jasplakinolide (Jpk) for 6 hours or TGFβ for 24 hours to 

induce MKL1 nuclear translocation, and the quantitation of the co-localization of INKILN 
with MKL1 by Pearson correlation coefficient analysis under both stimulation conditions 

relative to their individual vehicle controls (quantitation was from 4 cells of 1 representative 

experiment out of 3 independent experiments). Scale Bar =20µm. B, G, and H, unpaired 

t-test; D and E, one-way ANOVA followed by a Dunnett’s test. * p<0.05, ** p<0.01, *** 

p<0.0001, ns, not significant.
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Figure 5. Loss of INKILN suppresses MKL1/p65-mediated activation of the proinflammatory 
gene program.
A. qRT-PCR analysis of the expression levels of the indicated proinflammatory genes 

in HCASMCs treated with same amount of lentivirus carrying short hairpin RNA to 

MKL1 (Lenti-shMKL1) or siRNA SMART POOL to MKL1 (siMKL1) versus their 

individual controls (Lenti-shCtrl or siCtrl) (n=3). B-C. Representative western blot of the 

phosphorylated p65 (pp65) level in HCASMCs transduced with Lenti-shMKL1 versus 

Lenti-shCtrl (B, n=3) or Adenovirus carrying MKL1 transcript (Ad-MKL1) versus Ad-
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empty control (Ad-empty) for 48 hours before protein extraction for western blot of the 

indicated proteins (C, n=4) and the respective quantitation. D. Representative western blot 

of fractionated proteins from the indicated cellular compartments in HCASMCs depleted 

by siINKILN for 48 hours followed by IL1β stimulation for 24 hours and the quantitation 

(n=4). E. Representative immunofluorescence staining for p65 protein in HASMCs treated 

with siINKILN or siCtrl for 48 hours prior to IL1β induction for 24 hours and the 

quantitation (n=3). F. Immunofluorescence staining for MKL1 in HASMCs treated with 

siINKILN versus siCtrl for 48 hours followed by IL1β induction for 24 hours (n=3 with 

indicated total cell numbers). G. Luciferase assay for NF-κB reporter activity in HASMCs 

depleted by siINKILN for 48 hours followed by TNFα (10 ng/ml) simulation for 6 hours 

(n=3). A-C, unpaired t-test; D, Brown-Forsythe and Welch ANOVA test followed by 

Dunnett’s multiple comparison test; E and F, Mann Whitney test; G, two-way ANOVA 

followed by a Tukey’s post hoc test. * p<0.05, ** p<0.01, *** p<0.0001, ns, not significant.
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Figure 6. Loss of INKILN reduces MKL1 protein stability via enhancing ubiquitination 
proteasome degradation.
A. HASMCs were transfected with siINKILN or siCtrl for 48 hours prior to protein 

extraction for p65 immunoprecipitation followed by western blotting analysis of the 

indicated proteins.1/100 amount of total cell lysates were used as input control. 

Representative western blot images for the indicated proteins (n=5). B-D. HCASMCs (B, 

n=4), HASMCs (C, n=4), and RD cells (D, n=3) were treated with siINKILN or siCtrl for 

72 hours and protein lysates were used for western blot analysis of MKL1. Representative 
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western blot images (B-D, top) and the quantitation (B-D, bottom). E. qRT-PCR of MKL1 
mRNA expression after siRNA-mediated INKILN gene knockdown in HCASMCs (n=3). 

F. HASMCs treated with 5μM MG132 for the indicated time before protein extraction for 

western blot of MKL1. Representative western blot (top) and the quantitation at 20 hours 

after the treatment of MG132 (bottom) (n=5). G. HASMCs treated with siRNA for 48 hours 

followed by MG132 (5 μM) for 20 hours prior to protein extraction for western blot of 

MKL1. Representative western blot image (top) and the quantification (bottom) (n=4). H. 
HCASMCs treated with siINKILN versus siCtrl for 48 hours followed by MG132 (5 μM) 

treatment for 20 hours prior to protein extraction for immunoprecipitation of MKL1 and 

western blot of ubiquitin. Representative images shown (n=4). B and E, one-way ANOVA 

followed by a Bonferroni test; C, D, and F, unpaired t-test; G, two-way ANOVA followed 

by a Bonferroni test. * p<0.05, ** p<0.01, *** p<0.0001, ns, not significant.
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Figure 7. INKILN facilitates the interaction between MKL1 and USP10.
A. Representative image of co-immunoprecipitation of MKL1 followed by western blot 

of the indicated proteins in HCASMCs (n=4). B. Representative co-immunofluorescence 

staining of MKL1 and USP10 in HCASMCs (n=3). Scale Bar=20μm. C,D. Representative 

western blot of the indicated proteins in HCASMCs treated with siRNA to USP10 (C), or 

adenovirus overexpressing USP10 (D) versus their individual controls and the quantitation 

of MKL1 protein levels (n=11). E. HCASMCs were treated with siRNA-INKILN for 72 

hours and the protein levels of USP10 were detected by western blot (n=6). F. HCASMCs 

were treated with siRNA-INKILN for 72 hours prior to immunoprecipitation of MKL1 

and western blot of the indicated proteins. Representative image and the quantitation of 8 

biological replicates from 4 independent experiments. G, Representative image of proximity 

ligation assay (PLA) for MKL1 and USP10 in HCASMCs, and quantitation of PLA punctae 
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shown (17 fields from n=5 independent experiments). H. qRT-PCR of the indicated genes 

from the RNA pools precipitated by USP10 antibody in HCASMCs (n=3). Unpaired t-test 

for all the comparisons. * p<0.05, ** p<0.01, *** p<0.0001, ns, not significant.
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Figure 8. INKILN expression in BAC transgenic mice and its influence on neointimal formation.
A. CRISPR-LRS mapped a single integration locus for human INKILN. The integration 

locus, indicated by a grey box, spanned 32,808,215bp - 32,828,044bp on mouse 

chromosome 11 (mm10), disrupting testis-specific protein-coding gene, Smim23. INKILN 
BAC transgenes (brown rectangles), integrated in a tandem head to tail fashion accompanied 

with BAC cloning vector sequence (red boxes). B. qPCR determined ~2 transgene copies for 

human INKILN (+/tg, n=6) with data normalized to internal control locus. Itga8-CreERT2 

mice (n=2) served as calibrator for one copy of a transgene.84 Values graphed as mean 

± SEM. C. qRT-PCR of INKILN for the uncultured versus 3 days ex vivo cultured aorta 

segments from WT and INKILN transgenic (Tg) mice (n=6). D. qRT-PCR of INKILN 
for unligated versus 1 week ligated carotid arteries from WT and Tg mice (n=3). E. 

Representative RNA FISH image for INKILN transcripts in unligated versus 4 week ligated 
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carotid arteries from WT and Tg mice (n=3). F, G. Representative whole mount of 4 week 

ligated carotid arteries from WT versus Tg mice (F, left), the H&E staining of sections 

at different levels (F, right), and the quantitation of neointimal formation (G, n=13 for 

WT and n=15 for Tg). Representative images of immunofluorescence staining (H) for the 

indicated proteins on cross sections of ligated carotid arteries from WT and Tg mice and the 

quantitation of the fluorescence positive area over the total nuclei at neointima and media 

(n= 5 mice, 1 section/mouse at level 3). I. Western blot of the indicated proteins in unligated 

and ligated carotid arteries from WT versus INKILN Tg mice and the quantitation (n=6). NI, 

Neointima; M, Media; UL, unligated carotids; L, ligated carotids. G and I, Mann-Whitney 

test; H, paired t-test. *p<0.05, **p<0.01, ns, not significant. J. Working model of INKILN 
activating VSMC inflammation. Inflammation induces INKILN expression, which inhibits 

MKL1 ubiquitin proteasome degradation via USP10 and enhances both MKL1 and p65 

nuclear translocation, resulting in the increased nuclear interaction of MKL1 with p65 and 

subsequent transactivation of the proinflammatory gene program.
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