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Abstract

Background—~Phenotypic switching of vascular smooth muscle cells (VSMCs) from a
contractile to a synthetic state is implicated in diverse vascular pathologies including
atherogenesis, plaque stabilisation, and neointimal hyperplasia. However, very little is known as
to the role of long non coding RNA (IncRNA) during this process. Here we investigated a role
for long non-coding (Inc)RNAs in VSMC biology and pathology.

Methods and Results—Using RNA-sequencing, we identified >300 IncRNAs whose expression
was altered in human saphenous vein (HSV) VSMCs following stimulation with IL10 and
PDGF. We focused on a novel IncRNA (Ensembl: RP11-94A24.1) which we termed smooth
muscle induced IncRNA enhances replication (SMILR). Following stimulation, SMILR
expression was increased in both the nucleus and cytoplasm, and was detected in conditioned
media. Furthermore, knockdown of SMILR markedly reduced cell proliferation. Mechanistically,
we noted that expression of genes proximal to SMILR were also altered by IL1u/PDGF
treatment, and HAS2 expression was reduced by SMILR knockdown. In human samples, we
observed increased expression of SMILR in unstable atherosclerotic plaques and detected
increased levels in plasma from patients with high plasma C-reactive protein.
Conclusions—These results identify SMILR as a driver of VSMC proliferation and suggest that

modulation of SMILR may be a novel therapeutic strategy to reduce vascular pathologies.

Key words: microRNA; atherosclerosis; non-coding RNA; vascular smooth muscle;
proliferation; long non-coding RNA
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Introduction

Vessel wall remodelling is an integral pathological process central to cardiovascular diseases
including atherogenesis, plaque rupture and neointimal hyperplasia associated vein graft failure
and in-stent restenosis " ?. Resident vascular smooth muscle cells (VSMC) are typically
quiescent and contractile in the normal physiological state. However, following pathological or
iatrogenic vascular injury, the release of cytokines and growth factors from VSMC, aggregated
platelets and inflammatory cells on the damaged intimal surface, leads to “phenotypic switching"
of VSMC and the adoption of a more synthetic, pro-proliferative and pro-migratory state °. In the
setting of the pathological injury of atherosclerosis, VSMCs not only contribute to the
atherogenic process itself but can also engender plaque stabilisation through the generation of a
thick-capped fibroatheroma. For acute iatrogenic vascular injury, over exuberant proliferation of
VSMC subpopulations promotes neointimal hyperplasia leading to luminal narrowing such as
seen in vein graft failure or in-stent restenosis *. Phenotypic switching of VSMCs and release of
cytokines and growth factors are therefore critical in vascular disease and understanding the
mechanisms involved is critical to gain insights into pathology and identify new opportunities for
therapies.

The highly conserved IL10 and PDGF pathways play prominent roles in VSMC-
associated pathologies *>. IL10 is a central mediator in the cytokine cascade and a potent
activator of vascular cytokine production. Furthermore, previous studies have demonstrated that
ligation injury result in reduced neointimal formation in IL-1 receptor knockout mice °.
Downstream mediators include the signalling molecules MEKK1, p38 and the transcription
factor NF-OB that activate mediators of inflammation and cellular migration ’. PDGF is a potent

mitogen and chemoattractant and expression is increased following vascular injury *. Conversely
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a reduction in PDGF expression reduces intimal thickening and cellular content of the neointima
?_ Activation of both IL10 and PDGF signalling pathways simultaneously can activate common
downstream targets leading to additive or synergistic effects. This includes activation of NFUB
leading to the up-regulation of MMP 3 and 9 '°: genes critical in the development of
vasculoproliferative pathologies.

Over the past decade, there has been substantial interest in determining the complex
interactions between hierarchical levels of gene regulation. Up to 90% of the human genome is
transcribed at different developmental stages and only approximately 2% of RNA molecules are
translated into protein ''. The functional complexity of organisms therefore appears to be reliant
upon non-coding RNA molecules. Non-coding RNAs are subdivided into several classes,
including microRNA (miRNA) and long non-coding RNA (IncRNA). MiRNAs are abundantly
expressed in vascular tissues and play an important role in vascular pathology. Interestingly,
recent studies have demonstrated that miRNAs are capable of being released into the blood from
injured cells. These miRNAs are relatively stable and have been reported as biomarkers for
several disease states including myocardial infarction '> and heart failure'>'*. While the role of
miRNAs is reasonably established in the setting of cardiovascular pathology, relatively little is
known about the role of IncRNAs. LncRNAs are capable of regulating target DNA, RNA and
protein at the pre and post-transcriptional level. It is becoming clear that IncRNAs play a pivotal
role in cellular physiology and pathology via localisation in sub populations of cells and through
highly controlled temporal expression . However, detailed insights into their regulation and
biological roles are only beginning to emerge. In the vascular setting, SENCR and MALAT1 have
been implicated in the control of vascular cell migration and endothelial cell sprouting,

respectively '®, ', Interestingly, SENCR is implicated in phenotypic switching of VSMCs to a
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more pro-migratory phenotype as knockdown of this IncRNA downregulates contractile genes '’
A greater understanding of IncRNAs in quiescent and proliferative VSMCs may provide

valuable insight into the specific roles of IncRNAs in response to pathological processes.

Methods

Human tissue samples

Surplus human saphenous vein tissue was obtained from patients undergoing CABG. Carotid
plaques were obtained from patients undergoing endarterectomy following an acute and symp-
tomatic neurovascular event. Human plasma samples were utilised from a previously published
study: Carotid Ultrasound and Risk of Vascular disease in Europeans and South Asians
(CURVES) 2. All patients gave their written, informed consent. All procedures had local ethical
approval (06/S0703/110, 12/WS/0227, 09/S0703/118 and 12/NW/0036). All studies were ap-
proved by East and West Scotland Research Ethics Committees and all experiments were
conducted according to the principles expressed in the Declaration of Helsinki.

Tissue and Cell culture

All cells were maintained at 37°C in a humidified atmosphere containing 5% CO,. Primary
human saphenous vein derived endothelial cells (HSVECs) were isolated by a modified version
of the protocol described by Jaffe and colleagues '* and maintained in large vessel endothelial
cell culture medium. supplemented with 20% FCS (Life Technologies, Paisley, UK). Primary
human saphenous vein derived smooth muscle cells (HSVSMC) were isolated from medial
explants ' and maintained in Smooth Muscle Cell Growth Medium 2 (PromoCell, Heidelberg,
Germany) with supplements. Human coronary artery VSMC were purchased from Lonza (Basel,

Switzerland) and maintained in VSMC media as above.
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Sample preparation for RNA-seq library construction and analysis

HSVSMC were plated, quiesced in medium containing 0.2% fetal calf serum for 48 hour before
the stimulation with 10 ng/ml IL10, 20 ng/ml PDGF (R&D Systems) or a combination of both
for 72 hours. Total RNA was processed through miRNeasy kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions, treated with DNAse 1 (amplification grade; Sigma, St.
Louis, USA) in order to eliminate genomic DNA contamination and quantified using a
NanoDrop ND-1000 Spectrophotometer (Nano-Drop Technologies, Wilmington, DE, USA).
Following bioanalyzer quality control for RNA integrity number (RIN) values >8, RNA-seq was
performed on ribosomal-depleted RNA using an [llumina Hiseq platform by Beckman Coulter
Genomics. Paired-end sequencing was carried out with a read depth of 70 million (n=4/group).
RNA-seq reads were processed and trimmed to ensure quality and remove adapter sequences
using Flexbar *° and mapped to the Ensembl annotation of GRCh37.75 using the TopHat2
version 2.0.9 *'. The transcriptome was assembled from the aligned reads and quantified using
Cufflinks version 2.2.1 *%. The differential expression levels between the groups was assessed

using Cuffdiff version 2.2.1 **

. The data set are deposited in the GEO repository, study number
GSE69637. The biotype of each transcript was annotated according to the Ensembl database.
Normalisation and statistical analysis of differentially expressed transcripts were carried out
using edgeR and data filtered to find transcripts that were differentially expressed (p<0.01)
between 0.2% media and each treatment group. Differentially expressed IncRNAs, between
control and both IL10/PDGF treatment, were explored using more stringent criteria (p<0.01,
FDR<0.01, LogFC>2) and filtered according to transcript abundance (FPKM>1 in at least one

group). Data outputs such as pie charts and heatmaps were generated using R. IPA analysis was

carried out using protein coding genes differentially expressed (FDR<0.01) from Edge R
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analysis.

Assessment of RNA secretion from HSVSMC

RNA extraction on conditioned HSVSMC media was performed using a standard volume (2
mL). The conditioned media was first centrifuged (10 min; 2000 g; 4°C) to remove all cells and
debris. After addition of 1.4 mL of QIAzol (Qiagen), 3 YL of c.elegans total RNA at 25 ng/pL
was added to each sample. Following 5-min incubation at RT, 140 YL of chloroform was added
and samples centrifuged (15 min; 15000 g; 4°C). The clear upper aqueous phase was used to
isolate RNA using miRNEasy mini kit (Qiagen) as previously described with alteration of the
final wash step (75 % ethanol in DEPC water). Different quantities of total RNA were spiked
and a dose response effect was observed (Suppl. Figure 1A). The quality of the amplicon was
assessed via analysis of melting curves (Suppl. Figure 1B) and subsequent visualisation on
agarose gel (Suppl. Figure 1C). This showed a unique amplification product corresponding to
the cDNA fragment of ama-1. Due to the correlation observed between quantity of spike-in and
ama-1 expression (Suppl. Figure 1D), we utilised 75 ng in all subsequent extractions. This
amount allowed reproducibility of our method, with the Ct values of aina-1 being 29.4+0.3
across 5 separate extractions in non-conditioned media (Suppl. Figure 1E).

Gene expression quantitative Real Time-PCR (QRT-PCR)

For gene expression analysis, cDNA for mRNA analysis was obtained from total RNA using the
Multiscribe Reverse Transcriptase (Life technologies, Paisley, UK). qRT-PCR was performed
using Power SYBR green (Life Technologies) with custom PCR primers (Eurofins MWG,
Ebersberg, Germany), the specificity of these primers was confirmed by performing a melting
curve and running their PCR produce on a gel (Suppl. Table 1 — primer sequences). Ubiquitin C

(UBC) was selected as housekeeping gene due to its stability across all groups studied. Fold-
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changes were calculated using the 2-0JJCt method 23.

Statistical Analysis

Statistical analysis was performed according to figure legends. Data in graphs are shown on
relative expression scales as referenced by **. Data are given as both mean + standard deviation
(StDev) (shown as bars and whiskers) and also as the individual points in order to clearly
represent the data. Note that as the relative expression scale is inherently skewed, the bar indicate
the geometric mean of the relative expression fold change with the StDev whiskers denoting the
relative expression fold change equivalent to an increase of one StDev above the mean on the log
transformed scale. All statistical analysis is performed on the dCt scale (a logarthmic
transformation of the data shown on the RQ in the plots)**. No evidence of unequal variances
across groups was found for any of analyses of the dCt scale data using Levene’s test on minitab
version 17 prior to statistical analysis. Comparisons between 2 groups were analysed using 2-
tailed unpaired or paired Student’s t test. One-way ANOV A with Tukey’s post hoc or one way
ANOVA multiple comparison test for pooled samples, via Graph Pad Prism version 5.0, was
used for comparisons among 3 or more groups. Statistical significance is denoted by a P value of

less than 0.05.

Results

Induction of inflammatory and cell cycle pathways by IL10 and PDGF

We sought to identify IncRNAs that are regulated during the induction of proliferative and
inflammatory pathways in HSVSMC. RNAs were identified using RNA-seq of HSVSMC treated
for 72 h (Figure 1A). Activation of the IL10 and PDGF signalling pathways was confirmed by

presence of the inflammatory microRNA miR-146a (Figure 1B) and induction of VSMC
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proliferation (Figure 1C). The RNA-sequencing obtained an average of 70 million reads per
sample; with 93.5% aligning to the GRCh37 genome reference files. The majority of reads,
under all conditions, corresponded to mRNA (49.6+0.48 %; Figure 1D and Suppl. Figure 2A).
To identify the biological function, networks, and canonical pathways that were affected by
VSMC stimulation, we performed Ingenuity Pathway Analysis (IPA) after RNA-seq analysis.
IPA confirmed the mRNAs with altered expression following IL10 treatment were significantly
enriched in pathways related to cellular movement and inflammatory disease (Suppl. Table 2),
while PDGF stimulation led to the marked enrichment in cell cycle pathways (Suppl. Table 3).
Interestingly, co-stimulation led to enrichment in cell cycle and cardiovascular development
pathways (Suppl. Table 4). Further analysis of differentially expressed mRNAs with a stringent
cut off of FDR<0.01 identified 518 protein coding genes altered following IL1u treatment and
540 following PDGF treatment. Notably, dual stimulation altered 1133 known protein-coding
genes with 480 uniquely associated with dual stimulation and not affected by IL1u or PDGF
treatment alone (Figure 1E and Suppl. Figure 2B).

Identification of differentially expressed LncRNAs in HSVSMC treated with IL1u and PDGF
We next assessed whether IncRNAs were dynamically regulated by growth factor and cytokine
stimulation. Approximately 33% of reads in each condition aligned to known or predicted
IncRNAs (Suppl. Figure 3A). Differential expression analysis confirmed substantial differences
in IncRNA expression between control and stimulated cells. Using the stringent criteria FDR
[0.01 and log?2 fold change (FC) [J2, to declare significance and fragments per kilobase of exon
per million fragments mapped (FPKM) >1, to confirm quantifiable expression we identified 224,
215 and 369 differentially expressed IncRNAs following IL10, PDGF or dual stimulation

respectively (Suppl. Figure 3A). Since IncRNAs can typically contain multiple splice variants,
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the numbers quoted refer to a single consensus gene model and therefore do not reflect the
multiple transcripts of each IncRNA. To determine if specific biotypes of IncRNA were enriched
following HSVSMC stimulation, those differentially expressed were further subdivided
according to biotype in the Ensembl database. These are based upon their relative orientation to
protein coding genes; intervening IncRNA (lincRNA), antisense, overlapping and processed
transcripts. Utilising control and dual stimulation as an example, the distribution of different
IncRNA biotypes was: intervening (45.5%), antisense (45.3%), overlapping (1.4%) and
processed transcripts (7.9%) (Suppl. Figure 3B). Focusing on lincRNA, the candidates (control
vs IL10 and PDGF, FDR<0.01, LogFC<2, FPKM>1) were ranked according to their FPKM and
level of up/down-regulation (Figure 2A, suppl Figure 4 for heat map of all conditions). A
subset of the most differentially expressed transcripts was identified and validated by qRT-PCR
(RP11-91k9.1, RP11-94a24.1, RP11-709B3.2, RP11-760H22.2 and AC018647.3; Figure 2B,
chromosomal locations in Suppl. Table. 1). This was consistent with the RNA-seq results,
showing RP11-94a24.1 and RP11-91k9.1upregulated 20.2+30and 454+26.4 fold, respectively
following co-stimulation and IncRNAs RP11-709B3.2, RP11-760H22.2 and AC018647.3 being
down regulated 16, 28 and 1209 fold, respectively (Figure 3A) (RQ = 0.06+0.04, 0.035+0.01
and 0.0008+0.001 respectively). The dissociation curves and gel products of each primer set are
shown in Supplemental Figure 5.

Vascular enriched expression of RP11-94a24.1

The expression of each IncRNA was quantified in a range of 10 normal human tissues including
specimens derived from brain, gastrointestinal, reproductive, and endocrine systems. In general,
IncRNAs were expressed at relatively low levels across the tissue panel. However, we observed

that RP11-91k9.1 was expressed highest in the heart, while RP11-91K9.1 and AC018647.3
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showed preferential expression within the liver and brain respectively. RP11-709B3.2 and RP11-
760H22.2 displayed highest expression in spleen and thyroid respectively (Suppl. Figure 6A).
We next examined the expression of each IncRNA in primary HSVEC, HSVSMC and human
coronary artery SMC (HCASMC). All IncRNAs had higher expression in VSMCs of either
venous or arterial lineage compared to endothelial cells, suggesting VSMC enrichment (Suppl.
Figure 6B). We also assessed whether the expression of these IncRNAs could be modulated by
IL10 and PDGF in HSVEC as had been found in the HSVSMCs. Notably, subsequent down
regulation of RP11-709B3.2, RP11-760H22.2 and AC018647.3 was not observed in HSVECs as
was the case in HSVSMC (data not shown). Stimulation of HSVECsS produced a significant
3.8+0.7 and 8.7+2.1 fold up regulation of RP11-91K9.1 following IL1U and IL1u/PDGF
treatment respectively (Figure 3B). However, stimulation had no effect upon RP11-94a24.1
expression (Figure 3B), indicating selective regulation in HSVSMC. Due to the expression of
RP11-94a24.1 in HSVSMC and its cell specific induction in response to pathological mediators
of vascular injury, we focused further studies on RP11-94a24.1. We termed this IncRNA, smooth
muscle induced IncRNA enhances replication (SMILR). SMILR expression was assessed through
the utilisation of 3 independent primer sets targeting differential exons of the LncRNA. qRT-
PCR revealed similar Ct and fold changes amongst the 3 sets, further confirming our previous
data (Suppl. Figure 7). The longest open reading frame within SMILR is 57 amino acids.
Analysis of this open reading frame using the Coding Potential Calculator
(http://cpc.cbi.pku.edu.cn) did not reveal any similarity to known protein coding sequences
suggesting that this RNA has no protein coding potential (data not shown).

IL10/PDGF treatment induces the expression of SMILR in a time dependent manner

To investigate the longitudinal regulation of SMILR, we stimulated HSVSMC with PDGF, IL1[
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