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Abstract

Vascular smooth muscle cells (VSMCs) provide vital contractile force within
blood vessel walls, yet also propagate widespread cardiovascular pathologies
with high mortality rates through pathological activities. The targeting of such
phenotypes in VSMCs has been a commonly-touted strategy for decades yet
we still have no viable option to implement this. Recent studies have
established that VSMC phenotypes are driven, in part, by the diverse effects
of long non-coding RNAs (IncRNAs) on gene expression. This class of largely
uncharacterised gene regulators may offer a wealth of novel targets to be used
to target VSMCs. However, their characterisation in VSMCs in pathological
states is hampered by incomplete IncRNA representation in reference

annotation.

In this thesis, we address this by assembling non-reference transcripts in
RNA sequencing datasets describing saphenous vein VSMCs stimulated in
vitro with cytokines and growth factors or arterial VSMCs stimulated with
mechanical stress. We also utilised VSMCs isolated from atherosclerotic
plaques. All transcripts were subject to a rigorous INcCRNA prediction pipeline
to provide an expanded VSMC transcriptome with an unprecedented level of

detail on the IncRNAs associated with VSMC pathological states.

We found substantially improved coverage of IncRNAs responding to pro-
mitogenic stimuli, with non-reference IncRNAs contributing 21-32% per
dataset. We also demonstrate non-reference IncRNAs were biased towards
enriched expression within VSMCs, suggesting extra IncRNAs highlighted by
our pipeline have particular relevance to VSMC-specific processes. They were
also biased towards transcription from enhancer sites suggesting they
coordinate the regulation of neighbouring protein-coding genes. Both VSMC-
enriched and enhancer-transcribed IncRNAs were large components of
IncRNAs responding to pathological stimuli, yet without novel transcript
discovery 33—46% of these IncRNAs would remain hidden. In parallel to this
analysis, we mined the expanded VSMC annotation to initially explore
functionality in a small cohort of uncharacterised IncRNAs within the

saphenous vein VSMC in vitro model.



In our final round of analysis, we hypothesised that many IncRNAs may be
involved in directing early transcriptional changes leading up to proliferation —
and so constitute targets that may be particularly high value through acting
upstream of multiple mitogenic or pathogenic pathways. We therefore used
our expanded VSMC annotation as a foundation to perform a deeper analysis
of IncRNA activity within RNAseq samples obtained from the first 24 hours of
stimulation in the saphenous vein VSMC in vitro model, aiming to identify
IncRNAs influencing initial transcriptional changes prior to observable cell
division.

We noted an enrichment of IncRNA induction — particularly those which were
VSMC-enriched or enhancer-transcribed — within an early phase of SVSMC
stimuli response prior to proliferation. Transcription factor mRNA dynamics
also localised to earlier phases whilst cell cycle mMRNAs were overwhelmingly
induced after 8 hours. This suggests the involvement of IncRNAs in an early
phase of gene regulation sets the VSMC on a path towards later proliferation.
To predict IncRNAs with functional impact in the 4 hour regulatory phase, we
looked for evidence of their cis-regulation of nearby genes. Genes located near
differentially expressed intergenic IncRNAs were 1.51x more likely to be
differentially expressed within the four hour window than those located
elsewhere in the genome. This effect was also identified for transcription
factors and was particularly potent for genes around enhancer-transcribed
IncRNAs (2.26x) but weakened when considering over longer time periods
(1.16x). Together this suggests a focus of IncRNA-dependent cis-regulation
activity in the first four hours after stimulation that could lead to wider
downstream impact on VSMC pathological states. We finish by identifying a
cohort of uncharacterised INncRNAs regulated in the initial four hour phase that
have strong correlations in expression with transcription factors or other genes

that explicitly link to vasculoproliferative pathology.

Overall, our comprehensive VSMC IncRNA repertoire provides much
needed clarity on the activity of IncRNAs within VSMC pathological states. The
approach we outline allows proper prioritisation of candidates for
characterisation and exemplifies a strategy to broaden our knowledge of

IncRNA across a range of disease states.



Lay Summary

Vascular smooth muscle cells (VSMCs) make up the bulk of the wall of all
large blood vessels (arteries and veins) where they assemble into a thick
muscular inner layer. Here, they contract and relax to properly deliver blood
throughout the body but also act as central contributors to the most life-
threatening and widespread blood vessel diseases. VSMCs cause such
diseases when they lose muscular traits and instead travel towards the inner
surface of the blood vessel wall where they begin to divide. This lowers the
ability of vessels to contract and reduces space for blood flow, eventually
causing blockages and heart attacks (the number one most common global
cause of death). To combat this, we want to understand how disease-causing
signals (for example cholesterol from a high fat diet absorbed into the blood
vessel wall) change VSMCs from being a crucial muscular component of blood

vessel walls to disease-causing agents.

We now know that all cellular processes, including VSMC contribution to
disease, are controlled by an internal machinery which directs their movement,
growth and ability to divide. This machinery is created inside the cell according
to a blueprint consisting of a molecule called DNA. Typically, elements of this
blueprint are copied into another molecule called RNA which is then used to
make proteins. These proteins are the structural components that are used to
build a cell as well as components of the internal cellular machinery. However,
recent advances in our ability to detect RNA have shown that some of these
“blueprint copies” are not used to make proteins at all. Such RNAs are referred
to as “non-coding” RNAs with several now known to be integral components
of cellular machinery — much like proteins. This discovery initiated a wave of
studies which hope to separate those RNAs which are made into protein or

those which are non-coding and may instead have some other function.

In the field of VSMC biology, one particular type of non-coding RNA (called
long non-coding RNAs or IncRNAs) have now been found to control their ability
to show disease-causing traits. We may be able to use gene therapy to control
such IncRNAs in patients and reduce the consequences of vascular disease.
The field is therefore attempting to identify all such IncRNAs and many studies
have been geared towards building catalogues of IncRNAs. However, despite

their central role in vascular diseases, very few of these have focused on
Vi



VSMCs which has meant many IncRNAs of interest are likely unaccounted for.
In this thesis we build a catalogue of IncRNAs in disease-causing VSMCs for
the first time, showing that many of likely importance to processes leading to
VSMC-related disease were previously missing from most previous studies.
Ultimately, we hope to provide a resource for further studies of particular
IncRNAs that could help stop disease-causing VSMCs. We also provide an
example for others to use to build more informative IncRNA catalogues in other

disease settings.
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Chapter 1: Introduction



1.1 VSMC proliferation in homeostasis and disease

1.1.1 VSMCs, Blood Vessels and Cardiovascular Disease

The principal role of vascular smooth muscle cells (VSMCs) is to provide
contractile force in the walls of arteries and veins across the entire body to
ensure proper circulation. During vascular development VSMCs stabilise the
formation of new blood vessels, eventually becoming the bulk component of
the middle layer of the vessel media. In fully formed vessels they
overwhelmingly exist in a final differentiation state characterised by a
contractile phenotype with minimal levels of proliferation. This provides a
stable layer of muscle which can constrict or relax in response to changes in
blood pressure. However, in contrast to most other cell types, VSMCs possess
a high level of plasticity and a ready ability to lose differentiation state. In
response to a multiplicity of stimuli they are exposed to in the vasculature, they
can lose contractile ability and develop a range of phenotypes including
proliferation, migration and extracellular matrix (ECM) production. The
transition is reversible’ and can be conventionally summarised as a move from
a passive, quiescent and contractile state towards an active, synthetic and
non-contractile state referred to as phenotypic switching. This phenomenon is
thought to have evolved to allow vessels to be adaptable, switching between
maintaining homeostasis or reacting to new circumstances with growth and

repair mechanisms?.

The balance between VSMC states is a central determinant of tissue
remodelling during prevalent and life-threatening cardiovascular diseases
such as coronary artery disease (CAD), hypertension as well as aortic and
cerebrovascular aneurysms?®+#. Both the genetic and environmental causes of
these cardiovascular diseases are many-fold. Similarly, a high variety exists in
such diseases in the range of VSMC phenotypes exhibited after loss of
differentiation state?®. However, for diseases like CAD and hypertension,
VSMC proliferation in the intimal or medial layers is central to their
pathophysiology, hence their characterisation as “vasculoproliferative”
diseases. Proliferation has been characterised as the "final common pathway”
in such contexts®, enacted by multiple convergent stimuli such as growth

factors, cytokines and biochemical or mechanical stresses. These also induce

1



other phenotypes which do not cause such diseases in the absence of VSMC
proliferation but may sustain, accelerate or worsen the effects of VSMC
proliferation. For instance, migration of VSMCs from the media to intima allows
their proliferation in this space to produce neointimal expansions — lesions
dense with VSMCs and ECM — on the surface of blood vessels®. Alternatively,
apoptosis of VSMCs can lead to release of pro-inflammatory factors which act
as stimuli for VSMC proliferation. Hence, development of therapies aimed
directly at VSMC proliferation, or indirectly via supportive VSMC phenotypes

is a long-standing aim to reduce cardiovascular disease burden.

Vessel wall remodelling can take years to decades to build up before
significant downstream consequences are incurred, for example through
reductions in the blood supply to surrounding tissue (ischaemia and hypoxia)
or blood pressure increases that underlie vascular dementia or the hypertrophy
of heart tissue®. Conversely, more immediate consequences are often
particularly fatal, such as the rupture of atherosclerotic lesions and the
resulting thrombosis leading to a blockage of blood flow to the heart and
myocardial infarction’. CAD-related deaths are the number one most common
cause of death globally in 2016, whilst deaths linked to strokes were second?.
Hypertension is also a strong causal risk factor for both. It is therefore
imperative to understand the regulatory mechanisms underlying the
contribution of VSMC phenotypes to vasculoproliferative diseases. However,
the causes and consequences of VSMC proliferation and associated
phenotypes are not yet understood sufficiently to therapeutically target them
effectively. Indeed, the net effect of VSMC proliferation on clinical outcomes is
increasingly recognised as context-dependent, with the potential for both
stabilisation or disruption of vessel wall function based on timing or presence
of other phenotypes®®. This means that despite decades of study on their
foundational role in vascular remodelling, therapies which can directly modify
the regulation of VSMCs in the vessel wall are still in desperately short supply
or absent for nearly all vasculoproliferative pathologies. In this thesis, a novel
cohort of candidate genes relevant to the control of VSMC proliferation in

various disease settings are defined and explored.



1.1.2 VSMC role in vessel development

From early embryogenesis VSMCs are essential to stabilise arteries and
veins at a nascent stage in development where they consist solely of
endothelial cells (ECs). EC secretion of platelet-derived growth factor-BB
(PDGF-BB), a key signalling molecule in the lifespan of VSMCs, leads to both
recruitment of progenitor cells and their differentiation into VSMCs'. Many
such progenitors and routes to VSMC differentiation are apparent in the early
embryo. Flk1+ or 10T1/2 embryonic stem cells derived from the mouse
mesodermal layer can adopt features of differentiated VSMCs such as
upregulation of genes for contractility, and adoption of a spindle-like
morphology through stimulation with PDGF-BB or transforming growth factor-
B (TGF-B) - another key signal for VSMCs, often acting in opposition to PDGF-
BB in mature blood vessels'!'2. PDGF-BB provides another source of mural
cells for nascent blood vessels as it is chemotactic for differentiated VSMCs,
inducing their migration to the tip of newly formed vessels via a signalling
pathway involving Sonic hedgehog (Shh)-dependent phosphorylation of
ERK1/2 and PI3K'3. ECs also communicate to VSMCs in close-contact via
Notch signalling. Presentation of the Jag1 ligand on the surface of ECs is
recognised by VSMC Notch receptors which then activate tight linkages to the
endothelium via expression of integrin avB3'4. Further, the Notch3 receptor is
required for expression of VSMC contractile genes in the aortic arch and
coronary arteries'®. These embryonic processes and pathways can be
reactivated during repair processes and form the basis of many responses to

vascular injury in later mature vessels.

VSMCs are recruited to nascent vessels from distinctly developed
embryonic regions, a factor contributing to a well-described trait of VSMCs;
their heterogeneity between and within vascular beds. For example, VSMC
progenitors for vessels in the immediate vicinity of the mammalian heart
originate from at least 4 embryonic regions®. Differentiation paths from human
pluripotent stem cells to VSMCs via these regions have been replicated in vitro
by Cheung et al.'8(Figure 1.1). This showed populations of VSMCs from the
neuroectoderm or lateral plate mesoderm embryonic regions that form the
disease-prone aortic arch, carotid arteries and coronary arteries show an

innate capacity for degradation of extracellular matrix (ECM) common to many
3
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tissue remodelling events in these vessels. This manifested as relatively high
production of matrix metalloproteinase 9 (MMP9) and low production of TIMP1
— a general inhibitor of MMPs. Conversely, those derived from hSPC-derived
paraxial mesoderm showed far less pathogenic capacity and produce the
disease-resistant descending aorta. Additionally, VSMCs from the aortic arch
and descending aorta possess distinct gene expression profiles, reflecting the
differences in disease-susceptibility between these vessel regions. The former
show greater capacity for immune response and proliferation whilst the latter
emphasise expression of developmental genes (e.g. Hox genes)'”'®. These
differences appear not to stem from differences in sizes of VSMC sub-
populations but rather are apparent at the level of individual VSMCs isolated
from either region. These studies demonstrate a strong genetic component to
heterogeneity amongst VSMCs as their tendency to produce a pathogenic

phenotype can be initially leveraged during embryogenesis.

VSMC heterogeneity in aortic development

Neural crest
Notochord —
axial mesoderm

Paraxial Intermediate Latera

mesoderm  mesoderm
(somites)

Cross-section of a human embryo at week 4 In vitro derivation of origin-specific SMCs

Aortic Root (prone Aortic Arch + Coronary Arteries Descending aorta (resistant
to atherosclerosis) (prone to atherosclerosis) to atherosclerosis)

Figure 1.1 VSMC heterogeneity in aortic development. Various distinct embryonic
regions provide cells to distinct regions of the aorta. Cheung et al. provide evidence
that this spatially-separated heterogeneity in embryonic origin influences propensity

towards disease. Adapted from Cheung et al., 20121¢

Subsequent proliferation and differentiation of progenitors into VSMCs,
builds up concentric layers of smooth muscle resulting in the muscularisation

of large vessels'®'°. A case study in the mouse pulmonary artery provides
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some mechanistic clues, showing that these layers are formed initially of cells
expressing the PDGF receptor PDGFR-B?°(Figure 1.2). This receptor is later
downregulated concomitant with an increase in markers associated with
VSMC identity such as a-smooth muscle actin as mature, contractile VSMCs
are formed. Morphological changes are also apparent as they reduce their
longitudinal size and reorient to wrap around the vessel circumferentially in a
more uniform manner. With repetitions of this process in multiple consecutive
layers the vessel media is formed whilst in the final layer the transition is not
completed leaving a less mature layer involved in forming the outer adventitial
layer. Aside from PDGF-BB and TGF-B signals, likely derived from the
endothelium, other likely pro-differentiation signals for VSMCs are shear stress
provided by blood flow?'. Additionally the ECM components produced by
immature VSMCs - particularly collagen and elastin — are not only necessary
to provide tensile strength but also repress VSMC chemotaxis and their
synthesis of other ECM components often found in pathological contexts?2.
Production of such proteins peaks soon after VSMC recruitment to nascent
vessels then rapidly falls as VSMCs mature and reduce synthetic activity?3. In
mature arteries and veins VSMCs exist in the medial layer, separated from the
endothelium via a basement membrane and in healthy conditions are tightly

controlled to maintain their mature, quiescent state.
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Figure 1.2 Arterial wall muscularisation. Case study of early embryonic development of
the pulmonary artery in mice showing evidence for sequential layering and maturation
of VSMC progenitors. Adapted from Greif et al., 201220

1.1.3 VSMC proliferation during atherosclerosis

Atherosclerosis is defined as the development of plaques comprised of
inflammatory cells, lipids, cellular debris and VSMCs in the intima of arteries.
This process occurs over decades in humans and is a root cause of myocardial
infarction, stroke, heart failure and angina and so the top cause of death
globally?*. Despite widespread plaque occurrence across the human

population, attempts to reduce the associated mortality risk are limited to either
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invasive surgical interventions or broad-brush treatments to lower risk factors
like blood lipid levels. Halting or reversing plague growth or even changing
plaque morphology therefore requires finding new druggable targets in the
most relevant cell types. VSMC phenotypic modulation has long been known
to be involved in atherosclerosis progression and is extensively studied in this
setting. However, in recent years we have gained a clearer view on the
somewhat ambiguous role of VSMCs during atherosclerosis alongside other

causative factors, such as a sustained local inflammatory response®.

The timeline of the role of VSMCs in human atherosclerosis could begin with
the formation of diffuse intimal thickenings (DITs), accumulations of structurally
organised VSMCs and ECM thought to occur as an adaption to arterial flow
pressure. They are visible in the intima, predominantly in arteries prone to the
disease, from as early as 36 weeks after birth?>. Though DITs are absent in
animal models of atherosclerosis, so challenging to definitively link to
atherosclerosis, their localisation and age-related increase in thickening
suggests they are likely to act as the initial base for plaque formation. VSMCs
in DITs show low proliferative ability relative to VSMCs in plaques?® though
appear to be dedifferentiated as they are responsible for synthesising the ECM
component of this layer. The ability of this negatively charged ECM, comprised
mainly of proteoglycans, to bind to negatively charged circulating lipids is
thought to allow plasma-derived low-density lipoproteins (LDLs), particularly
apolipoprotein B, to accumulate in intimal pools over a potentially decades-

long period of time (Figure 1.3).

Uptake of LDLs can stimulate the proliferation and pro-inflammatory activity
of VSMCs. However long term exposure, or conversion of LDLs into oxidised
LDLs (oxLDLs), induces VSMC apoptosis and cell cycle arrest?’. In early
stages of atherogenesis uptake of oxLDLs by VSMCs as well as macrophages
gives them a distinct lipid-dense “foam cell” morphology which coincides with
a cycle of increased oxidative stress and apoptosis?®. Sustained inflammation
then arises as clearance of apoptosing cells through phagocytosis by
macrophages or VSMCs is inhibited, in part through effects of oxLDL
accumulation®®. Lack of clearance leads to necrosis of apoptosing cells, with
the resulting debris acting as a particularly potent inducer of the secretion of
cytokines such as IL-6 and MCP-1. VSMCs and ECs can be stimulated by

7
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other LDL derivates to increase secretion of MCP-1 and adhesion molecules,
aiding recruitment of circulating monocytes and their differentiation into
macrophages — a process also resulting in loss of endothelial barrier
integrity?”3031, The initiation of atherosclerosis through lipid retention is
supported by observations that lipid accumulation precedes an increased
density of macrophages (derived from monocytes) in early human lesions32:33,
Further, altering the proteoglycan binding capacity of apolipoprotein B results
in lower intimal retention of this lipid and smaller lesion size in mice aortas3.
Together this apoptosis, necrosis, influx of macrophages, disruption of the
endothelial layer and the accompanying release of cytokines and growth
factors lays the foundation for a wave of VSMC proliferation to contain the

inflamed lipid-rich area.

Initial phases of atherosclerosis

EVG stain SMC lipid macrophage

Diffuse intimal
thickening

Lipid
accumulation

Macrophage
infilitration

Reduced SMC
density

Figure 1.3 Initial phases of atherosclerosis. Each row represents a phase if tissue
remodelling prior to atherosclerosis, displayed using EVG stain in left-hand panels,
anti-SMA immunostaining in 2"¥ column, Sudan IV staining in 3" column and anti-CD68
immunostaining in the right-hand panels. Arrows indicate the elastic lamina basement
membrane whilst Tl refers to the tunica intima (referred to as the intima in the text) and
TM refers to the tunica media (referred to as the media in the text). Adapted from
Nakagawa et al., 201852

VSMC proliferation predominantly occurs during formation of advanced

atherosclerotic lesions or fibroatheromas (Figure 1.4). These are covered by a
Chapter 1: Introduction 8



fibrous cap which, in the best cases, stabilises the inner core of inflammatory
activity initiated in earlier stages thereby preventing it from destabilising and
rupturing the plaque. PDGF-BB, is secreted by ECs, platelets and
macrophages and is widely-appreciated as a central driver of the VSMC
accumulation that builds advanced atherosclerosis lesions®>3. Production of
PDGF-BB by macrophages is visible even in early atherosclerotic plaques, still
consisting mainly of lipid rich deposits, but this output markedly increases in
the advanced plaques with fibrous caps®. PDGF-BB can stimulate
proliferation in VSMCs through using the ubiquitous ERK1/2 and PI3K/Akt

signalling pathways to activate cell cycle components like cyclin D13,



VSMC proliferation in homeostasis and disease

Phases of advanced atherosclerosis

Pathological
intimal thickening

Fibroatheroma

Fibroatheroma
+ necrotic core

Unstable
fibroatheroma

© Arterywall @ Macrophage foam cells @ Necrotic core
@ Lumen O Extracellular lipid - Cholesterol clefts
@ Smooth muscle cells O Collagen @ Calcified plaque

Figure 1.4 Phases of advanced atherosclerosis displayed via histology and
representative images. Arrows indicate macrophages, LP indicates lipid pools, NC

indicates necrotic cores. Adapted from Yagahi et al., 20167

Pro-inflammatory factors secreted by macrophages, activated ECs or
present within apoptotic debris such as IL-6, IL-8, MCP-1, IL-1a and IL-1[3 can
also stimulate VSMC proliferation and migration in vitro given the right
conditions3%44 so are also contributors to VSMC intimal accumulation during
progression of atherosclerosis. Additionally, PDGF-BB and pro-inflammatory
signalling pathways can together boost proliferative activity synergistically. For
example, IL-1B has been shown to play a supportive role in PDGF-BB

mediated proliferation through downregulating expression of cell cycle kinase
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inhibitors p27 and p214%. In VSMCs, treatment with both factors together
causes close physical association of PDGFR and the IL-1 receptor at the cell
membrane leading to sustained phosphorylation of PDGFR and extended Akt
signalling*6. VSMC proliferation is not thought to be implemented directly by
NF-kB, a central mediator of transcriptional activity typically activated by pro-
inflammatory factors. However, the activation of NF-kB appears to support
VSMC migration, proliferation and survival by inducing anti-apoptotic, ECM
degrading and pro-inflammatory factors®®. Conversely, PDGF-BB plays a
supportive role in IL-1f signalling as activation of the ERK pathway can in turn
sustain NF-kB activation for longer*” which can thus accentuate pathogenic
VSMC behaviour. For example, the expression of the matrix degrading
enzyme, MMP9 by VSMCs is unaffected by PDGF-BB alone and is
upregulated by IL-1a. However, PDGF-BB treatment can potentiate IL-10-
induced MMP9 expression in an NF-kB dependent manner - also implying
wider support of other NF-kB-targeted genes by PDG-BB*84°. As both PDGF-
BB and pro-inflammatory factors are generated together within atherosclerotic
lesions, VSMC proliferation is therefore likely driven not only by signalling
cascades initiated by PDGF-BB or pro-inflammatory factors alone but also by

synergistic effects resulting from the interaction of these cascades.

Our understanding of how these pathways are used in VSMCs during plaque
progression has been aided by the development of more sophisticated tools to
track cell subpopulations in the blood vessel wall. Initial evidence that clonal
patches of cells exist in human plaques was established nearly 5 decades ago
using patterns of X-chromosome inactivation to track VSMC progeny®°. This
method was later finessed to show proliferation of a tiny number or even a
single medial VSMC can be responsible for these clonal patches and also
identified them within DITs in healthy arteries suggesting that this clonal
expansion may begin in early life®!. The monoclonal nature of atherosclerosis
distinguishes it from other more polyclonal events like VSMC proliferation

during vessel development®? or tissue remodelling during wound healing.

Lineage tracing techniques allowing permanent fluorescent labelling of
medial VSMCs and their progeny in healthy arteries prior to induction of
atherosclerosis have recently expanded on these early findings. In mice,

tracing of VSMC clones from a mature differentiated phenotype in the media,
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into advanced plaques shows they not only provide cap cells, which express
high levels of ACTA2, but a set of ACTAZ2" cells localised in the core that stain
positive for oxLDL and express macrophage markers LGASL3 and CD6853:%4,
This is consistent with earlier in vitro observations that cholesterol-loaded
VSMCs upregulate macrophage markers®®. Another VSMC tracing effort set
these findings in a temporal context, showing that a single VSMC is capable
of producing all clonal cap cells which express contractile markers as well as
PDGFR-B and are hyperproliferative (Figure 1.5 —top panel)®2. These cap cells
were also identified to provide VSMC-derived cells in the plaque core which
downregulate contractile genes and are ~5-fold less proliferative. The ability to
sequence the transcriptome of individual VSMCs during plaque development
using single cell RNA sequencing (scRNAseq) allowed Wirka et al. to add
further detail, indicating VSMCs follow a linear progression from the contractile
phenotype to a modulated phenotype which can then progress to cells
expressing macrophage markers (Figure 1.5 — bottom panel)6. Notably, there
was no detectable divergence from this path to obtain a macrophage-like
transcriptome. Rather, the transcriptional changes underlying this progression
point towards a reprogramming of VSMCs towards a fibroblast-like or
“fiboromyocyte” phenotype visible in both mouse and human atherosclerosis.
VSMCs expressing macrophage markers appear to be an extreme form of this

progression and do not show overall transcriptional similarity to macrophages.

12



VSMC proliferation in homeostasis and disease

VSMC clonality in atherosclerosis

Atheroscleortic wall, ApoE"™", HFD timeline

Normal wall

00
it
(t
ihi
0
o

Week 12-16

—ECs <=<—><8SMCs <= Proliferating SMCs <> Non-SMC derived macrophages <= Transdifferentiated SMCs

VSMC modulation in atherosclerosis

t-SNE2
t-SNE2

mﬁo'&%

-SNE1

t-SNE2

SMC modulation score
Low NENENEM High

t-SNE1

t-SNE2
t-SNE2

Cnnt A " Lgals3
Low " High Low sommmm High

t-SNE1 t-SNE1

Figure 1.5 Recent insights into VSMC dynamics in atherosclerosis. Top panel adapted
from Misra et al., 201852 shows schematic model of how VSMCs expand clonally after
leaving the media to create the plaque cap before subsequently entering the plaque
core. Bottom panel adapted from Wirka et al., 201956 shows single cells isolated from
plaques and clustered based on transcriptional similarities via scRNAseq. Each panel
represents this cell clustering coloured by relative expression strength of VSMC
markers TAGLN (SM22a) or CNN1, the macrophage marker LGALS3 as well as the

bespoke score for VSMC modulation defined by the authors.

Tracing VSMC populations also advanced the idea of altering the balance of

their phenotypes within plaques to reduce chance of rupture. VSMC-specific
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knockout of KLF4, a core component of VSMC dedifferentiation, identified
KLF4 as a driver of macrophage-markers as well as proliferative and apoptotic
phenotypes during mouse plaque growth. Accordingly, this led to >50%
reduced lesion size and increased the density of VSMCs expressing
contractile markers within caps and overall cap size within these lesions®.
Conversely, a VSMC-specific knockout of TCF21 in mice reduced the fibrous
cap area relative to the LGALS3" core as well as the arterial proportion of
fioromyoctes relative to non-modulated VSMCs®%. TCF21 then, appears to
promote the proliferation of VMSCs with a fibromyocyte phenotype allowing
proper containment of the lipid-rich core, whilst KLF4 activity may push these
VSMCs to further along the phenotypic modulation axis and into the lipid-rich
plaque core. Other factors identified using lineage tracing studies have also
determined factors controlling the initial transfer of medial VSMCs into the
plaque. Oct4, a pro-pluripotency factor induced by KLF4, is required during
mouse plaque progression and when knocked out greatly reduces VSMC
density in the fibrous cap®. The only visible phenotypic effect from Oct4
knockout in VSMC in vitro is loss of migration, implicating it as a possible driver
of medial to intima transfer. Alternatively, integrin B3 (ITGB3), a
transmembrane protein interacting with both ECM and the cytoskeleton,
showed biased expression to cap rather than core VSMCs and suppresses
toll-like receptor (TLR)4 signalling — used to generate innate immune
responses. This desensitised these cells to pro-inflammatory factors whilst
also reducing oxLDL uptake and macrophage marker expression®2. Further, in
myeloid cells ITGB3 appeared to maintain the monoclonality of VSMCs in
plaques and cap formation, possibly through suppressing the en masse

proliferation and migration of multiple medial VSMCs.

The ability to track alterations in VSMC dynamics through perturbing known
factors in dedifferentiation, pluripotency and cell communication have obvious,
immediate implications for therapies aiming to adjust the balance of VSMC
phenotypic modulation. These findings provide evidence that a single medial
progenitor can provide all plaque VSMC-derived cells, of both beneficial and
disruptive phenotypes, and that these are a major cellular component of the
lesion. Multiple competing hypotheses exist to attempt to define this population

of initial causative VSMCs in the vessel wall. Evidence that resident stem cells
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in the adventitia are competent for differentiation into VSMCs in atherosclerotic
lesions was initially provided by Hu et al. in 2004%8. These cells, identified
through possession of many markers of stem cells including stem cell antigen
1 (Sca1), could be seeded on to the outer adventitia of irradiated vessels and
be observed to migrate through to the intima in a mouse vessel injury model
in vivo. A group of Sca1* adventitial (AdvSca1) progenitors was later identified
to arise in 2-3 week old mice at the medial border, possessing a high level of
Shh signalling®®. AdvSca1 cells with Shh activity were subsequently traced (via
Shh component, Gli1) from localisation in the adventitia through to neointimal
formations (accumulations of VSMCs and ECM similar to DITs) after wire injury
in mice®. In these neointima, >50% of mature VSMCs were derived from Gli1+
AdvScal cells showing that resident progenitors in the adventitia have the
capacity to contribute to VSMC mass after injury. However, other tracings of
AdvScal cells, labelled directly with Sca1, have failed to reproduce this
contribution to the neointima post-wire injury, instead seeing influx of AdvSca1-
derived VSMCs to the media only, and requiring a more severe trans-sectional
injury of the vessel wall®'. Therefore, though the potential of AdvSca1 cells to
provide VSMCs during vessel remodelling is proven, this may be a particularly
context-dependent event. The mechanisms, prevalence and clinical relevance

of adventitial-derived VSMCs are therefore still an open question.

Another Sca1* population with potential as a source of pathological VSMCs
has been identified outside of the adventitia, within medial VSMCs in mouse
aortas'. Using scRNAseq, Scal was found amongst a set of genes with
particularly high variation across populations of medial VSMCs. Expression of
Scal was strongly negatively correlated with a set of genes that together
provide a contractile expression signature in differentiated VSMCs. The Sca1*
population is <1% of the entire medial population of VSMCs though increased
in size in response to in vitro culturing, in vivo aging and carotid ligation injury.
8 days post-injury, Sca1® medial cells could expand to provide 10-45% of
arterial VSMCs'”. Within mouse plaque-derived VSMCs, lineage traced using
SMMHC labelling, Sca1* cells represented only a proportion of dedifferentiated
VSMCs and did not overlap with those expressing macrophage markers. Sca1
may therefore mark out VSMCs in an intermediate state between contractile

and dedifferentiated VSMCs which readily expand during vasculoproliferative
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disease. Neointimal and plaque VSMCs are therefore shown to derive from
medial cells expressing VSMC marker genes in some studies'’:52-5456  yet
from AdvSca1 cells in others®®6%, Both models could potentially act in concert,
either through AdvSca1 cells being a precursor to medial Sca1* VSMCs or
both providing independent routes to intimal VSMCs. However, the finding that
Sca1 is expressed in medial VSMCs provides initial evidence that the two
populations could, at least in part, be of the same lineage. A potential model
which unifies both sets of studies would need to reconcile differences between
the potential VSMC progenitor populations. For instance, Gli1-tracked VSMC
progenitors express distinct markers from medial Sca1l* VSMCs'":0,
Untangling the contributions and clinical relevance of both adventitial and
medial progenitors of intimal VSMCs will continue to be an area of high interest

in the coming years.

This provides an overview of the role of VSMC across various stages of
atherosclerosis. Despite the advances outlined, we still have no therapy to
address VSMCs directly in this context. However, work in this area has
provided a basis to understand VSMC dynamics in distinct proliferative
contexts such as those seen after interventions undertaken to reduce risk from

atherosclerosis.

1.1.4 VSMC proliferation after surgical interventions

A commonly used strategy to intervene in atherosclerosis of the coronary or
peripheral arteries is to circumvent the diseased arteries using other non-
diseased blood vessels as grafts to allow revascularisation. Saphenous veins
are regularly used as grafts as they are relatively convenient to surgically
extract, of a large enough diameter to meet arterial blood flow demands and
lengthy enough to provide sufficient material for grafting. Despite this, the
consensus is that 10-20% of saphenous vein grafts (SVGs) used to bypass
coronary arteries lose patency in the first year alone and this increases to
>60% in the 10-20 year period®. This is much higher than the 10-20-year
failure rate seen when using alternative arterial grafts, particularly the internal
mammary arteries (<5%) and radial arteries (<20%). The increased failure rate

in SVGs relative to arterial grafts is due to an initial risk of thrombosis in the
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first months after surgery and then in subsequent years inward vascular
remodelling®. This process shares much in common with the initial formation

of atherosclerosis but occurs in an accelerated time frame.

Current treatments attempt to boost graft patency through use of statins and
aspirin that target the identified risk factors cholesterol and platelet levels
respectively®s. Improved “no-touch” surgical techniques which limit graft
damage during harvesting of the vein may lead to more substantiative changes
in future SVG failure rates, with 83% grafts recorded as patent after 16 years
in small scale trials of <30 patients®. However, the sheer number of SVG
procedures undertaken means that without targeted treatments to effectively
reduce adverse remodelling, the failure rate will remain an issue. Gene therapy
is a strategy which holds high potential as grafts can be treated ex vivo, post-
harvesting and immediately prior to surgical implantation®. This contrasts with
other scenarios where a therapeutic may have to be administered to a tissue
in situ, likely requiring a more sophisticated targeted delivery system to ensure
the tissue of interest receives proper dosage. As the vein graft procedure
incorporates a period in which the harvested graft is prepared for implantation,
this provides a window of opportunity to expose the graft to therapeutics
(Figure 1.6). This could allow manipulation of VSMCs in the early phases of
graft remodelling which are known to determine the long-term functionality of
the graft. Notably, this idea has been previously pursued in a phase 3 clinical
trial which utlised decoy oligonucleotides to prevent activity of the pro-
proliferative E2F in pre-implant veins®®. Despite widespread evidence showing
that the etiology of vein graft failure in the months to years post implantation is
related to an early phase of VSMC proliferation — no beneficial effects were
seen in this trial. This demonstrated that we still have much to decipher in the
early influences on graft remodelling and any link with pro-proliferative
influences. Exploration of the molecular mechanisms underlying the VSMC
contribution to vein graft failure therefore remains a high priority, to both

stimulate and inform future therapeutic developments.
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A therapeutic strategy to prevent vein graft failure
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Figure 1.6 The opportunity for therapeutic intervention prior to onset of negative
remodelling in vein graft failure. Preventing formation of a VSMC-rich neointima in the
first weeks post-implantation may be possible by pre-treatment of a graft with gene
therapy e.g. to reduce expression of pro-proliferative regulators in VSMCs. Effects from
such a therapy would likely have to be sustained over a time period of 1-2 weeks
minimum and not bring a halt to beneficial remodelling required for muscularisation of
the graft. Adapted from de Vries et al. 2016°.

Targeting VSMC proliferation with gene therapy may be a way to counter the
uncontrolled intimal thickening in the later phases of SVG failure, rather than
earlier failures largely due to thrombosis. In the later phase, intimal thickening
can proceed towards occlusion of the entire lumen whilst providing a highly
atherogenic environment which often leads to the development of new
plaques. Compared to “native” atherosclerosis this process occurs in a time-
frame of years rather than decades and the resulting plaques show greater
signs of instability’. VSMC proliferation again plays a context-dependent role
with both beneficial and detrimental effects to patency during remodelling of
the graft. Neointimal hyperplasia is already apparent in many SVGs pre-
implantation®” but growth of such lesions also occurs in the weeks and months
after surgery stimulated by loss of endothelium, platelet attachment and
macrophage infiltration at the vessel wall surface. Successful grafts limit this
intimal thickening to muscularise the vein and allow it to adapt to arterial blood
pressure levels without effecting lumen diameter. Outward remodelling of the

media and adventitia aids long term patency, allowing luminal dilation to adapt
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to increased shear stress®8.89, In failed SVGs, neointimal hyperplasia growth
continues unabated, often with minimal outward remodelling and stiffening of

the graft wall.

Steps taken during the surgical procedure to prepare SVGs are an initial
cause of SVG intimal thickening. In ex vivo culture, surgically prepared veins
show an increase in intimal thickening relative to unprepared veins which could
be attributed to loss of the endothelium and increased induction of oxidative
stress’?. Endothelial loss — initiated during the initial harvesting of veins — is
exacerbated by surgical preparation steps to ensure the vein is graft-worthy
and results in loss of endothelial cell nitric oxide production which has anti-
proliferative, anti-thrombotic and anti-inflammatory effects. Surgical handling
involves high pressure distention of the vein, which initiates expression of
adhesion molecules and TLRs in the graft which, as in native atherosclerosis,
induce the recruitment of circulating monocytes and platelets’!. The magnitude
of pressure required to damage the endothelial layer is regularly exceeded
during the vein preparation and positively correlates with the amount of
endothelial cell loss and neointimal hyperplasia seen in the weeks after
procedure’?. "No touch" techniques to harvest grafts may alleviate this damage
by removing the graft whilst keeping the surrounding tissue including the
adventitial vasa vasorum. Retention of these microvessels may be particularly
important for the stability of venous grafts, as the increased number of
endothelial cells facilitate greater nitric oxide production and preserve the graft
blood supply for longer over initial post-surgery phase’®. In rodent models, vein
grafts lose their endothelium by 1-7 days with concurrent platelet and
monocyte attachment prior to regeneration within ~30 days - no such injury
occurs in arterial grafts’*75. The phase of loss and regeneration of endothelium
sows later vessel wall disruption by providing an early opportunity for leukocyte
and platelet attachment and secretion of signals for VSMC proliferation and

dedifferentiation.

Rodent models of early vein graft remodelling show that an initial wave of
VSMC apoptosis in the first days is overtaken in the first week by a sharp
increase in mostly medial and adventitial proliferation which then sharply
declines”™ 7%, A VSMC-dense neointimal hyperplasia is present after 14 days

and can continue thickening up to at least 70 days without loss of luminal area.
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Many SVGs also show signs of intimal hyperplasia prior to implantation which
stain heavily for TGF-B likely an indication of extensive ECM secreton®’. In
SVG patients an initial increase in the graft lumen diameter occurs in the first
month, correlating with the initial shear stress level after implantation®. The
extent of this early outward remodelling is a strong predictor of graft patency
in subsequent years®®. Mechanical factors like shear stress can stimulate SVG
adaption to a higher pressure environment through inducing VSMC
proliferation, acting via the PI3K pathway to repress activity of the cell cycle
inhibitor p2777. Patients with a single nucleotide polymorphism (SNP) that can
boost expression of p27 have a greater increase in lumen diameter in the first
month and a greater 5-year graft patency rate’®. Thus, though VSMC
proliferation in the graft is required to effect outward remodelling, a greater
ability to limit this proliferation - for instance through an SNP leading to
elevated p27 expression - may aid long-term patency. Graft remodelling
immediately after the first month of implantation appears minimal with no
change in wall thickness but a gradual reduction in luminal diameter over the
rest of the first year’®. Proliferating cells over this time period in human graft
lesions are few in number (1-2% of all cells) but mainly VSMCs, endothelial
cells (from infiltrating microvessels) monocytes or macrophages®’. The first
month post-implantation, influenced by VSMC proliferation and apoptosis, is
therefore a key remodelling phase that influences later graft patency and a

strong target for gene therapy (Figure 1.7).
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Figure 1.7 Importance of early remodelling in vein grafts. Top panels adapted from
Owens et al.,, 20088 using measurements obtained through imaging of patients
undergoing lower extremity bypass surgery. Correlations between 1 month changes in
lumen diameter of vein grafts and shear stress in the graft at time of implant in cases
of high or low systemic inflammation (via hsCRP level) are shown. Bottom panel,
adapted from Gasper et al., 2013%°, shows patients separated into 3 groups by their
magnitude of 1 month remodelling in lower extremity vein grafts and the percentage of

each group that maintains graft patency over a 2 year period.

In the worst vein graft scenarios, outward remodelling may be cancelled out,

or exceeded by inward remodelling stimulated by an inflammatory, pro-
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mitogenic environment. The correlation of early luminal dilation and shear
stress is not apparent in patients with high levels of systemic inflammation — a
high proportion of those requiring a SVG procedure®!. As described in the
setting of atherosclerosis, platelets and leukocytes attach to blood vessels with
a disrupted endothelial layer, secreting growth factors and cytokines which
increase the proliferative and migratory stimuli received by VSMCs. As
increased shear stress also induces endothelial cells to secrete cytokines and
growth factors such as IL-1a and PDGF-BB??, a lack of graft adaption to higher
blood flow is likely to lead to expansion of VSMCs in the intima, even after

regeneration of the endothelium.

Other influences on vein graft failure appear tied to differences in venous
and arterial VSMC. Saphenous vein VSMCs (svSMCs) demonstrate an
inherently more proliferative, more invasive (greater ECM degradation) and
more apoptosis-resistant phenotype in vitro as compared to VSMCs derived
from the alternative, more reliable graft source — the internal mammary
artery®384 This manifests in greater activation of ERK1/2 and Akt signalling in
response to culture serum and growth factors. Lineage tracing of mature
VSMCs via SMMHC labelling indicates venous and arterial VSMCs provide
the bulk of neointimal hyperplasia cells at anastomosis sites but only venous
VSMCs contribute to middle lesions®°. Endothelial cells which have undergone
phenotypic changes to a mesenchymal state (via the endothelial-
mesenchymal transition) have also been proposed as a source of VSMCs in
the SVG neointima® though this may be due to non-specific labelling
technique®s. An inherently greater proliferative capacity in svSMCs relative to
arterial SMCs is therefore a likely factor in the accelerated rate of intimal
thickening and atherosclerosis seen in failing vein grafts in the period after the

first two years of implantation®’.

Loss of endothelium is a driving feature of VSMC proliferation and initiating
factor causing vein graft failure. This is also true of stent implantation — another
typically-used surgical intervention to counter atherosclerosis®. Again, in this
case the endothelium damaged by an acute surgical event, this time the
expansion of a scaffolding device within the occluded, stenosed vessel to
attempt to restore and maintain vessel patency. Expansion of the stented

vessel wall into the lumen through neointimal hyperplasia formation within and
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over the stent struts is referred to as restenosis. Thrombotic events in the years
after stent implantation are associated with the incidence of restenosis in the
vessel® hence reducing VSMC proliferation is vital. Current state-of-the-art
stent designs achieved over the last two decades have provided traits such as
biocompatibility, release of anti-proliferative drugs (drug-eluting stents) and
ultrathin construction to achieve improvements in incidence of subsequent
cardiovascular events®9', Improvements in clinical outcomes are such that
this area is no longer a high priority target for gene therapy®? so this pathology

will not be detailed further here.

1.1.5 VSMC proliferation during pulmonary hypertension

A quite distinct vessel wall remodelling context in which the contribution of
phenotypically modulated VSMCs appears key is pulmonary hypertension
(PH). This umbrella term describes a range of chronic remodelling events in
arteries, veins and smaller vessels that result in elevated blood pressure in the
pulmonary vasculature. Such events are risk factors for development of wider
CVDs and are often fatal. Pulmonary arterial hypertension (PAH) in particular
has a mortality rate of ~50% within 5 years of diagnosis, a rate that has little
improved despite therapeutic advances and incremental improvements in our
understanding of the initiation and progression of the pathology®:. The
underlying blood pressure elevation is brought on by chronic increased medial
thickness and vessel stiffness but specific pathological steps in human PH
settings have been challenging to ascertain due to difficulty in obtaining patient
lung tissue, the distinct nature of human PH compared to animal models and
a variety of suspected root causes®%. For instance in PAH, various routes to
pathogenesis include infectious disease, hereditary factors, congenital heart
defects and as yet poorly-defined (characterised as idiopathic PAH or IPAH).
Common to all these routes to PH is vessel wall remodelling likely brought
about through a phase of hyperproliferative, apoptosis-resistant phenotypes
shown by VSMCs and ECs. This produces the hallmark remodelling events —
a medial layer dense with hypertrophic VSMCs and ECM, alongside EC-rich
lesions (characterised as plexiform lesions) in the intimal layer. As with the

previous described vasculoproliferative diseases, druggable targets are in high
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demand and the study of VSMC regulators is a high potential area in which to
identify them.

Pioneering studies in the bovine pulmonary artery show that specific subsets
of VSMCs may be pre-disposed to a proliferative phenotype and responsible
for medial thickening in PH. Neonatal calf arteries show mature ACTA2+,
SMMHC+ VSMCs that are segregated by presence or absence of the
contractile marker meta-vinculin - with hypoxia-induced proliferation seen
nearly exclusively seen in the latter®. This is part of the stratification of VSMC
populations the neonatal calf model of pulmonary artery development, with the
layer adjacent to the lumen and patches within the deeper layers showing an
absence of ACTA2 and SMMHC expression(Figure 1.8)%7. This suggests
medial expansion in PH may be due to proliferation within specific patches or
layers of immature VSMCs, in contrast to the clonal expansion seen in
atherosclerosis and acute injury-induced neointima formation. The contribution
of VSMC proliferation to medial thickening appears limited to an early phase
of pulmonary hypertension in several animal models®. For instance, a 1-week
peak is seen in hypoxia-induced hypertension in the neonatal calf model®® and
a 3-week peak, with particularly low numbers of proliferating VSMCs, in the
“Sugen” rat model which is morphologically similar to human PH%. In addition,
staining for markers of proliferation in the pulmonary vasculature of PH
patients indicates little to no VSMC proliferative activity in the final stages of
disease'%.191 Therefore, the therapeutic window to block VSMC proliferation
in PH remodelling may be quite small. Nonetheless therapies with pro-
apoptotic, anti-proliferative effects on responsive layers of VSMCs in the

arterial media are desirable to potentially restore vessel functions in PH.

24



VSMC proliferation in homeostasis and disease

VSMC stratification in the

pulmonary artery
Proximal pulmonary artery SMC phenotype SMC proliferation
(passage 1-2 in culture)
e
¥
& e £
Cell culture & & ‘\\Q&“o *9&@’4@(‘ v"?‘\\) @OS
(e o N NP I g
endothelium - 2
( s ’; |+
L2-cells
‘ N vttt - + | -
L3-""-cells
X a"}a —————— ++ -

adventitia L3-“C*-cells

%*'A-i + 4+ |+ |+ 4+ H-| -

Figure 1.8 VSMC stratification in the pulmonary artery. Left hand panel shows a
pulmonary artery from a PAH patient with thickening of all layers of the vessel wall -
adapted from Stenmark et al., 2009%. Elsewhere the stratification of medial VSMCs in
bovine pulmonary arteries is shown in terms of ability to express VSMC markers and

proliferate after isolation and culturing in vitro — adapted from Stenmark et al., 2018%

As with the other described vasculoproliferative pathologies, in PH a
disrupted endothelial layer and pro-inflammatory environment are early
activators of VSMC proliferation. The initiating causes of endothelial disruption
here are suspected to be increased shear stress, oxidative stress and hypoxia.
Rat models of PH show the pulmonary artery is particularly susceptible to
infiltration of monocytes, dendritic cells and secretion of pro-inflammatory
factors in response to hypoxia'®?. This includes chemokines and cytokines
such as MCP-1 and IL-6 which as described already are known to activate
VSMC proliferation and migration3%4044 Again, the convergence of pro-
inflammatory factors and growth factors from an activated endothelial layer is
likely to influence VSMC proliferation so could be targeted to redirect
pulmonary artery VSMCs (PASMCs) within a PH context. This has been
explored somewhat for FoxO1, a transcription factor involved in VSMC
differentiation and associated with expression of the cell-cycle inhibitor
CDKN1B and repression of cyclins B1 and D1'%. The FoxO family in general
are known to respond to both cytokine and growth factor signalling whilst
FoxO1 appears particularly relevant to PH as it was found to be both
downregulated and deactivated via phosphorylation in the medial layer of

human IPAH and rat PAH models. In vitro, stimulation of PASMCs with
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cytokines such as TNFa or IL-6 and growth factors such as PDGF-BB or fetal
calf serum activated a range of kinases which converged to phosphorylate
FoxO1. The centrality of this to PH pathology is highlighted by the targeted
knockout of FoxO1 within VSMC which was sufficient to induce PH
characteristics such as elevated pressure and remodelling in the right ventricle
without hypoxia treatment. Reinstatement of FoxO1 activity has anti-
proliferative, pro-apoptotic effects on wild-type PASMCs in vitro and could

reduce detrimental pulmonary remodelling in vivo.

The distinct metabolic environment seen in PH may offer another VSMC-
relevant therapeutic avenue. Evidence suggests hypertensive vessels have an
increased reliance on glycolytic processes rather than mitochondrial oxidation
— a process similar to that seen in tumour cells which is thought to provide
greater ability to maintain hyperproliferative, anti-apoptotic phenotypes’®. This
metabolic reprogramming is induced by ECM stiffness which also leads to
increased PASMC and EC proliferation’®. Using siRNAs against a key
enzymatic component of the reprogramming - glutaminase, glycolytic
processes can be reduced to ameliorate disease progression in a PH rat
model. Interestingly, TGF-B involvement is key as it can promote both ECM
remodelling and this shift to glycolysis. This may provide some explanation for
the mechanism behind the majority of cases of inherited PAH (and a lesser
proportion of IPAH) which are linked to defects in the TGF-3 receptor bone-
morphogenic protein receptor %. If these mutations in TGF-8 signalling provide
a boost in metabolic support for hyperproliferative vascular cells then this could

provide a target for a future treatment strategy for a wide range of PH variants.

Altogether, targeting VSMCs to address large vessel PH pathologies still
requires more foundational studies to tease out their specific contributing role.
For instance, the time-frame of their medial proliferation in which any such
intervention may be effective is still under investigation. Despite this, promising
initial strategies for VSMC-based interventions from various studies have been
described here which will hopefully encourage much-needed further active
exploration and cataloguing of novel regulators in pulmonary VSMC
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1.2 Molecular control of VSMC pathological states

1.2.1 Control of VSMC maturation

So far various scenarios of vessel wall remodelling have been described in
which loss of VSMC differentiation leads to a variety of phenotypes. Of these,
a principal target of therapeutic approaches for CVDs is the proliferation of
VSMCs, representing a core element of vasculoproliferative diseases and a
common final endpoint for various dedifferentiation signals and pathways®.
Circumstances in which VSMCs undergo dedifferentiation often lead to
increased proliferation and vice-versa, though with notable exceptions'®. In
vasculoproliferative diseases VSMC dedifferentiation and proliferation are
intertwined. The molecular mechanisms at this intersection of phenotypes are
therefore relatively well-studied with the aim of finding routes to re-establish

VSMC maturation or reduce VSMC proliferation within the vessel wall.

The identity of contractile, mature, differentiated VSMCs is defined through
the expression of marker proteins such as a-smooth muscle actin (a-SMA aka
SMA or ACTA2), smooth muscle myosin heavy chain (SMMHC aka MYH11),
SM22a (aka TAGLN), h1-calponin and caldesmon. Of these, SMMHC is the
most specific for VSMCs with others expressed to a greater extent in other cell
types such as fibroblast or cardiac mesenchymal cells. However, their profile
together marks out mature, differentiated VSMCs that possess the high
cytoplasmic density of myofilaments required for contractility'®”. This profile
generally coincides with a low amount of rough endoplasmic reticulum (and
thereby protein synthesis), low level of ECM secretion, a distinct metabolic
profile and exceedingly low levels of proliferation together representative of a

quiescent cell type.

Though a definitive model remains elusive, the regulatory network controlling
maturation of VSMC identity has been outlined over the last 20 years (Figure
1.9). An initial success was the identification of a master transcription factor,
Myocardin, which is sufficient to induce VSMC identity - defined by expression
of ACTA2, SMMHC and SM22a - when transfected into 10T1/2 cells or
fibroblast cell lines'%. Transcription at these and several other VSMC marker
gene promoters, is dependent on DNA motifs known as CArG boxes (following

the pattern: CC(A/Tx6)GG). Myocardin acts as an activator of myogenic
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transcription and binds to these promoters indirectly via the ubiquitously-
expressed serum response factor (SRF) which interacts with CArG boxes as
a homodimer'%®, The multifunctional tumour-suppressive protein, PTEN also
binds SRF and together with Myocardin is required for SRF-CArG interactions
in the promoters of several VSMC marker genes'"?. Myocardin, SRF and
PTEN are also expressed across various other cell types so specific activation
of VSMC marker genes within VSMCs cannot always be explained by these
factors alone. Further, SRF-CArG binding events also activate transcription of
widely utilised genes, including c-fos which is utilised during proliferation,
which seemingly contrasts with the phenotype of a quiesced, differentiated
VSMC. Notably, the number and precise spacing of CArG boxes is distinct
within some VSMC marker gene promoters, appearing to confer some
specificity by allowing assembly of multiple Myocardin-SRF complexes''. This
CArG motif spacing is absent at non-VSMC SRF-bound promoters, including
c-fos, however many VSMC marker genes also have only a single CArG box.
Because of this, several studies have sought to identify other influences which
induce SRF-CArG binding specifically at VSMC marker loci.

Further explanation of VSMC-specific expression is provided by epigenetic
factors which control the accessibility of chromatin to DNA-binding proteins.
Chromatin structure is dependent on histones, proteins which assemble into
nucleosome complexes that act as storage units for transcriptionally inactive
regions. An array of post-translational modifications of histones are associated
with “condensed” (inactive, nucleosome-bound) or “relaxed” (active,
nucleosome-released) chromatin regions?. In VSMCs, contractile marker
genes are enriched with particular histone modifications that indicate relaxed
chromatin in close proximity to CArG boxes within their promoters''2. This
contrasts sharply with opposing condensed chromatin modifications deposited
near these promoters in other cell types including ECs. Histones with di-
methylation of histone 3 lysine (H3K4diMe), are VSMC-enriched and interact
with Myocardin-SRF complexes and may improve SRF-CArG binding and
activation of VSMC marker genes. Further modifications enriched at VSMC
marker promoters in VSMCs include histone acetylations which typically are
associated with chromatin relaxation?. The deposition of these acetylations is

dependent on SRF-CArG binding. This implicates Myocardin-SRF promoter
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binding as a necessary precursor to histone acetylation and chromatin
relaxation. This may be implemented via the identified interaction of Myocardin

with histone acetyltransferase enzymes such as p300''3,

Differentiated VSMCs also appear to use specific histone variants as
components in the nucleosomes surrounding VSMC marker gene promoters.
The presence of one such variant, H2.AZ, is strongly correlated with
expression of VSMC marker genes as identified through transcriptional
profiling of VSMCs at the single cell level'*. H2A.Z is implicated in recruitment
of MED1 a DNA-binding factor known to promote chromatin relaxation. It also
recruits, SMAD3, a transcription factor and primary effector of TGF-3
stimulated VSMC differentiation, which can bind Myocardin resulting in a
synergistic increase in the expression of VSMC contractile marker genes''®.
Intriguingly, SMADZ3 is at the centre of a network of TGF-B-induced genes in
VSMCs which are linked to incidence of CAD via genome-wide association
studies (GWAS — a method identifying enrichment of phenotype-related
mutations within a given population)''®. This implicates SMAD3 - and H2.AZ
by association - as critical determinants to the incidence of CAD. This
demonstrates the influence epigenetic factors may have on disease outcome.
Indeed, both SMAD3 and Myocardin are recruited to VSMC marker genes via
a particular corresponding VSMC-specific histone type (H2A.Z) or modification
(H3K4diMe).
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b) Formation of a myocardin-containing complex at VSMC marker gene promoters leads
to both changes in histone signatures associated with chromatin relaxation as well as
displacement of transcription factors that cause dedifferentiation of VSMCs. c)
Proposed role of the myocardin co-factor PTEN as a modulator of SRF availability. d)
PTEN also has a role in redirecting SRF away from immediate-early gene (IEG)
promoters that initialise VSMC dedifferentiation and proliferation (e.g. c-fos). e) The
capacity of VSMC maturation factors to support expression of other maturation factors

and inhibit expression of dedifferentiation factors (KLF4/Elk1).
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Promoter-binding events need accessible DNA so chromatin relaxation may
be a prerequisite for other VSMC maturation mechanisms. For instance,
H3K4diMe and H4ac deposition at VSMC marker promoters occurs
independently of SRF-CArG binding suggesting this likely occurs beforehand.
Any VSMC-specific mechanisms for depositing such modifications are
therefore of high interest to explain how this happens. A recently discovered
example is TET2, which has enriched expression in contractile VSMCs and
oxidises 5'-methylcytosine DNA bases to 5'-hydroxymethylcytosine. This
reaction not only primes DNA for demethylation but also appears to shift
histone methylation away from repressive H3K27me3 marks and towards
H3K4me3 marks associated with chromatin relaxation'”. Genome-wide
upregulation of 5-hmc marks was shown in this study as a hallmark of
contractile VSMCs but TET2 also binds specifically to the Myocardin, SRF and
SMMHC promoters. As with Myocardin, overexpression of TETZ2 is sufficient
to activate expression of these markers in fibroblasts cell lines. Identification
of other histone modifying enzymes or control mechanisms specific to
activation of VSMC maturation is an active area of study with few others known

so far.

Aside from activation of CArG-dependent contractile genes, the Myocardin-
SRF complex also upregulates expression of another class of regulators
involved in ensuring VSMC contractility. RNA products from these genes are
not translated into proteins, but instead are processed to create short, 22-25
nucleotides long, single stranded molecules termed micro RNAs (miRNAs).
These miRNAs guide the RNA-induced silencing complex (RISC), to specific
mMRNAs through Watson-Crick base pairing to effect translation control or RNA
degradation and modulation of expression levels. Their ability to target
numerous MRNAs means they are often central components of transcriptional
regulatory networks controlling phenotypes — though their effects are thought
to generally be more fine-tuning of expression than large changes. In mature
VSMCs, two particularly conserved miRNAs, miR-143 and miR-145, are
known components of the Myocardin-SRF network and support contractility in
the vessel wall''®119, Transcribed as a pair in a VSMC-enriched manner, they
target a range of mMRNAs that enable the support of Myocardin expression,

organisation of actin stress fibres and temperance of Angiotensin Il levels in
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the circulation to prevent VSMCs from becoming desensitised to this
contractile signalling molecule. Loss of this miRNA pair leads to a thinner

arterial smooth muscle layer and defects in contractility.

Over the last two decades the field has elucidated several influences on
VSMC identity including the Myocardin-SRF complex, the permissive
chromatin state created by epigenetic factors and more recently the influence
of miRNA regulation. The mechanisms described above represent focal points
of the cellular machinery advancing the maturation state of VSMCs in the
vessel wall. However, another inherent feature of VSMCs compared to cardiac
or skeletal muscle is their duality; their ability to repress expression of these
contractilie markers and exit quiescence when circumstances require.
Reversible activation of a set of factors that oppose and dismantle this pro-
differentiation machinery is therefore another component of the VSMC identity.
Elucidating the nature of the interaction between these two sets of opposing
factors is key to find therapeutic avenues to manipulate VSMCs directly in the

vessel wall.

1.2.2 Loss of mature VSMC identity — phenotypic switching

In vivo evidence that transcriptional downregulation of contractile VSMC
marker genes was key to the loss of contractility and quiescence seen during
VSMC phenotypic switching (or dedifferentiation) was found decades after
initial observations of this transition in vitro in the early 1970s'. In a study by
Regan et al., the promoters of the VSMC markers a-SMA, SMMHC and SM22a
were variously used to drive expression of the B-galactosidase reporter in
transgenic mouse lines. Loss of VSMC maturation was stimulated via removal
of the carotid artery endothelium by wire injury. By 7 days this led to markedly
reduced mRNA for the contractile markers in the media and intima for all
mouse lines. Crucially this was accompanied with loss of B-galactosidase
signal, indicating that loss of contractile genes was at least in part through loss
of transcription’. This did not disprove loss of mMRNA stability for VSMC
marker genes as another possible explanation, but it sanctioned new avenues
of investigation into mechanisms acting to repress their promoters. These

often were discovered in parallel with mechanisms activating CArG-dependent
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VSMC marker promoters described in the previous section. Though the exact
configuration of elements remains to be identified and put in place, we now
have a grasp on the repressive influences that mirror pro-contractile VSMC
mechanisms. As the Myocardin-SRF complex is a focal point for activation of
VSMC contractile genes, it is perhaps not unexpected that the disruption of
this pairing and loss of this expression underpins the opposing VSMC

dedifferentiation.

One route to disruption of VSMC marker genes is the binding of repressive
elements to the SRF homodimer or removal of the homodimer from VSMC
marker CArG boxes. An example identified early on was the ETS-domain
family member, EIk1, which is phosphorylated (to pElk1) to become capable
of binding to the SRF homodimer within 24 hours of response to PDGF-BB'?".
This growth factor is one of the most studied VSMC dedifferentiation signals
(Figure 1.10), secreted not only during formation of nascent vessels but also
by ECs and myeloid-derived cells in the vessel wall activated by pathogenic
stimuli. Oxidised phospholipids are another commonly used VSMC
dedifferentiation signal to model VSMC phenotypes in CAD and also induce
phosphorylation of Elk1'22, The pElk1-SRF interaction occurs at the same SRF
domain that binds Myocardin, thereby allowing displacement of the VSMC
master transcription factor. pElk1 was later co-immunoprecipitated from
PDGF-BB-treated VSMCs in complex with Kruppel-like factor (KLF)4, a
prominent pluripotency-inducing transcription factor'?2. As this interaction
occurs separately to the SRF interaction it suggests existence of an SRF-
pEIk1-KLF4 complex. As PTEN could not be found in such complexes, the
formation of the SRF-pEIk1-KLF4 complex likely opposes formation of the
SRF-Myocardin-PTEN complex used during VSMC maturation’?. SRF
occupancy of VSMC marker CArG boxes is eliminated, or at least drastically
reduced, during KLF4 overexpression as well as treatment with PDGF-BB or
oxidised phospholipids. This indicates that pElk1 splits the SRF-Myocardin
complex and also displaces it from VSMC marker promoters by the resulting

complex'?3.
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support expression of transcription factors like KLF4 and UHRF that counter the action
of Myocardin complex and TET2 respectively (both of which are also downregulated by
PDGF-BB). Models of vessel wall injury such as the carotid balloon model typically have
similar effects on such dedifferentiation transcription factors. Conversely, TGFB and
Rapamycin are often used to counter these dedifferentiation signals or develop a more
mature VSMC state. Promoters of VSMC maturation are shown in dark green whilst

inhibitors are shown in orange.

Other factors disrupt SRF-Myocardin-CArG interactions through direct
Myocardin binding. Yin Yang 1 (YY1), known to be induced during vascular
injury, inhibits transcription at a-SMA, SM22a and SMMHC promoters by
interacting with and competitively displacing Myocardin from SRF
homodimers'4. SRF-CArG binding is also reduced through YY1 blocking a
CArG box within the SM22a promoter through direct binding. A similar
Myocardin-SRF displacement is performed by Transcription factor 21 (TCF21),
which like SMAD3 has an identified link to CAD incidence through GWAS'25,
TCF21 binds to DNA regions near SRF-bound CArG boxes and these two
binding events appear to act largely in opposition, with loci generally showing
enrichment of one or the other factor exclusively. This suggests TCF21 binding
opposes SRF activity and vice-versa. TCF21, similar to YY1 can also bind

directly to Myocardin to displace SRF.
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The expression levels of Myocardin are also repressed by several factors
involved in VSMC dedifferentiation including KLF4, YY1 and TCF21.
Conversely, pro-differentiation factors miR-143 and miR-145 are transcribed
through Myocardin activity to repress Elk1 and KLF4 expression
respectively’?. This suggests existence of a negative feedback mechanism
whereby disrupting SRF-Myocardin complexes, Elk1 and KLF4 can repress
Myocardin and the miRNAs thus derepressing their own expression levels.
Altogether a basic Myocardin-centred model of VSMC dedifferentiation can be
put forward where the removal of SRF from both VSMC marker CArG boxes
and Myocardin is enacted by pEIk1-KLF4 displacement. This is maintained by
activity of factors like YY1 and TCF21 which sequester Myocardin to prevent
any further competition with pEIk1 for SRF binding. Loss of Myocardin activity
and expression provides further support to dedifferentiation as this leads to
loss of miR-143 and miR-145 and so derepression of the VSMC

dedifferentiation factors (Figure 1.11).
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Figure 1.11 A Mpyocardin-centred view of mechanisms leading to VSMC
dedifferentiation. a + b) Displacement of Myocardin complexes by factors such as KLF
and phosphorylated Elk1 (pElk1) are thought to lead histone signature changes (from
relaxed to condensed chromatin) through loss of Myocardin-interacting epigenetic
modifiers and gain of KLF4-interacting deacetylation enzymes. c) pElk1 is thought to

redirect the promoter binding activity of SRF towards immediate-early genes (IEGs)

Chapter 1: Introduction 36



Disruption of this pairing also directly contributes to adoption of proliferative
VSMC phenotypes as SRF, in combination with pEIk1, has another role in
activating transcription of immediate early genes (IEGs) such as c-fos'?”. This
class of genes constitute an initial transcriptional burst involved in multiple
stimuli response pathways include cell cycle activators. Removal of Myocardin
from SRF and SRF from contractile gene promoters may free SRF to bind to
these other promoters and actively contribute to the dedifferentiation process.
One outlined mechanism where SRF could be redirected to IEGs was
postulated during characterisation of PTEN as a co-factor. In PDGF-BB-
treated VSMCs, this PTEN-SRF complex was observed to translocate out of
the nucleus by an unknown mechanism and PTEN also protected SRF from
proteasomal degradation'®. With a resulting lower pool of nuclear SRF, SRF-
CArG binding shifted towards IEG promoters rather than contractile gene
promoters, suggesting lower nuclear concentrations of SRF may favour the
former. This also fits with an observed suppression of SRF transcription levels
by the pro-dedifferentiating factor TCF21'2°, and on the opposing side the
induction of SRF by TGF-B'?8 both of which may alter intracellular redistribution
of SRF. Additionally, depletion of SRF leads to loss of miR-143 and
subsequent release of the PTEN-repressive miR-21'2%, Redirection of SRF
from contractile marker promoters therefore represses PTEN expression,
which could feed forward to reduce capacity for PTEN-SRF to form on these
contractile markers. The switching of SRF between activation of quiescent or
synthetic genes could be beneficial to VSMCs in terms of energy expenditure.
It may be more efficient for the cells to direct their efforts solely towards either
growth and repair, or the upkeep of the cytoskeletal architecture and ion
balance required for contractility.

The pattern of histone marks used at VSMC marker gene promoters is
altered by dedifferentiation signals and this likely aids the transcriptional
repression at these sites. The KLF4-pElk1 complex is known to bind to a

conserved G/C-rich repressor element in the promoters of most CArG-
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dependent VSMC marker genes. The effects of this interaction were modelled
using carotid ligation injury in mouse showing that the resulting recruitment of
histone deacetylase enzyme (HDAC)2 removes H3Ac marks associated with
chromatin relaxation. Earlier in vitro work also demonstrates KLF4-dependent
loss of H4ac, recruitment of HDAC2 and HDACS and loss of VSMC marker
gene accessibility with either KLF4 overexpression''? or addition of oxidised
phospholipids'??. A HDAC2 interaction has also been identified for TCF21
which may complement the KLF4-based recruitment and deacetylation'3. Of
note the H3K4diMe mark, left at VSMC marker genes specifically within
VSMCs, is unaffected by KLF4 overexpression suggesting it could remain in
place to allow a route back to maturation for dedifferentiated VSMCs'12. A
mechanism that counters the activity of the VSMC-enriched TET2 epigenetic
marker enzyme has recently been ascribed to UHRF1'3', This factor is one of
the few genes involved in epigenetic modification that are upregulated by
PDGF-BB. As a target of miR-145 it increases in abundance upon loss of this
mMiRNA with dedifferentiation and represses TET2 expression. This results in
loss of the 5-hmc promoter marks suggested to be a key initiator of the VSMC
maturation cascade as URHF1 recruits methylase enzymes to leave 5-mc
marks. Such marks are subsequently enriched at VSMC marker genes leading

to increased H3K27me3 deposition associated with chromatin condensation.

Several of these dedifferentiation factors (PTEN, YY1, TCF21, UHRF1) have
been discovered in the last 5 years so the disparate dedifferentiation
mechanisms have not yet been integrated into a unified model. Building such
a model is still required to address the current absence of therapeutics that
could target VSMC dedifferentiation and/or proliferation. The field is also still
seeing a steady influx of studies describing new regulators or entirely novel
classes of regulators (such as miRNAs) that control this process, several of
which underline previously missing layers of mechanistic detail. Cataloguing
and understanding of the factors driving VSMC remodelling in an ever more
comprehensive manner is therefore still a key aim. This is especially true
considering we are still attempting to dissect previous unsuccessful attempts
to develop VSMC therapeutics®® and that distinct tissue remodelling

environments will have distinct influences on VSMC dynamic
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1.3 Therapeutic opportunities from VSMC IncRNAs

1.3.1 General traits and functional aspects of IncRNAs

The previous section highlights the complexity of VSMC dynamics seen in
vasculoproliferative tissue remodelling events. This suggests a regulatory
network capable of promoting distinct pathways in particular vessels at
particular times in control of VSMC behaviour. The heterogeneity of VSMCs
between and within vessel walls also supports this conclusion. To understand
such a network requires full identification of the constituent components and

definition of their function.

Completion of the human genome project nearly two decades ago marked
the end of a period in which the majority of the ~20,000 human protein-coding
genes (PCGs) were annotated and confirmed that these genes were a tiny
fraction of the genome. The functionality of the remaining fraction has since
been a subject of intense debate - fuelled by the advent of RNA sequencing
(RNAseq) technology which allowed an unbiased view of transcription across
the human genome. Subsequent surveys provided by the ENCODE
consortium provided estimates that 75% of the genome could be transcribed
and that 80% had some functionality — a number arrived at by considering all
loci that could be either transcribed, bound by transcription factors or involved
in determining chromatin conformation32133, A counter-argument raised was
that this definition of functionality is broad, assuming for instance that a DNA
binding event or produced RNA transcript is always indicative of a biological
function™4. A more conservative estimate of ~8% has been produced by
considering the percentage of the human genome which is evolutionarily
constrained (within eutherian mammals at least) and so likely to perform some
function’. In terms of transcribed portions of the human genome, the 1-2%
fraction encoding proteins is dwarfed by the remaining fraction broadly

characterised as non-coding RNAs with often debatable functionality.

Some non-coding RNA fall within the miRNA class, including those already
described to regulate aspects of VSMC biology such as miR-143, miR-145 and
miR-21, and so have a defined mechanism of dampening mRNA activity via
the RISC complex. Other classes include ribosomal RNAs and transfer RNAs

which generally make up most of the RNA mass of the cell and have well
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established roles in fundamental biology and often ubiquitous housekeeping
functions. However, another class contains the remainder of non-coding
transcripts of 200bp or more in length - a separate, large constituent of the
transcribed genome referred to as long non-coding RNAs (IncRNAs). The
number of INCRNA genes is estimated to be significantly greater numbers than
PCGs at ~27,000'% though more conservative estimates show them roughly
equal’®’. They make up less of the cellular RNA mass than mRNA as they
have a tendency for lesser abundance’*. Their conservation is also distinct
compared to mRNA, with selection pressure seeming to apply only to certain
sections of transcript sequence for the more conserved IncRNAs while other
IncRNAs are not conserved at all. The conservation constraints results in a
high rate of evolutionary turnover of IncRNA sequences and exonic
structures’®. This is demonstrated in a recent survey of IncRNAs across 17
species, revealing that >70% of IncRNAs in each species originated within the
last 50 million years — and approximately 1000 human IncRNAs conserved

across mammals'39,

Like much of the non-coding genome, the functionality of IncRNAs was
initially in doubt. However, an indication that this class has deep significance
was already apparent in 1996 when the genomic deletion of the INcRNA Xist,
showed it to be a master regulator of X chromosome inactivation — required to
stabilise gene expression on this chromosome in female mammals'4.
Similarly, deletion of the H79 IncRNA in 1995 demonstrated a role in
preventing maternal expression of the neighbouring insulin-related genes'.
Both these early examples showed IncRNAs involvement in imprinting
(epigenetic silencing) of chromosomal loci - now understood as just one of the
many fundamental roles that IncRNAs can perform. Subsequent years brought
examples of INcCRNA roles across biological contexts including regulating Hox
genes that lay down developmental axes in the body plan'4?, triggering
apoptosis as part of the ubiquitous p53 tumour suppressive pathway'#3 and -
of particular relevance to this thesis - tissue remodelling during CVD'44.145_ A
recent extensive study to collate together various human IncRNA gene maps
(or annotations) identified evidence of functionality for 69% of IncRNAs through

integration of conservation and GWAS data36.
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More definitive answers have begun to be produced recently by studies
screening hundreds of IncRNAs simultaneously for phenotypes. In human
dermal fibroblasts for example, transfection of a library of antisense-
oligonucleotides was used to reduce expression of 194 selected IncCRNAs,
showing ~30% had either a phenotype related to cell proliferation or
morphology and ~10.9% showed a phenotype of a robust molecular change '46.
Alternatively, using a CRISPR inhibition-based method to epigenetically
silence ~5,000-16,000 IncRNAs within 7 cell types, Liu et al. showed that ~0.3-
6% of IncRNAs were observed to robustly effect cellular growth'7. High-
throughput screens such as these are limited by necessity to observe only a
certain number of phenotypic traits. Despite this they do provide initial
estimates of widespread functionality. The historic characterisation of IncRNA

genes as “jJunk” DNA is no longer applicable.

As more IncRNAs are studied, their diversity becomes more apparent. This
is such that a variety of methods to attempt their classification now exist, for
instance using their mechanism, subcellular localisation, genomic location
relative to surrounding PCGs or chromatin signatures at their transcriptional
start sites (TSS)(Figure 1.12). As relatively few have been characterised with
a phenotype or mechanism compared to the tens of thousands annotated 42,
our understanding of how they perform their function is ever-growing. We know
of a wide range of possible mechanisms now, which can be enacted by
IncRNAs in nuclear, cytoplasmic or chromatin-bound subcellular regions. At a
fundamental level these include interactions with mRNA, interactions with
double-stranded DNA as a “triple helix”, scaffolding interactions with regulatory

proteins, hosting of small RNAs (including miRNAs) or blocking of miRNAs.
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Figure 1.12 LncRNA classification and function. Adapted from Bennett et al., 2019'4°

Recent evidence also suggests many IncRNAs are translated to produce
small peptides (micropeptides) generally <100 amino acids — several
examples of which have some regulatory function'®®. Their small size, low
abundance and often lack of conservation means micropeptides are hard to
detect and so the true extent of IncRNA translation remains an open
question'%1%1 Examples also exist of both IncRNA and hosted micropeptide
demonstrating differing, or even opposing, functions'®? whilst micropeptides
can demonstrate distinct biochemical characteristics to PCGs'®3. Such genes
may therefore not simply be “typical” PCGs which have remained undetected

due to their size. It is therefore likely that a population of micropeptide-
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producing long “non-coding” RNAs exist, and so will be reclassified to a more
appropriately named class in the near future - exemplifying the complexity

often encountered in the IncRNA field.

LncRNAs are also attractive to explore because of their well-described
tendency towards specific expression patterns — a feature that could be
clinically advantageous. This was initially clear from attempts to reconstruct
IncRNA annotation across various human tissue and cell types, showing their
tendency towards tissue-specificity outstripped that of mRNA'™* and
supporting earlier visualisation of INcCRNA spatial separation in the mouse
brain'®, LncRNA expression profiles are also often restricted to specific
developmental stages of cell lineages %6157 so are often described as showing
a high “spatio-temporal” specificity of expression. This specificity is often a bias
towards higher expression within a given set of cell types rather than exclusive
expression within one cell type alone'3. As such, if describing specificity on a
scale from ubiquitous (expressed in all cell types) to cell-type specific
(expressed within one cell type only) IncRNAs show a stronger tendency
towards the latter than mRNAs. Execution of function by IncRNAs can also
occur in a cell-specific manner - the CRISPRIi high-throughput screen
performed by Lui et al. demonstrated that 89% of functional IncRNAs showed
this function in only one of the 7 cell types tested'#’. In keeping with this, many
characterised IncRNAs are involved in epigenetic regulation of chromatin
states which also occurs in a cell-specific manner. Enhancers — genomic loci
which can serve as platforms for transcription factors to bind and propagate
changes in chromatin accessibility — are often associated with IncRNA
production and such enhancer-transcribed IncRNAs are particularly cell-
specific’3. A specific expression profile is of interest as it implies that the
function of such genes may show particular relevance to the biological
conditions to which they are restricted'® and could allow therapeutic targeting
of such genes with minimal off-target effects or use to aid diagnosis of
particular pathologies. Further, existence of IncRNAs localised mainly to
VSMCs from a particular embryonic origin or stimulated with a particular
cytokine or pathological stimulus may help explain heterogeneity of VSMC

phenotypes in homeostasis and disease.

43



The sheer number of uncharacterised transcripts, coupled with examples of
those driving fundamental biological processes means there is a huge
opportunity for discovery of novel regulatory mechanisms and novel
therapeutic targets by studying IncRNAs. This could provide much-needed
detail and context to our understanding of mechanisms controlling any given
cell state transition. Moreover, their specificity in terms of expression and
function may also provide an advantage over therapeutics aimed at more
ubiquitous targets - such as mRNAs —which could require additional targeting
considerations to prevent off-site toxicity. Their relatively recent discovery
means no INcRNA therapeutic yet exists, though this may change in the near
future with promising translational results in large animal models — for example
the targeting of H719 in a pig model of cardiac hypertrophy'®® — beginning to

emerge.

Characterisation of IncRNAs driving pathological VSMC phenotypes is still in
a nascent stage. However, several notable examples found so far suggest
IncRNA contribution to regulation of VSMC remodelling phenotypes is
significant, demonstrating them as intrinsic components of pathways
controlling VSMC proliferation, migration and apoptosis - whilst examples
exploring their effects on differentiation and pro-inflammatory phenotypes are
also identified. This is a product of the widespread aim within the last decade
to profile IncRNA activity within VSMCs stimulated in vitro with established
mitogenic stimuli or in vivo models of neointimal hyperplasia formation or
hypertension. Several studies also take the approach of identifying IncRNAs
which regulate - or are regulated by - known relevant transcription factors (e.g.
Myocardin, SRF or TGF-B-driven SMADSs). Selection of a novel VSMC IncRNA
for study has generally been through identifying those with a particularly large
expression change associated with pathology, enriched expression levels in
VSMCs, or genomic proximity to a relevant gene of interest. Other VSMC
IncRNAs were initially selected for characterisation as they had an established
phenotype in another biological context. Of particular interest from a clinical
perspective are those which are present in human, mechanistically
characterised and have a demonstrable phenotype in an in vivo animal model

or ex vivo human model.
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1.3.2 LncRNAs with roles in VSMC identity

Recognition of the specific expression patterns of many IncRNAs has driven
the discovery of several with a VSMC-restricted expression profile or some
association with VSMC identity control (Figure 1.13 and Table 1.1). An early
example was the identification of the IncRNA SENCR, with expression largely
restricted to the cytoplasm of human umbilical venous endothelial cells and
coronary artery VSMCs (CASMCs)'®. In CASMCs, SENCR was shown to
reduce migration and promote expression of Myocardin and VSMC marker
genes including ACTA2, SM22a and CNN1 via a mechanism which so far
remains unexplored. This same study revealed another IncRNA with restricted
expression in vascular cell types - PEBP1PZ2, later shown to have a phenotype
of reducing proliferation and migration whilst promoting expression of VSMC
marker genes'®'. PEBP1P2 interacts with and appears to reduce expression
of cyclin-dependent kinase 9, a little-explored member of the CDK family of
cell cycle regulators. In contrast to SENCR and PEBP1P2, the IncRNA
CARMN shows minimal expression in endothelial cells, in keeping with an
identified role as host gene for the key VSMC identity miRNAs miR-143 and
miR-145'62.163 An additional, miR-independent role in preventing VSMC
proliferation is established for CARMN transcripts via an as yet unknown
mechanism'®*. Restoration of VSMC identity to regenerate blood vessel wall
function is a long-held gene therapy strategy so the potential to use these
IncRNAs to support this is of high interest. Indeed, a PEBP1P2 ortholog could
be overexpressed to reduce neointima formation size in rat balloon injury
models'®" whilst depletion of the CARMN mouse ortholog exacerbates plaque
formation and instability'®*. Both examples provide encouraging evidence that
manipulation of INcRNAs could be used to maintain VSMC identity in

pathological contexts.

These IncRNAs were initially identified in VSMCs using in vitro culture
conditions, known to inherently induce a degree of VSMC dedifferentiation.
Several other approaches to identify IncRNAs controlling VSMC identity have
looked for associations with MYOCD. A study by Zhao et al. overexpressed
MYOCD, aiming to more closely approximate the contractile phenotype seen
in vivo'®®. This identified MYOSLID, a IncRNA directly regulated by the
Myocardin-SRF complex that has a similar expression profile to classic VSMC
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marker genes in terms of response to PDGF-BB and TGF-B. As with other
IncRNAs involved in VSMC identity, MYOSLID has an anti-proliferative
phenotype that also promotes VSMC marker gene expression. A primarily
cytoplasmic IncRNA, MYOSLID function appears to be related to the
maintenance of actin organisation which allows shuttling of pro-contractile
transcription factors from the cytoplasm to the nucleus as well as the activation
of SMAD2 phosphorylation within TGF- signalling pathways. Another IncRNA
with a Myocardin link is HIF1a-AS1, expression of which is positively regulated
by Brahma-related gene (BRG)1 an epigenetic co-factor required for the effect
of Myocardin on VSMC marker genes'%6:16’ HIF1a-AS1 was in turn shown to
support the expression and pro-apoptotic, anti-proliferative phenotype
promoted by BRG1 - though effects on VSMC marker genes and overall

mechanism remain unexplored for this INcCRNA.

1.3.3 LncRNA with roles in VSMCs and vasculoproliferative
pathologies

Alongside their role in stabilising VSMC identity, IncRNAs also have a
recognised role in the gain of synthetic, proliferative phenotypes (Figure 1.13
and Table 1.1). An early-discovered example was the IncRNA, ANRIL,
identified via a high density of CAD-associated SNPs in the chromosomal
locus from which it originates'®®. Subsequently found to be expressed widely
in VSMCs, ECs and macrophages, ANRIL demonstrates an atherogenic
phenotype that exacerbates proliferation, migration and oxidative stress in
aortic VSMCs (AOSMCs)'44169 and is anti-apoptotic within leukocytes'’?. A
substantial number of the CAD-associated SNPs at this locus fall in intronic
regions suggesting that the role of ANRIL during plaque formation may be
influenced by differential splice patterns''. Indeed, though unexplored in
VSMCs, ANRIL isoforms containing Alu motifs have been shown to recruit both
repressive and activating epigenetic complexes to various promoters
culminating in the atherogenic phenotype'’®. In contrast, circular isoforms
(formed through the splicing together of linear isoforms at their extremities)
have no Alu motifs and in CASMCs destabilise ribosome maturation

complexes likely via direct binding, so could protect against atherosclerotic
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growth through limiting protein translation'”2. An additional role of the ANRIL
locus is also demonstrated through presence of CAD risk SNPs linked to
expression of neighbouring tumour-suppressive genes''®. The early
identification of this locus via a high density of CAD risk SNPs suggests that
ANRIL is particularly relevant to CAD progression. Indeed, no other IncRNA
effecting VSMCs has yet been identified via GWAS for CAD or other
vasculoproliferative pathologies. However, the density of CAD-linked SNPs at
this locus and extensive studies on various ANRIL isoforms also indicates a
plethora of regulatory mechanisms may be responsible. This has complicated
any strategy to target ANRIL thus far and is an example of the challenges often

encountered during INcCRNA characterisation.

Other IncRNAs driving pathological VSMC phenotypes have been found to
directly influence the activity of cell cycle components. SMILR, is a pro-
proliferative INncCRNA that is upregulated in svSMCs after IL-1a and/or PDGF-
BB treatment’3. SMILR expression is largely restricted to VSMCs and
interacts with the mRNA of the mitotic component CENPF to stabilise it'"4.
Further, SMILR is upregulated at least 20 hours prior to detectable cell
proliferation which places it upstream of crucial cell cycle pathways — an
example of how temporal context can highlight IncRNAs of importance. This
example demonstrates firstly that VSMC-enriched IncRNAs are not solely
involved in determination of VSMC identity and secondly that they may often
act as cell-specific regulators of generic processes such as the cell cycle. Due
to lack of an ortholog in a relevant animal model, SMILR knockdown was
performed in an ex vivo human vein model of neointimal formation and was
able to reduce the number of proliferating cells in the media by ~6-fold.
Conversely, two ubiquitously-expressed, anti-proliferative IncRNAs have also
been shown to control the pro-apoptotic cell cycle inhibitor p53 in VSMCs. The
IncRNA lincRNA-p21, downregulated in mouse atherosclerosis, is thought to
sequester MDM2 in AOSMCs, preventing it from degrading p53 via the
ubiquitin-proteasome pathway'’®. Inhibition of this IncRNA aggravated
neointimal formation post-carotid wire injury in mice with intimal/medial ratio
increased ~3-fold relative to sham injury. The IncRNA GASS, has also been
shown to prevent p53 degradation in AOSMCs - forming a complex with both

p53 and the co-activator p300'76. GAS5 repression reduced this binding whilst
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dampening p53 levels and proliferation of VSMCs stimulated with fetal bovine
serum (FBS). Other exploration of GAS5 in AOSMCs has revealed a pro-
contractile phenotype and an interaction with 3-catenin, a component of the
Wnt signalling pathway involved in developmental processes'’. This
interaction may reduce the nuclear translocation of B-catenin and reduce
induction of proliferative gene targets such as c-Myc and cyclin D1
demonstrating another possible anti-proliferative role for GAS5. These studies
also show overexpression of GAS5S could reduce neointima formation in rat
carotid artery injury'”® whilst knockdown led to increased medial width in
spontaneously hypertensive rats'’”. Another example of a p53-influencing
IncRNA active in VSMCs and hypertension is TYKRIL, demonstrated to be
upregulated in both pericytes and PASMCs in hypoxic conditions as well as in
IPAH patient lung tissue'’®. The proposed role of TYKRIL appears to act in
direct opposition to GAS5 through binding p53 and blocking a stabilising
interaction with p300, ultimately resulting in loss of p53/p300 nuclear
translocation. As with SMILR, low conservation of TYKRIL necessitated
development of an ex vivo human model of tissue remodelling - here using
lung biopsies from IPAH patients. This revealed that TYKRIL knockdown could
reduce proliferating cells in lung slices ~4-fold whilst increasing pro-apoptotic
cells ~2-fold indicating a beneficial effect on reducing the vessel remodelling

brought on by hypertension.

Another group of IncRNAs involved in VSMC proliferation are those linked to
TGF-p signalling or the downstream SMAD effector transcription factors. Study
of GAS5in 10T1/2 VSMC progenitors showed it is enriched amongst INcCRNAs
bound to the TGF-B effectors SMAD3 and SMAD4'7°. However, in contrast to
other identified GAS5 interactions the SMADS interaction appears inhibitory,
sequestering it from binding to VSMC marker gene promoters. Upon TGF-3
stimulation GASS is downregulated and exported from the nucleus whilst
SMAD3 is imported. Intriguingly, this anti-differentiation role for GAS5in VSMC
progenitors contrasts somewhat with the pro-contractile, anti-proliferative role
in AOSMCs identified by Wang et al."””. This requires further investigation but
may mean GASS blocks VSMC accumulation along several axes during vessel
homeostasis - reducing maturation of progenitors whilst also blocking

proliferation and maintaining the pro-contractile identity of existing VSMCs.

48



The IncRNA CRNDE was also identified to interact with SMAD3 in VSMCs
though in this case the interaction stabilises and supports the proliferative
activity AOSMCs cultured in FBS'8, This interaction indicates CRNDE is likely
to be involved in TGF-B signalling though the nature of this is yet to be
determined. As CRNDE also supports PDGF-BB mediated proliferation and
downregulation of VSMC marker genes'8' one hypothesis is that it could act
to reconfigure SMAD3 function from pro-contractile to an alternate pro-

mitogenic role also described for this transcription factor.
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Therapeutic opportunities from VSMC IncRNAs

LncRNA Type Identification in VSMCs Selection Criteria Phenotype Proposed mechanism Reference
in VSMCs
SENCR Antisense RNAseq, CASMCs in standard growth Identified as vascularenriched via Pro-differentiation, anti- Not explored Bell et al., 20141
culture, non-reference IncRNAs PCR cell panel migratory
included
PEPB1B2 LincRNA As above As above Pro-differentiation, anti- Interaction with CDK4, loss of He et al., 202052
migratory, anti-proliferative CDK4 expression
CARMN LincRNA, RNAseq and ChlPseq for VSMC VSMC enriched expressionand Pro-differentiation, anti- Hosts miRNAs involved in Vacante et al., 2021
miRNA subtypes and non-VSMCs chromatin marks in selected proliferative, anti-migratory VSMC identity, miR
host datasets, prior functionality in independentroleis
cardiomyocytes and production established but mechanism
of key miRNAs unexplored
MYOSLID Antisense RNAseq, CASMCs with Highly upregulated by Myocardin, Pro-differentiation, anti- Shuttling of MLK1 from Zhao etal., 2016%%°
overexpression of Myocardin, non- identified as vascular enriched proliferative, anti-migratory, nucleusto cytoplasm,
reference IncRNAs included stress fibre assembly promotes pPSMAD2
HIFla-asl Antisense Microarray, VSMCs with Highly associated with BRG1 Pro-apoptotic, anti- Not explored Wang et al., 20157
overexpression or knockdown of expression proliferative
BRG1
ANRIL Antisense Locus inked to CAD via GWAS, N/A Linear ANRIL: Pro- Linear: recruitment of Congrains et al., 2012'%°
transcriptin locus expressed in proliferative, pro-migratory, epigenetic modifiers via Alu Holdt et al., 20137
VSMCs pro-oxidative stress, anti- motifs Holdt et al., 20167
apoptotic Circular:inhibition of
Circular ANRIL: opposite ribosome maturation
SMILR LincRNA RNAseq, SVSMCs exposed to PDGF- Highly upregulated, identified as Pro-proliferative, pro- Stabilising interaction with Ballantyne et al., 2016'™
BB and/orllla vascular enriched via PCR cell migration CENPF mRNA Mahmoud et al., 20197
panel
LincRNA- LincRNA Predefined target, known functional N/A Anti-proliferative, pro- Interaction with MDM?2, Wu et al., 201476
p21 IncRNA apoptotic prevents p53 degradation

Table 1.1 LncRNAs explored in VSMC identity or VSMC pathological states contributing to vasculoproliferative pathology (continued next page)
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LhcRNA Type Identification in VSMCs Selection Criteria Phenotype Proposed mechanism Reference
in VSMCs
GAS5 LincRNA RNA immunoprecipitation, SMAD Enriched bindingto Pro-differentiation Stabilising interaction with p53- Tang et al., 2019*77
factorsin 10T1/2 cells, Wanget al.: SMAD3/4 (VSMCs), anti- p300, prevents nuclear Wang et al,2016'7¢
predefined target differentiation (10T1/2s) translocation of B-catenin and Tang et al.,2017*%
anti-proliferative (in 10T1/2 cells) SMAD3
TYKRIL Unspecified RNAseq, IPAH samples, PASMCs, Consistent upregulation Pro-proliferative, anti- Interaction with p53 prevents Zehender et al., 20207
Pericytes cultured with hypoxia across hypertensionmodels apoptotic stabilising interaction with p300
CRNDE LincRNA Microarray, rat carotid artery balloon Highest upregulation Pro-proliferative, anti- Stabilising interaction with Lietal., 2020%*
injuryvs control apoptotic, anti- SMAD3
differentiation
MALAT1 LincRNA CLIPseq: part of HDAC9-BRG1 complex CLIPseq only IncRNA in Pro-proliferative, pro- Complex with HDAC9-BRG1 Lino Cardenas et al.,
upregulated by defects in TGFRB2 and complex migratory, elongated deposits repressive H3K27me3 2018
ACTA2 morphology, anti- chromatin marks at contractile Yu etal.,, 2018
RNAseq: AOSMCs, CASMCs cultured RNAseq: Known functional differentiation genes Brock et al, 20175
on stiff hydrogel matrices target
NEAT1 LincRNA Predefined target, known functional N/A Pro-proliferative, pro- Sequesters WDR5, prevents Ahmed etal., 20187
IncRNA migratory, anti- H3K4 methylation at VSMC
differentiation marker promoters
Lnc-Ang383 LincRNA RNAseq and ChlPseq, rat AOSMCs Loci with Angll-induced Pro-inflammatory (whether Cis activation of neighbouring Leung et al., 2013
(enhancerloci) exposed to Angll, non-reference transcription and H3K27ac enhanceror IncRNA effect RAMP3 Das et al., 2017'%
IncRNAs included (enhancer mark) deposition unexplored)
GIVER LincRNA As above As above Pro-proliferative, pro- Repression of neighbouring Leung et al., 2013758
(enhancerloci) inflammatory NR4A3, interacts with NONO to Das et al., 2017%%
recruit HDACs and remove Das et al., 2018
repressive H3K27me3
MIR222HG/ LincRNA, As above (RNAseq only) Proximity to key miRNAs Pro-proliferative Hosts miRNAs targeting cell Leung et al., 2013
Lnc-Ang362/ miRNA host miR-221/222 cycle inhibitors, sponging anti- Sun et al., 2020*
RAPIA (enhancerloci) proliferative miR-183-5p
H19 LincRNA Predefined target, known functional N/A Pro-proliferative, anti- Host PTEN-targeting miR-675, Voellenkle et al., 2016%%

IncRNA

proliferative/pro-apoptotic

miR-independentrolein
preventing p53 degradation

Lvetal., 2018"%*
Lietal, 20186
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Whilst these examples show IncRNA roles within TGF-§3 signalling through
direct impact on SMAD factors, the ubiquitous INcCRNA MALAT1, relatively
well-described in many biological contexts, has been shown to achieve this
through being an essential component of a complex that deposits repressive
epigenetic marks at VSMC marker genes. MALAT1 acts as a scaffold between
HDAC9 and BRG1, together forming a complex which is upregulated in
VSMCs with defective mutations in ACTA2 or the TGF-B receptor TFR2'82,
Both mutations are identified risk factors for aortic aneurysm formation, a
tissue remodelling pathology directed by loss of VSMC contractility, density
and homeostasis. The effects of the HDAC9-BRG1-MALAT1 complex in
VSMCs are consistent with these phenotypes, recruiting the epigenetic
regulator EZH2 — part of polycomb repressive complex 2 - to deposit H3K27
methylation marks and reduce VSMC marker gene expression with a
concomitant upregulation of matrix-degrading MMPs. MALAT1 knockdown
could also restore vessel wall function in a mouse aneurysm model. Though
not yet examined, the role of MALAT1 in this complex in a vasculoproliferative
setting is supported by evidence that it can drive the proliferation of VSMCs in
response to mechanical stress'® and hypoxia'8, as well as HDAC9 mutations

that are linked to CAD incidence®.

Another ubiquitous, relatively well-described IncRNA - NEATT1 - is also
implicated in epigenetic regulation of VSMC phenotypic switching'. NEAT1
is upregulated with dedifferentiation stimuli such as PDGF-BB, passaging in
culture and balloon injury, whilst supporting a migroproliferative phenotype in
VSMCs. Mechanistically, NEAT1 was found to bind the epigenetic modifier
WDRS5, sequestering it from being used to deposit activating marks at
Myocardin and VSMC marker gene promoters. This epigenetic role is distinct
from a previously established role for NEAT1 in the formation of paraspeckles,
thought to be areas of transcript processing and splicing within the nucleus,
again highlighting the possibility of multiple distinct roles for individual
IncRNAs.

Other epigenetic-acting IncRNAs influencing VSMC states have been
identified through their association with enhancer sites. The IncRNAs Inc-
Ang383 and GIVER were highlighted as they are transcribed from enhancer
sites which show increased enrichment of H3K27ac - indicating accessible
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chromatin - during treatment of rat AOSMCs with Angiotensin Il (Angll)187.188,
This indicate these INncRNAs may play supportive roles in any Angll-induced
changes in chromatin conformation which initiate at such sites. The
knockdown of Inc-Ang383 in AOSMCs in vitro and rat aortas ex vivo showed it
supported the Angll-stimulated induction of Ramp3, a neighbouring PCG
involved in VSMC contraction'®. Lnc-Ang383 therefore may support the local
effects on transcription mediated by the Ramp3 enhancer. GIVER is
characterised in greater depth with an identified human ortholog as well as an
expression profile of induction specifically within growth factor-treated vascular
cells'®. As with Inc-Ang383, GIVER was shown to support Angll-induced pro-
inflammatory activity in VSMCs. This was hypothesised to be related to an
interaction with the protein NONO, also a known binding partner of NEAT1 and
component of nuclear paraspeckles. Knockdown of NONO phenocopied
knockdown of GIVER and this was hypothesised to be related to recruitment
of HDAC-based remodelling complexes, similar to that shown for both
MALAT1 and NEAT1. This may be an example of an enhancer IncRNA
supporting wider epigenetic effects beyond the local chromatin
neighbourhood. Both the I/nc-Ang383 and GIVER enhancer-associated
IncRNAs were rapidly induced and peaked within 3 hours of Angll treatment.
Intriguingly, transcription at enhancer sites has been observed to generally
preceed transcription at other sites (e.g. promoters of transcription factors)
within multiple cell-stimuli timecourse studies, suggesting this could be a
generic biological phenomena'®. As enhancers are thought to be crucial
genomic sites for facilitating chromatin accessibility through allowing looping
and conformational changes, chromatin remodelling may be a key initial
element of a cellular response to an external stimuli such as a pro-
inflammatory mediator like Angll. The characterisation of GIVER is therefore
intriguing as it shows the potential of enhancer-transcribed IncRNAs to support
enhancer function and early chromatin remodelling during the initial response

of VSMCs to a potentially pathogenic signal.

Of the remaining INcCRNAs characterised in VSMCs and vasculoproliferative
pathology, a noteworthy group are those which influence miRNA expression —
either through acting as a host transcript required for miRNA biogenesis (such

as CARMN), or through acting as a decoy to prevent miRNAs from degrading
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other targets. An initial example within VSMC biology is another enhancer-
transcribed IncRNA identified via Angll stimulation of rat AOSMCs, Inc-
Ang362'87. This IncRNA was identified as a host gene of miR-221 and miR-
222, already shown to support FBS-stimulated VSMC proliferation and
neointimal formation post-injury through shared targeting of p27'9'. Two
relatively conserved areas of the human ortholog MIR222HG have since been
found, via RNA immunoprecipitation in macrophages, to interact with miR-183-
5p — a repressor of integrin B1'92. As integrin B1 is known to play a role in
supporting protein levels of cyclin A and cyclin D1, MIR222HG may also
promote proliferation through acting as a miRNA decoy, sequestering the anti-
proliferative miR-183-5p to derepress integrin B1. Another example is H19,
mentioned previously as a chromosomal imprinting INcRNA. H79 contains the
MiRNA miR-675 within a first exon and overexpression of this transcript was
shown to support a proliferative phenotype in FBS-stimulated VSMCs'%3, This
was explained by the targeting of PTEN by miR-675. The resulting loss of
PTEN expression could reduce SRF-PTEN interaction, potentially aiding the
redirection of SRF away from VSMC marker genes to proliferative genes
during VSMC dedifferentiation. Both H719 and miR-675 expression correlated
with the ratio of intima to media observed after carotid artery balloon injury.
However, study of H19 in a distinct context demonstrates it also has a pro-
apoptotic, anti-proliferative phenotype in AOSMCs stimulated by Angll'®4. This
role of H19 was shown to be miR-675-independent - through overexpression
of a miR-675-null variant - and was closely tied to the cardiovascular
development transcription factor HIF1a'%., H79 was found to recruit
transcription factors to stimulate the HIF1a promoter whilst also interacting with
HIF1a in the cytoplasm to prevent degradation of p53. Along with CARMN and
MIR222HG, this provides another example of a role independent of miRNA
production for a miRNA host gene, a role which, in the case of H19, appears
to act in direct opposition to the miRNA. The possibility of these loci to switch
or emphasise different phenotypic effects through different regulation of host
and miRNA in different contexts is intriguing and so far a relatively unexplored

area of RNA regulation.

These examples highlight the variety of mechanisms of functional IncRNAs

found in VSMCs and show the capacity of IncRNAs to effect positive changes

95



in tissue remodelling. However, they likely constitute only a small selection of
the IncRNAs with VSMC relevance and importance. The wider IncRNA field
contains many IncRNAs highlighted as important through high-throughput
experiments in VSMCs but with no functional characterisation. Further,
INcRNAs have not been explored in areas of VSMC biology such as
senescence, heterogeneity, embryonic origins or in connection to the recent
advancements in defining VSMC progenitors involved in intimal growth. The
overall contribution of IncRNAs to VSMC-driven disease is still to be
determined with potential targets of therapeutic interest likely yet to be

obtained.
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1.4 Approaches to identify VSMC IncRNAs
1.4.1 Challenges to identify and characterise VSMC IncRNAs

The current picture of IncRNAs driving VSMC pathological phenotypes has
been obtained through a set of ground-breaking studies laying out a large
range of possibilities for IncRNA targets, function and physiological relevance.
This will inform future work on the remaining portion of uncharacterised
IncRNAs that could be VSMC-relevant. Such studies are still necessary to help
define the extent to which INcRNA constitute therapeutic targets for modifying
gene regulation networks and ultimately - to select those with the most
potential to counter VSMCs directing tissue wall remodelling. However, many
of the same barriers faced in these studies, and the IncRNA field in general,

are yet to be broken down.

Firstly, definitively proving a IncRNA controls a phenotype in vitro is complex,
often requiring an experimental design that can assess the influence of both
the IncRNA transcript as well as the genomic locus in which it is found. An
often-cited example is the IncRNA AIRN, a gene which silences the
neighbouring, overlapping IGFR2 gene simply by being transcribed'®. The
IncRNA product is completely dispensable for this silencing; introduction of
premature polyadenylation sites into the AIRN locus could alter transcript
structure yet had no discernible effect on IGFR2 repression. For loci such as
these, untangling whether the IncRNA transcript, the IncRNA promoter or other
features are the driving force behind a phenotype requires awareness of the

genomic context alongside careful design and interpretation of studies.

Targeting a IncRNA transcript for degradation can be achieved through use
of RNA interference which directs the miRNA machinery towards the target of
interest, primarily in the cytoplasm'®’. A nuclear-biased IncRNA may instead
be targeted through use of antisense oligonucleotides (ASOs) which direct the
RNase H machinery'#6. Both methods suffer from non-specific effects arising
from either the process of transfecting nucleic acid into the cell, interference
with the RNA degradation machinery or non-specific binding to other RNAs.
This can be controlled somewhat through use of controls consisting of
scrambled non-biological sequences but ideally requires use of multiple

distinct targeting molecules targeting the same IncRNA transcript alongside 8.
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Overexpression techniques using viral vectors are also often used - though
unlike with coding loci, ORFs cannot be used to inform isoform selection and
the selection of a single dominant isoform may be unfeasible. To avoid this
issue, CRISPR-based methods can be used to activate transcription at a
IncRNA promoter and activate the locus as a whole. CRISPR-based genome-
editing methods can also be used for deletion or reconfiguration (e.g. inversion
or addition of termination of sites) of the INncRNA locus or promoter and have
been utilised if requiring to analyse a link between a particular feature of a
IncRNA locus and a suspected phenotype™”-1%7. The caveat with such
modifications of gene systems is that the potential for disruption not directly
tied to the IncRNA must be considered, for instance if the IncRNA contains an
annotated promoter or enhancer for another gene within the locus. An
intersection of these approaches is often required to define the source of a
phenotypic effect at a IncRNA locus. Further, a high proportion of functional
IncRNAs demonstrate phenotypes in a cell-specific manner'#’, and so many
will have to be redefined within different biological contexts of interest to ensure
the relevant conclusions are being made. In VSMCs this has revealed IncRNA
loci like H719 and miR-675, where host and miRNA show opposing
phenotypes'93195 or NEATT1, initially described as a regulator of nuclear
homeostasis but now with an additional described role in VSMC

dedifferentiation 18,

With correct interpretation, strong evidence for in vitro phenotypes for
IncRNAs can often be obtained. Showing the relevance and context of these
findings in vivo is currently a greater challenge, with in vitro-described
phenotypes often not reproduced or detectable when IncRNAs, even well
characterised examples such as MALAT1, are knocked out in animal
models'®7-1%8_This may in part be explained by non-specific effects of dsiRNA
and ASOs obtained in vitro being mistaken for phenotypes'®. Additionally in a
physiological context, many IncRNA phenotypes may be too subtle to cause a
noticeable effect or could have a redundant function with other gene regulators
that can cover for any lost INcRNA function. Detection of a IncRNA phenotype
may also require specific stimuli in specific tissues or cells, highlighting the
necessity to base experiments upon a comprehensive expression profile for

the IncRNA to define the tissues, organs and stimuli of interest. In the search
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for IncRNAs controlling VSMCs, the search for a phenotype is narrowed, at
least initially, to a focus upon the vasculature and well-established arterial
injury models. This means genes of interest can be ruled in or out relatively
simply by characterising their effect on vessel wall remodelling post-injury as
has been shown with many IncRNAs described in the previous section. The
IncRNA function within non-VSMC cell types in such models may also be
relevant and so should also be explored to gain a wide understanding of
IncRNA effect on remodelling dynamics. SENCR for instance, was initially
described with a role in VSMC identity'® yet is only mechanistically
characterised within endothelial cell barrier integrity so far'®® with both roles
likely relevant to the vasculature. Identification of in vivo INncRNA phenotypes
is also hampered by the lack of available animal models for non-conserved
IncRNAs to be characterised in. SMILR'"* and TYKRIL'"® are examples where
ex vivo models of vessel wall injury were developed to get around this and
provide evidence of physiological relevance. The inherent artificial nature of
these models when compared to animal arterial injury models is paid for

somewhat by their direct relevance to human patients.

Another significant barrier during IncRNA characterisation is the huge variety
of mechanistic possibilities which have been uncovered for INncRNAs so far.
This provides a wide range of potential investigative avenues, though the field
now has an improved understanding of how to navigate these'9”.1%,
Determining IncRNA mechanism can be initially aided by the study of the
IncRNA subcellular localisation. For instance, a functional IncRNA with a bias
towards the chromatin-bound subcellular fraction may be involved in
epigenetic regulation, and further may have cis functionality, acting to regulate
the genomic locus surrounding itself. These INcRNAs would then likely show
some support or inhibition of the expression of surrounding genes. LncRNAs
transcribed from enhancers may also be cis-acting through supporting the
enhancer to implement local changes in chromatin state and enhancer-
promoter contacts?®. Overlap to enhancers can thereby provide an initial
hypothesis for a mechanism of action for such IncRNAs, though G/VER shows
enhancer-transcribed INcRNAs are not necessarily limited to cis functionality
only'8, Conversely, IncRNAs under-represented in the chromatin-bound

subcellular fraction are less likely to have cis functionality and so could
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implement wider changes, for instance INcCRNAs regulating p53 stability in the
nucleus or INcRNAs sequestering miRNAs in the cytoplasm. Further clues to
mechanism can be provided from the genomic locus including any overlap with
small RNAs that may be hosted by the INcCRNA, as is the case with MIR222HG,
H19 and CARMN'84.193.201 Definitive proof of a IncRNA mechanism then rests
with identifying interacting protein, DNA or RNA partners via pulldown
techniques. Such interactions may be tough to prove considering the inherent
tendency of RNA towards non-specific binding as well as the often low

expression values of INcRNAs'Y.

These challenges during the process of IncRNA characterisation, are
preceded by a separate limiting factor. The specific expression profiles and
low abundance of IncRNAs means their annotation, even within the extensively
studied human genome, is incomplete??2. Annotations are mostly based on the
output of high-throughput methods such as RNAseq which provide a snapshot
of all transcribed RNA species within a cell at once36.137.203 Detecting INcRNA
with low and/or restricted expression levels are a problem for such methods,
particularly in heterogenous samples, such as tissue or even an in vitro
monoculture of mixed cellular subtypes. In these samples a larger variety of
cell type or subtype-specific RNAs will be sampled at an overall lower rate.
Unless increasing this sampling rate, i.e sequencing more RNA - often
prohibitively expensive, this reduces the chance of detecting molecules with a
cell-specific bias. As many IncRNAs are already low in abundance, this could
reduce the chance of detection for those with some cell-specific bias further
still. This is backed up by initial observations of changes in IncRNA detection
rate and expression measurements between “bulk® RNAseq and scRNAseq
data which show genes of low expression in the former may have high
expression in individual cells in the latter?®*, As IncRNAs have been shown to
provide an in vitro function even at one copy per cell?®, it is important to
consider the functional potential of such low-level transcripts. Another example
are miRNA hosts several of which have been shown to be rapidly degraded
after miRNA biogenesis?®® — several miR-hosting INcRNA transcripts are
therefore likely under-represented in most high-throughput methods. Most
published RNAseq datasets also enrich for RNA molecules with

polyadenylated tails, which removes the chance of identifying all expressed
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IncRNAs2%7. LncRNAs have therefore been hard to map out accurately and

completely due to both their inherent traits as well as technical factors.

Obtaining transcriptome profiles across a range of individual cell and tissue
types is the approach taken by consortiums seeking to provide a reference
annotation — one which provides an approximate summary transcriptome that
can be used as a basis for many studies'6137.203_ The representation of
VSMCs within the reference annotation GENCODE, considered gold standard
due to the accuracy of the manual curation of this database, consists of 4
arterial subtypes of 2 biological replicates each’37203, Other reference sets aim
to be more extensive so dispense with the slower rate of manually curated
annotation. FANTOM incorporates GENCODE with 4 other reference sets,
mostly produced using automated computational methods, and uses a method
of 5’ sequencing, CAGEseq, to more accurately delineate transcription start
sites (TSS) than can be achieved using RNAseq'%. FANTOM incorporates an
increased 9 VSMC subtypes with an average of 3 biological replicates for each.
However, a truly robust annotation of IncRNAs may require providing a
representative profile for every cell type in the human body as well as their
response to specific stimuli at different timepoints, with enough biological
replicates to cover human variation - a huge undertaking. Over-reliance on
reference annotation to profile IncRNA activity may therefore invite false
negatives as key IncCRNA genes driving the system in question are left

undetected.

Another issue with INcCRNAs in reference annotations such as GENCODE
and FANTOM is that they overwhelmingly use “short” RNAseq data - e.g.
lllumina sequencing includes a fragmentation step leading to a library with
insert size range of 200-800bp — which in conjunction with computational tools
to predict transcript models together have well-described deficiencies in
accuracy?%82%_ Such inaccurately-assembled transcript models are often
shown to have non-representative splice patterns or incomplete 5 or 3’
boundaries. Importantly, these inaccuracies may lead study design to be
based on incorrect or absent isoform structures, another factor which could
influence reproducibility of IncRNA phenotypes in vitro and in vivo. Confusion
in obtaining accurate isoform structures using high-throughput techniques may

only be possible to address definitively with recent developments in long-read
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RNAseq techniques allowing sequencing of longer transcript segments'®2,
Regardless, as the field moves from initial characterisation of the most
detectable IncRNAs towards widespread characterisation of the remaining
IncRNAs, it will become more important to obtain representative, bespoke
transcriptomes within model systems to ensure the full range of candidate

genes are defined accurately.

1.4.2 Methods to annotate IncRNAs and use in VSMCs

This section contains material adapted from the review “Endothelial function
and dysfunction in the cardiovascular system: the long non-coding road” by
Bennett et al. 2019 published in Cardiovascular Research in 2019 - of which |
am co-first author. Section 3 was drafted by me then edited by me in

conjunction with the other authors.

Many of the IncRNAs actively contributing to VSMC pathological phenotypes
have been initially selected for study through their known functionality in other
contexts (Table 1.1). This circumvents the need to use a transcriptome-wide
approach and accelerates identification of relevant, functional IncRNAs.
However, it does not provide the unbiased view of IncRNA activity in the
transcriptome offered by high-throughput techniques such as microarrays or
the gold standard method - RNAseq. Sequencing-based techniques and
analysis methods are now well-developed with computational tools providing
ever-improving accuracy in building transcript models, defining their coding
status and quantifying their fluctuations within systems of interest2%8210, Use of
these techniques and protocols is essential to avoid bias in the field towards
well-characterised candidates and could be enlightening within areas of VSMC
biology which are as yet poorly explored in terms of IncRNA activity. A
flowchart showing experimental design for a IncRNA identification study is

shown in Figure 1.14.

Microarrays provide a relatively simple method to obtain transcriptome level
data which has highlighted several IncRNAs now characterised in VSMCs
(Table 1). The arrays consist of oligonucleotide probes which produce a signal
when bound specifically by the complementary RNAs in a given transcriptome
sample. This constitutes a key limitation of the technology as the probe-set
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must be pre-defined and therefore cannot be used to detect IncRNAs outside
of reference or pre-defined annotations. Further, non-specific binding of
probes means that weaker probe signals from low-expressed RNAs are hard
to detect. Microarrays can still provide use in a IncRNA context however as
they are an economical way to profile a high number of samples at once for
pre-defined IncRNAs. For example, this could be used to provide a broad
overview of changes in IncRNA activity across a large number of different
VSMC subtypes as it has been beneficial to probe the relationship of IncRNA
to heterogeneity in endothelial cells?!'. Microarrays could also be used to
obtain the large amount of data necessary to reliably perform a co-expression
analysis and determine likely areas of functionality for IncRNAs through

looking at similarly regulated PCGs with known function?'2.

The gold standard technique for IncRNA identification however remains
RNAseq. It is sensitive, increasingly cost-effective and presents a largely
unbiased, whole-transcriptome view of shifts in gene expression. RNAseq has
been used to identify INcRNAs active in the VSMC response to hypoxia'8,
pathological mechanical stress?'3, calcification?'4, growth factors and
cytokines'73:215.216 g5 well as those enriched within VSMCs160.161.163,165 Qyerall
though, the potential of this technique to uncover INncRNAs of interest within
VSMC models has not yet been fully realised. Key stimuli in models of VSMC
dysfunction such as oxLDL or TGF-3 have not been explored via RNAseq for
IncRNA activity, whilst others such as Angll and inorganic phosphate (to
stimulate pro-inflammatory calcification) are explored only in rat models.
Highthroughput profiling of IncRNAs in VSMCs within patient samples is also
sparse, though inclusion of iPAH lung biopsy RNAseq during identification of
TYKRIL is an initial example. Further, of the 7 studies screening human
VSMC-based RNAseq data for IncRNA activity, only 2 capitalise on the ability
to detect expression of completely novel transcripts outside of reference
annotation, with their above-described limitations. Such studies led to
identification of SENCR'® and MYOSLID'®. Notably, these studies were
based around profiing VSMCs under homeostatic or pro-contractile
conditions. Data for non-reference INcRNA annotation in VSMCs exposed to
pathological stimuli or extracted from patient remodelled vessel wall is

currently lacking.
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A possible reason for slow uptake of RNAseq to detect non-reference VSMC
IncRNAs is that the use of RNAseq data for prediction of new IncRNAs requires
a specific skillset to perform algorithmic reconstruction of transcript models
from short RNAseq reads (these algorithms can be ‘seeded’ with existing
reference annotations to improve precision). Tools such as Cufflinks?'” and the
more recent StringTie reporting improved completeness of transcript
assembly?'® are both widely used to implement this. In addition, identified
transcripts must then be filtered to determine which transcripts are non-coding
with high confidence?'®. Several computational pipelines are now available
aiming to aid researchers to implement this with greater ease'3%220-222 Typical
filtering steps include the use of several algorithms to evaluate coding potential
and combination of their scores, exclusion of short or very lowly expressed
transcripts, and exclusion of transcripts found in close proximity to annotated
genes (which often correspond to unannotated extensions of untranslated
regions in MRNAs). For example, transcripts containing long ORFs (i.e.
possessing long stretches of uninterrupted sequence between in-frame start
and stop codons) with characteristic codon frequencies and/or with high
homology to existing proteins can be identified with the widely-used coding
prediction calculator (CPC) scoring method?23. Others exclude candidates with
ORFs predicted to produce proteins with structural homology to known Pfam
protein domains (HMMR?24), an enrichment of short sequences characteristic
of coding sequences(CPAT?2° and FEELNc??%) or containing codons that are
maintained (with the same or similar codons and without frameshifting
mutations) over large evolutionary distances (RNAcode??'). Codon-
conservation tools are particularly powerful for detecting short conserved
ORFs but also can have some false positives in regions of extremely high
conservation and limited variation between species. Our understanding of the
best use of such tools has improved since the last studies aiming to expand
the VSMC IncRNA repertoire over 5 years ago'%%165, There remains a demand

for such tools to be used to update our understanding of available candidates.
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Approaches to identify VSMC IncRNAs

Considerations for design of
a IncRNA identification study

Transcriptome-wide Specific loci of interest
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Figure 1.14 Considerations for design of a IncRNA identification study. An initial
starting point is an unbiased approach using microarray or RNAseq profiling of
IncRNAs in a given transcriptome. Alternatively, more targeted approaches may
attempt to identify IncRNAs associated with a given region of interest for instance
through identifying those transcribed from regions bound by key transcription factors
(ChIPseq) or which form chromosomal contact with genes of interest (HiC). Coding
prediction of identified IncRNAs may not be required if relying solely on reference
annotation. Notably the criteria here listed for candidate selection is not exhaustive and

may vary by context. Adapted from Bennett et al., 2019'4°

Another issue is the high amount of sequencing (read depth) required to be
able to comprehensively detect and annotate lowly expressed IncCRNAs. This
can be costly, with an estimated depth of over 300 million paired reads per
sample required to provide the highest level of IncRNA coverage??%. However,
studies sequencing at far lower depth have been fruitful in identifying
substantial amounts of non-reference transcripts and interesting trends in

IncRNA dynamics within specific biological contexts. Aside from the described
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SENCR and MYOSLID studies, these include studies profiling INcRNAs over
developmental timepoints in erythropoiesis?*’ and endothelial cell
differentiation®®, during exposure to pro-inflammatory stimuli??822° or from
cancerous?®, chronically inflamed?3' or ischemic?3? pathological tissues.
Typical findings are that non-reference INcRNAs make up a particularly large
proportion of those which change in expression between experimental
conditions??7228:231 - gppear enriched within particular cell types?3'232 and
transcribed from enhancer regions?3°-232, The latter two traits may be related
as enhancer-transcribed INncRNAs generally show greater propensity towards
cell-specificity'36. Therefore, non-reference INcRNAs are not only required to
get a greater definition of INcRNA activity within a biological system but also
seem to possess desirable traits for finding candidates with pathological
association, potential for enhancer association (with possible cis functionality)
and potential for targeting of specific cell populations. Notably, most of these
mentioned studies were based in human showing that these approaches can

be fruitful even in a relatively well-annotated species.

This introductory chapter summarises the unrealised potential of IncRNAs to
provide urgently needed targets that could eventually allow the long-held goal
of therapeutic manipulation of VSMC phenotypes. An established set of
example IncRNAs are known to control a range of such pathological VSMC
states. However, to find IncRNAs with high therapeutical potential, we need an
unbiased way to identify and characterise IncRNAs, without relying solely on
annotated ones or INcCRNAs previously studied in other contexts. This is now
possible as the techniques to expand IncRNA annotations are much improved
in terms of implementation and accuracy. Despite this they have so far been
underused in many fields including vascular and VSMC biology. Identification
of non-reference IncRNAs in other specific biological contexts has provided
strong data supporting their inclusion for consideration as key functional
targets. This provides a niche for a study that improves the annotation of
IncRNA activity within VSMCs exposed to pathological stimuli or derived from
pathological tissue.
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1.5 Hypothesis and aims

1.5.1 Hypothesis

Expanding the transcriptional annotation of VSMCs responding to proliferative
stimuli can provide better definition of the IncRNAs that drive

vasculoproliferative diseases

1.5.2 Aims

1. Reveal the extent to which non-reference IncRNAs may contribute to
VSMC proliferation and associated pathological phenotypes. Utilise the
transcript assembly tool StringTie and “Pipeline for Annotation of
LncRNA” (PLAR) to build bespoke expanded transcriptomes containing
high-confidence GENCODE IncRNAs supplemented with any other
missing INcRNAs within RNAseq data for SVSMCs exposed to IL-1a
and PDGF-BB in vitro alongside any other appropriate RNAseq data for
pathological VSMCs.

2. Match the expanded IncRNA annotations to other publicly available
annotations of transcripts, TSSs, enhancers as well as expression data
to provide further evidence of non-reference transcripts existence and
in vivo relevance. Use this to probe hypotheses on VSMC-specificity

and cis-regulation for individual IncRNAs.

3. Using the proliferation model of SVSMCs exposed to IL-1a and PDGF-
BB, select uncharacterised INcRNAs with highest functional potential via
identifying those which are outliers in terms of expression dynamics and
abundance and screen them for a functional effect on the VSMC

proliferation phenotype.

4. Examine IncRNA dynamics in a temporal context, identifying those
which — as with SMILR and Angll-induced enhancer INcRNAs — may be
centrally important to VSMC pathology through upstream initiation of

pathways co-ordinating proliferation and pathological phenotypes.
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Chapter 2: Materials and Methods
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2.1 LncRNA discovery pipeline

2.1.1 Transcriptome Assembly

RNA sequencing (RNAseq) files were obtained from gene expression
omnibus (GEO) using accession numbers GSE69637 and GSE100081. We
received files for a third dataset of plaque VSMCs produced by Alloza et al.?%3
by direct transfer from the authors. Data quality was checked via
FastQC(0.11.9)?34. Trimming of adaptor sequences was required for
GSE69637 and done using TrimGalore(0.5.0)2%%. Custom transcriptomes
consisting of GENCODE transcripts supplemented with newly-assembled
transcripts were generated as follows for each dataset. STAR(2.5.1b)%3¢ was
used to map reads to the human genome (GRCh38) indexed with
GENCODEV26 (--sjdbOverhang 100). StringTie(1.3.1¢)?'® was then used on
these alignments to assemble transcripts (minimum length: 300bp). The
StringTie assemblies for each sample were merged (using StringTie --merge)
together with a filtered reference set to create an expanded transcriptome for
each dataset. This filtered reference set was obtained for each dataset by
removing transcripts with low expression (<0.5 FPKM for spliced transcripts
and <1 FPKM for unspliced transcripts) and short transcripts (<300bp).
Transcript quantification was based on RSEM(1.3.0)2%” (--bowtie2 for all uses
of RSEM in this thesis). Newly-assembled transcripts and genes were

provided numeric identifiers with the prefix “MSTRG.” by StringTie.

2.1.2 Pipeline for Annotation of LncRNA (PLAR)

RSEM(1.3.0)%%7 was used to quantify transcripts in each dataset using their
corresponding expanded transcriptome. To annotate IncRNAs, we used the
published pipeline PLAR'3°238_ For downstream analysis we considered only
expressed transcripts, defined as those with an average FPKM > 1 in 1 or more
experimental conditions. We also discarded minor newly-assembled isoforms
for each IncRNA gene; removing all newly-assembled isoforms with an
average FPKM <10% of the sum of all isoform FPKMs for that gene, as used
in'38. Genes were classified based on PLAR transcript classification; genes
producing any number of coding transcripts were labelled “coding”, remaining
genes producing putative IncRNAs were labelled “putative IncRNAs” and
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remaining genes producing high confidence INcCRNA were labelled simply as
“IncRNAs”. Genes were considered robustly expressed if they had an average

FPKM >1 in 1 or more conditions in a dataset.

2.2 Validation of IncRNA transcript assemblies

2.2.1 Comparison of IncRNA transcripts to FANTOM CAT

transcripts

The FANTOM CAT meta-annotation* co-ordinates were converted from
hg19 to hg38 using liftOver from UCSC?2%. Transcripts from robustly expressed
IncRNA genes were cross-referenced to the converted assembly using
GFFcompare(version 0.11.2)240, As transcripts matching to FANTOM CAT
with GFF codes “=" or “k” indicated these transcripts contained a complete
chain of FANTOM CAT introns, these pairs were classed as “Full Intron Chain”

” [{ e )

matches. As transcripts matching to FANTOM CAT with codes “c”, “m”, “n” or
‘" were transcripts which contained less than a complete chain of FANTOM
CAT introns but at least one identical splice junction, these transcripts were
classed as “Splice Junction” matches. Transcripts matching with “e” or “0” were
classed “Exonic Overlap” matches whilst transcripts with no overlap (any other

code or no code) were classed “No Exonic Overlap”.
*from:

https://fantom.gsc.riken.jp/5/suppl/Hon_et_al 2016/data/ assembly/lv1_raw/

2.2.2 Comparison of IncRNA ftranscripts to FANTOM CAT
CAGEseq

Validation of IncRNA transcription start sites (TSSs) was done by comparing
to the FANTOM CAT CAGE sites, again with co-ordinates converted to hg38
using liftOver from UCSC?%°. CAGE sites within 1kbps of the 5’ end of each
transcript were given a transcriptional initiation evidence score (TIEScore)
according to FANTOM methodology incorporating genomic distance between
5 and CAGE site, CAGE site expression level and the transcript size'3. We
selected the highest scoring CAGE site to represent each transcript then
selected which of these valid CAGE matches by applying a cut-off used by
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FANTOM for defining “stringent” TSSs (TIEScore > 60, FDR <0.026) and
excluded any remaining CAGE matches which implied a reduction of exon 1
to <10% of original size. LncRNAs with valid CAGE matches are referred to as
CAGE-matched IncRNAs.

2.3 Use of merged VSMC transcriptomes

2.3.1 Detection of newly-assembled IncRNAs in whole plaque
RNAseq

We prepared a reference transcriptome consisting of the three expanded
VSMC transcriptomes merged into one (using StringTie on --merge setting).
To validate newly-assembled IncRNAs expression in vivo, we obtained
sequencing files for human carotid atherosclerotic plaques from GEO
(GSE120521). As the merging process can lead to different gene structures,
transcripts classed as IncRNAs in individual VSMC annotation runs were
reclassified as putative INcRNAs if expressed <1 FPKM in all VSMC datasets,
if showing any change in intron chain sizes, or if 5" and 3’ extensions post-
merging were >100bp. Such genes were not considered in this analysis.
Carotid plaque reads were mapped and quantified to the merged annotation
with RSEM(1.3.0)%% to identify expressed high confidence IncRNA.

2.3.2 Repeatability of newly-assembled IncRNA transcript

assemblies between pipeline runs

To examine the repeatability of newly-assembled IncRNA transcript
assemblies generated by StringTie for those found across several of the three
VSMC RNAseq datasets we used GFFcompare to compare each individual
VSMC transcriptome to the merged VSMC transcriptome (created in 2.3.1).
Newly-assembled transcripts from individual VSMC transcriptomes which both
matched to a same transcript in the merged VSMC transcriptome as “Full
intron chain” or “Splice junction” matches (see 2.2.1) were identified. These
marked out transcript assemblies which were potentially built from the same
transcript in each individual VSMC dataset. Transcripts in the merged VSMC
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transcriptome which had multiple “Full intron chain” matches to individual
VSMC transcriptomes were considered to be reproduced by StringTie in a

complete form across multiple datasets.

2.3.3 Detection of VSMC IncRNAs in SVSMC timecourse analysis

To take advantage of our merged VSMC annotation (created in 2.3.1) to
detect IncRNA activity within the first 24 hours of SVSMC transition to a
proliferative state, SVSMCs from patient donor tissue were extracted, cultured
to 3-5 passages then plated and quiesced for 48 hours as previously
described? then stimulated with IL-1a (10ng/ml) and PDGF-BB (20ng/ml). Total
RNA was then collected for SVSMCs harvested at four timepoints post-
stimulation (Ohrs, 4hrs, 8hrs, 24hrs, n=4) using an miRNeasy purification kit
(Qiagen, Hilden, Germany) by Drs A.Mahmoud and M.Ballantyne. These were
sent to Genewiz (Genewiz, Leipzig, Germany) using the “standard” RNA
sequencing service for library preparation, rRNA depletion and sequencing in
150bp paired-end read format. Data quality was checked Vvia
FastQC(0.11.9)%34 and adaptor sequences trimmed using
TrimGalore(0.5.0)23%. Trimmed reads were mapped to the merged VSMC
annotation to quantify transcripts expressed by SVSMCs at each timepoint
using RSEM(1.3.0)?%’. As the merge process may affect transcript structure,
all transcripts expressed (<0.5 FPKM for spliced transcripts and <1FPKM for
unspliced transcripts) and of sufficient length (<300bp) within the merged
VSMC transcriptome were re-processed using PLAR as described in section

1.1.2 to obtain a full representation of IncRNAs.

2.4 RNAseq exploratory analysis

2.4.1 Differential expression in single timepoint datasets

Differential expression was calculated on the gene level using
DESeq2(version 1.28.1)?*'. We considered a gene differentially expressed if it
had a fold change (FC) >1.5 or < -1.5 (i.e. Log2FC > 0.585 or < -0.585) with

an adjusted p value of < 0.05 from one condition to another.
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2.4.2 Differential expression in timecourse analysis (early-

response genes)

Differential expression within the SVSMC timecourse RNAseq dataset again
used DESeqg2(version 1.28.1)?*' and required genes to have an FC >1.5 or <
-1.5 (i.e. Log2FC > 0.585 or < -0.585) with an adjusted p value of < 0.05 from
one timepoint to another to be considered differentially expressed. As genes
could be defined as differentially expressed by any one of the eight available
pairwise comparisons between the four timepoints, p values were BH-adjusted
across all pairwise comparisons together. This is more stringent than the
default adjustment per comparison provided by DESeqg2 which may not fully
correct for multiple hypothesis testing in this context as multiple pairwise
comparisons per gene are considered simultaneously rather than just one.
Additionally, we required genes to have a p value of < 0.05 when using the
likelihood ratio test within DESeqg2 to compare all timepoints simultaneously.

Genes matching these criteria are referred to as early-response genes.

2.4.3 Gene Ontology Analysis

Over-represented gene ontologies were obtained using goseq(version
1.4)?%2 on prominent clusters of differentially expressed genes. We set an FDR

threshold of 0.05 on GO term significance using the BH method.

2.4.4 Enrichment or depletion of gene traits within gene groupings

Tests for over-represented traits within gene groups were done using
Fisher's exact test for over-representation via the phyper(A-1, B, C, D,
lower.tail =F) function in R. A is the number of genes showing that trait within
a sample, B is the number of genes with that trait in a background set of genes,
C is the number of remaining background genes and D is the number of genes
sampled. Tests for under-represented traits within gene groups were done
using Fisher’s exact test for under-representation via the phyper(A, B, C, D,

lower.tail = T) function in R.
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2.5 Defining VSMC-enrichment or enhancer-transcription
amongst IncRNAs

2.5.1 Cell type-specific IncRNAs

To assess cell-specific expression, we extracted expression data for CAGE-
matched IncRNAs from the FANTOM CAGEseq expression atlas?s®.
Enrichment values for each IncRNA-matched CAGE site in each primary cell
type category were obtained by calculating the FC difference between the
mean expression of all samples in a primary cell category against the mean

expression of all other primary cell samples.

2.5.2 VSMC-enriched IncRNAs

To identify VSMC-enriched genes, we determined which CAGE-matched
IncRNAs are linked via their CAGE site to genes annotated as VSMC-enriched
in FANTOM CAT (defined as genes which are a) FC>5 between mean
CAGEseq expression across a VSMC category vs mean in all other samples
b) have a Mann-Whitney + BH adjusted p value <0.05 for this comparison and
c) are expressed >0 in 50% samples in that VSMC category'3®). Genes
enriched in any of the 9 VSMC-subtype categories (average of 3 samples per
category) or in all combined VSMC categories together were considered
VSMC-enriched. VSMC-enriched, differentially expressed IncRNAs contained
newly-assembled genes which may have been identified within more than one
dataset so have multiple “MSTRG.” identifiers across the individual VSMC
transcriptomes. To allow easier reference to these IncRNAs, we assigned
these a single unique identifier as follows. We identified which of these
transcripts matched to either the same CAGEseq site or the same transcript in

the merged VSMC transcriptome with GFFcompare code “=" (full intron chain).
These 6 IncRNAs were labelled VSMCinc1-6.
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2.5.3 Identification of enhancer-transcribed IncRNA and associated
PCGs

LncRNAs were defined as enhancer-transcribed (eIncRNAs) if their promoter
region (-2000bps to +200bps of their 5’ end - defined as such via CAGE site
peak if available) contained a “double-elite” Genehancer?*3 annotation of type
“‘enhancer” (annotated through collating chromatin signature, transcriptomics
and transcription factor binding data from 5 sources) available from the UCSC
table browser?3%. As enhancer annotations were obtained across a range of
cell and tissue types, we removed weaker enhancer annotations by setting a
threshold for GeneHancer confidence scores. We set this by identifying the 1°t
quartile within all confidence scores for all Genehancer annotations
overlapping any expressed INcCRNA promoter region across the three individual
VSMC transcriptomes (score of 237). In addition, we also included IncRNAs
matched to a CAGE site classed as “eIncRNA” in FANTOM CAT as
elncRNAs3,

2.6 ldentifying candidate IncRNAs involved in cis-
regulation of PCGs

2.6.1 Identifying evidence for elncRNA cis-regulation of PCGs

To identify PCGs that may be cis-regulated by differentially expressed
elncRNAs in the manuscript in chapter 3, we used available interaction data.
We first defined candidate regulatory pairs of PCGs and eIncRNAs as those
with TSSs within 250kbp of each other which were together co-induced or co-
repressed in the same VSMC type/treatment. To confirm the association of
elncRNA-PCG pairs, we searched enhancer-PCG interactions in Genehancer
(for Genehancer sites contained in the elncRNA promoter or gene) and
elIncRNA-PCG interactions made using eQTL analysis in FANTOM CAT (for
CAGE-matched IncRNAs).

To compare potential for cis regulation at eiIncRNA and other IncRNA loci,
we correlated FCs of all differentially expressed IncRNAs in the two in vitro
VSMC datasets in chapter 3 with any differentially expressed PCGs within

250kbps. In this correlation analysis we also included IncRNA-neighbouring
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PCGs of any fold change value to allow those which may not be cis-regulated

by IncRNAs to be included in the overall correlations.

2.6.2 Identifying evidence for cis-regulation of PCGs by IncRNAs in
the SVSMC timecourse RNAseq

To identify PCGs that may be cis-regulated by early-response IncCRNAs
within the SVSMC timecourse dataset, we identified all early-response PCGs
with a TSS within 250kbp of an early-response IncRNA TSS. With the
increased number of datapoints in this dataset (16 samples compared to 8 for
datasets in chapter 3) we decided to use Spearman’s rank correlation to build
further associations between candidate INcRNA-PCG pairs. P values were BH-

corrected across all candidate IncRNA-PCG pairs.

2.7 LncRNA gRT-PCR Validation and Phenotypic
Screening

2.7.1 Expression profiling candidate IncRNAs via gRT-PCR

SVSMCs from patient donor tissue were extracted, cultured to 3-5 passages
then plated and quiesced for 48 hours as previously described?® then stimulated
with IL-1a (10ng/ml) and PDGF-BB (20ng/ml) or kept in 0.2% serum for a
further 72h. CASMCs (Lonza, Basel, Switzerland) were also substituted for
SVSMCs in the same model. Total RNA was obtained using an miRNeasy kit
(Qiagen, Hilden, Germany) and quantified using NanoDrop 1000
Spectrophotometer (Thermo Fisher, Paisley, UK). cDNA was synthesised
using a Multiscribe reverse transcriptase kit (Life Technologies, Paisley, UK).
RNA for subcellular fraction testing was obtained using a Paris fractionation kit
(Ambion). Custom-made primers (Eurofins MWG, Ebersberg, Germany)
(Table S2, section 1.3.6) were used with Power SYBR Green Master Mix (Life
Technologies, Paisley, UK) to perform gPCR on a QuantStudio5 thermocycler
(Thermo Fisher, Paisley, UK). Ct values of candidate IncRNAs were
normalised to those of the UBC housekeeping gene and fold change relative
to 0.2% serum using 2-AACt calculations.
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2.7.2 Phenotypic screening via EdU

DsiRNA for AC018647.3 (IDT, Coralvile, USA) and Gapmers for
MSTRG.10933 and LINC02015 were designed and ordered using online
design tools from the manufacturers (Qiagen, Hilden, Germany). AC018647.3
and MSTRG.10933 were knocked down after 48 hours of quiescence as
described above by transfecting dsiRNA or Gapmer with RNAimax
Lipofectamine (Invitrogen, Waltham, USA) in varying concentrations. After five
hours in transfection media, cells were washed before continuing quiescence
in 0.2% FBS for another 72 hours. LINC02015 was knocked down by quiescing
VSMCs in t75 flasks prior to detaching with Trypsin and plating at 100,000 cells
per 34.8mm diameter well with Lipofectamine transfection mix. After 5 hours
cells were washed before stimulation with IL-1a(10ng/ml)/PDGF-BB(20ng/ml)
in 0.2% FBS for 72 hours. For Gapmer knockdowns of MSTRG.70933 in
growth conditions we followed the same protocol as for LINC02015 though
substituting IL-1a/PDGF-BB in 0.2% FBS for Smooth Muscle Cell Growth
Medium 2 (PromoCell, Heidelberg, Germany) with 10% FBS as a proliferative
stimuli. For EdU incorporation assays, we used a Click-iT flow cytometry cell
kit (Thermo Fisher, Paisley, UK). EdU was added at a concentration of 10ng/ml
after cells were washed post-transfection. Quantification of EdU incorporation

was measured using an Attune Nxt system (Invitrogen, Waltham, USA).

2.8 Other
2.8.1 Normality testing

Data normality was assessed where appropriate by the shapiro.test()
function within R. Datasets with low replicates (n<5) per experimental condition
were considered nonparametric. Information on statistical tests in addition to

that reported in this chapter is reported alongside their usage in text or figures.

2.8.2 Additional resources

Venn diagrams: http://bioinformatics.psb.ugent.be/webtools/Venn/
Graphical abstract and manuscript Fig.1 images: BioRender.com

Fisher's z in 3.4.3: comparingcorrelations.org (cocor?** R package)
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Chapter 3: Novel Transcript Discovery
Expands the Repertoire of
Pathologically-Associated, Long
Non-Coding RNAs in Vascular
Smooth Muscle Cells
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3.1 Chapter 3 Introduction

A significant gap exists in the VSMC literature for a study which
comprehensively identifies all IncRNAs relevant to pathological VSMC
phenotypes instead of relying solely on pre-existing reference annotation data.
As the process would likely reveal novel IncRNA regulators of such
phenotypes, we aimed to undertake such a study and use recent
developments in computational pipelines and tools to identify and annotate
non-reference IncRNAs with improved accuracy and detection power. The
ever-expanding range of functional genomic annotation available to all
researchers now means detailed information could also be easily obtained to
attempt to form hypotheses on the expression profiles, function and regulation
of identified IncRNAs. We decided our study would benefit from examining
multiple suitable RNAseq datasets in parallel to show the broad relevance of
any conclusions across multiple VSMC types and stimuli models. This chapter
describes our efforts to achieve this, starting from an initial search of publicly
available VSMC RNAseq datasets, and subsequent computational processing
of these datasets to build expanded transcriptomes with a stringent annotation
of IncRNAs. These transcriptomes are then cross-referenced to external
databases to provide contextual data on expression and enhancer-association
so that initial hypotheses on IncRNA functionality could be built. In the last
section, the selection and initial phenotypic screening of 3 IncRNA genes

within an in vitro model of VSMC proliferation is described.
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3.2 Chapter 3 Aims

The following were the aims to be tackled in this chapter:

1.

Search for VSMC RNAseq datasets which are most appropriate for
novel IncRNA discovery — those which consist of rRNA-depleted,
strand-specific libraries of depth equivalent to or surpassing that of the
SVSMC dataset provided by Ballantyne et al.’”?

Process these VSMC datasets to supplement GENCODEvV26-
annotated transcripts with non-GENCODE transcripts - using the
transcript assembly tool StringTie in tandem with the previously
published “pipeline for identification of INcRNAs” PLAR 39238 to identify
a complete set of high-confidence INncRNAs.

Validate the accuracy of the non-GENCODE IncRNA transcripts
assembled by StringTie (hereon termed newly-assembled IncRNA
transcripts) through comparing exonic structures and 5 ends to
transcript models and TSS catalogues respectively within the FANTOM

CAT annotation.

. Explore the in vivo relevance of newly-assembled transcripts by

assessing their expression in whole plaque tissue RNA-seq.

Explore the expression dynamics of the InCcRNAs and assess newly-
assembled IncRNAs for their association to pathological states and/or
response to pathological stimuli.

Explore the cell-type specificity of the VSMC IncRNAs using the
FANTOM expression atlas and identify VSMC-enriched IncRNAs.

. Identify IncRNAs that appear to be transcribed from enhancer regions

and their potential regulation of nearby PCGs via cis-regulation, using
FANTOM enhancer IncRNA annotation as well as the Genehancer
database.

Select candidates with strong functional potential based on expression
dynamics and high abundance for phenotypic screening within the
SVSMC proliferation model using siRNA or GapmeR knockdown prior

to EdU incorporation assays

The work done towards these aims are outlined in the following peer-

reviewed publication as well as subsequently in additional work.
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3.3 Manuscript

Here follows the publication “Novel transcript discovery expands the
repertoire of pathologically-associated long non-coding RNAs in vascular
smooth muscle cells” of which | am first author. The computational analysis
and lab experiments were performed by me. The manuscript was written and
edited by me in conjunction with input from Dr Amira Mahmoud as well as joint
last authors Prof. Andrew H. Baker and Dr. Julie Rodor. Other specific
contributions from other authors are listed at the end of the publication.
Supplementary figures and summary tables (S1-4) are all included whilst raw
data supplementary tables (S5-S19) are omitted (though available online) due
to their extensive sizes. All methods can be found in Chapter 2 of this thesis.
As part of the publication, we also provide a web-based application where the
expanded VSMC IncRNA annotations can be viewed interactively, the link is

provided again here for ease:

https://bakergroup.shinyapps.io/VSMCIncRNAannotation/
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3.3.1 Preliminary Work: RNAseq datasets suitable for IncRNA

discovery

During initial planning of the below publication we decided that applying the
computational pipeline to multiple VSMC RNAseq datasets in parallel would
provide a basis for a stronger and broader study applicable to various VSMC
subtypes and pathological states. We therefore collated information on all
available VSMC RNAseq datasets within our research group or online at the
Gene Expression Omnibus (GEO) repository to determine whether they would
be appropriate to mine for non-reference INcRNA activity. The term “vascular
smooth muscle cell” was used to search for RNAseq data in GEO. Any type of
human VSMC exposed to any culture conditions was acceptable for
consideration. We also obtained the Alloza et al. dataset?3? for consideration
through approaching the authors directly. As we had already processed the
SVSMC-based dataset from Ballantyne et al., using the IncRNA discovery
pipeline, this was used as a benchmark in terms of sequencing depth. Ideally,
datasets would also match the SVSMC RNAseq in terms of number of
replicates as well as library preparation - using a strand specific-protocol to

create paired-end reads from rRNA-depleted samples.

Table 3.1 shows the 7 human VSMC datasets we found in this search. The
Zhao et al.’® and Bell et al.'®® datasets were excluded through being
previously explored for non-reference INncRNA activity as well as for a lack of
any pathological stimulus and rRNA-depletion. The Vacante'®* dataset was
also excluded for containing libraries from cells treated with vehicle or
scrambled GapmeR treated VSMCs which could cause non-physiological off-
target effects that could potentially obscure conclusions on relevance of novel
IncRNA annotations. Altogether, only 3 were rRNA-depleted and of sufficient
depth for use. Despite the importance of VSMCs to CVD, few publicly available
VSMC RNAseq datasets appropriate for novel IncRNA discovery were present
in the literature. This highlights the work remaining to be done generally in
exploring the human transcriptomes of pathological VSMCs but also the

current gap in the field for a focused IncRNA annotation effort such as ours
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Study Annotation VSMC type Stimulants/Conditions Purification Replicates  Depth (Average No. Million
expansion Reads/Sample)
Ballantyne et al. None SVSMC IL-1a + PDGF-BB rRNA depletion n=4 68 paired-end
2016
Zhao et al. 2016 De novo CASMC Vehicle/Ad-MYOCD PolyA-enrichment n=2 67 single-end
Bell et al. 2014 De novo CASMC Standard culture only PolyA-enrichment n=3 28 single-end
Yu et al. 2018 None AOSMC/CASMC Soft/stiff hydrogel rRNA depletion n=4 118 paired-end
Vacante et al. None CASMC GapCtrl/GapCARMN + PolyA-enrichment n=3 24 paired-end
2021 Chol/Migration/PDGF-BB
Alloza et al. 2018 None Plague-derived Asymptomatic/Symptomatic rRNA depletion n=7 72 paired-end
SMCs plagques
Pan et al. 2018 None AOSMCs/AOECs TNFa, IL-1B rRNA depletion n=3 12 single-end
Miller et al. 2016 None CASMCs PDGF-BB, TGF-B rRNA depletion n=2 27 paired-end

83



Manuscript “Novel Transcript Discovery Expands...”

3.3.2 Manuscript Introduction

Intemational Joumal of
Molecular Sciences

by

Artide

Novel Transcript Discovery Expands the Repertoire of
Pathologically-Associated, Long Non-Coding RNAs
in Vascular Smooth Muscle Cells

Matthew Bennett 17, Igor Ulitsky 2 Jraide Alloza?, Koen Vandenbroeck ¥4, Vladislav Miscianinov 10,
Amira Dia Mahmoud ', Margaret Ballantyne !, Julie Rodor ' and Andrew H. Baker '@

check for

updates
Citation: Bennett, M.; Ulitsky, 12
Alloza, I; Vandenbroeck, K
Miscianinoy, V.; Mahmoud, A D
Ballantyne, M : Rodor. | : Baker. A H.
Novel Transcript Discovery Expands
the Repertoire of
Pathologically-Associated, Long
Non-Coding RNAs in Vascular
Smooth Muscle Cells. Int. |. Mal. 5a.
2021, 22, 1484 hitps/ /doi.org/
103390 / ipms2 20314584

Academic Editors: Miguel Hueso and
Estanislao Navarmo

Reaeived: 13 Jamuary 2021

Accepied: 29 January 2021

Published: 2 February 2001

Publisher's Note: MDI" stays neuiral
with regard i purisdictional claims in
published maps and institutional aifil-

iations.

Copyright © 2021 by the authors
Licensee MDPI, Basel, Switzerland.
This article is an open access artide
distributed  under
conditions of the Creative Commons
Attribution (CC BY) license (hitps://
crativecommons org/ licenses/by/
4.0/).

the tarms and

! Centre for Cardiovascular Science, Queen’s Medical Research Institute, University of Edinburgh,
47 Little France Crescent, Edinburgh EH16 4T], UK; s17955088ed ac.uk (M.B.);

vlad miscianinovi@biohabit co.uk (V.M.); amahmoud@exseed ed.ac.uk (ADM.);
mag216@hotmail com (M.B.); julie.rodor@ed.ac.uk (J.R.)

Department of Biological Regulation, Weizmann Institute of Science, Rehovot 76100, lsrael;
igor.ulisky@weizmannac.il

Inflammation & Biomarkers Group, Biocruces Bizkaia Health Research Institute, Cruces Plaza,
48903 Barakaldo, Spain; iraide.alloza@ehu.eus (I.A.); kvandenbroeck@ikerbasque.org (K.V.)

i ]kurhaaque, Easql.w Foundation for Science, 3 Maria Diaz Haroko Kalea, 48013 Bilbao, Spain

*  Correspondence: Andy.Baker@ed.acuk

Abstract: Vascular smooth muscle cells (VSMCs) provide vital contractile force within blood vessel
walls, yet can also propagate cardiovascular pathologies through proliferative and pro-inflammatory
activities. Such phenotypes are driven, in part, by the diverse effects of long non-coding RNAs
(IncRN As) on gene expression. However, InNRNA characterisation in VSMCs in pathological states
is hampered by incomplete IncRNA representation in reference annotation. We aimed to improve
IncRNA representation in such contexts by assembling non-reference transcripts in RNA sequencing
datasets describing VSMCs stimulated in vitro with cytokines, growth factors, or mechanical stress,
as well as those isolated from atherosclerotic plaques. All transcripts were then subjected to a
rigorous IncRNA prediction pipeline. We substantially improved coverage of IncRNAs responding
to pro-mitogenic stimuli, with non-reference IncRNAs contributing 21-32% for each dataset. We
also demonstrate non-reference IncRNAs were biased towards enriched expression within VSMCs,
and transcription from enhancer sites, suggesting particular relevance to VSMC processes, and the
regulation of neighbouring proteincoding genes. Both VSMC-enriched and enhancer-transcribed
IncRNAs were large components of IncRNAs responding to pathological stimuli, yet without novel
transcript discovery 33-46% of these IncRNAs would remain hidden. Our comprehensive VSMC
IncRNA repertoire allows proper prioritisation of candidates for characterisation and exemplifies a
strategy to broaden our knowledge of IncRNA across a range of disease states.

Keywords: vascular smooth muscle cells; long non-coding RNAs; RNA sequencing; enhancers

1. Introduction

The principal role of vascular smooth muscle cells (VSMCs) in their differentiated state
is to provide contractile force in the vessel wall to ensure proper circulation. However, a
high level of plasticity relative to other cell types is well established [1-3], with phenotypes,
such as proliferation, migration, and extracellular matrix production, often displayed
at the expense of contractility. This adaptability can aid vessel growth and repair in
response to a wide range of biochemical signals or mechanical stresses [1]. Conversely,
it also contributes to vessel wall remodelling during some of the most prevalent and
life-threatening cardiovascular diseases, such as atherosclerosis, pulmonary hypertension,
and restenosis [2]. The molecular mechanisms controlling the wide variety of phenotypic
changes involved in such diseases are controlled by both coding and non-coding genes

Int. |. Mal. Sa. 2021, 22, 1484. https:/ /doi.ong /10.3390/ijms220314584
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at both the genetic and epigenetic level [3,4]. However, they are not yet understood
sufficiently to effectively target them therapeutically.

Long non-coding RNAs (IncRNAs), RNA transcripts > 200 bp in length that do not pro-
duce proteins, are mostly uncharacterised. Yet several have been found to be key to a range
of vital cellular processes via contributing to epigenetic, transcriptional, or translational
regulation [5,6]. However, only a few hundred are experimentally characterised out of tens
of thousands annotated through genome-wide sequencing efforts [7]. Therefore, IncRNAs
represent a potential cache of novel mechanistic processes crucial for cell function. In
addition, many IncRNAs show a high level of specificity in terms of their expression across
tissues, cells, and timepoints during development or stimuli responses [8,9], raising the
prospect of using them as markers or therapeutic targets to tackle aberrant cell behaviour.
For example, recent studies have described SMILR [10], MYOSLID [11], and SENCR [12]
with biased expression to VSMCs or the vasculature and as key regulators of cell cycle,
migration and differentiation state. However, IncRNA discovery in VSMCs remains limited
and relatively unexplored. Therefore, the overall scale of IncRNA contribution to aberrant
VSMC behaviour during tissue remodelling is still an open question that crucially needs to
be addressed.

An obstructing factor in determining IncRNA regulation of VSMCs is that the annota-
tion of such genes is incomplete, even across the extensively annotated human genome [13].
Even reference annotations, such as GENCODE [14], considered gold standard [13], and
the more extensive FANTOM CAT [15], which integrates 5 smaller reference annotations,
are missing IncRNAs. The datasets used to create such annotations cannot represent all
possible biological and pathological settings so reference annotations are inherently incom-
plete. In addition, low abundance and lack of poly-adenylated tails for some IncRNAs
means many are difficult to detect in transcriptomic datasets, which are poly A-enriched
or of insufficient sequencing depth. A tendency for cell-specific expression also hinders
their detection in samples containing heterogenous mixtures of cell types, such as tissues.
Accordingly, several efforts have aimed to expand human IncRNA annotations beyond
reference annotations. For example, building transcripts de novo from sequencing data
was found to yield a substantially greater number of IncRNAs of interest in contexts,
such as erythropoiesis [16], formation of CD8+ memory T cells [17], and psoriatic skin
tissue [158]. Novel IncRNAs obtained from such approaches have demonstrated particularly
high expression specificity, in particular cell type specificity and /or high likelihood of
differential expression between conditions or stimuli. They have also shown a particular
association with enhancer sites, activators of localised transcription often involved in epige-
netic control of cellular states [19]. Enhancers that produce IncRNAs show increased signs
of influence on neighbouring transcription relative to other enhancers. These IncRNAs
are likely to aid formation of regulatory complexes at many of these enhancer sites [20].
Efforts to improve human VSMC IncRNA annotation include studies on coronary artery
VSMCs (caSMCs) maintained in standard growth conditions [12] or pushed toward a dif-
ferentiated phenotype via overexpression of MYOCD [11], which together highlighted the
pro-contractile IncRN As SENCR and MYOSLID. However, no novel transcript discovery
methods have yet been applied to V5SMCs responding to stimuli that induce proliferative
or pro-inflammatory phenotypes. This means a subset of IncRNAs with potentially crucial
roles in VSMC-directed tissue remodelling could remain hidden.

To obtain a more complete representation of the IncRNAs expressed in pathologi-
cally active VSMCs, we obtained three published RNA sequencing (RNAseq) datasets
describing in vitro stimulation of VSMCs into proliferative, migratory, or pro-inflammatory
phenotypes or isolated from diseased tissue in vivo. We then combined a novel transcript
discovery approach with a stringent IncRN A annotation pipeline, thereby markedly im-
proving the coverage of stimuli-responsive, VSMC-enriched and enhancer-transcribed
IncRNAs within VSMC pathology. Our study highlights IncRNAs with high potential to
control VSMC pathological states.

View our data interactively at: https:/ /bakergroup.shinyapps.io/ VSMCIncRNAannotation/ .
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2. Results
2.1. ABi uimwﬁr Approach to Provide a More Complete Annotation of IncRNAs Expressed in
VSMCGs in and Pathological Conditions

Several LncRNAs are known to be involved in VSMC phenotypic transitions occurring
in vessel wall remodelling [10-12]. However, a full accounting of IncRNAs expressed in
these transitions does not yet exist. Accordingly, to gain in-depth representation of the
IncRNAs expressed in pathological VSMCs, we applied a transcript discovery pipeline
to published VSMC RNAseq datasets selected based on specific criteria (Figure 1a). We
focused on high depth, paired-end total RNA sequencing datasets to identify all IncRNAs
and their gene structures (including non-polyA tailed and /or lowly expressed IncRNAs)
and we selected two in vitro datasets fulfilling these criteria. The first dataset describes
primary human saphenous vein SMCs (svSMCs) either quiesced in 0.2% FBS or treated
with interleukin-1« (II-1) and /or platelet-derived growth factor-BB (PDGF-BB) [10]. The
second dataset describes primary aortic (aoSMCs) or coronary artery (caSMCs) VSMCs,
plated in 5% FBS media onto soft or stiff culture matrices [21]. These conditions model
a convergence of pro-inflammatory and pro-mitogenic signals, or mechanical stretch in
the vessel wall, both of which promote proliferation and disruption of contractility. We
also selected an in vivo dataset describing VSMCs isolated and sequenced directly from
enzymatically digested carotid plaques derived from symptomatic or asymptomatic pa-
tients, defined as such based on lumen size and occurrence of cardiovascular events prior
to surgery [22]. Together, these three datasets document a broad span of VSMC types and
phenotypes contributing to vessel wall remodelling.

The transcriptome analysis used GENCODE annotation as a reference and included a
transcript assembly step to further identify transcripts not previously described in GEN-
CODE (newly assembled transcripts). This approach allows the identification of novel
isoforms for GENCODE genes, but also allows the identification of novel genes (newly
assembled genes). This analysis was carried out independently for the three datasets. These
expanded transcriptomes consisted of ~80,000-90,000 transcripts in total with 0.6-15%
transcribed from newly assembled genes (Table S1). To identify high confidence IncR-
NAs from these complete transcriptomes, we used “Pipeline for Annotation of LncRNAs”
(PLAR) [23], which filters lowly-expressed or artefactual transcripts and assesses coding
potential based on three distinct tools. As expected, the bulk of expressed transcripts were
annotated as protein coding (Figure S1A). However, a high confidence set of ~2500-3000
IncRNA annotations were predicted within each transcriptome, with 6-7% deriving from
newly assembled gene loci (Table 51). Our analysis of robustly expressed genes showed
that newly assembled IncRNA genes produced transcripts with comparable lengths to
transcripts from GENCODE protein-coding genes (PCGs) or GENCODE IncRNA genes
(Figure S1B-E). Of these genes, newly assembled and GENCODE IncRNAs have a lower ex-
pression compared to PCGs, as expected. Further, the GENCODE IncRNA genes were also
more abundant than the newly assembled IncRNA genes but only by a median difference
of ~1 FPKM (Figure S1F-I).

To show the validity of the transcript discovery pipeline for IncRNA identification,
we assessed if the newly assembled IncRNA transcripts identified in the three datasets
were observed in other reference databases. Using GFFcompare [24], we cross-referenced
expressed GENCODE and newly assembled IncRNA transcript structures to transcripts
annotated in FANTOM CAT [15], a particularly extensive reference annotation. We ob-
served 72% of GENCODE and 40% of newly assembled IncRNAs matched to a FANTOM
transcript containing the exact same chain of introns whilst another 25% of GENCODE
and 40% of newly assembled IncRNAs contained at least 1 matching splice junction site
(Figure 1b). The validation of the complete or partial gene structures for a large proportion
of the newly assembled IncRN As in other annotation sets (derived from other contexts)
provide confidence in the identified transcripts and evidence of the IncRNA expression in
different datasets. To find further corroborating evidence of transcription for our IncRNAs,
we used FANTOM CAT CAGEseq data which accurately defines transcription start sites
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(TSSs) in ~1800 distinct human samples through sequencing the site of RN A 5’ capping [15].
We identified 74.3% of newly assembled and 86.9% of GENCODE IncRNA genes across
all datasets matched to experimentally validated T5S5s in FANTOM CAGEseq data (here-
after referred as CAGE-matched IncRN As) (Figure 1¢). The position of these CAGEseq
matches indicates the first exons of newly assembled IncRNAs from our analysed datasets
were largely complete at their 5’ ends (incomplete by median of 8% of their initial size)
(Figure 52).
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Figure 1. Identification of a high-confidence IncRNA repertoire for vascular smooth muscle cells (VSMCs) in physiological
and pathological states. (a) Strategy to supplement GENCODE annotation with newly assembled transcripts and annotate
IncRNAs. (b) Proportion of GENCODE and newly assembled IncRNA transcripts with structures matching FANTOM CAT
annotation. (¢) Proportion of GENCODE and newly assembled IncRNAs with a matching CAGE sequencing (CAGEseq)
site in FANTOM CAT database. (d) Method to detect newly assembled IncRNAs in carotid plaque RNAseq. (e) Newly
assembled IncRNAs derived from VSMC datasets detected in whole plaque tissue.

To gain perspective on the in vivo relevance of newly assembled IncRNAs, we assayed
their expression in an RN Aseq dataset of carotid plaque tissue. VSMCs are major compo-
nents of atherosclerosis plaque, with many demonstrating phenotypic modulation [25].
To assess all newly assembled IncRN As simultaneously, we merged the three expanded
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annotations into a non-redundant transcriptome containing 255 newly assembled IncRNA
transcripts from 207 IncRNA genes (Figure 1d). Analysis of the plaque-derived RNAseq
with this non-redundant merged transcriptome demonstrated that 50 (24%) of the newly
assembled IncRNA genes were detectable in whole plaque tissue. This is a substantial
detection rate, considering that plaques are heterogenous and contain non-VSMC cells
contributing to the RNAseq. In addition, the newly assembled IncRNAs were identified
in VSMCs from different vessel types grown in distinct conditions and so might not be
expressed in plaques. Interestingly, these 50 IncRNAs come from all four independent tran-
scriptomes (Figure 1e), showing each new annotation provides in vivo relevant transcripts.
Notably, 24 of these IncRNAs were identified exclusively using the svSMC dataset showing
this annotation particularly improved coverage of plaque-expressed IncRNAs.

Together, these analyses expand the representation of IncRN As expressed in basal and
pathological VSMCs in vitro and in vive and provide confidence in the newly assembled
gene structures.

2.2. Newly Assembled Genes Substantially Increase the Number of VSMC IncRNAs Detected in
Response to Pathological Stimuli

With confidence in our expanded IncRNA annotation, we next sought to comprehen-
sively identify all IncRN As differentially expressed between conditions in the RN Aseq datasets
using DESeq? [26]. For the svSMC dataset, we identified 162 differentially expressed IncRNAs
between control and IL-1a/PDGF-BB stimulation (absolute fold change > 1.5, p < 0.05 *) out
of the 598 robustly expressed IncRNA genes. Notably, newly assembled genes represented
32% of differentially expressed IncRN As, more than would be expected by chance con-
sidering their proportion of total expressed IncRNAs (18%, p < 0.0001 ****, Fisher’s exact
test) (Figure 2a). Differential expression dynamics were validated via gRT-PCR in the same
svSMC proliferation model for 7 GENCODE and three newly assembled IncRNAs chosen
from the top 10% IncRNAs with the highest fold changes (Table 52 and 53). We obtained a
high and significant correlation between the qRT-PCR and RNA-seq fold changes (R = 0,97,
p < 0.0001 ****) (Figure 2b). In the VSMC response to stiff culturing dataset, we identi-
fied 143 out of 551 and 168 out of 539 differentially expressed IncRNAs for aoSMC and
caSMC, respectively. Again newly assembled IncRNAs made up a larger proportion of the
differentially expressed.

IncRN As then would be expected by chance, considering their proportion of total expressed
IncRNAs (Figure 2¢,d) (25% vs. 15%, p < 0.001 ** and 21% vs. 15%, p < 0.01 **, Fisher's exact
test for aoSMC and caSMC, respectively). This indicates a particular tendency for newly
assembled IncRNA genes to respond to IL-1/PDGF-BB or increased vascular stiffness,
both pathologically assocdiated as pro-mitogenic stimuli.

For the plaque-isolated VSMC dataset, though a comparable portion of expressed IncR-
NAs were newly assembled (16%), only 4 GENCODE IncRNAs and no newly assembled
IncRN A genes were found differentially expressed between V5MCs from symptomatic and
asymptomatic plaques. This small number of IncRNAs reflects the smaller number of tran-
scriptional changes in between this dataset, even for protein coding genes (PCGs) (<1% of
expressed genes) (Table S4), likely explained by the higher heterogeneity of plaque-derived
VSMCs compared to cultured VSMCs.

To gain perspective on the role the differentially expressed IncRNAs may play in
determining VSMC phenotypic state, we hierarchically clustered all differentially expressed
genes based on their expression profile across all four conditions in either the saphenous
vein-based model (Figure 2f) or the ao/caSMC stiff culture-based model (Figure 2g). We
identified six clusters of gene expression changes in each dataset and used gene ontology
analysis (using goseq [27]) to associate them with biological processes, cellular components
and molecular functions (Figure 2h,i) (Tables 55-516). GENCODE and newly assembled
IncRNAs were found in most clusters, suggesting the contribution of distinct IncRNAs
across the different identified processes. We noted a large proportion of newly assembled
IncRNAs in cluster 3 and 4 of the svSMC dataset, involved in cytokine and immune
response, and in cluster 6 of the ao/caSMC dataset, involved in ribosome, Cajal body and
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mitochondrial activity. This indicates that newly assembled IncRNAs may be particularly
relevant to these specific processes or compartments.
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Figure 2 Newly assembled IncRN As show a tendency to respond to pro-mitogenic stimuli. (a) Proportion of GENCODE
and newly assembled IncRNAs expressed or differentially expressed in the saphenous vein VSMC (svSMC) dataset (Fisher's
exact test, background of all expressed genes). (b) Validation of expression dynamics in the svSMC RNAseq dataset by
GRT-PCR for six IncRNAs (Spearman’s rank, p = 6.7 x 107%). (¢c-e) Same as (a) but for remaining VSMC datasets. Expression
heatmap of differentially expressed genes expression responding to (f) interleukin-1a (IL-1x) /platelet-derived growth
factor-BB (PDGF-BB) or (g) stiff-culturing clustered hierarchically based on their variation across all ssmples with selected
over-represented gene ontologies derived for each cluster. Proportion of GENCODE and newly assembled IncRNAs in
each cluster of differentially expressed genes responding to (h) IL-1a/PDGF or (i) stiffculturing, (ac-e) p < 0.0001 ***=,
p <0.001***, p <0.01 **, ns not significant.
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Together our differential expression analysis showed that newly assembled IncR-
NAs were more likely to be stimuli-responsive than reference IncRNAs, highlighting the
importance of novel transcript discovery in pathological contexts.

2.3. Novel Transcript Discovery Increases the Representation of VSMC-Enriched IncRNAs with
Pathological Association

Genes with cell type and / or state specific expression can hold particular functional
relevance in the condition to which their expression is biased [28], and could be targeted by
gene therapy approaches with minimal effects on neighbouring cells. Cell ty pe-enriched
IncRNAs could be less likely to be annotated in GENCODE than ubiquitously expressed
IncRNAs. We therefore sought to examine whether by identifying genes absent from
GENCODE, we concordantly increase the coverage of VSMC-enriched IncRNAs,

To assess the tendency for cell-type enriched expression of GENCODE and newly
assembled IncRNAs, we again used the FANTOM CAT CAGEseq library, which contains
expression data for 69 primary cell categories (including 9 VSMC subtypes) and 174 tissue
categories consisting of 744 samples in total. The expression of 801 of the CAGE-matched
IncRN As (defined in Figure 1d) was accessible in FANTOM data (Table 517). The cell-type
specificity of newly assembled and GENCODE IncRNAs was assessed by obtaining en-
richment values for each IncRNA within each primary cell category compared to all other
primary cell categories. We noted higher enrichment values for newly assembled IncRNAs
in a select group of mesenchymal cell type categories including VSMCs, Enrichment values
were much lower in several other primary cell categories, including leukocytes, endothelial,
and epithelial cells (Figure S3A). In contrast, GENCODE IncRN As enrichment was less vari-
able across cell types (Figure S3B), suggesting the higher specificity of expression of newly
assembled IncRNAs compared to GENCODE IncRNAs, which were more ubiquitous.

We next aimed to identify VSMC-enriched IncRNAs, FANTOM CAT has previously
defined genes with cell-type enriched expression as those with a 5-fold or greater enriched
expression in a given category when compared to all other categories [15]. Therefore,
by selecting CAGE-matched IncRNAs with enriched expression in at least one VSMC
type in the FANTOM CAT library, we were able to identify 72 VSMC-enriched IncRNAs
across all datasets. Amongst the CAGE-matched IncRNAs, significantly more newly
assembled IncRNAs were found to be VSMC-enriched than would be expected by chance
considering their proportion of total expressed IncRNAs in svSMC (31% of VSMC-enriched
vs. 12% of expressed IncRNAs, p <0.001 ***, Fisher's exact test), caSMC (31% of VSMC-
enriched vs. 10% of expressed IncRNAs, p < 0.001 ***, Fishers exact test) or plaque SMCs
(20r% of VSMC-enriched vs. 10M% of expressed IncRNAs, p = 0.03 *, Fisher's exact test)
(Figure 3a,c,d). This trend was maintained albeit with borderline significance for aoSMCs
(20% vs. 10%, p = 0.07, Fisher's exact test) (Figure 3b). Overall, this demonstrates that the
newly assembled IncRNAs have a greater tendency for VSMC-enriched expression when
compared to GENCODE IncRNAs.

To reveal the contribution of VSMC-enriched IncRNAs to VSMC phenotypic modula-
tion, we evaluated their likelihood of differential expression in response to pathological
stimuli. In the svSMC dataset, we found an increased tendency for VSMC-enriched
IncRNAs to be responsive to IL-1a/PDGF-BB as compared to other IncRNAs (18% of
differentially expressed vs. 8% of expressed IncRNAs, p < 0.001 ***, Fisher's exact test)
(Figure 3e). This effect was also observed if considering IncRNAs responsive to stiffness in
aoSMC (10% of differentially expressed vs. 6% of expressed IncRNAs, p = 0.03, Fisher's
exact test) and caSMC (13% of differentially expressed vs. 8% of expressed IncRNAs,
p = 0.02, Fisher's exact test) (Figure 3e—g), but not in the plaque VSMC dataset (as expected
due to the low number of differentially expressed genes). VSMC-enriched IncRNAs are
therefore particularly likely to be involved in regulating VSMC response to physiological
stimuli.
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Figure 3. Increased coverage of IncRNAs with VSMC-enriched expression and association with VSMC pathology.
(a—d) Proportion of newly assembled vs. GENCODE IncRNAs within CAGE-matched IncRNAs and CAGE-matched,
VSMC-enriched IncRNAs. (e-h) Proportion of VSMC-enriched or non VSMC-enriched IncRNAs that are expressed or
differentially expressed (Fisher’s exact test for (a-h), background of CAGE-matched IncRNAs). (i) Expression heatmap
of all 37 VSMC-enriched and differentially expressed IncRNAs responding to IL-1/PDGF-BB or stiff culturing as well
as within plaque VSMCs (Z score generated for each VSMC type individually, white cells indicate no robust expression).
(j) Expression heatmap of all 37 VSMC-enriched and differentially expressed IncRNAs across vascular cell types and other
relevant cell types in the FANTOM CAGE expression atlas. (a-h) p < 0.0001 ****, p < 0.001 ***, p < 0.05 *, ns not significant.
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In total, we identified 37 VSMC-enriched IncRNAs, including 17 newly enriched IncR-
N As, responding to either IL-1a/ PDGF-BB or stiff-culturing (Figure 3i). The differential
expression of these IncRN As appeared mostly exclusive to a specific dataset with only four
IncRNAs upregulated by both IL-1a/PDGF-BB in svSMC and stiff culturing in aoSMC
or caSMC. This suggests that the VSMC-enriched IncRNAs respond to different stimuli
or are expressed and regulated in specific VSMC subtypes. We also noted that 13 of the
VSMC-enriched IncRNAs induced with IL-1e/PDGF-BB in svSMCs were mostly absent
in quiescent svSMCs and robustly expressed in vivo in plaque-isolated VSMCs. Together
this expression pattem strongly implicates the involvement of these IncRNAs in VSMC
transitions to pathological states. In support of this, one IncRNA showing this pattern,
SMILR, has known VSMC enrichment along with roles in both VSMC proliferation and
vessel wall remodelling [10].

Interestingly, of all 37 VSMC-enriched, differentially-ex pressed IncRN As, many showed
a greater VSMC enrichment value than SMILR [10] and SENCR [12] the 2 IncRNAs in the
list already characterised as functional and VSMC-enriched. This indicates existence of
several IncRNAs with particularly high VSMC expression bias. For example, newly as-
sembled IncRNA VSMClnce and GENCODE IncRNAs NLGN4Y-A51 and AC002480.4, all
induced by IL-1a/PDGF-BB, show a VSMC enrichment greater than 20-fold. In addition
to their high VSMC enriched expression, some IncRNAs were also expressed to a lesser
extent in arterial or cardiac fibroblasts, other mesenchymal types or other muscle types
(Figure 3j and Figure S3C), suggesting related function in these cell types. Many also show
expression bias to certain VSMC subtypes suggesting they may have some specialised func-
tion in particular vascular beds. Of note, VSMC-enrichment does not preclude IncRNAs
from enrichment in other cell types including those involved in vessel wall remodelling,
However, though some expression in vascular endothelial cells was observed this was
largely confined to seven IncRNAs. Very little expression was seen across epithelial cells,
non-vascular SMCs, leukocytes or pericytes.

Taken together, we show that newly assembled IncRNAs have a greater tendency for
VSMC-enriched expression. In turn, VSMC-enriched IncRN As are substantially associated
with VSMC response to [L-1a/PDGF-BB or stiff-culturing. These pathological-associated
and VSMC-enriched IncRNAs, therefore, represent potential candidate for the therapeutic
targeting of VSMC phenotypic changes.

2.4. Novel Transcript Discovery in VSMCs Increases Evidence of Enhancer-Transcribed IncRNAs

As non-reference IncRNAs have previously shown a particular association with en-
hancers [18] and IncRNA-producing enhancers have shown greater signs of activity in-
fluencing neighbouring PCG expression [20], we aimed to identify elncRNAs and their
potentially regulated PCGs.

To identify elIncRNAs, we selected IncRNAs with a 5 region overlapping a Gene-
Hancer [29] enhancer site or matched to a CAGE site previously classed as an “elncRNA"
in FANTOM CAT (Table 518). We found 110, 90, and 87 expressed elncRNAs in the svSMC,
aoSMC or caSMC datasets, respectively. Newly assembled IncRNAs made up a higher
proportion of the elncRNAs than would be expected by chance considering their propor-
tion of all expressed IncRNAs (26% elncRNAs vs. 18% expressed IncRNAs p =0.01, 23%
elncRNAs vs, 15% expressed IncRNAs p = 0.01, 23% elncRNAs vs, 15% expressed IncRN As
p = 0.02, for svSMC, aoSMC, and caSMC respectively, Fisher's exact test) (Figure 4a—c).
Hence, the newly assembled IncRN As were particularly likely to be enhancer-transcribed.

We also observed a higher proportion of elncRNAs were differentially expressed
in response to IL-1a/PDGF-BB than would be expected by chance compared to their
proportion of all expressed IncRNAs (Figure 4d; 31% differentially expressed IncRNAs vs,
18% expressed IncRNAs p < 0.0001 ****, Fisher's exact test). This was also true for IncRNAs
differentially expressed in response to stiff culturing in aoSMC (Figure 4e; 24% vs. 16%
p < 0.01 *) and caSMC (Figure 4f; 21% vs. 16% p = 0.02 **), EIncRNAs are therefore more
likely than other IncRNAs to be differentially expressed in VSMCs responding to these
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pathological stimuli, with IL-1a/ PDGF-BB in particular eliciting a large elncRN A response.
Around 34% of these regulated elncRNAs were newly assembled (Figure 4g).
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Figure 4. Increased coverage of elncRNAs and their association with VSMC pathology. (a—c) Proportion of newly assembled
vs. GENCODE IncRNAs for expressed IncRNAs or elncRNAs in the three in vitro VSMC datasets (Fisher's exact test,
background of expressed IncRNAs). (d—f) Proportion of elncRNA vs. other IncRNAs amongst expressed or differentially
expressed IncdRNAs (Fisher's exact test, background of expressed IncRNAs). (g) Proportions of newly assembled vs,
GENCODE differentially expressed elncRNAs (h) Proportions of newly assembled vs, GENCODE elncRNAs with a
candidate PCG target. (i) Proportion of candidate PCG targets identified for newly assembled and GENCODE elncRNA
(any proximal to both types are considered as GENCODE). (j.k) Representative RN Aseq coverage at two genomic regions
with elndRNAs (AC002480.3 and VSMClnc6) linked to cytokine (IL-6) and chemokine (CXCL8) genes by GeneHancer
interaction data. (a—f) p<0.0001****, p <0.01 **, p< 0.05 "
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ElncRNAs may increase the activity of their associated enhancer thereby promoting
expression of a proximal PCG [20]. Toidentify candidate PCGs that may be regulated in this
manner, we identified all PCGs located within 250 kbp of a differentially expressed elncRNA
and co-induced or co-repressed with the elncRNAs (Figure 54). We found candidate PCG
targets for 55% of IL-1ea/ PDGEF-BB-responsive elncRNAs and 39% of stiffness-responsive
elncRNAs in aoSMC or caSMC (Figure 4h and Figure 54). For the svSMCs and aoSMCs,
the number of candidate PCG targets were doubled as a result of the inclusion of newly
assembled elncRNAs (Figure 4i).

To find external evidence supporting the regulation of these PCGs by elncRNAs, we
assessed if any were linked to elncRNAs in GeneHancer or FANTOM CAT interaction
data. GeneHancer interaction annotations are based on (1) physical association with a
PCG promoter (using Capture Hi-C data); (2) presence of SNPs linked to changes in PCG
expression (expression quantitative trait loci—eQTLs); (3) presence of motifs shared with
a nearby PCG promoter for use by a co-expressing transcription factor; or (4) production
of enhancer RN As that co-express with nearby PCGs. In FANTOM CAT, IncRNA /PCG
pairs are linked by eQTL-associated SNPs [15]. We found 13 differentially expressed
elncRNAs (6 newly assembled) with evidence linking them to candidate PCG targets
(Table 519). Interestingly, 6 out of these 13 candidate PCG targets have been previously
shown to contribute to SMC pathology or to be involved in pathological proliferative
phenotypes (Table 1). For example, elncRNAs VSMClnct and AC002480.3 are both induced
by IL-1a and PDGF-BB in svSMC and linked to expression of the cytokine IL-6 and the
chemokine CXCLS via GeneHancer interaction data (Figure 4j k). IL-6 and CXCLB are key
pro-inflammatory mediators known to be induced by IL-1x and characterised as promoting

VSMC proliferation, migration, pro-inflammatory activity, and vascular remodelling [30-34].

As mentioned above, VSMClncé has a high VSMC enrichment value, raising the prospect
that this elncRNA may be part of a VSMC-enriched mechanism regulating the expression
of CXCLS.
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Table 1. Differentially expressed elncRNAs with predicted protein-coding gene (PCG) targets and links to VSMCs,
proliferation and /or migration.

EIncRNA Interaction VSMC Type + . Max. FANTOM —
Name ! Evidence PCG Stimulus Stimulus Response VSMC Enrichment PCG VSMC Characterisation
VSMClncé CHI-C, eRNA . 416l . liferati
(sVSMC + co-expression, CXCLS svSMC + Co-induced LncRNA: 41-fold Activates VSMC proliferation +
stiff-culturing) Geneg;ﬂg::im Lo IL-1ec/PDGF-BB PCG: None migration [30,31]
LncRNA: None .
) ) Activates VSMC
AC002480.3 CHI-C, eENA IL-6 svSMC + Co-induced (overlaps ACD024504: proliferation/migration + osteoblast
co-expression IL-1ac/PDGF-BB 20-fold) henot 3934
PCG: 19-fold phenotype [32-34]
Co-induced with
FANTOM eQTL IL-1oc/PDGF-BB LncRNA: 7-fold Regulates PDGFR + II-8 expression,
LINC00973 analysis DCBLD2 All datasets Co-repressed with PCG: 5-fold Marker of vascular remodelling [35]
stiffness
FANTOM eQTL . ) LncRNA: None Mediates angiotensin Il-induced
AC009229.5 analysis CYFIB  20SMC + stiffness Co-repressed PCG: None VSMC proliferation + migration [36]
. Required for TGF 3-induced
MSTRG.10933 Distance, svSMC + LncRNA: None - . .
(svSMC) GeneHancereQTLs ~ °I°  [L-1a/PDGF-BB Co-repressed PCG: None myofibroblast differentiation +
pro-fibrotic marker expression [37]
NR2F2 Ablation leads to osteoblast-like
GeneHancer eQTLs, svSMC + LncRNA: None .
NR2F2-AS1 CHi-C (cour IL-1cc/PDGE-BB Co-repressed PCG: None phenotype m‘me‘senchymal
TFI) precursors [38]

1 Newly assembled IncRNAs given name (see methods) along with their respective RN Aseq dataset in brackets.
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3.3.4 Manuscript Discussion

3. Discussion

In this study, we used novel transcript discovery and a rigorous IncRNA prediction
pipeline on two in vitro VSMC and one in vive VSMC RNAseq datasets to expand the
IncRNA annotation of VSMCs in pathological states. We identified 61-109 newly assembled
IncRNAs expressed in each of these datasets. Interestingly, these newly assembled IncRNAs
were more likely to be differentially expressed in response to pathological stimuli, to
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be VSMC-enriched, and /or transcribed from enhancer regions (elncRNAs), compared
to previously annotated IncRNAs. As enhancers regulate local transcription, we also
predicted neighbouring PCGs regulated by the elncRNAs and show many of these PCGs
are involved in VSMC pathology. Taken together, we demonstrate that inclusion of non-
reference transcripts is crucial to get a complete representation of IncRNAs and their
contribution to the regulation of YSMC pathology. VSMCs in such states are rarely used to
annotate non-reference transcripts and so our expanded repertoire is a unique source of
potential regulatory mechanisms that could contribute to many vascular pathologies.

Both in vitro datasets analysed in this study model increased VSMC proliferation [10,21]
and this was confirmed in our analysis through identification of clusters of upregulated
genes associated with cell-cycle processes. The presence of IncRN As in these clusters shows
their potential role in regulating proliferation. We also predict that two elncRN As within
the IL-1a/PDGF-BB induced cell-cycle cluster, AC002480.3 and VSMClncé, regulate the
cytokine JL-6 and chemokine CXCLS genes respectively. These two factors are known to
promote VSMC proliferation [31,33], yet are also indicative of the pro-inflammatory activity
induced by IL-1a in the svSMC dataset. Activation of pro-inflammatory cascades likely
aids the proliferation of VSMCs, in part through a synergistic potentiation of their response
to PDGF-BB [39]. Additionally, VSMC pro-inflammatory activity is at the core of vessel
wall remodelling contexts where a sustained inflammatory response, often from senescent
VSMCs, promotes the influx of myeloid cells [3]. We see clusters of genes associated with
cytokine response induced with IL-1x alone or combined IL-1a/PDGF-BB stimulation and
a particularly large number of newly assembled IncRNAs were found in these clusters.
This suggests we also capture IncRNA activity involved in IL-1a-driven pro-inflammatory
VSMC phenotypes, as well as cell-cycle processes.

In addition to the IL-6- and CXCL8-associated elncRN As, we were able to identify
several other elncRNAs likely to regulate PCGs with established roles in VSMC pathology.
The elncRN A LINC00973 for instance is co-induced during IL-1a /PDGF-BB stimulation
with DCBLD2, a PCG known to regulate PDGFR surface levels to promote VSMC pro-
liferation [35]. GLS and NR2F2 (aka COUPTFII) are two particularly notable elncRNA-
associated PCGs that are co-repressed with IL-1ac/ PDGF-BB and are involved in promoting
pro-fibrotic activity in myofibroblasts (GLS [37]) or defining mesenchymal lineage in the
vasculature (NR2F2 [38]). EIncRNAs are only one of many types of components involved
in changing the chromatin accessibility at sites associated with VSMC pathology [4]. There-
fore, any further characterisation of the elncRNAs highlighted here must put their potential
mechanism in context with any recruitment of transcription factors or histone-modifying
enzymes.

Our approach to fully define IncRNA contribution could be used in transcriptomics
analysis of other contexts of VSMC pathological activation that remain to be explored.
For instance subsets of VSMCs in the vessel wall appear particularly prone to phenotypic
modulation including those derived from adventitial stem cells and responsible for necinti-
mal VSMC proliferation in mouse injury models [40,41]. The pipeline could also improve
IncRNA coverage in poorly annotated animal models of cardiovascular disease. High
tumover of IncRNA sequences during evolution means conserved IncRNAs are rare despite
their high potential for function [15]. Expanding the IncRN A annotation of human and
animal models is key to maximise discovery of such relationships. For example, IncRNA
annotation in rat VSMCs stimulated with pro-inflammatory Angiotensin-1II has extended
coverage of Angiotensin-II-responsive IncRNAs in rats [42]. Using a matching approachin
human V5MCs would allow comprehensive detection of rat-human conserved IncRN As,
which could be characterised in vivo in rats to provide relevant data for clinical relevance
in human. For the same reason, it would be beneficial to match the IncRNAs highlighted
in our study to orthologous IncRNAs in analogous animal models of VSMC proliferation,
with our study providing a template methodology to achieve this,

Our use of an expression atlas to define cell-type enrichment in the VSMC for the
expanded IncRNA repertoire aids predictions of IncRNA location and function in the
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vessel wall. The repertoire showed highest enrichment values within mesenchymal cells,
including VSMCs. We identify 37 VSMC-enriched IncRNA which responded to either
IL-1a/PDGF-BB or stiff-culturing (with 17 of these obtained through novel transcript
discovery) and show their expression appears largely limited to VSMCs with a secondary
tendency for expression in arterial adventitial fibroblasts. This could reflect the inher-
ent similarity between V5SMCs and fibroblasts or also be indicative of the fibroblast-like
transcriptional profile that phenotypically modulated VSMCs have been observed to take
onin vivo [25]. We show that a majority of these IncRNAs have minimal expression in
other cell types involved in vessel wall remodelling, such as endothelial cells or leukocytes,
which could be of value therapeutically. For example, targeting VSMC proliferation whilst
preserving the endothelial barrier as a protective layer could be an effective strategy to
improve the clinical outcome of late vein graft failure [43].

Similarly to cell-type specific IncRNAs, those with stimuli-specific expression are
likely missing from reference annotation which cannot cover all biological conditions [13].
We see a particularly high proportion of newly assembled IncRNAs in induced clusters of
genes associated with cytokine /chemokine response (46% newly assembled) and riboso-
mal/mitochondrial /Cajal activity suggestive of increased biosynthesis possibly related
to proliferation (33% newly assembled). This could be explained by a low representation
of these pathways in GENCODE. If so, many newly assembled IncRN As may represent
stimulus-specific IncRNAs, a trait that could in turn explain why newly assembled IncR-
NAs generally showed a high tendency to be differentially expressed. Further studies
are required to study these stimuli-induced IncRNAs in non-VSMCs to determine if their
expression is activated by the same stimulus on other cell types.

FANTOM and GeneHancer databases were used in this study to validate the structure
of the identified IncRN As and provide further characterisation in terms of expression or
location relative to enhancer regions. Further analyses would benefit from using datasets
matching to the VSMC type/stimuli in the datasets rather than these generic databases. For
instance, no CAGE sites were found in FANTOM data for 26% of newly assembled IncRN As.
However, some of these missing TSSs could be identified using CAGEseq from VSMCs
in the same context and these may represent particularly specifically expressed IncRNAs.
Similarly, the identification of elncRNAs and their paired PCGs could be improved by
studying chromatin marks in the same VSMC context as the RNAseq and by applying
recently-developed, to link promoters and enhancers [44].

The tendencies identified amongst newly assembled genes for differential expression,
cell-specificity and enhancer association are in broad agreement with other human IncRNA
annotation efforts describing skin psoriasis [18] and cell state transitions [16,17]. We
underscore the value of using such pipelines to highlight areas not yet covered by reference
annotation, even in the extensively annotated human genome. RN Aseq is an unbiased
approach in comparison to microarray technology yet is under-utilised if relying solely on
predefined reference annotation. An ever-increasing amount of high-quality sequencing
data is available to profile IncRNA expression in a similar manner.

Reference annotation cannot capture the full transcriptional variety of all cellular states
at all times. Therefore, focused annotation efforts such as in this study allow capturing
missing details. We reinforce that these missing details provide important definition
by identifying key components of the IncRNAs associated with VSMC pathology. We
demonstrate an easily implemented approach to achieve this and provide a resource to
help identify key candidate regulators of VSMC pathological states for investigation. We
recommend similar strategies to comprehensively map IncRNA and maximise knowledge
of their function in homeostasis and disease more broadly, as well as their potential for
therapeutic manipulation.
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Table 51 Transcriptome assembly and IncRNA prediction statistics

Table 52 Primer sequences for selected IncRNAs quantified by qRT-PCR in the svSMC
proliferation model

Table 53 Fold changes for selected IncRNAs in the svSMC model as determined by gRT-PCR or
RNAseq

Table $4 Number of differentially expressed PCGs activity in the 3 VSMC RNAseq datasets

Tables §5-10 Significant GO terms for clusters 1-6 of differentially expressed genesin the
svSMC RNAseq dataset

Tables $11-16 Significant GO terms for clusters 1-6 of differentially expressed genesin the stiff-
culturing RNAseq dataset

Table $17 VSMC enrichmentvaluesforall IncRNAs detected as expressedinthe 3 VSMC
RNAseq datasets

Table 518 All IncRNAs detected as expressed and enhancer-transcribedin the 3 VSMC RNAseq
datasets

Table 519 All enhancer-transcribed IncRNAs with evidence linking them to expression of a
protein coding genes in the 3 VSMC RNAseq datasets
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Supplementary Figure 1. Transcript annotation and characterisation of the 3 VSMC RNA-seq datasets. (A)
Proportion of transcript types. (B-E) Spliced length and (F-l) abundance of split into GENCODE IncRNA,
newly-assembled IncRNA or GENCODE PCG transcripts. Only transcripts with an expression >1FPKM were
considered.
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Supplementary Figure 2. Accuracy of the 5’ end transcript structure in comparison to its matched CAGE site
in FANTOM databases (expressed as percentage change in the size of the first exon).
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across all VSMC-enriched IncRNAs for each cell category in figure 3J

Chapter 3: Novel transcripts expand VSMC IncRNA annotation 103



Manuscript “Novel Transcript Discovery Expands...”

caSMC (Soft vs Stiff

svSMC (0.2% serum aoSMC (Soft vs Stiff i
vs I11a/PDGF-BB) Culturing) Culturing)
2
20 ] g 20
EIncRNA Type
215 =15 T
= S £ Newly-assembled
E_ 3 g GENCODE
b = P4
Z 10 Z10 %10
£ £ £ —
w b ] ] —
5 ] 5 5
0 1 0 I 5 e
01 2 3 4 0 123 4 5 6 01 2 3 4

No. candidate PCG targets of elncRNAs No. candidate PCG targets of elncRNAs No. candidate PCG targets of elncRNAs

Supplementary Figure 4. Number of newly-assembled and GENCODE differentially expressed elncRNAs in the
svSMC, aoSMC and caSMC datasets vs. number of candidate elncRNA PCG targets
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Table S1

Numbers of GENCODE and newly-assembled transcripts annotated as IncRNAs in 3 selected VSMC RNAseq datasets

High confidence IncRNA
. No. transcripts in full transcriptome  No. transcripts from newly- High confidence IncRNA g f
VSMC type Conditions ) transcripts from newly-assembled
(GENCODE + Newly-assembled) assembled genes transcripts genes
Saphenous vein 0.2% FBS, IL-1a, PDGF-BB, IL-1a + PDGF-BB 66500 (82%) + 14151 (18%) 1223 (1.5%) 3005 (3.7%) 213 (7.1% of IncRNAs)
Aortic, Coronary Soft culture (2-4kPa), Stiff culture (25kPa) 74891 (82%) + 16037 (18%) 701 (0.8%) 2956 (3.3%) 195 (6.6% of IncRNAs)
Plaque-isolated Symptomatic Plagues, Asymptomatic Plaques 69113 (87%) + 10303 (13%) 502 (0.6%) 2508 (3.2%) 143 (5.7% of IncRNAs)
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Table S2

Primer sequences for selected IncRNAs quantified by gqRT-PCR in the svSMC proliferation model

MSTRG.743_F
MSTRG.743_R
MSTRG.13896_F
MSTRG.13896_R
AC002480_F
AC002480_R
LINC02015a_F
LINC02015a_R
RP11-1E6_F
RP11-1E6_R
MSTRG.10933ii_F
MSTRG.10933ii R
LINCO1013_hg38_4if
LINCO1013_hg38_4ir
AC003092_hg38_6if
AC003092_hg38_6ir
AC018647_hg38_3f
AC018647_hg38_3r
PLCE-AS1_hg38_4f
PLCE-AS1_hg38_4r

Table S3

tccaagactaccaaggtgttac
aggccaatgaaaattgagtgtc
GTCACAGTAATCATGGCACTTG
agatatgacttgctcctecttg
gcaggggacacatttattgatg
TTCATCCACCCATCCAGTAAtc
gcattcaagggagtaagaagaac
ctgctgaagggagtctatcttg
TCATCACCCTTGTTATCCCATG
TGGCACTTATAGGAAAGGACAG
tgatgtgtttgagtgtggattc
cctgaagaaataatggcccaac
CTCCAATCTGCTGCCCCTAA
AGATTTCCCTGGGGCTTTTGG
TGAGATTTCAGCTCTCCTGATCC
GCCTCCACTGTGAGTAAAGACA
GGACTCTGCCACCTTTCGTA
TAGGCACTGCCACAGAGTAAC
CAGTGGAATGGTCCGAGTGT
AGGCTGGCATGTCCTTCATT

Fold changes for selected IncRNAs in the svSMC model as determined by qRT-PCR or RNAseq

Name Log2FC.qPCR. LncRNA_Annotation LogFC_BO
MSTRG.10933 -5.10 Newly-assembled -5.65
MSTRG.13896 10.96 Newly-assembled 8.60

MSTRG.743 10.34 Newly-assembled 9.09
AC002480.4 3.55 GENCODE 5.56
AC003092.1 6.39 GENCODE 6.02
AC018647.3 -8.10 GENCODE -10.60
LINC01013 -6.96 GENCODE -4.49
LINC02015 5.59 GENCODE 3.41
PLCE1-AS1 -5.65 GENCODE -6.80
RP11-1E6.1 11.22 GENCODE 8.01
Table S4

Differentially expressed PCGs activity in the 3 VSMC RNAseq datasets
Differentially expressed PCGs (%

Dataset
expressed PCGs)

VSMC type Comparison Expressed PCGs

R 0.2% FBS vs. IL-1a + PDGF-
Saphenous vein 10856

Ballantyne et al. 2016
BB

2292 (21.1%)

2 ,
Yuetal. 2018 Aortic Soft culture (2-4kPa) vs 11067

2952 (26.7%
Stiff culture (25kPa) (26.7%)

Coronar Soft culture (2-4kPa) vs. 11059
4 Stiff culture (25kPa)

Symptomatic Plaques vs.
Plaque-isolated yme . q 10543
Asymptomatic Plaques

Yu et al. 2018 3796 (34.3%)

Alloza et al. 2017 46 (0.4%)
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3.4 Additional Analysis
3.4.1 Newly-assembled transcripts found in multiple VSMC

datasets are typically assembled with the same intron chains

In the published manuscript, we probed newly-assembled IncRNA
transcripts through comparing their exonic structures and TSSs to those
present in the FANTOM CAT library. This allows us to judge the completeness
of the transcript models obtained from use of our pipeline in VSMCs by
assessing if similar intron chains or 5’ sites have been captured in previous

analysis of the much larger and heterogenous sample set within FANTOM.

Another way to gauge the completeness of our newly-assembled transcripts
is to compare the structures of those which are found in multiple of the three
VSMC datasets. If such transcripts are reproduced in their entirety in each
parallel run of the pipeline then this indicates that the pipeline is robustly
building complete exonic structures. Alternatively, if they are generally found
to be reproduced with missing exons or incomplete intron chains, this could be
a technical issue — i.e. the pipeline is not consistent in transcript assembly -
and/or due to biological differences — i.e. the transcript expression is too low

or another isoform is expressed between datasets.

We assessed this by comparing each of the three VSMC transcriptomes to
the transcriptome obtained through merging all 3 together (publication Figure
1D). Newly-assembled transcripts potentially found in multiple annotation runs
were identified as those which matched to the same transcript in the merged
transcriptome via at least 1 splice junction (Figure 3.1a). This resulted in 31
newly-assembled IncRNA transcripts which were potentially expressed in
more than one of the VSMC datasets. Of these 24 (77%) matched to each
other via a full intron chain (Figure 3.1b). We therefore estimate that 77% of
the newly-assembled transcripts originating from the same gene in multiple
VSMC datasets were independently reconstructed by the pipeline with an
overlapping set of introns. The remaining 23% may not match due to
differential transcript abundance, varying isoforms across the datasets or
inconsistencies in the transcript assembly process. Overall, this suggests our
pipeline was effective at providing consistent exonic structures for the same

transcript in multiple runs.
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a) b)

Splice junction match Full intron chain match

SVSM AQ/CASMC SVSM AQ/CASMC

Plaque-derived Plaque-derived

Figure 3.1 Comparing newly-assembled IncRNA transcripts between VSMC datasets. a)

all matches by at least 1 splice junction b) all matches by an exact intron chain

3.4.2 Towards an unbiased view of VSMC enrichment amongst

pathology-associated IncRNAs

Using the FANTOM expression atlas gives a comprehensive view of cell-
type specificity due to the extensive sample set they use in their analysis. This
expression atlas is therefore ideal to identify VSMC-enriched IncRNAs which
could be ideal candidates for therapeutic targeting. In the publication, we
identified 37 such IncRNAs, of which 17 — or 46% - were newly-assembled.
Hence, including the cohort of extra IncRNAs found using our pipeline nearly
doubled the pool of VSMC-enriched, stimuli-responsive INncRNAs. This is likely
related to the fact that they are enriched within both VSMC-enriched IncRNAs
(publication Figure 3a-d) and stimuli-responsive IncCRNAs (publication Figure

2a,c-e).

Here we describe these 37 IncRNAs in terms of their VSMC enrichment
strength and the number of VSMC subtypes/categories in which they are
enriched (Figure 3.2), aiming to provide a holistic view on VSMC-enriched
IncRNAs in pathology. SENCR and SMILR, previously identified with vascular
or VSMC enrichment respectively'6%173 are present within the cohort of 37
stimuli-responsive and VSMC-enriched IncRNAs. Within the expression atlas,
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these IncRNAs show an 8-9-fold higher expression in a VSMC category
(including 9 VSMC subtype categories and 1 meta-category containing all
subtypes together) relative to average expression across all other sample
categories (Figure.3.2). Intriguingly, 16 uncharacterised IncRNAs surpass
SENCR and SMILR in terms of their maximum VSMC enrichment, with the
newly-assembled gene MSTRG. 13896 (renamed VSMCincé in the publication
and from hereon) showing a 40-fold enrichment in VSMCs and the GENCODE
INcRNA NLGN4Y-AS1 showing 80-fold enrichment in VSMCs. Further,
SENCR and SMILR were found enriched in 1 or 3 VSMC categories
respectively whilst 8 IncRNAs were enriched in 4 or more VSMC subtypes. 5
such IncRNAs were newly-assembled and include VSMCincé6 revealed as an
outlier in terms of VSMC-enrichment strength and enrichment in VSMCs of
multiple vascular beds. For these IncRNAs, VSMC enrichment occurs more
generally across the multiple vascular beds profiled in the FANTOM
expression atlas, with the important caveat that the atlas is not exhaustive and
contains certain biases. Indeed, only 1 of the 9 VSMC subtypes is venous
(umbilical vein) and 4 of the 9 subtypes have likely origins from a single
embryonic region (neural crest region for the aorta, carotid, coronary and

subclavian arteries).
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This further analysis of VSMC enriched IncRNAs underlines a central
message of the publication — that previously hidden non-reference IncRNAs
substantially improve the pool of high potential candidates with evidence of
particular relevance to VSMC function over the functioning of other cells. The
additional detail of VSMC expression patterns provided here can also be used
to aid the often ambiguous or arbitrary process of IncRNA candidate selection
(Table S17 in the publication). For instance, selecting IncRNAs enriched in 4
or more VSMC subtypes and/or with enrichment strength over 20 predicts that
11 of the 37 IncRNAs have particularly strong VSMC association and/or broad

relevance across vascular beds.
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3.4.3 Further exploration of IncRNA enhancer association and

potential for cis regulation

In publication Figure 4, we present data showing the tendency of newly-
assembled INcRNAs to be transcribed from enhancers, suggesting our pipeline
may aid in uncovering IncRNA-driven cis regulatory mechanisms which would
be obscured if relying solely on reference annotation. To provide a full
catalogue of enhancer IncRNAs we utilised two sources of enhancer
annotation — GeneHancer?*3 and FANTOM CAT'3. The methodology used to
annotate enhancers differs somewhat between these two databases.
GeneHancer integrates five enhancer databases and scores them according
to criteria such as number of identifying databases, number of transcription
factor binding sites and production of eRNAs. In contrast FANTOM CAT relies
solely on the Roadmap epigenome database and does not provide a score.
Both methods rely heavily on ChlPseq data of common histone marks such as
H3K27ac as well as sequencing techniques to identify DNase hypersensitive
regions where DNase is used to digest genomic DNA at regions of accessible
chromatin. Discrepancies between these two methods are here explored to

help judge the validity of our eIncRNA classfication.

FANTOM CAT provided the largest number of IncRNA TSS-overlapping
enhancer regions with 276 enhancer-transcribed IncRNA transcripts
compared to 166 using the GeneHancer annotation (Figure 3.3). 206 (75%)
IncRNA enhancer annotations obtained from FANTOM CAT were absent from
GeneHancer. FANTOM CAT therefore provided the largest number of INcCRNA-

overlapping enhancer regions, most of which were not found in GeneHancer.

For the 206 FANTOM CAT enhancer annotations missed by GeneHancer,
129 (63%) of these were absent due to a lack of GeneHancer annotations and
28 (14%) due to low scoring of GeneHancer annotations. The remaining 49
FANTOM CAT enhancer annotations missed by GeneHancer were those
classed as “promoter/enhancers” annotations in GeneHancer as they show
signatures of both promoter and enhancer loci. Conversely, looking at
GeneHancer enhancer annotations missed by FANTOM CAT, 72 (75%) of
these are due to a non-enhancer classification (promoter or other) provided by
FANTOM CAT at these TSSs. Therefore, here the discrepancy is largely due

112



Ad(ditional Analysis
to different classifications provided between FANTOM and GeneHancer,

rather than a lack of FANTOM CAT coverage of GeneHancer annotations.

100%

GeneHance

75%

50%

25% .
GeneHancer discrepancy:

. GH Enhancer score too low
0%

FANTOM discrepancy: - FANTOM 25%
. No CAGE annotation

. No CAGE match

. Non-enhancer CAGE annotation

. GH suggests possible promoter
. No GH annotation

0%

Figure 3.3 Overlap of enhancer annotation provided for IncRNA transcripts by the
GeneHancer or FANTOM CAT databases along with reasons for any discrepancies

between both methods.

The two databases therefore complement each other if used for elncRNA
classification. FANTOM CAT is more extensive and contains accurate TSSs
through use of CAGEseq but can be supplemented by combining with the 5
additional enhancer databases collated by GeneHancer. Though there are
discrepancies in classifications of enhancers and promoters between the two,
this reflects the loosely defined classification system and porous border
between these two loci types in the field at present?#3. This analysis provides
context and justifies our inclusive approach for defining eIncRNAs - keeping all
enhancer annotations from both methods allows us to make initial conclusions

on their association with our expanded IncRNA annotations.

To provide validation of our eIncRNAs we searched for evidence of their
capacity to effect cis regulation on surrounding genes. We compared the fold
changes of candidate PCG targets of differentially expressed elncRNAs (as
defined in the manuscript) to those within 250kbp range of any other
differentially expressed INcCRNA. We next assessed if there was an overall
stronger correlation seen between stimuli-responsive elncRNAs and
neighbouring stimuli-responsive PCGs than for other IncRNAs. Stronger

correlation could indicate greater tendency towards shared regulation at
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elncRNA over other IncRNA loci which could in turn indicate greater tendency

for IncRNA-dependent cis-activation at such loci.

We saw strong correlation in the SVSMC dataset for elncRNAs and
neighbouring PCGs as well as other IncRNAs and their neighbouring PCGs
(rho 0.70 and rho 0.63 SVSMC) (Figure 3.4a). However, the observed increase
in correlation for elncRNAs was not significant (p >0.05, Fisher’s z) and
seemed reliant on 3 candidate eIncRNA and PCG pairings which were outliers
in terms of their high fold changes (>3-fold the interquartile range from the 3™
quartile). Excluding these 3 targets reduced correlation strength (rho) at
elncRNA loci closer to that seen for other IncRNAs (Figure 3.4b). Interestingly,
these 3 PCGs with outlying fold changes were in the CXCL locus of
chemokines, in the region 250kbp downstream of just one elncRNA -
VSMClinc6 highlighting this region as particularly highly induced during
proliferation. Of these, CXCL8 already has available data supporting an
elIncRNA-PCG regulatory partnership (publication Table 1). In the AOSMC or
CASMC datasets we saw no significant correlation of elncRNA and PCG fold
changes — contrasting with the significant fold change correlations around
other IncRNAs This may be due to the lower pool of differentially expressed
elncRNAs found in these datasets. Overall, we could identify correlations, and
so potential for cis-regulatory mechanisms, at both elncRNA and other IncRNA
loci but this was inconsistent across the proliferation models used with no
evidence for stronger correlation near eIncRNAs compared to other IncRNAs
in any dataset (Fisher’'s z, p >0.05). As cis-regulatory mechanisms may also
be repressive, we repeated this analysis using absolute values for fold
changes (negative values converted to positive) but saw no change in this
conclusion (Figure 3.3e-h). We therefore do not identify an increased tendency
for cis regulation mechanisms at eIncRNA loci relative to other INcRNA loci

using this approach.
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3.4.4 Screening of candidate pathology-associated IncRNAs in
SVSMCs (Preliminary work)

To identify IncRNA with definitive impact on VSMC proliferation, we aimed to
knockdown candidate IncRNAs and assess any functional consequences in a
VSMC proliferation model in vitro. As the SVSMC dataset was originally
generated using an easily implemented proliferation model available within our
research group, we began by identifying differentially expressed IncRNAs of
interest within this dataset. An initial pool of IncRNAs were selected for
consideration based on their expression dynamics (Figure 3.5), lack of
previous characterisation (Table 3.2). This selection and characterisation were
carried out prior to CAGE annotation, VSMC-specificity and full enhancer

annotation so these analyses were not taken into account at the time.

From this initial pool of IncRNAs, AC018647.3 was selected for functional
screening as it displayed the largest fold change of any IncRNA gene in
response to IL-1a/PDGF-BB co-stimulation as well as individual growth factor
treatments (Figure 3.5 + 3.6a). It was also highly expressed relative to other
IncRNAs, had a highly conserved first exon and we noted an overlap to a
GeneHancer annotation with predicted associations to both neighbouring
genes, one of which (SEPT7) is a homolog to yeast Cdc10, a structural
element involved in cytokinesis?*®. In analyses performed after selection we
noted that the enhancer annotation of AC018647.3 was too low scoring in
GeneHancer to be considered an elncRNA by our later definition though we
do not rule out a potential cis effect on surrounding genes. MSTRG. 10933 was
another IncRNA with relatively high IL-1a/PDGF-BB repression and showed a
predicted regulatory link to glutaminase (GLS) located antisense upstream via
a GeneHancer eQTL located in the first exon of the INcRNA. MSTRG. 10933
was defined as an eIncRNA in later analyses along with the link to GLS
(publication Table 1) with which it shows a similar pattern of regulation as the
repression of both genes with PDGF-BB is potentiated more than 1.5x times

upon co-stimulation with IL-1a (Figure 3.5 + 3.6b). This could be pathologically
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relevant as GLS is implicated in supporting metabolic requirements of VSMCs
proliferating in response to stiffness'%® as well as the expression of pro-fibrotic
markers and TGFB-dependent differentiation of myofibroblasts?46. Finally,
LINC02015 was chosen as it is upregulated by IL-1a and IL-1a/PDGF-BB with
a relatively high FPKM (Figure 3.5 + 3.6¢). None of these selected genes were
defined as VSMC-enriched in later analysis. However, the traits identified here

mark them as worthy of investigation.
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Figure 3.5 Expression dynamics of differentially expressed IncRNAs in the SVSMC
dataset. Dashed grey lines indicate thresholds for notably high fold changes and/or
FPKM. Uncharacterised IncRNAs considered for phenotypic screening as well as
known proliferative VSMC IncRNAs (SMILR and MIR222HG) are labelled. Those initially

considered for phenotypic screening are circled and further examined in Table 3.2
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. . sighature in brain tumour?4> . upstream)
la induction spikes
Published EpiMT,
LINCO1013 lincRNA AI! trleatments gave fibronectin, f:ell invasion in Slight increase in 3' exon Primate None CTGF, MOXD1 CTGF: O:r,sn‘lclatlon, prolllferatlon,
similar repression anaplastic large cell migration, adhesion
lymphoma?
. IL-1a no individual . . Glutamate biosynthesis,
MSTRG.10933 Ly effect but potentiated Unannotat_ed/. None Ll intron- n/a NEMP2, GLS STAT1, GLS transcription factor, proliferation,
eRNA . No characterisation contained enhancer . . .
PDGF-BB repression apoptosis, angiogenesis
bidirectional PDGF-BB no individual "I;'I::::Igezrgs‘l:frl‘(t:ro::fiz‘;:::;:s Strong in promoter, strong in None (two
CTC-378H22.1 IncRNA/  effect but potentiated | P . ginp . ! & Mouse POU2F2 Transcription factor activity
. . . via ERK 1/2 under cyclic intron upstream)
mMiRNA host IL-1a induction

hydrodynamic pressure?4’

Table 3.2 Collated expression dynamics, genomic annotation, literature and potential functionality for SVSMC IncRNA candidates considered for

phenotypic screening. Rows highlighted in grey are the IncRNAs selected for experimentation. * Genes were classed prior to CAGE matching and full

enhancer annotation analysis including use of interaction data. ** As determined using orthology data available for GENCODE genes at

https://www.weizmann.ac.il/Biological_Regulation/lgorUlitsky/PLAR2 *** MSTRG.13896/VSMCInc6é was later identified as a IncRNA already being

characterised by a collaborator.
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We began characterisation by validating differential expression of these
three candidate IncRNAs in the SVSMC proliferation model by RT-qPCR (p <
0.01, paired T test for AC018647.3 and MSTRG.10933, p < 0.001, paired T
test for LINC02015) (Figure 3.6d-f). Additionally, we examined their expression
when substituting the SVSMCs in the proliferation model with CASMCs. This
change has previously been demonstrated to result in much lower levels of
proliferation’”3174 and indeed differential expression of the IncRNAs with IL-
1a/PDGF-BB stimuli was much dampened, with no significant change
occurring for AC018647.3 or MSTRG.10933 (p = 0.06, t test for paired
samples: AC018647.3, ns, t test for unpaired samples: MSTRG.10933 and
LINC02015) (Figure 3.6d-f). The maximal expression of the three IncCRNAs in
CASMCs was also much lower than SVSMC. Together this suggests any
function they may have in the proliferation model may be particularly
emphasised in SVSMCs over CASMCs. Subcellular fractionation showed a
strong nuclear bias for all genes (Figure 3.6g). Whilst Gapmer-mediated
knockdown, thought to more efficiently target nuclear transcripts than
dsiRNA'9 was selected as an approach for LINC02015 and MSTRG. 10933,
for AC018647.3, a dsiRNA-mediated knockdown proved effective in initial tests

and so was used subsequently.
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Figure 3.6 Expression of the 3 selected IncRNAs for phenotypic screening in a-c) the

SVSMC RNAseq dataset (bars are median FPKM, error bars are standard error,

significance obtained using DESeq2) d-f) RT-qPCR assays of the SVSMC proliferation

model, an analogous CASMC model (black dots represent mean, error bars represent

standard error, significance obtained using paired T tests on dCt values for all

comparisons shown - other than the CASMC comparisons for MSTRG.10933 and

LINC02015 for which one biological replicate contained failed PCR data) g) Subcellular

localisation of IncRNAs in quiesced cells in the proliferation model or after 72 hours IL-
10/PDGF-BB treatment for LINC02015. p <0.00001 ****, p<0.01 **, p>0.05 ns
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We hypothesised that LINC02015 promotes SVSMC proliferation after being
induced by IL-1a/PDGF-BB and so active degradation of LINC02015
transcripts would therefore reduce proliferation rates in an EdU assay. The
procedure for transfection of knockdown reagents was performed prior to 72
hours of co-stimulation with IL-1a0/PDGF-BB. Gapmer-mediated knockdown
resulted in no significant repression of LINC02015 expression after 72 hours
though high variability between patients suggests further testing is required (p
>0.05, ANOVA on Iman and Conover ranked non-parametric data) (Figure
3.7).
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For the IncRNAs repressed by IL-1a/PDGF-BB we hypothesised that these
IncRNASs represent mechanisms to actively inhibit VSMC proliferation and that
knockdown of these IncRNAs could lead to an increase of proliferation in the
absence of any stimulation. Transfection of knockdown reagents was thus
performed after 48 hours of SVSMC quiescence with 0.2% FBS before using
EdU assays to look for increased proliferation over the next 72 hours.
ACO018647.3 could be effectively knocked down (~10-20% of DsiCtrl) in
quiesced VSMCs via dsiRNA (p <0.01, ANOVA, p <0.01, Tukey’s post-hoc for
DsiCtrl vs. DsiLnc8, Iman and Conover ranked non-parametric data) (Figure
3.8a) but this yielded no change in proliferation via EdU incorporation (p>0.1,
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ANOVA on Iman and Conover ranked non-parametric data) (Figure 3.8b)

showing it is not a direct repressor of VSMC proliferation.

ANOVA: **

*% >
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For MSTRG. 10933, initial titrations of Gapmer concentrations to determine
conditions for efficient knockdown showed strong (~95%) inhibition of the
IncRNA expression with 5nM of an initial Gapmer (Gap1) and weaker (~76%)
inhibition with a second Gapmer (Gap2) at 20nM, showing marked differences
in effect size between Gapmers (Figure 3.9a). In Gap1-treated SVSMCs,
reduced cell elongation and cell density were visible using 5nM concentrations
of Gap1 and this became more obvious at larger concentrations of 10 and
20nM (Figure 3.9b). Gap2 showed no visible morphological effect at any
concentration. These initial observations could be related to non-specific
effects induced by Gap1 or could suggest compromised cell viability if
MSTRG. 10933 expression is knocked down to the low levels seen with use of
Gap1. Subsequent repeat knockdowns confirmed a much higher potency of
Gap1 over Gap2 (Figure 3.9c). Morphological effects from Gap1 treatment
were more subtle in these repeats (Figure 3.9d), potentially due to the
increased confluence of VSMCs and lack of higher doses of Gap1 used in
these next runs. To confirm any effect on cell density or elongation linked to
MSTRG. 10933 expression rather than non-specific effects from the sequence
design of Gap1 would require further testing using additional Gapmers and

biological replicates.
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As these initial observations suggested loss of MSTRG. 70933 may reduce
overall cell numbers, our initial hypothesis that MSTRG. 710933 inhibits cell
proliferation could be incorrect. We therefore decided to initially explore an
alternative hypothesis that MSTRG. 10933 instead promotes cell viability. To
investigate this, we performed knockdown of MSTRG. 10933 in SVSMCs within
complete growth media (10% FBS), as any loss of viability would be more
apparent via EdU than if performed in quiescent conditions where the
proportion of EdU cells is typically <1%. In initial testing, we again saw a much
higher potency of Gap1 to reduce expression of the INCRNA, with Gap2 not
effective at all in the proliferation model using complete growth media (Figure
3.9e). EdU incorporation appeared dampened in this model in SVSMCs
treated with Gap1 at 10 (~50-80% of Gap Ctrl) and 20nM (~27-32% of GapCitrl)
(Figure 3.9f). This provides further evidence that MSTRG. 70933 may indeed
be functional. Considered alongside the initial observations on changes in cell
morphology and loss of density, the loss of EAU signal could be interpreted as
related to loss of cell survival rather than inhibition of proliferation. Testing with

more repeats and additional Gapmer designs would be needed to confirm this.

Overall, these knockdown approaches on three IncRNA candidates could

not confirm the role of these INncRNAs on proliferation.
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Figure 3.9 a) Optimisation of Gapmer-mediated MSTRG.10933 knockdown in SVSMC
quiesced in 0.2% FBS and b) corresponding images of examples of cell morphology
with Gap1 concentration gradients or GapCtrl (n=1). ¢) MSTRG.10933 expression during
repeat knockdowns in quiesced SVSMC (n=2) and d) corresponding images of example
cell morphology with Gap1 or GapCtrl. e¢) MSTRG.10933 expression during Gapmer-
mediated MSTRG.10933 knockdown in SVSMCs grown in complete growth media (10%
FBS) (n=3) and corresponding EdU assay. (Black dots show mean and standard error
(for the n=3 panel) of either dCt represented as RQ or EdU+ %, one-way ANOVA followed
by Tukey’s post-hoc test)
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3.5 Additional Analysis Discussion

3.5.1 Options to continue phenotype screening for candidate

pathology-associated IncRNAs

We identified 3 IncRNAs with potential to influence proliferation in the
SVSMC model and explored this in knockdown experiments coupled to EdU
assays. Whilst AC018647.3 knockdown was effective via use of dsiRNA, we
saw no reactivation of SVSMC proliferation during quiescence. Notably, this
INcRNA has a nuclear component which may not have been targeted
effectively by the dsiRNA reagent'%. Definitive conclusions for functionality of
LINC02015 within the model would require repeat testing either using further
biological replicates or with a second, more effective Gapmer to provide an
effective knockdown of the gene. For MSTRG.70933, data suggesting
functional potential is obtained but confounded by use of a second, less
effective Gapmer. Hence, for all three candidate IncRNAs a requirement for
further knockdown optimisation, ideally with novel Gapmer designs, to provide

an effective, consistent knockdown of the IncRNA is identified.

It is also possible that, despite the traits they possess making them worthy
of functional screening as laid out in Table 3.2, their induction or repression
given IL-1a/PDGF-BB stimulation may be incidental to VSMC proliferation.
However, INcRNA functionality is known to be able to occur within specific
temporal windows and may also be particular to a specific pathway or
phenotype. Follow-up exploration of the candidates within this model could
therefore vary the experimental set-up to try and optimise the best conditions
in which to detect a function via knockdown. Phenotypes other than
proliferation that are activated by IL-1a/PDGF-BB stimulation could also be
explored such as VSMC quiescence, differentiation state, migration, invasion
and release of pro-inflammatory mediators. For example, the candidate
IncRNAs upregulated during quiescence could be assessed for an effect on
VSMC contractility using electric cell-substrate impedance sensing as recently
demonstrated?®!, or an effect on VSMC viability using widely-used MTT

assays.

125



3.5.2 Evidence for cis activation mechanisms at elncRNA loci and
other IncRNA loci

Enhancer association is particularly of interest in this chapter as we find in
the manuscript that non-reference IncRNAs were found enriched amongst
elncRNAs, and that elncRNAs appeared to have a particularly large
contribution to VSMC pathology. Determination of the potential functional
impact of elIncRNAs would be aided by identifying increases in PCG co-
expression, activation and/or repression suggestive of cis function around
elncRNA loci compared to other IncRNA loci. Cis-regulation of neighbouring
genes is a trait also found in many IncRNAs which are not enhancer-
transcribed?>? and has already been explored via correlation with neighbouring
PCGs in various prior studies. However, we would expect this to be a stronger
effect around elncRNAs than other INncRNAs considering the role enhancers
play in gene regulation. Identification of such effects would provide validation
for our enhancer annotation method and aid direction of future experiments

aiming to identify possible mechanisms of action.

Whilst we identify correlation of fold changes for elncRNAs and neighbouring
PCGs as well as other IncRNAs and neighbouring PCGs in the SVSMC
dataset, this was not seen for eIncRNAs in the AOSMC and CASMC datasets.
This is potentially due to low numbers of differentially expressed elncRNAs in
the latter two. The different stimuli used across these in vitro datasets appear
to have varying influence on eIncRNA loci, as 51 of the 162 IncRNAs affected
by IL-10/PDGF-BB are elncRNAs (31.5%) compared to only 35 of the 143
stiffness-responsive INcCRNAs in AOSMCs (24.5%) and 36 of the 168 such
IncRNAs in CAMSCs (21.4%). Fold changes are inherently variable between
datasets and abundance levels?*!, whilst they were also generally lower in the
stiffness datasets which all may dampen correlation strength. As we performed
this analysis by examining the aggregate correlation of all IncRNA-PCG pairs
in each dataset this may obscure details in differences in capacity for cis-
regulation between eIncRNAs and other IncRNAs. An improvement in future
could be to obtain enough replicates to perform correlation of individual
INcCRNA-PCG pairs in terms of expression level. As mentioned in the
manuscript discussion, techniques to experimentally match IncRNAs to PCGs

may also be worth consideration in future23,
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3.6 Chapter 3 Summary

This chapter provides an expanded view of IncRNAs relevant to VSMC

pathology by identifying the non-reference INcRNAs associated with VSMC

transitions to pathological states. In doing so we:

1.

Create a more representative catalogue of the associated IncRNAs than
has been previously obtained in pathological VSMCs, alongside a more
powerful contextualisation of these INncRNAs that provides detail on their

VSMC-enrichment and association with enhancers.

. Provide a rigorous framework that could be applied to other cell types

or model systems to improve understanding of IncRNAs in other specific
biological niches. This becomes ever easier to implement with
exponential increases in the amount of publicly available sequencing
data and advances in the accuracy or speed of transcript assembly or

coding prediction tools.

Tackle a well described limitation in transcript assembly approaches,
specifically the accuracy of the &’ limits and exonic structures of the
provided assemblies. We validate these for the majority of non-
reference IncRNAs within our expanded VSMC annotation through
comparing them to transcript structures and TSSs obtained in other
biological contexts profiled in FANTOM CAT'3¢ as well as by assessing
the repeatability of transcript structures assembled in one or more of
the three VSMC datasets.

. Use external expression atlas or genomic annotation data to build

hypotheses on differences in INncCRNA regulation between cell type and

potential to interact with enhancer function.

A clear gap is proof of functionality within the as yet uncharacterised

IncRNAs of the annotation. No selected candidate could be shown to influence

proliferation conclusively. We do however provide a resource to aid further

selection of candidates in future. This could be improved, particularly in
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annotation of enhancers and their regulated PCGs which could well benefit
from use of bespoke enhancer annotation data or use of an expanded number
of RNAseq replicates within future datasets to obtain more robust correlations
of IncRNA and PCG neighbours. Together this may provide stronger inference
of candidate elncRNAs. Overall however, this chapter provides a strong
foundation to further investigate IncRNAs in VSMC pathology as a whole and
help understand where they fit in a wider picture of the regulatory framework

that guides VSMC transitions. This will be explored in the next chapter.
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Chapter 4: Identifying candidate IncRNAs
involved in the initiation of VSMC
transitions to pathological states
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4.1 Chapter 4 Introduction

The expanded VSMC annotation described so far in this thesis comprises a
valuable tool to explore the contribution of IncRNA to VSMC pathology. A
constant underlying issue in studies which rely solely on reference annotation
to characterise IncRNAs is whether the set of IncRNAs being analysed are fully
representative of those present within the model system in question. The
previous chapter goes some way to address this largely untouched issue in
the context of VSMC pathological transitions and provides a solid foundation
to further explore the underlying INncRNA contribution in specific relevant areas.
One such area is vein graft failure pathology where an opportunity for direct ex
vivo gene therapy treatment of grafts prior to implantation is provided during
the surgical procedure. In most vasculoproliferative remodelling contexts, the
aim when targeting VSMCs is to reverse their dedifferentiation and
proliferation. However, during vein grafting the proliferation of VSMCs is
thought to be initially triggered by the loss of endothelium during the harvesting
and preparation of the vein as well as insertion into a high-pressure arterial
environment®. A unique opportunity to modify VSMC behaviour at the point of
their pathological stimulation is therefore presented. As the extent of this initial
VSMC proliferation appears to determine later graft patency (see section
1.1.4), modifying the initial transcriptional response to proliferative stimuli
originating from the surgical procedure could be a viable route to reduce long-
term graft failure rates. Discovery and validation of genes at the forefront of
stimuli responses in this setting is therefore of high interest. Further, targeting
such regulators may also be advantageous in blocking upstream induction of
multiple proliferative or otherwise pathological pathways or vice-versa for

homeostatic pathways.

LncRNAs could offer promise to provide such candidates as they are
enriched within the immediate-early genes thought to regulate initial the initial
two hours of stimulus responses in VSMCs?% and have a particular tendency
to act in specific temporal windows (e.g developmental timepoints'%®)
compared to PCGs. Further reason to suspect their involvement at early
timepoints comes from their association with enhancers — which appear
particularly dynamic in the initial transcriptional responses to stimuli’®. As with

IncRNASs, enhancer activity also occurs in a cell-specific manner?®®, and so
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identifying their interplay in VSMCs could lead to targeting of mechanisms of
particular relevance to VSMCs over other cells or limiting off-target effects on
other cell types. A promising example of an early-response, VSMC-enriched
IncRNA is the cell cycle activator SMILR, which is induced prior to observable
cell division in the SVSMC in vitro model'4. Knockdown of SMILR destabilises
MRNA for the core cell cycle gene CENPF at an early stage in the transition
from quiescence to proliferation and could be targeted to reduce early
proliferative drivers whilst minimising interference with endothelial cells. This
would be particularly interesting to attempt in vein grafting procedures where
SMILR knockdown could reduce vessel wall expansion without preventing the

endothelial regeneration required for graft longevity.

In this chapter we hypothesised that early IncRNA dynamics after exposure
to a mitogenic stimulus but prior to cell division may have substantial influence
on the eventual fate of VSMCs and that investigating this in the SVSMC
proliferation model would reveal high value therapeutic candidates like SMILR
that could reduce or prevent early VSMC-directed vessel wall remodelling
leading to vein graft failure (Figure 4.1). To address this we decided to leverage
our previous work to build an expanded VSMC IncRNA annotation to allow a
more comprehensive analysis of pathologically-relevant, VSMC-enriched and
enhancer-transcribed INcRNAs. We used this in conjunction with RNAseq data
of four timepoints within the previously determined 24 hour window between
IL-1a/PDGF-BB exposure and cell division within the SVSMC proliferation
model'”* and set early-response IncRNAs into context alongside other
involved genes such as transcription factors (TFs), and cell cycle genes. Our
transcriptomic analyses suggest an interplay of TFs, enhancers and IncRNAs
within the first four hours that sets the VSMCs on a course towards later
induction of cell cycle genes between 8 and 24 hours. We predict functional
INcRNA-PCG cis pairings active within this crucial four hour period to identify
candidate loci involved in early gene regulatory activity leading up to VSMC

proliferation.
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Chapter 4: Introduction
SVSMC Proliferation model
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Figure 4.1 The early phases after introduction of the mitogenic stimuli within the SVSMC
proliferation model can be mined to identify early-response genes that occur prior to
observable proliferation. Findings in these early phases can be used to infer gene
regulation activity occurring within the analogous vein graft setting where VSMC
stimulation is also thought to initiate at an acute timepoint, here due to surgical

processing prior to implantation.

4.2 Chapter 4 Aims

1. Use the expanded VSMC transcriptome to comprehensively
characterise overall INcRNA dynamics in the model first 24 hours of IL-
1a/PDGF-BB stimulated SVSMCs, set into context alongside cohorts of

TFs and cell cycle genes

2. Examine the potential for IncRNAs to drive early stimuli response

through cis regulation of their neighbouring PCGs
3. Use correlation to build further evidence of early response IncRNA cis

regulation of PCGs and identify those with relevance to VSMC
pathology
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4.3 Chapter 4 Results

4.3.1 LncRNA dynamics in the early phases of SVSMCs stimulated
with IL-1a/PDGF-BB

LncRNAs acting as gene regulators in the early phases of response to a
mitogenic stimulus may have additional value relative to other IncRNAs as
gene therapy targets to modify VSMC proliferation. To help identify such
targets we first sought to gain a general overview of transcriptional dynamics
across all genes involved in the early response to IL-1a0/PDGF-BB within the
SVSMC proliferation model described in chapter 3. Specifically, we wanted to
examine expression changes in the temporal window between exposure to
proliferative stimuli and first observance of cell division in this model at 24
hours'’4. RNAseq data was therefore obtained from within the SVSMC
proliferation model by Drs A. Mahmoud and M. Ballantyne, this time using four
timepoints in the first 24 hours (0, 4, 8 and 24 hours) post-IL-1a/PDGF-BB
stimulation (unpublished). SVSMCs were sourced from four separate patient
explants. Unstranded libraries were sequenced at comparable depth to the
SVSMC dataset used in chapter 3 (35-45 million paired-end reads per

sample).

To aim for a comprehensive analysis of all expressed INcRNAs we mapped
reads from these libraries to a reference annotation consisting of the 3
expanded VSMC annotations (derived from datasets of SVSMC, AOSMC,
CASMC and plaque-derived VSMCs) and GENCODEv26 merged into a non-
redundant transcriptome as used in the manuscript presented in chapter 3. As
the merging process can alter the structure of transcripts identified
independently in each dataset, we used PLAR again to re-assess the coding
status of all transcripts. This involved the removal of transcripts which were
lowly-expressed or likely artefacts and processing the remaining transcripts
with 3 distinct coding prediction tools. This provided a final list of 11815
expressed genes, 415 of which were genes absent from GENCODE (newly-
assembled genes). A total of 10212 PCGs and 558 expressed INcCRNAs genes

(99 of which were newly-assembled) were present.
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Identification of dynamically expressed genes over the four timepoints
utilised two distinct methods within the DESeq2 tool**'. The first used the
likelihood-ratio test (LRT) to examine changes in gene expression across all
timepoints simultaneously and identify those with repeatable changes between
biological replicates through providing a single p value. The second took a
more fragmented approach, using all 6 pairwise comparisons of timepoints to
provide each gene with a set of 6 fold changes and p values (Figure 4.2a).
This allowed us to select genes with substantial enough fold changes to be of
interest in any of the comparisons between timepoints. A large overlap existed
between the two methods (Figure 4.2b) but using both allowed us to rule out
the proportions of genes with inconsistent changes between replicates over
the full 24 hours (p >0.05 via LRT) or inconsequential changes in expression
(p >0.05 and/or absolute fold change values of under 1.5 for all timepoint
comparisons). Altogether, 4395 differentially expressed genes (including 234
IncRNAs) were identified over the timecourse experiment and are here-on

referred to as early-response genes.

Likelihood ratio test (LRT)

Ohr 4hr 8hr 24hr
&
= <>
2
S 0 s
= e
s - =
@
3 -~ S
£ ;
>
w « >
R

Pairwise contrasts <—»

To begin to explore early-responsive INcCRNAs we examined their overall
induction or repression in the 3 discrete temporal windows making up the
timecourse (0-4 hours, 4-8 hours and 8-24 hours) (Figure 4.3a and b). We
found INcRNAs were enriched within genes induced in the first four hours (79
IncRNAs, p <0.0001, BH-corrected Fisher’s exact test, background of all early-
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response genes for all p values in this section) and depleted amongst genes
induced in the 4-8 hour window (9 IncRNAs, p <0.05). LncRNA genes were
neither enriched nor depleted within genes induced in the later 8-24 hour
window (59 IncRNAs, p >0.05) but were depleted within genes repressed in
this window (38 IncRNAs, p <0.01). Hence, though IncRNAs were induced in
the 8-24 hour window, the class as a whole shows greatest tendency for
induction prior to this in the 0-4 hour window. Interestingly, principal
component analysis of all samples indicated largest gene expression variance
between samples was between those collected at zero and four hours (Figure
4.3c), indicating most of the transcriptional changes in the 24 hour period of
SVSMCs treated with IL-1a/PDGF-BB occur within an initial 4 hour burst of

transcriptional activity - the same phase in which IncRNA induction is enriched.

VSMC-enriched and enhancer-transcribed IncRNAs (elncRNAs) are of
interest for characterisation for the opportunity to target VSMC-specific and/or
enhancer-related control mechanisms. Our analysis in chapter 3 also showed
their tendency to be dynamically regulated during VSMC pathological
transitions. We defined these groups of INncRNAs (as described in chapters 2
and 3) and saw again a tendency towards induction within four hours for both
VSMC-enriched IncRNAs (12 IncRNAs, p <0.01, 0-4 induced genes) and
elncRNAs (22 IncRNAs, p <0.001, 0-4 induced genes) (Figure 4.3a and b).
Intriguingly this pattern did not hold for the remaining INcCRNAs (51 IncRNAs, p
>0.05, 04 induced genes), suggesting IncRNAs with VSMC-enrichment
and/or enhancer-transcription may have particular importance for regulating
the initial 0-4 hour burst of transcriptional activity in response to IL-1a/PDGF-
BB in this model. Use of the expanded VSMC annotation provided a
substantial number of newly-assembled IncRNAs induced in 0-4 hours (15
IncRNAs or 20% of all 0-4 hour induced IncRNAs) and throughout, supporting
use of the approach outlined in chapter 3 to identify a more complete cohort of
early-response INncRNAs in the initial phases of SVSMC response to mitogenic

stimuli.
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Chapter 4: Results
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Figure 4.3 Enrichment or depletion of IncRNAs genes within either a) induced or b)
repressed genes in each discrete window of the timecourse (Fisher’s exact test + BH
correction, background of all early-response genes indicated by dashed lines). c) PCA
of all read counts per sample in the SVSMC timecourse RNAseq normalised within
DESeq2 (using the rld method). (p <0.05 *, p <0.01 **, p <0.001 ***, bars with no

annotation indicate no significant enrichment or depletion).
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To set this INcRNA activity into context within the change in VSMC state, we
began by identifying where the effector genes which implement the cell cycle
were in our data, utilising a recently published cohort of the core genes
implicated in control of the S, G2 and mitotic phases of the cell cycle (referred
to hereon as cell cycle genes)?%. Cell cycle genes were highly enriched within
genes induced in the final 8-24 hour window (p <0.0001) (Figure 4.4a) but were
depleted amongst genes induced in the initial 0-4 hour window and any window
of repressed genes (p <0.001) (Figure 4.4b). Notable cell cycle genes heavily
upregulated in the 8-24 hour window include proliferation markers, mitotic
components and cell cycle regulators such as MKI67, CDK1, various CENP
genes and the S/G2 checkpoint regulator CDK2. The IncRNA SMILR which
controls the cell cycle in VSMCs was also present amongst such genes. This
induction in the later phase of the 24 hour period mirrors the EdU assay data
collected for the SVSMC model in'"# and indicates the overwhelming majority
of effector genes implementing cell division are induced downstream of

transcriptional changes occurring in the first four hours.

To look for gene regulators which may influence the later activation of these
cell division genes, we examined TF genes using a recently published
cohort?®’. In contrast to cell cycle genes, TFs showed a tendency for induction
within four hours (p <0.01) and were also present in changes at 4-8 and 8-24
hours. They were therefore induced earlier than cell cycle genes but showed
less extreme bias to induction in one window (Figure 4.4a). They were also
particularly repressed within four hours and between 4-8 hours (p <0.0001)
which further underlines the localisation of TF expression fluctuations to within
early transcriptional changes (Figure 4.4b). We found several TFs of interest
were transiently induced with a four hour peak in our dataset including those
consistent with VSMC dedifferentiation such as ELK7, ETS1 and NF-kB
components RelB, NFKB1 and NFKB1 as well as TFs associated with early

cell responses to mitogenic stimuli such as JUN and FOSB.
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Figure 4.4 Enrichment or depletion of cell cycle or TF genes within either a) induced or
b) repressed genes in each discrete window of the timecourse (Fisher’s exact test + BH
correction, background of all early-response genes indicated by dashed lines). (p <0.05
*, p <0.01 **, p <0.001 ***, p <0.0001 ****, bars with no annotation indicate no significant

enrichment or depletion).

Together this provides an overview of early-responses to proliferative stimuli
in the SVSMC model. During the initial four hours, the bulk of transcriptional
changes that are to occur within 24 hours have taken place. This indicates an
initial burst of transcriptional activity occurs in this period, and this appears to
be enriched with IncRNA (particularly VSMC-enriched IncRNAs and
eIncRNAs) and TF induction as well as TF repression. This initial activity is

likely to lay the foundation for the future path of the VSMCs and act upstream
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of the S/G2-M phase cell cycle genes which before 8 hours are relatively
unaffected. These genes are instead upregulated over the 8-24 hour window
which precedes or coincides with the initial rounds of cell division observed by
Mahmoud et al.’”. Genes which are active within the early 0-4 hour timeframe
may constitute particularly high value targets to dampen or prevent pathways
induced by IL-1a/PDGF-BB before their effects take hold and induce the

VSMC transition to a proliferative state.

4.3.2 Evidence for widespread IncRNA-dependent cis activation of

PCGs and TFs prior to cell division

The enrichment of IncRNAs amongst the earliest induced genes in the first
four hours suggests a role for them in early redirection of VSMCs towards
proliferative phenotypes. As many IncRNAs are known to regulate
neighbouring genes using cis regulation®®> we assessed whether the rate of
PCG differential expression in the first four hours was increased for those
which were neighbours (within 250kbp) of these earliest IncRNA responders.
As the RNAseq libraries were sequenced using an unstranded protocol, we
discounted PCGs which overlapped the IncRNA from consideration as cis
potential pairs and focus our analysis solely on cis regulatory potential of

intergenic INCRNAs.

Considering only genes which were differentially expressed in the first four
hours, we found 59 of 1634 early-response PCGs in the flanks of 117 early-
response INCRNAs. The rate of differential expression amongst these PCGs
was 1.51x greater than that found genome-wide (p <0.01, background of 0-4
hour early-response PCGs) (Figure 4.5a) — an effect not observed for PCGs
flanking IncRNAs which were stable (i.e. unaffected by IL-1a/PDGF-BB) in this
initial four hour window. Considering all early-response genes across the 24
hours we found 223 of 4116 early-responsive PCGs were in the flanks of the
234 early-responsive IncRNAs. These PCGs however were only 1.16x more
likely to be early-responsive if in the flanks of early-response IncCRNAs
compared to PCGs genome-wide (p <0.01, BH-corrected Fisher’s exact test
for p values in this section unless stated, background of all early-response

PCGs) (Figure 4.5b). This suggests a stronger link between changes in
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InNcRNA expression and neighbouring PCG expression exists within the first
four hours compared to over the full 24 hours.
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Figure 4.5 Enrichment or depletion of early-response PCGs within PCGs neighbouring
early-response or stable IncRNAs considering either a) the 0-4 hour window or b) the
full timecourse experiment. c-d) considers PCGs around early-response elncRNAs or
other early-response IncRNAs. Fisher’s exact test + BH correction by row, background
of all PCGs genome-wide indicated by dashed lines. (p <0.05 *, p <0.01 ** bars with no

annotation indicate no significant enrichment or depletion).

As enhancers appeared to be a key source of many of the IncRNAs induced
within four hours we checked whether elncRNAs could support enhancer-
based cis regulation in this timeframe and so have more pronounced signs of
cis regulation than other IncRNAs. We found 17 early-response PCGs near 29
early-response elncRNAs and 42 early-response PCGs near 88 early-
response other INcCRNAs in the first four hours. Though early-response PCGs
were enriched amongst PCGs in the flanks of both types of INncRNAs relative
to PCGs genome-wide, this was particularly pronounced for those in the flanks
of elIncRNAs (2.26x more likely, p <0.01, background of all early-response
PCGs) compared to those in flanks of other IncRNAs (1.33x more likely, p
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<0.05, background of all early-response PCGs) (Figure 4.5c). The effect was
again decreased when considering differential expression across the full 24
hours (41 early-responsive PCGs in proximity to 41 early-responsive
elncRNAs and 186 early-responsive PCGs around 71 other early-responsive
INcRNAS). In this timeframe, PCGs near early-response elncRNAs were 1.43x
more likely to be early-responsive relative to PCGs genome-wide (p <0.01,
background of 0-4 hour early-response PCGs) whilst for those near other
IncRNAs this was only 1.12x more likely (p <0.05, background of 0-4 hour
early-response PCGs) (Figure 4.5d). Hence, though both eIncRNAs and other
IncRNAs show signs of cis regulation, this is more pronounced at eIncRNAs

suggesting the influence of their requisite enhancer regions.

As TFs and IncRNAs were enriched within 0-4 hour early-response genes,
we also looked for signs of IncRNA-dependent cis regulation of TFs.
Considering early-response genes identifiable in the first four hours, we found
16 of 191 early-response TFs were in the flanks of 117 early-response
IncRNAs. TFs were 2.26x more likely to be differentially expressed if
neighbouring such IncRNAs compared to TFs genome-wide (p <0.01,
background of 0-4 hour early-response TFs) (Figure 4.6a). The association of
IncRNA and neighbouring gene differential expression is therefore present for
TFs as well as all PCGs generally. No enrichment of differentially expressed
TFs was seen around stable IncRNAs. The effect was again reduced when
expanding the analysis to all timepoints; we found 26 of 339 early-response
TFs were flanking the 234 early-response IncRNAs. Here, the rate of
differential expression was only 1.51x greater for TFs in the flanks of early-
response INcRNAs compared to TFs genome wide (p <0.01, background of all
early-response TFs) (Figure 4.6b). We also noted that in the first four hours
candidate cis-regulated PCGs of early-response INcRNAs were more likely to
be TFs than differentially expressed PCGs genome-wide (2.32x more likely, p
<0.001) (Figure 4.6¢). TFs were also enriched to a lesser extent as neighbours
of unchanging IncRNAs (1.48x more likely, p < 0.01) suggesting this effect is
in part due to a tendency for genomic proximity of IncRNAs and TFs. However,
as the stronger association occurs for differentially expressed IncRNAs, this
further underlines the likely co-regulation and interplay of TF and IncRNAs

within the first four hours. Overall, we provide evidence suggesting INcCRNA-
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dependent cis regulation of TFs is particularly acute within the first four hours
with an enrichment of TFs as candidate cis-partners of early response

IncRNAs.
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Figure 4.6 Enrichment or depletion of early-response genes within TFs neighbouring
early-response or stable IncRNAs considering either a) the 0-4 hour window or b) the
full timecourse experiment. c) Proportion of TFs among early-response genes around
early-response IncRNAs or stable IncRNAs. Fisher’s exact test + BH correction by row,
background of all PCGs genome-wide indicated by dashed lines. (p <0.05 *, p <0.01 **,

p < 0.001 ***, bars with no annotation indicate no significant enrichment or depletion).

These conclusions could be confounded by different numbers of PCG
neighbours for different INcCRNA types, for example if one INCRNA type is often
found in particularly gene-dense loci this may reduce the proportion of
regulated neighbouring PCGs and dilute any signal of cis regulation. We
therefore also checked whether the IncRNA groups analysed were in more
PCG-dense loci but found no significant difference between IncRNA groups (p
>0.05, Kruskal-Wallis) (Figure 4.7). Differences in number of IncRNA

neighbours is not likely to unduly affect our conclusions.
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Overall, we find PCGs are more likely to be early-responsive if in the flanks
of early-responsive INcRNAs but not stably expressed IncRNAs, suggesting
widespread IncRNA-dependent cis regulation. This is particularly acute in the
0-4 hour timeframe, for TFs and for PCGs near elncRNAs. This suggests
IncRNA-dependent cis regulation is particularly active in the first four hours
around enhancer loci and may enable wider downstream regulation of VSMC

state through regulation of PCGs and TFs.

4.3.3 Candidate IncRNAs involved in early cis regulation of VSMC

state

To now focus in on INcRNAs with strongest evidence for a cis regulatory role
during initiation of the VSMC transition towards cell division, we examined the
correlation in expression between early-response IncRNAs and their
neighbouring early-response PCGs across the full 24 hour timecourse
experiment. We identified the VSMCInc6-CXCL8 pairing (BH-corrected
Spearman’s p = 0.096) already shown to be of interest through use of
GeneHancer interaction data in chapter 3 and used this as a benchmark for
finding further potential pairings of interest. Based on this we set a permissive

threshold for determining significant correlation (BH-corrected Spearman’s p
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<0.1). Using this, we found that of all 223 total early-response PCGs in the
flanks of the 234 early-response INcRNAs across the timecourse, 69 (30.2%)
were significantly correlated with their IncRNA neighbour. These were found
across the full range of distances between IncRNA and PCG TSSs and
included 33 pairings of early-response genes found within the crucial four hour
timeframe (Figure 4.8a). Notably, these 0-4 hour correlated pairings including
32 PCGs, 54.2% of the 59 0-4 hour early-response PCGs flanking 0-4 hour
early-response IncRNAs (Figure 4.8b). This was a significant enrichment of
correlating INncRNA-PCG partnerships within the earliest 4 hour phase of
VSMC response to mitogenic stimulus (p <0.0001, Fisher's exact test,
background of all early-response PCGs in flanks of all early-response
IncRNAs) — an effect which remained if using a more stringent cut-off of p <0.05
for identifying correlating pairings (p <0.01, Fisher’s exact test, background of
all early-response PCGs in flanks of all early-response IncRNAs). This again
shows the greatest potential for IncRNA-dependent cis regulatory activity in

the first four hours of the timecourse.
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We now defined neighbouring INcCRNA-PCG pairs of interest based on their
joint differential expression in the initial four hours and significant correlation
over the full timecourse. Of the 117 differentially expressed IncRNAs in the
four hour window, 38 had a PCG neighbour which was a four hour early-
response gene and 23 correlated in expression with this PCG neighbour over
the timecourse (Figure 4.8c). To identify which of these 23 could be of
particular interest for further validation and characterisation, we first performed
a literature search on their 32 correlated PCGs, showing several have a
previously identified association with VSMC pathology, inflammation or other
cardiovascular disease in the literature. We also classed the 11 TFs found
within the 32 linked PCGs as of particular interest due to their potential to carry
out wide-ranging changes on gene expression. We noted IncRNAs located in
developmental HOX gene clusters accounted for 6 of these TFs whilst 5
uncharacterised IncRNAs (including 3 newly-assembled IncRNAs) were found
linked to the remaining 5 (Figure 4.8d). Profiles for the 13 IncRNAs associated
with TFs and/or the PCGs highlighted in the literature search are displayed in
Table 4.1 and can be used as a basis to explore these candidate cis pairings

experimentally.

In summary, these IncRNAs and their correlated, paired PCGs are strong
candidate loci for IncRNA-dependent cis regulation mechanisms active during
first four hours — a phase in which IncRNA cis activity appears biased, with the
potential to redirect the course of VSMCs towards a proliferative, pathogenic

state.
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PCG , , TSS LncRNA Max. . —
LncRNA PCcG LncRNA Type Type Spearman’sRho  Spearman’sp Distance (kbp) £PKM LncRNA Expression pattern VSMC-related characterisation for PCG
Newly-assembled Protein
VSMClince CXCL8  VSMC-enriched, codin 0.59 9.62E-02 19.19 17.6 Transientinduced, 4 hour peak Chemokine and mitogen for VSM(Cs3%:256
elncRNA &
Protei Methylati fICAM-1 mRNAto i t lati
CD27-AS1 NOP2 LncRNA rotein 0.80 1.00E-02 211.63 15.9 Repressed, 8 hour trough ethylation ot MINA to Improve transiation
coding and aid leukocyte attachment237
MSTRG.12913 FOXL1 Newly-assembled TE 0.64 6.05E-02 105.57 8.9 Sustained |nd::i|on, 24 hour Capable of maintainingresident stem cell populations,
MSTRG.12914 elncRNAs 0.67 4.72E-02 187.67 6.9 . . P ) Activates Wnt/B-catenin pathways?2°8.2%9
Transientinduction, 4 hour peak
PITPNA-AS1 RILP LncRNA Pcrocg::g -0.66 3.96E-02 133.15 8.2 Sustained ms::ron’ 24 hour Identified risk for plaque rupture, involvedin lysosomal transport26?
RP11-221IN13.3 HMGA2 EIncRNA TF 0.77 1.31E-02 231.95 5.7 Sustained induction, 24 hour Targets th.e TF Twllst in eplthel.lall»mesenchymaltra.nsmons,
peak also associated with vasculomimicry in gastro carcinoma?26t
MT1A Protein 0.70 2.66E-02 27.29 Enzymes using zinc metabolismto reduce oxidative stress
RP11-249C24.10 ~ MTIE LncRNA i 0.69 3.85E-02 14.10 4.7 Transient induced, 4 hour peak T A o T 1A ve a VD ek ot '
MT1xX g 0.67 4.72E-02 71.05 g
MSTRG.27167 ZBED9 Newly-assembled TF 0.65 5 68E-02 186.20 42 Transient induced, 4 hour peak Hypertension GWAS hit, strong.across 4 blood pressure traits,
LncRNA uncharacterised TF263
HOXC6  VSMC-enriched 0.67 4.79E-02 15.67
) . . e
HOTAIR HOXCS eIncRNA TFs 0.60 9.00E-02 3415 3.4 Repressed, 8 hour trough Both TFs have described role in maturation of VSMC progenitors
MSTRG.28277  HIVEP2 New'ﬁizsl:;”bled TF 0.77 1.45E-02 10.24 3.1 Transient induced, 4 hour peak Repression of NF-kB and TGF-B pathways, regulator of c-Myc265
AC002480.4 e VSMC-enriched Prot.ein 0.59 9.25E-02 136.18 18 Sustained induction, 24 hour Activates VSMC proliferation/migration + osteoblast
elncRNA coding peak phenotype3’:43:266
HOXA6 0.62 7.30E-02 34.81
HOXA7 0.84 2.38E-03 27.47 Sustained induction, 24 hour . S e
HOXA11-AS1 HOXA10 LncRNA TFs 0.84 2.38E-03 515 1.4 peak No direct links identified
HOXA11 0.86 1.71E-03 0.19
BOLA3-AS1 TET3 LncRNA TF 0.74 2.27E-02 161.64 1.3 Transient induced, 4 hour peak A widely studied demethylation enzyme,

promotes L6 expression in rat atherosclerosis??

Table 4.1 All correlated early-response INcRNA-PCG pairs found within the first four hours of the SVSMC proliferation model where the PCG is either a TF or

has characterisation in the literature which suggests relevance to VSMC pathology. The table is ordered from highest maximum IncRNA abundance to lowest.
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4.4 Chapter 4 Discussion

4.4.1 An association of IncRNAs, enhancers and TFs in a crucial

early phase in the induction of VSMC proliferation

We see that IncRNAs and TFs have a tendency for induction within the 0-4
hour timeframe of the SVSMC proliferation model, suggesting implementation
of gene expression changes by TFs may be supported by IncRNA
mechanisms and vice-versa. The particular association of IncRNAs and TFs
relative to other PCGs has been noted from some of the earliest produced
catalogues of IncRNAs in various contexts?’9271. In these studies, the
association was made through identifying a tendency for TFs and IncRNAs to
be in close genomic proximity, sparking initial suggestions of widespread
IncRNA-dependent cis regulation of TFs. We build on this observation here,
showing a greater incidence of TF differential expression in the flanks of
differentially expressed IncRNAs compared to genome wide. We also see
signs suggesting that IncRNAs have greater tendency to cis regulate TFs than
other PCGs. In the 0-4 hour window for instance, our analysis shows TFs are
2.3x more likely differentially expressed if in flanks of differentially expressed
IncRNAs compared to genome wide, this is much higher than the rate for all
PCGs (1.5x).

A possible confounding factor is that less genes per INcRNA are found when
considering just TF neighbours rather than all PCG neighbours. Our method
here effectively compares the rate of differential expression amongst different
types of IncRNA-neighbours and this rate is dependent on total number of gene
neighbours per IncRNA. This may lead to an inherently higher rate when
considering TFs on their own as there are less TF neighbours per IncRNA than
PCGs neighbours per IncRNA. We therefore do not definitively show IncRNA-
dependent cis-regulation mechanisms are more concentrated around TFs than
other PCGs - in part due to the small sample pool of TFs neighbouring early-
response INcCRNAs (30 total in 0-4 hours). However, when considered with
prior observations of IncRNA-TF co-localisations along the genome?7%271, an
increased tendency of IncRNAs to regulate TFs seems likely in the initiation of
VSMC proliferation, particularly within the 0-4 hour timeframe. Exploring
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IncRNA control of TF gene regulation and vice-versa would be an interesting

future strategy to modify VSMC behaviour at an early stage.

We also see that eIncRNAs, useful to study due to their potential functional
input to enhancer regions?°%-252 and specific expression profiles', are a group
of IncRNAs which are particularly likely to be induced in the 0-4 hour period.
Within this window, an increased incidence of differentially expressed PCGs
near differentially expressed elncRNAs (2.3x more likely than genome-wide)
relative to other differentially expressed IncRNAs (1.3x more likely than
genome-wide) suggests greater presence of cis-acting mechanisms at
elncRNA loci. In this comparison we see no significant difference in overall
number of PCG neighbours for these different categories of INncRNA so this
factor is unlikely to affect this conclusion. Our analysis in this chapter improves
on the FC correlation method used to compare cis-regulation potential of
elncRNAs and other IncRNAs done in section 3.4.3. This earlier method may
be an ineffective way to observe differences in cis potential due to differences
in sample size between the two IncCRNA types and inherently high variabilities
in FCs. In this chapter however, we find evidence suggesting a stronger
potential for cis regulatory mechanisms to exist near elIncRNAs than other
IncRNAs. This suggests their requisite enhancer regions are being utilised in
the SVSMC timecourse model and that eIncRNA transcripts may play role in
this activation - potentially working together to influence chromatin
conformation or epigenetic factors in the surrounding area. This also tallies
with prior observations that indicate transcriptional changes in the first few

hours after stimuli response occur at enhancer sites predominately°.

It is notable that on removing elncRNAs and VSMC-enriched IncRNAs from
consideration the tendency for IncRNA induction within four hours was not
seen - implicating these more cell-type specific cohorts of IncRNAs as of
particular importance to the initial VSMC response to stimuli. This fits with
previous analysis of early-responsive genes which has shown that the vast
majority are stimuli-specific and cell-specific rather than a common group of
ubiquitous genes applied across various stimuli and cell types?®*. This finding
provides further justification to study INcRNAs during the early response phase
as those which are specifically expressed could be used to modulate the more

generic core early-response genes. For example, only one of over 700 cell
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cycle core components shared across cell types appear to be IncRNAs?% yet
SMILR can be used to specifically regulate one such core component
(CENPF) in VSMCs specifically'”*. We show that many more examples of
specifically expressed IncRNAs controlling or fine-tuning more ubiquitous
genes (such as early response genes) are likely to be found within the early

phase.

4.4.2 Candidate cis-regulating IncRNAs driving VSMC proliferation

Observations on IncRNA-dependent cis activity acting upstream of later
VSMC transitioning helped us to identify 13 candidate INcRNAs of interest with
strong potential for further study through their association with TFs or PCGS
which have relevant characterisation for VSMC pathology described in the
literature. We see many newly-assembled IncRNAs from our expanded VSMC
annotation within this population (5 of the 13) again underlining the value in
our approach outlined in chapter 3 to widen the search for IncRNA targets. We
provide candidate IncRNAs involved in anti-inflammatory mechanisms such as
the induction of anti-oxidative stress enzymes in the MT7 locus?®* (linked to
RP11-249C24.10) or induction of the NF-kB/TGF-B pathway-repressing TF
HIVEP2%¢7 (linked to MSTRG.28277). We also find candidate IncRNAs
involved in pro-inflammatory mechanisms such as the methylation and
stabilisation of ICAM-1 by methyltransferase activity of NOP?’2 (linked to
CD27-AS1) and - as with the IncRNA candidates identified in the manuscript
in chapter 3 - production of CXCL8 and IL6. We further identify a candidate
INncRNA (BOLA3-AS1) linked to induction of the epigenetic demethylator
enzyme TET3 which has a described role in enhancing /L6 production?°,
Other IncRNAs are correlated with PCGs with literature that suggests their
involvement in the loss of VSMC identity which could be apparent in the
SVSMC model (ACTAZ2 expression is heavily repressed over the 24 hours). In
particular, HOXC6 and HOXCS8 are two TFs which are implicated in the
maturation of resident vessel wall resident VSMC progenitors?® so cis-
regulation by the neighbouring VSMC-enriched INcRNA HOTAIR (a possibility
initially explored in this locus in?”3) may be involved in VSMC maturation and

dedifferentiation. Another example is the induced FOXL7 TF which has been
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shown to allow of intestinal stem cells?%, possibly linking to a potential role in
loss of VSMC differentiation state in the SVSMC model.

4.4.3 Targeting IncRNAs acting upstream of proliferative pathways

Many of these highlighted candidate IncRNAs show rapid induction in
expression after stimulus which peak at the four hour timepoint before rapid
decreases. Genes with transient induction likely have a different role to genes
with more sustained induction. Indeed genes displaying differing half lives at
the RNA and protein level seem to form different functional groupings with
those which rapidy degrade on the RNA and protein level being enriched with
TFs274, Transient expression implies a need for precise control of such genes,
for instance to prevent wide-ranging harmful effects from over-production.
Targeting these underlying control mechanisms, for instance TF-regulating
IncRNAs, could be an effective strategy to halt the redirection of VSMCs. In
the context of SVSMC proliferation, we can transfect the vein graft with a
therapeutic agent at the point where mitogenic stimuli initiate redirection of the
cells from a quiescent to a proliferative or pro-inflammatory state. In our data,
we identify INcRNAs paired to FOXL1 or HIVEP2 TFs that could represent
upstream cis control mechanisms of these TFs which could be modified to
prevent downstream activation of their associated proliferative pathways
(Wnt/B-catenin?®® or NF-kB and TGF-B2%7 respectively). Such targets may be
less effective in other vascular remodelling circumstances where the initial
redirection of VSMCs towards proliferation and dedifferentiation has already
produced downstream consequences e.g. the development of an atheroma. In
these situations, early-response genes may still be of interest, due to their
potential to act upstream and negate multiple proliferative pathways but the
focus would naturally shift to those which are regulated in a less transient
manner for instance the early-response IncRNAs at the CXCL8 and IL6 locus
which remain highly expressed after the initial four hour burst of induction and

were also identified in the dataset of SVSMCs 72 hour dataset.
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4.4.4 Chapter 4 Summary

In this chapter we harness the improved coverage of pathologically-

associated IncRNAs in our expanded VSMC annotation to explore the

regulation of IncRNAs in the initial phases of SVSMCs responding to

cytokine/growth factor stimulus.

1.

In keeping with other studies?®*, we identify a strong enrichment of
IncRNAs amongst genes induced in VSMCs in the initial burst of
transcriptional activity after exposure to stimuli. Here we show this
occurs within a four hour time frame that precedes induction of cell cycle
genes and cell division but contains the largest transcriptional shifts

seen in the 24 hour SVSMC timecourse.

. LncRNAs which were VSMC-enriched or enhancer-transcribed

appeared central to this enrichment, suggesting these IncRNAs may be
particularly relevant in pushing VSMCs towards a proliferative state. In
contrast to cell cycle genes, TF dynamics were co-localised to the initial
four hour phase alongside IncRNAs, suggesting an interplay of IncRNA

and TFs during initial gene regulation activity.

To explore the impact of IncRNAs within the four hour window, we
looked at potential for cis effects, finding PCG and TFs in the flanks of
IncRNAs had a high tendency for differential expression. This was
particularly acute for those changing within four hours or those near
IncRNAs transcribed from enhancers. Further, IncRNA-PCG
neighbours that were both early-response genes also showed a
stronger tendency to correlate across all timepoints if they were both

differentially expressed in the first four hours.

Together this provides evidence suggesting that early IncRNA activity

impacts on later VSMC cell division, in part through regulating expression of

neighbouring PCGs, opening the door for further investigation of these pairings

to find novel mechanisms that induce VSMC transitions upstream of activation

of cell cycle genes.
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Chapter 5: Final Discussion
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5.1 The impact of this work

5.1.1 Providing a comprehensive annotation and characterisation

of IncRNAs associated with pathological VSMC states

Despite a central contributing role in the most ubiquitous and fatal of CVDs,
direct modulation of VSMC behaviour is not yet a clinical reality. To find new
targets, and help understand our current the actions of any current candidate
targets in development, requires thorough examination of the complex
mechanisms controlling VSMCs behaviour across different vascular beds and
stages of disease progression. In this thesis we contribute to these efforts
through providing a timely cataloguing of IncRNA expression in this
multifaceted cell type - focusing on INcCRNAs expressed within pathological
VSMC states. The specific expression profiles of IncRNAs across cell types,
patients and temporal windows means reference annotation cannot hope to
capture the full intricacies of their dynamics within such systems and focused
annotation efforts in specific biological contexts of interest must be
undertaken??7228.231  This specificity should be recognised and factored into

experimental design of IncCRNA studies using approaches such as ours.

Previous work has established various INncRNAs as drivers of VSMC-related
disease using different in vitro, in vivo and ex vivo models (section 1.3).
However, much remains to be done to provide a thorough transcriptomic
overview of their activation within VSMCs, particularly those which are
stimulated with typical triggers of pathological activity. This thesis addresses
this concern as one of very few studies exploring IncRNA annotation beyond
incomplete reference annotation in human VSMCs'60.165  the first to do this in
proliferative, pathological VSMCs, and the first in SMCs derived from
saphenous veins used in common vein grafting procedures. As the analysed
RNA sequencing datasets are not derived from polyA-selected RNA libraries,
this is also the first effort to improve coverage of non-polyadenylated IncRNAs
in VSMCs. In doing so we substantially widen the scope of candidate IncRNAs
driving VSMC pathology. Efforts like ours will spur the next phase of IncRNA
studies in which the key examples already discovered justify and drive efforts
to better understand gene regulation by the INcCRNA class as a whole.
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The pipeline we use to expand IncRNA annotation within VSMCs in chapter

3, alongside the application of this annotation to examine early IncRNA

dynamics during VSMC response to proliferative stimuli in chapter 4 provides

several immediate benefits for the study of VSMC-driven pathology:

1.

Candidate IncRNA drivers of VSMC pathology can be selected for study
with greater assurance that notable examples are not absent from

analysis.

LncRNAs with biased expression to VSMCs are identified. They may
have particular relevance for VSMC-specific pathways and function but
also may feed into regulation of more ubiquitously used gene control
mechanisms (as with SMILR'4). They may be useful as therapeutic

targets to reduce off-target effects on other cell types.

We identify cohorts of IncRNAs with particular traits that have been
under-explored so far in the VSMC literature. The IncRNAs revealed
through our pipeline showed a higher likelihood of being eIncRNAs and
VSMC-enriched IncRNAs than other INncRNAs. These IncRNA groups
are thus partly obscured in most previous VSMC IncRNA studies yet
here demonstrated particular relevance to VSMC pathology through
showing a higher tendency than other IncRNAs to be a) stimuli-

responsive and b) induced upstream of cell division.

Characterisation of gene/transcript structures of IncRNAs in VSMCs
provides valuable information to understand their regulation and design
future experiments in this cell type. We supported these efforts further
through improving annotation of the 5’ ends of IncRNA transcripts via
integrating with FANTOM CAGEseq data.

We need as comprehensive an understanding of disease systems as

possible to hope to modify them effectively. Annotation or cataloguing of gene

regulators in different cell types and states such as presented in this thesis is
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essential to aid this effort through firstly - and most obviously - providing new
candidates for regulatory components that are previously missing from our
models of disease systems. Examples of how previously unappreciated gene
regulation components can shift our perspective on biological systems are
many-fold in the decade or so since discovery of ncRNA function and have
been widely documented already in section 1.3 of this thesis in the context of
VSMCs. Secondly, annotation efforts such as ours can spur investigation of
differing function between cell types. This is particularly important for IncRNAs
which have a seemingly high capacity for cell-specific function'#’. Providing a
comprehensive expression profile during the study of IncRNAs (and gene
regulators more widely) is therefore crucial - aiding the formulation of initial
hypotheses and enabling detailed conclusions to be drawn from later
experimental characterisation studies in vivo. Thirdly, transcriptomic
cataloguing efforts can also help reveal previously unappreciated functions for
established gene regulators, e.g. through identifying novel isoforms for
characterised genes or novel overlapping genomic features. For example, in
this thesis we annotate enhancer regions with production of newly-assembled
IncRNAs during entry of VSMCs into pathological states. Another example
could be the future use of INncRNA annotation to reveal host transcripts which
may have a separate (or even opposing) phenotypic effect to their derived
miRNA or micropeptide product as demonstrated in recent documented cases
such as CARMN/miR-143/miR-145163.164 H19/miR-6759 and
LINC00961/SPAAR"™2, Expansion of IncRNA annotations is therefore not
solely useful as a strategy to find new therapeutic targets, but to also provide
new experimental avenues of investigation that can be used to build more

detailed models of gene regulation underlying vasculoproliferative pathology.

Successful gene therapy approaches are still rare generally but if (or when)
their take-up begins to accelerate, a need to refine and further develop their
application will remain alongside trialling of various alterative targets with the
joint aim of improving clinical outcomes. Developing a complete understanding
of transcriptional changes underlying VSMC pathological transitions is and will
be for the foreseeable future a key focus for studies hoping to build gene
therapy solutions for vasculoproliferative disease. The more background and

context provided for our models of vascular injury and regeneration the more
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we can hope to properly direct studies towards robust conclusions and fruitful

avenues of investigation.

5.1.2 Exploring novel candidate IncRNA drivers of VSMC
pathology

Several approaches are taken in this thesis to highlight IncRNAs of interest
to the field either through co-clustering with PCGs, expression profiling or
analysing potential cis pairings in their local genomic neighbourhood. These
cohorts are compiled chiefly to provide easily obtainable candidate IncRNAs
and enable studies to build on this work that could take any number of these
forward for phenotypic screening and characterisation. Our pipeline excels at
finding stimuli-responsive, VSMC-enriched IncRNAs and in chapter 3 we
identify 37 VSMC-enriched IncRNAs differentially expressed by either IL-
1a/PDGF-BB or pathological stiffness (46% were newly-assembled genes). Of
these, 13 (including SMILR) were induced between quiescence and IL-
1a/PDGF-BB proliferation and detectable in atherosclerotic plaque VSMCs
suggesting any identified function related to VSMC pathological transitions
would be physiologically relevant. We also reveal for the first time that VSMC-
enriched IncRNAs are particularly likely to be stimuli-responsive, as well as
present amongst the first genes responding to mitogenic stimuli. Studies
building on our work can explore whether they are involved in control of VSMC
identity or like SMILR, represent cell-specific controls of more core

mechanisms like the cell cycle.

Two loci of seemingly key importance to the SVSMC and IL-1a0/PDGF-BB
model are recurrently highlighted through this thesis, namely the loci upstream
of CXCL8 and IL6 — two critical genes in VSMC pathology - corresponding to
VSMClInc6 and AC002480.3 (or the proximal downstream gene AC002480.4).
VSMCincé is highlighted variously through notably high abundance and rate
of induction with IL-1a/PDGF-BB which is apparent within the first four hours
of the VSMC response. Further, the VSMC-enrichment of VSMCIinc6 could
exceed that of nearly all other IncRNAs and was seen enriched within more
VSMC subtypes than nearly all other IncRNAs. The IncRNA was also

enhancer-transcribed and could be linked to regulation of the neighbouring
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CXCL8 gene through GeneHancer interaction data as well as expression
correlation. AC002480.4 is also highlighted through early induction with IL-
1a/PDGF-BB and VSMC-enrichment as well as a pairing to /L6 via correlation
whilst the upstream AC002480.3 is also paired through GeneHancer

interaction data.

Our analysis may help in exploring complex IncRNA-dependent regulatory
mechanisms that appear to exist at these two cytokine-regulating loci. Both
AC002480.3 and the IncRNA UMLILO, which overlaps VSMCInc6é on the
opposite strand, have been shown through previous experimental
manipulation to be involved in epigenetic priming of /L6 and CXCLS8 - utilising
a similar cis regulatory mechanism that deposits H3K4me3 activation marks at
these loci when examined in endothelial cells or monocytes?’>. In FANTOM
expression data, AC002480.3 and UMLILO show no VSMC-enrichment
compared to their overlapping VSMC-enriched IncRNAs AC002480.4 and
VSMCinc6. UMLILO is also absent in all our datasets. This suggests the
potential existence of multiple IncRNA control mechanisms in the upstream
enhancer locus of both CXCL8 and /L6 which may be used preferentially by
differing cell types. Studies which explore the potential for AC002480.4 to aid
regulation of /L6 expression alongside AC002480.3 or similarly the role of
VSMCIné6 in regulation of CXCL8 expression alongside (or possibly instead of)
UMLILO would be useful to untangle these potential control sites further.
These loci are prime example of the need for studies like ours to tease out
differing cell type specific mechanisms of control at key loci and should
stimulate further studies into the other candidates highlighted through their

potential cis regulation of neighbours or VSMC-enrichment.

158



5.2 Limitations of this work

5.2.1 Completeness of the VSMC IncRNA annotation

The conclusions offered in this thesis must be considered alongside
limitations inherent to the sequencing technology used. As we rely on short-
read (i.e. <200bp) RNA sequencing to expand VSMC IncRNA annotations, we
are likely to have an unavoidable impact on transcript assembly accuracy
considering the well described pitfalls in the identification of full transcript
structures when using this technology in this way?%. In particular, obtaining
accurate information on splice junctions as well as transcript 5> and 3’ limits
relies on obtaining a sufficient level of read coverage across all these sites
which may be difficult to obtain for lowly expressed isoforms. Additionally, the
size of reads in such data means typically only a single exon-exon junction can
be covered by a single read which complicates determination of isoform
structure at complex loci where differing isoforms may share a proportion of

their splice sites.

In chapter 3 we examine transcript completeness within the non-reference
IncRNAs as unlike GENCODE IncRNAs, these were entirely derived from
short-read sequencing data processed by our pipeline. An initial validation of
structures was provided by use of CAGEseq data from FANTOM' to provide
experimental validation of 5 end for 75% of all newly-assembled IncRNA
transcripts. This indicates the maijority of these transcript assemblies were
largely complete at their 5’ end. In terms of gene structure, we observed that
77% of newly-assembled transcripts found across more than one of the
selected VSMC datasets are repeatedly assembled with the same intron chain,
suggesting that transcript assemblies repeatedly produced for the same
IncRNA across multiple datasets are highly consistent. Whilst together this
provides reassurance of the promoter regions and exonic structures for our
newly-assembed IncRNA structures, obtaining a complete impression of
isoform complexity relevant to VSMCs may require use of long-read
sequencing data at high depth in specific VSMC models of interest. For
instance, application of the capture long-read sequencing technique - where
probes are used to amplify read depth at loci of interest - can provide improved

annotations at selected INcCRNA loci and was used to improve annotation of
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the highly complex CARMN loci'®?. Notably, use of this technique requires
initial direction from studies like ours to provide the full range of IncRNAs of

interest to target with probes.

5.2.2 Comprehensiveness of the VSMC IncRNA annotation

As exemplified throughout this thesis, studies relying solely on reference
annotation to study IncRNAs in a particular biological context will likely contain
a narrowed field of view. Hence, whilst we make our expanded VSMC IncRNA
annotation available to be readily applicable into further work, it should not
necessarily be used as the reference annotation for studies examining VSMC
pathological states. Studies examining IncRNAs in other contexts of VSMC
pathology may well be better served through use of our pipeline to reveal new
intricacies present in other contexts. This construes another limitation in our
study in that although we explore multiple VSMC subtypes in multiple states,
complete accounting of INcRNA expression necessitates a level of profiling
beyond the scope of this thesis. Indeed, considering the range of mechanical
and biochemical stimuli VSMCs are exposed to and the estimated depth of
300 million reads per sample required to approach full identification of all
IncRNA genes??6, such an effort cannot be readily achieved using present
technological capacities. It would however be of use to do further targeted
profiling of VSMC subtypes at increased depths, particularly to tease out the
different proliferative capacities of arterial and venous cells (for instance within
the IL-1a/PDGF-BB stimulus model®?) to get perspective on differing IncRNA
dynamics across vascular beds. Ex vivo models used to show physiological
relevance of VSMC IncRNAs 74178 would also be useful to profile further. Other
VSMC contexts which would be interesting to profile with our pipeline and so
provide greater coverage of IncRNA activity within vasculoproliferative

pathology are highlighted in the manuscript discussion.

We also describe limitations in enhancer annotation via use of generic
databases such as GeneHancer?*> and FANTOM CAT'"36 rather than bespoke
annotation within the VSMC model of interest in the manuscript (section 3.3.4)
and additional work discussion (section 3.5.1) sections of chapter 3. An

experimental plan to tackle this is discussed in 5.3.1.
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5.2.3 Non-coding status of VSMC IncRNA annotation

Factors which affect the specificity of our pipeline to robustly assign coding
status to transcripts should also be considered. We incorporate PLAR and the
3 coding prediction tools it utilises as a way of stringently separating genuine
IncRNAs from transcripts which could be RNAseq artefacts (i.e. derived from
misaligned reads), unannotated PCGs or fragments of annotated PCGs 39238,
This stringency allows our conclusions to be made on a population of reliably
non-coding transcripts but may also exclude certain IncRNAs which
demonstrate features of PCGs. This particularly may apply particularly to the
minority of conserved IncRNAs???, as these are more likely to display
alignment to PCGs or codon conservation (used by CPC??® and RNAcode??
respectively) and/or be derived from ancestral PCGs. The conserved IncRNA
H19 for example is erroneously excluded by PLAR in our hands through
alignment to a putative ORF-containing ortholog in a rodent species in
reference annotation. Comparison to a gold standard set of IncRNAs could be
a potential solution as demonstrated by Chen et. al??2. However, such a set of
IncRNAs may be unreliable or hard to obtain; an ongoing debate in the IncRNA
field concerns the extent to which those which are found in the cytoplasm are
transcribed to produce micropeptides. None of the tools used within PLAR are
optimised to reliably find micropeptides — particularly considering recent
micropeptide catalogues which suggest conservation approaches will not
identify the full range of such translated molecules'®'. Micropeptide-producing
INcRNAs are unlikely misannotated PCGs - their peptide products being
biochemically distinct and present at lower levels'®3. Hence, our pipeline
stringently identifies non-artefactual, non-PCG transcripts which for ease we
refer to as IncRNAs - though an unknown quantity may be capable of

micropeptide production.
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5.2.4 Functionality within the VSMC IncRNA annotation

In chapters 3 and 4 we use criteria such as abundance, fold change
magnitude, early-responsiveness, VSMC-enrichment and potential for cis
regulation of neighbouring PCGs to highlight candidate drivers of VSMC
pathology worthy of investigation. However, these criteria — though valuable
for context — cannot be used to suggest the functionality of these INCRNAs.
Other criteria that can be used to suggest INcRNAs with greater functional
potential do exist but cannot be relied upon to definitively select all functional
IncRNAs - likely due to the diversity within the IncRNA class. For instance,
conservation of IncRNA sequence, promoter sites, position relative to
surrounding genes or any combination of these can be used to highlight
IncRNAs under some level of evolutionary constraint — suggesting they are
functionally important'3®. However key drivers of VSMC pathology such as
SMILR and SENCR have no ortholog in key animal models such as mouse or
pig'6%173 indicating use of this approach selects only a subset of functional
IncRNAs. Previous authors have also suggested that IncRNAs with increased
specificity of expression may be less likely conserved'3® — an observation
which if true would mean exploring INcRNA conservation in this thesis would
not be an approach that capitalises properly on the identification of our more

specifically expressed, newly-assembled IncRNA cohort.

Another approach to suggest INcRNA functionality is the use of SNP data to
link mutations at IncRNA loci to traits of interest (via GWAS) or to expression
of neighbouring genes (via eQTL analysis) — two features which correlate with
conservation and so can also be used as putative metrics of functional
potential’3¢. We utilise the second approach indirectly in chapter 3 through use
of GeneHancer interaction data to highlight candidate IncRNA genes of
interest. For instance, MSTRG. 10933 which contains an eQTL link to GLS
within the first exon. Overlap of GWAS data to our expanded VSMC IncRNA
annotation could also be fruitful. An issue is the necessity for GWAS
approaches to use population level data to identify correlations between SNPs
and disease traits or neighbouring gene expression which are apparent above
background biological variation in human populations. Recent studies using
increased sample size of biological replicates and tissue samples
encouragingly reveal 800 IncRNAs explicitly linked to traits using GWAS
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data?’®. The application of such tissue-level data here may be better suited to
identifying functionality amongst more ubiquitously expressed, highly
abundant IncRNAs rather than those which are cell-specific or lowly abundant.
Nonetheless advances in GWAS and eQTL datasets should be routinely
incorporated into studies focusing on identification of functional IncRNAs and

could be fruitful to use in our expanded VSMC annotation.

As our focus here remained on providing a comprehensive accounting of
IncRNAs within VSMC pathology we leave further analyses to identify subsets
of IncRNAs with functional potential via conservation or SNP methods for

future work by others.
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5.3 Framework for future experiments

As a proper accounting of transcriptional activity is crucial for IncRNA study,
our expanded VSMC IncRNA annotation can be used as a foundation for
multiple strands of investigation to identify novel IncRNA contributions to
pathology. Experimental plans to explore several of these strands are laid out
here. As the earlier phases of SVSMC proliferation have been analysed in
greater depth in chapter 4 and can be readily studied within our research group
these plans focus on drawing further context for IncRNAs active in this model
- aiming to outline those involved in early cis-regulation, miRNA or

micropeptide production as well as those conserved in a large animal model.

5.3.1 Improving analysis of candidate cis-acting IncRNAs through

collection of bespoke enhancer annotation data

Newly-assembled IncRNAs we uncover in VSMC pathological states tend
towards low abundance and enhancer-transcription — traits representative of
cis-acting IncRNAs?%2, We also identify strongest evidence for IncRNA-
dependent cis-regulation in the first four hours of stimulus response in the
SVSMC model and particularly focused around elncRNAs. Candidate cis-
acting IncRNAs active in SVSMCs are identified in chapter 3 using
GeneHancer and FANTOM interaction data and in chapter 4 using correlation
to associate IncRNAs with neighbouring PCG loci within an earlier timeframe.
These initial candidates provide a justification to obtain bespoke enhancer
annotation data within the SVSMC model to obtain a more accurately
assembled group of candidate cis-acting INncRNAs and their putative targeted
PCGs.

A more accurate enhancer annotation could aim firstly to improve our
method to annotate eIncRNAs. We rely in this thesis on enhancer annotation
data obtained from a wide range of cell types in the GeneHancer and FANTOM
databases yet enhancer activity and elncRNA expression is known to be cell-
type specific'36:255, Obtaining ChIPseq data within the SVSMC timecourse
experiment (ideally within the same biological replicates) for H3K27ac and
H3K4me1 (as exemplified in Angiotensin-Il stimulated VSMCs'®) would be
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sufficient to increase our annotation power and provide a more representative
group of eIncRNAs, including those which are more specifically expressed in
SVSMCs or in response to IL-1a/PDGF-BB. Such data would also allow
identifying early-response enhancers as well as super-enhancers — regions of
particularly dense enhancer markings tied to cellular identity?’” and enhanced
miRNA production®® (see 5.3.2). We also note in chapter 4 increased
evidence of cis effects around eIncRNAs relative to other IncRNAs within the
first four hours of stimuli but cannot compare to enhancers which do not
produce IncRNAs. Identifying increased tendency for PCG differential
expression at IncRNA-producing enhancers relative to other enhancers would
associate IncRNA production with greater enhancer activity — in keeping with
previous observations?®. Together this data would refine (and possibly
expand) our list of candidate elncRNA-PCG pairings whilst also highlighting
enhancer dynamics in the SVSMC model and testing the hypothesis that an
interplay of IncRNA and enhancer function drives VSMC pathology. This would
help to justify (or rule out) further experimental characterisation at elncRNA

loci of interest.

5.3.2 Exploring the interplay between IncRNA host genes and
miRNAs within VSMC pathology

The role of IncRNAs as host genes for miRNAs is relatively unexplored at
present. Though many host genes may act simply to produce simple precursor
transcripts to be rapidly processed by miRNA biogenesis machinery, others
may also have independent function. Key examples include CARMN as host
of miR-143/145'93.164 and H19 as host of MiR-675"% — both of which have been
described as loci which seemingly produce IncRNA and miRNA as two distinct
functional units (referred to hereon as dual functional loci). Investigation of
such loci may be a viable strategy to identify functional IncRNAs driving VSMC
pathology. The mechanism of action for miRNAs is well established with a high
number characterised in VSMCs?’®. Therefore, the characterisation of
associated host INcRNA isoforms, or non-host isoforms within the same gene,
may help identify mechanisms which support or contrast with the function of

the produced miRNA. Interrogation of miRNA host genes requires specific
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knowledge of isoform structure within the biological context being probed. For
instance, the INcRNA gene MIR222HG produces a miRNA hosting isoform and
at least two non-miRNA hosting isoforms with the latter two exhibiting distinct
miRNA-independent function?8°, Our bespoke VSMC annotation is therefore
well suited to the task of identifying host INcRNAs producing either miRNAs,
particularly with the use of CAGEseq data to improve accuracy in delineating

the various TSSs within host genes.

To implement a study to identify and characterise candidate dual functional
IncRNA-miRNA loci, we would use available small RNAseq data obtained from
the same samples (again by Drs A.Mahmoud and M.Ballantyne) as were used
to produce total RNAseq data of the early phases of IL-1a/PDGF-BB-induced
SVSMC proliferation analysed in chapter 4. We therefore would have a small
RNA library paired with a total RNA library for each sample at each timepoint,
allowing identification of early-responsive miRNAs and their requisite IncRNA
hosts whilst omitting any variation from using samples collected from different

biological replicates from separate batches.

To identify INcRNA-miRNA loci of interest, we would firstly identify all loci
where either a miRNA-hosting INcCRNA or overlapping miRNA are differentially
expressed within the initial 24 hours of IL-1a/PDGF-BB response. An initial
strategy to then identify dual functional IncRNA-miRNA loci would focus on loci
with both miRNA overlapping (host) isoforms and non-miRNA overlapping
(non-host) isoforms. In these loci we would perform an analysis to highlight
where host isoforms show signs of being regulated separately to non-miRNA
host isoforms. If we observe host gene and miRNA expression negatively
correlating over the 24 hours this provides initial indication that host isoforms
and non-host isoforms are separately regulated at such loci providing a cohort
of miRNA loci with potential for independent INcCRNA host gene function.
Notably, preliminary data shows downregulation of CARMN over 24 hours IL-
1a/PDGF-BB exposure alongside stable expression of miR-143/miR-145,
suggesting dual-function loci may also show no correlation within this time
frame. If few or no negatively correlating INcRNA-miRNA examples are found
we could examine all loci which do not have positive correlation to gain a wider

candidate pool.
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The above method aims to find INncRNA-miRNA loci where IncRNAs and
miRNAs are separately regulated to identify potential dual functionality.
However, INcRNA-miRNA loci with joint regulation (and so similar expression
dynamics) could also be dual-functional loci (e.g. the miRs and IncRNAs at the
MIR222HG locus originate from the same TSS28). These would likely
positively correlate in a similar fashion to INcRNA-miRNA loci where IncRNA
hosts have no independent function. This makes them hard to identify using
integration of small and total RNAseq datasets. To include such loci, we could
instead use an alternative method to highlight candidate IncRNA-miRNA loci —
focusing on their potential importance to VSMC regulation rather than separate
regulatory patterns. For instance, several INcCRNA-miRNA loci appear to be
super-enhancer based'63281 - regions linked to control of cell identity?’7,
increased recruitment of miRNA processing enzymes and increased miRNA
abundance?’8. Identifying miRNA-independent function for IncRNAs at such
super-enhancer loci would therefore be of particular interest. The strategy laid
out in section 5.3.1 could be used to obtain bespoke enhancer annotation to
highlight these - focusing on newly-annotated super-enhancer regions which
are found to be dynamically regulated during the first 24 hours of IL-1a/PDGF-
BB exposure in the SVSMC model. Preliminary data suggests the INncCRNA-
miRNA loci CARMN/miR-143/145, MIR3142HG/miR-146a and
MIR155HG/miR-155, MIR222HG/miR-221/miR-222 would be amongst those
highlighted by such methodology within the SVSMC model - based on their
differential expression or prior super-enhancer annotation available in the

literature 164,188,281

Once a pool of candidate dual functional IncRNA-miRNA loci are obtained,
those loci of interest for further experimentation could be selected based on
criteria which suggest the importance of the miRNA to the SVSMC model.
These would include the availability of literature for the miRNA in VSMC
pathology, the number of predicted mRNA targets which negatively correlate
with the miRNA within the timecourse data and also the relative abundance of
the miRNA within the overall miRNA pool. Experimental characterisation would
focus on isolating distinct phenotypic effects from miRNA and IncRNA on IL-
1a/PDGF-BB-induced SVSMC proliferation. An initial step would be to validate
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the miRNA expression and use knockdown and overexpression to

demonstrate a phenotypic influence within the model.

The experimental design to characterise an independent function for any
candidate IncRNA host gene will be highly dependent on isoform complexity
at the locus. Nascent transcript sequencing techniques could be utilised to
properly determine TSS usage at the IncRNA-miRNA locus without
interference from mMIiRNA biogenesis and degradation of host isoforms?®2,
These techniques could also be coupled to long-read sequencing to provide a
more definitive exonic structures and quantifications of host and non-host
isoforms at such loci?®3. If host isoforms are definitively shown to have a distinct
exonic sequence or TSS to non-host isoforms then it may be possible to
selectively target one or the other group of isoforms to examine potential for
differing phenotypic effects. Otherwise, knockdown of the entire host locus
through either ASO (if a common exon can be found between all isoforms) or
CRISPR/Cas9 approaches may be necessary to look for any effect on IL-
1a/PDGF-BB-induced SVSMC proliferation. After establishing that host
knockdown leads to loss of miRNA expression, reintroduction of the miRNA
using mimics can then help ascertain distinct phenotypic effects and establish
or disprove dual functionality as demonstrated for CARMN'64 and H19'%5. This
experimental plan could link together key classes of genetic regulators
(IncRNAs, miRNAs and potentially enhancers) and is a promising route to

obtain novel regulatory insights into important loci driving VSMC pathology.

5.3.3 Identifying IncRNA drivers of VSMC pathology applicable to

a large animal model of cardiovascular disease

Identification of IncRNA orthologs in a closely related animal model
resembling human disease is a viable route to select candidates that can be
tested in vivo and so have particular translational potential. Pig models of
atherosclerosis have closer resemblance to human plaque pathology than
mouse?®* and so pig models are invaluable tool to study VSMC dynamics in
vivo. Despite this they are so far underused for this purpose, with no published
work yet attempting large-scale identification of human-pig conserved INcCRNA

drivers of VSMC pathology. Non-human species generally have particularly
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incomplete INcRNA annotation that typically hampers ready identification of
specific INcRNA orthologs but in pig we would have access to a recently
published extensive transcript annotation dataset which combines high depth
short-read and long-read sequencing methods across tissues?®. This could be
used as a foundational reference transcriptome to use in conjunction with our
pipeline to create a bespoke pig VSMC annotation, adding in novel transcripts
from RNAseq data of pig VSMCs treated with the analogous IL-1a/PDGF-BB
treatment. This would provide a mirror to the SVSMC annotation created in
chapter 3 of this thesis. Implementation of conservation comparisons could be
done using the tool sincky???, which allows ready identification of IncRNA
orthologs and their categorisation by sequence or positional conservation.
Positionally-conserved orthologs with lack of sequence homology are
important to include in such a study as they can be used to infer more likely
cis-acting IncRNAs. In these cases, conservation of the transcript sequence
and structure (so trans binding capacity) is less important than conservation of
the act of transcription at this site (for instance, leading to a change in
chromatin conformation or blockage of a downstream TSS)'38. This data could
therefore also be useful to aid investigation of candidate cis-acting IncRNAs

identified throughout this thesis.
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