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Abstract
Over 17 million yearly deaths are caused by cardiovascular diseases worldwide, and
up to 80% are due to heart attacks and strokes caused by atherosclerosis: fatty plaque
build-up within artery walls restricting blood flow. Atherosclerotic plaque can also build
up in arteries supplying the extremities such as the arms and legs; this is called
peripheral arterial disease and is the 3rd most common atherosclerotic disease
following that of the coronary arteries and cerebral arteries. With no cure for chronic
ischemic diseases, clinical management includes reducing risk factors and utilising
drug therapies to help with ailments that exacerbate disease such as diabetes and
hypertension. Surgical intervention is a last resort with a high number of peripheral
arterial disease patients requiring limb amputation. To avoid this, many clinical trials
have attempted to increase patients’ blood flow by targeting endothelial cells and
stimulating angiogenesis, the development of new blood vessels from pre-existing
vessels. However, none of these attempts have led to a curative therapy yet. To
prevent ischemic disease from escalating to amputation, heart attacks, or strokes, it
is vital we find a way to combat them at early stages. Endothelial dysfunction, the
aberrant or extended activation of adaptive endothelial behaviours, is an early event
in atherosclerotic development, hence further understanding of endothelial molecular
mechanisms is required.

Long non-coding RNAs (lncRNAs) regulate many cell functions but are not well
characterised and are poorly understood due to their previous categorisation as ‘junk
DNA’.

Several lncRNAs have been identified in aspects of cardiovascular

pathophysiology, however, the human genome is estimated to possess ~ 270,000
lncRNAs, ergo many remain undiscovered. High-throughput RNA-sequencing in a
human embryonic stem cell to endothelial cell differentiation protocol identified the
lncRNA LINC00961 as endothelial enriched. This locus houses a micropeptide, small
peptide of amino acid regulation (SPAAR), and has a mouse homologue; unique
factors suggesting an important and evolutionary conserved function. Therefore, this
project sought to investigate the role of the LINC00961 locus in the endothelium.

Knock down of LINC00961 expression by ~90% was achieved in human umbilical
vein endothelial cells which significantly reduced several endothelial functions; tubule
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formation, proliferation, adhesion, migration, and barrier integrity. The LINC00961
locus knock out mouse line showed no lethality; however, a foetal growth restriction
like phenotype was identified in male LINC00961-/- animals; these offspring were
significantly smaller and lighter with an increased brain weight to body ratio at 9 weeks
of age. Cardiac ultrasound at 8 weeks of age found no differences in cardiac output
between female LINC00961-/- and wildtype controls. However, reduced left ventricular
wall diameter, slower mitral valve deceleration, and isovolumetric contraction time
were observed in these mice. This restricted heart filling and compromised myocardial
relaxation indicates the early stages of diastolic dysfunction.
Adult male LINC00961-/- and wild type control mice underwent surgically induced hind
limb ischemia. Comparable to in vitro data, LINC00961 deletion caused transient
changes to capillary number during early hypoxic injury, and a lack of mature smooth muscle actin vessels at baseline, indicating underlying issues with vessel
physiology. Crucially, lentiviral overexpression cassettes showed LINC00961 acted
independently of SPAAR in human umbilical vein endothelial cells, and LINC00961
and SPAAR were linked to the actin binding proteins thymosin -4 and SYNE1,
respectively.

LINC00961 and SPAAR are encoded by the same locus but have opposing effects
on angiogenesis. Reduction of locus expression also affected other endothelial
behaviours; thus, this locus contributes to maintaining proper endothelial function.
This refinement of angiogenic control may be in part due to actin cytoskeletal
regulation via thymosin -4 and SYNE1 interactions. Murine LINC00961 contributes
to blood vessel physiology and may also have a role in heart physiology given the
altered parameters in LINC00961-/- hearts. Therefore, this locus has important roles
in several aspects of cardiovascular biology and is a potential novel target for
therapeutic regulation of angiogenesis in patients with compromised blood flow.
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Lay summary
The human cardiovascular system comprises the heart and blood vessels and is a
vast complex system whose main function is to pump blood from the heart to the rest
of the body delivering the vital oxygen and nutrients our tissues require. Over 17
million yearly deaths are caused by cardiovascular diseases worldwide, particularly
from atherosclerotic disease, which is the build-up of fatty plaques within artery walls
that can calcify and stiffen causing restricted blood flow. When atherosclerotic
plaques occur in the coronary and cerebral arteries, they can lead to heart attacks
and strokes respectively, collectively accounting for up to 80% of yearly worldwide
deaths caused by cardiovascular disease. Peripheral arterial disease is the third most
common atherosclerotic disease and is the formation of plaques in arteries supplying
the arms and legs, subsequently causing restricted blood flow in the extremities,
which can lead to limb amputation, especially in patients with further compromised
vessels such as diabetic and hypertensive patients. With no cure for these chronic
ischemic diseases, clinical management includes reducing risk factors, utilising drug
therapies, and as a last resort, surgical intervention to attempt to either bypass a
blocked artery (e.g., coronary artery by-pass graph), or potentially amputate limbs if
peripheral arterial disease has progressed to end stage disease. To avoid these
measures, many clinical trials have attempted to revascularize tissue and increase
patients’ blood flow by targeting endothelial cells which line the luminal side of blood
vessels, to stimulate angiogenesis, the development of new blood vessels from preexisting vessels. However, none of these attempts have led to a curative therapy yet.

The endothelium has many important functions besides angiogenesis, such as
forming a barrier for larger molecules, interactions with the immune system, and
communication with the surrounding smooth muscle in larger vessels to modulate
contraction and relaxation. Under normal physiological conditions, endothelial cells
are quiescent (non- proliferative), and adhere tightly to each other. However, when
stimulated, they become activated and adapt their behaviour according to the
stimulus. When endothelial cells become aberrantly activated or activation is
prolonged beyond what is needed, their function is referred to as dysfunctional. This
dysfunction is an initial step in the development of systemic vascular diseases such
as atherosclerosis and therefore better understanding of endothelial biology can aid
in the discovery of therapeutic agents to combat ischemic disease.
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Ribonucleic acid (RNA) is an intermediate molecule involved in turning information in
the DNA of genes into functional proteins. Long non-coding RNAs (lncRNAs) are RNA
molecules that lack this protein coding potential of genes and are poorly understood.
LncRNAs have previously been discarded as unimportant and arising from ‘junk
DNA’, however, in recent years their importance in biological functions has come to
light and they offer novel mechanisms of cellular functions, and therefore the potential
to develop new therapeutics for disease treatment, especially considering there is
estimated to be up to 270,000 lncRNAs in the human genome.

This project investigated the function of an endothelial enriched lncRNA, LINC00961,
which also encodes a small protein termed SPAAR. Depletion of this transcript in
human primary endothelial cells resulted in a myriad of defects including failure of the
endothelium to form capillary vessel like networks, reduced cell-cell adherence,
reduced cell proliferation, and disruption of the endothelial barrier. LINC00961 has a
mouse homologue, a rare feature of lncRNAs suggesting a conserved evolutionary
function: We therefore generated a LINC00961 locus knock out (KO) mouse and
utilised the murine hind limb ischaemia model, to mimic human peripheral arterial
disease, and investigated the effects of this deletion on angiogenesis, which is a vital
process in response to ischaemia and regeneration after injury. The KO offspring
were viable; however, male LINC00961 KO animals were significantly smaller and
lighter with an increased brain weight to body ratio at 9 weeks of age. This indicates
they have a foetal growth restriction like phenotype affecting their development in
utero which could affect their risk of cardiovascular diseases such as a heart attack
or stroke, later in life. Cardiac ultrasound at 8 weeks of age found no differences in
cardiac output between female LINC00961 KO and wildtype controls. However,
reduced left ventricular wall diameter, slower mitral valve deceleration and
isovolumetric contraction time were observed in these KO mice. These data show that
they have restricted heart filling and compromised heart muscle relaxation indicating
the early stages of diastolic dysfunction and suggesting they may have an increased
risk for heart problems later in life.

Adult male LINC00961 KO and wildtype mice underwent surgery to induced hind limb
ischemia, which is lack of blood flow to the back leg. This was achieved by blocking
one of the femoral arteries, which are the largest arteries supplying blood to the legs.
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LINC00961 deletion caused a lack of mature larger vessels at baseline and transient
changes to capillary number during hypoxic injury, indicating underlying issues with
vessels in the muscle of the mouse leg. Crucially, separate overexpression
experiments showed LINC00961 acted independently of its micropeptide SPAAR;
LINC00961 was shown to be anti-angiogenic, and SPAAR pro-angiogenic, although
their precise regulation requires further investigation. The actin cytoskeleton provides
important cellular structure allowing cells to dynamically change shape (required in
angiogenesis) among having many other functions. Interestingly, both LINC00961
and SPAAR likely exert their effects through pathways that involve interactions with
actin-binding proteins as LINC00961 and SPAAR were found to bind to thymosin -4
and SYNE1 respectively, although further investigation into these specific pathways
is required.

In conclusion, this project identified a functional role for the LINC00961 locus in
human and mouse. LINC00961 and SPAAR are encoded by the same locus but have
opposing effects on blood vessel growth and function on angiogenesis. Reduction of
locus expression also affected other endothelial behaviours; thus, this locus is
important in maintaining proper endothelial function. This refinement of angiogenic
control may be in part due to actin cytoskeletal regulation via thymosin -4 and SYNE1
interactions. Mouse LINC00961 contributes to blood vessel physiology, and may also
have a role in heart physiology, given the altered parameters in young LINC00961 KO
hearts. Therefore, this locus has important roles in several aspects of cardiovascular
biology and is a potential novel target for therapeutic regulation of angiogenesis in
patients with compromised blood flow.
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Chapter 1 Introduction
1.1 Cardiovascular disease
1.1.1 Atherosclerosis
Over 17 million yearly deaths are caused by cardiovascular diseases worldwide, and
up to 80% are due to heart attacks and strokes caused by atherosclerosis; fatty plaque
build-up within artery walls which narrows the lumen and restricts blood flow
(http://www.who.int/cardiovascular_diseases/en/). At the molecular and cellular levels
atherosclerosis is a complex disease involving endothelial cells (ECs), leukocytes,
and smooth muscle cells (SMCs) in the artery wall [1]. In atherosclerosis, an artery
wall develops a lipid rich plaque containing leukocytes and high amounts of lowdensity lipoproteins (LDL) and pathological oxidised-LDL [2]. As a plaque develops
and increases in size, it narrows the lumen which restricts blood flow and causes
vessel remodelling; SMCs in the artery wall proliferate, and chronic inflammation in
the vessel wall develops [1, 3, 4]. Ultimately the plaque can develop a thin fibrous cap
on the luminal side which can be prone to rupture causing thrombi to form, completely
blocking blood flow [5]. Alternatively, an unruptured or stable plaque can become so
large that it completely blocks the lumen, preventing blood flow.

Due to anatomical location, disrupted shear stress (blood flow), such as that found in
a branched or curved vessel, and cell lineage, atherosclerotic plaques notoriously
develop in known lesion prone areas and consequently cause disease [6]. Notably,
the inner arch of the ascending aorta is lesion prone [7] as well as atherosclerotic
plaque development in the Circle of Willis in the brain which has been linked to the
development of Alzheimer’s disease (Beach 2007); plaques in the coronary arteries
which can lead to myocardial infarction (MI); plaques in the carotid or cerebral arteries
which can lead to ischaemic strokes; and plaques in the arteries of the limbs which
can cause peripheral arterial disease (PAD), as shown in Figure 1.1. With no cure for
chronic ischaemic diseases, clinical management includes reducing risk factors and
utilising drug therapies to help with ailments that exacerbate disease such as diabetes
and hypertension. Therefore, arterial development, anatomy, and growth and repair
after injury have been intensely studied to understand the biology of healthy and
diseased vessels [8]. It is vital we find a way to combat plaque and disease
development at early stages to prevent ischaemic disease from escalating to heart
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attacks, strokes or amputations, therefore, we need to understand the molecular
underpinnings of disease initiation and development.

Figure 1.1 Atherosclerotic plaque progression and disease outcomes.
Schematic showing a healthy artery developing an atherosclerotic plaque over time,
eventually leading to blood flow blockage and fibrous cap development, causing a
pro-thrombotic environment, and the main ischaemic events that can occur due to
atherosclerotic disease, myocardial infarction, stroke, and peripheral arterial disease.
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1.1.2 Peripheral Arterial Disease
Atherosclerosis in the systemic circulation can cause peripheral arterial disease
(PAD) (Refer to Figure 1.1), the 3rd most common atherosclerotic disease following
that of the coronary and cerebral arteries [9]. It was estimated in 2010 that PAD affects
202 million people worldwide [10]. Ultimately, prolonged arterial occlusion leads to
hypoxia and tissue necrosis termed critical limb ischaemia (CLI) which can result in
amputation [10]. Currently, around a quarter of CLI patients require amputation every
year [11]. A recent study showed that although the prevalence of PAD has decreased
in Europe and the USA since 1990, concerningly, mortality rates related to PAD have
actually increased [12] despite the advancement in surgical procedures. Therefore,
there is a need to develop therapeutics for disease intervention [13]. Occlusion in the
abdominal aorta can cause claudication in the buttocks, thighs, and calf muscles,
causing bilateral PAD, whereas occlusion in the popliteal, common iliac, common
femoral, and superficial femoral arteries can cause unilateral PAD [14]. Symptoms of
PAD can vary depending on the severity of disease at presentation, for example
intermittent claudication (aching muscle) can occur in the above muscles and
disappear with rest. Other symptoms can include pain during exercise or rest,
ulceration, paralysis, a cold foot/limb, and gangrene. However, patients can be
asymptomatic in later stages of the disease [14]; this is especially of concern for
diabetic PAD patients as nerve damage caused by diabetic neuropathy contributes to
the number of asymptomatic patients who presents at a later stage of disease [15].
As such diagnosis relies on clinical guidelines which include an ankle-brachial index
(ABI) ≤ 0.9; this refers to the ratio of blood pressure in the ankle compared to blood
pressure in the arm. An ABI < 0.9 is also an indicator of systemic atherosclerosis [14].
This is important as PAD is already recognised as a disease reflecting generalised
atherosclerosis within the vascular system and therefore its presence/diagnosis
increases the risk of other cardiovascular events and complications [15, 16]. However,
a recent study revealed that measuring atherosclerotic plaque deposition in a patient’s
arteries does not help predict PAD patient mortality rates. Interestingly, this study did
show that cardiac troponin T levels negatively correlated with PAD patient survival
[17]. Recently, Chevalier & colleagues (2020) uncovered a role for endothelial-tomesenchymal transition (EndoMT) in the microvasculature of patients with CLI which
is a further pathophysiology contributing to luminal blockage and ischaemia, besides
the initial development of atherosclerotic plaques [18], further indicating the
complexities of this disease.
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1.1.3 Myocardial infarction
Atherosclerotic plaque build-up in the coronary arteries is the main cause of an MI
(Figure 1.1). Severe luminal narrowing or rupture of an unstable plaque can lead to
blood clots and vessel blockage resulting in ischaemic heart tissues [19]. Prolonged
lack of blood flow, and therefore oxygen, to a portion of heart muscle ultimately results
in necrosis of ischaemic muscle and formation of a fibrotic scar. Clinicians differentiate
MI patients into ST elevation MI (STEMI), based on alterations to the ST wave on a
patients’ electrocardiogram (ECG), or non-STEMI patients, the latter of which is
considered less severe [20]. STEMI patients present with one of their coronary
arteries completely blocked, develop larger infarcts with a larger portion of the heart
muscle at risk from becoming infarcted, and have less collateral blood supply [20].
Although MI survival rates are at their highest, factors such as an increasing
population and life expectancy increases ultimately increase the disease burden of
MI, especially when we consider the increasing survival rates of MI patients and their
increased risk for future cardiovascular events such as another MI or other
complications from atherosclerotic disease such as stroke; these patients are also at
an increased risk for all-cause mortality (death by any cause) [21] [22] and ultimately
having an MI shortens a patient’s life expectancy by >16 years [23] [24]. It is therefore
important that we increase our knowledge of the underlying mechanisms contributing
to the development of MI in order to guide both preventative measures and treatment
post MI to further improve morbidity and mortality rates and patient quality of life post
MI.
Clinically, in-stent restenosis (development of a second blockage in an artery having
previously undergone angioplasty to remove a blockage) is estimated to occur in up
to 10% of patients having undergone coronary angioplasties despite the advances in
surgical interventions such as drug coated stents to try to avoid this [25]. Half of all
saphenous vein bypass grafts also fail within 10 years due to neointimal formation
(blockage of the lumen caused by SMC hyperplasia); the pathophysiology of which
also includes prolonged EC activation and dysfunction [26]. EC dysfunction has also
been reported in coronary artery disease (CAD), diabetes, hypertensive patients,
hypercholesterolemia, pulmonary arterial hypertension, lupus, and in smokers [27,
28], further validating the need to understand and find ways to modulate EC
dysfunction.
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1.2 Endothelial Cells
The endothelium regulates homeostasis of the vasculature and represents a
monolayer barrier between the vessel wall and blood. ECs play important roles in
regulating shear stress, permeable barrier maintenance, leukocyte extravasation,
blood clotting, inflammation, vascular tone, extracellular matrix (ECM) deposition, and
vasoconstriction and vasodilation [7, 29] [27] [30]. They respond and adapt to changes
in blood flow and blood components, and although usually maintaining a physiological
state of anti-inflammation, anti-thrombosis, vessel dilation, and maintenance of tight
junctions, activation of these cells produces an environment adapted for blood
coagulation, inflammation, and vasoconstriction which are necessary for wound
healing and repair of vessel wall injury [29]. Mature blood vessel ECs are in a
quiescent state with a low baseline turnover rate [31] and upon activation such as
responding to damage or stimuli to undergo angiogenesis, adapt their behaviour
accordingly. However, aberrant or uncontrolled activation leads to EC dysfunction
which is an early event in atherosclerotic development [29]. Upon activation, ECs
produce platelet activating factor (PAF) causing platelets and neutrophils to adhere to
the endothelium. This, alongside the release of von Willebrand factor (vWF) from the
endothelium, creates a pro-coagulation environment and potentiates leukocyte
adherence. Vessel permeabilization is increased with endothelial activation and leads
to leaky blood vessels and a proinflammatory environment [30].
Despite creating a continuous layer throughout the vascular system, ECs are
heterogeneous in nature and different vascular beds such as arterial and venous ECs
and have differing spatiotemporal gene expression profiles [30] [32]. Maladaptive EC
behaviour differs across vascular beds which parallels the development of
atherosclerosis in plaque prone regions. Factors such as local hemodynamics/blood
pressure, shear stress, genetics, and local immunological reactions affect ECs and
vascular beds can respond differently to insults such as hypercholesterolaemia,
injury, and oxidative stress [6, 32]. Ultimately, endothelial dysfunction can lead to dedeendothelialised areas of arterial wall plaques exposing sub-endothelial components
and facilitating platelet attachment to the plaque [33].
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1.2.1 Angiogenesis
Angiogenesis is the process by which new blood vessels (capillaries) arise from preexisting capillaries, for example, in the adult during wound healing and in female
reproductive health [34]. This contrasts with vasculogenesis, the process whereby
blood vessels first develop during embryogenesis. Once this primary network is
established, angiogenesis expands and remodels the circulation, and continues to
repair vessels upon damage [35]. During angiogenesis ECs undergo sprouting,
proliferation,

migration,

and

anastomose to form

new

capillaries

in the

microvasculature [36]. Sprouting angiogenesis includes quiescent EC activation,
proliferation, migration, and tubule formation. Here, ECs can return to quiescence
[37]. For ECs to migrate, partial degradation of the ECM is required to allow movement
of the cells along a gradient of proangiogenic factors such as vascular endothelial cell
growth factor (VEGF) [38] demonstrated in Figure 1.2 with VEGF as a stimulant
binding to VEGF receptors (VEGFR) on ECs and endothelial release of platelet
derived growth factor (PDGF) signalling to the supporting cells in the stroma [39].
Capillaries are also supported by the presence of contractile, mesenchymal plastic
mural cells called pericytes which extend projections into the basement membrane to
interact with ECs [40] [41]. Pericytes are classed as EC regulators; they detach from
capillaries during angiogenic sprouting and interact with ECs to stabilise maturing
vessels in later stages of angiogenesis, however, their other functions remain poorly
understood [41, 42].
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Figure 1.2 Angiogenesis.
New blood vessels sprout from pre-existing vessels and elongate in the direction from
which they receive an angiogenic stimuli e.g., Vascular endothelial growth factor
(VEGF). Endothelial cells secrete platelet derived growth factor (PDGF) which acts in
an autocrine manner on the endothelium promoting angiogenesis. Pericytes are
recruited to support mature capillaries.
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The most investigated and characterised of the pro-angiogenic molecules is VEGF-A
(referred to here as VEGF), although the collective VEGF family also includes VEGFB, -C -D, and placental growth factor [43]. Additionally, many other pro-angiogenic
molecules have been identified such as PDGF, fibroblast growth factor (FGF), and
angiopoietin 1 (ANG-1). In contrast, anti-angiogenic molecules include ANG-2,
endostatin, interferon (IFN) α and β, and monocyte chemoattractant protein (MCP-1)
[44] [45].
Endogenously, upregulation of VEGF and thereby angiogenesis is regulated by
hypoxia, a lack of oxygen in body tissues, which stimulates VEGF tissue upregulation
signalling via its receptors on the endothelium to initiate angiogenesis [45]. The
transcription of VEGF and other hypoxia responsive genes (HRGs) (such as VEGFR1
and 2, endoglin, endothelin-1, endothelial nitric oxide synthase (eNOS), and
erythropoietin) [45] is controlled by the hypoxia inducible factor (HIF) regulatory
pathway, orchestrated by the transcription factors HIF1-, responsible for EC hypoxic
gene regulation in acute hypoxia, and

HIF2-, responsible for hypoxic gene

regulation in prolonged hypoxia in ECs [46]. Currently, over 100 genes have been
reported to be regulated by hypoxia [47, 48], the molecular mechanism of which is
HIF stabilisation. Under normoxic conditions HIFs are degraded in an oxygen
dependent pathway [49], however, when oxygen levels are low HIFs are not degraded
and instead translocate to the nucleus where they control gene expression by binding
to DNA elements called HIF responsive elements (HRE), consequently inducing
hypoxic gene profiles [46].
Endothelial progenitor cells (EPCs) have been defined as cells similar to ECs which
circulate in the blood, are capable of adhering to the endothelium, can contribute to
new vessel growth and restore EC coverage [50].There have been several
hypotheses as to the origins of EPCs such as suggestions that they originate from the
bone marrow [51]. Although a large number of circulating ECs have been shown to
be apoptotic [52] a portion may be terminally differentiated ECs which have become
detached from the endothelium and retain the ability to form colonies by clonal
expansion [53, 54] and protocols have been designed to isolate EPCs from patient
peripheral blood and culture the ones which form colonies for research purposes [52,
55]. The presence of vascular injury and vascular regeneration has been correlated
to an increase in the number of EPCs in the circulation [31]. EPCs have been reported
to express a variety of different markers and characteristics, and as such no definitive
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panel of cell surface markers has been agreed upon which identifies these cells [50],
never-the-less, these cells have been proven to be important to endothelial
homeostasis and vessel repair. Interestingly, they have been shown to decline in
number with age and a lower number of circulating EPCs has been identified as a
predictor of atherosclerosis progression [56], likely reflecting a decreased ability for
angiogenesis and increased endothelial dysfunction.
1.2.2 Arteriogenesis
In contrast to expansion of capillary networks, arteriogenesis is the expansion and
remodelling of larger vessels such as arterioles, and it is the combination of
angiogenesis and arteriogenesis which successfully enhances perfusion [57].
Arteriogenesis generates new collateral vessels 20-100 m in diameter in humans
that are surrounded by a layer of SMCs and whose functions include vasodilation and
vasoconstriction to regulate blood flow [58] [59, 60]. The formation of these collateral
vessels is necessary to potentiate blood flow to downstream newly formed
microvasculature (capillaries formed through angiogenesis) [57]. Increased shear
stress in the pre-existing collateral vessels is the stimulus which triggers
arteriogenesis; this can be caused by increased blood flow which has been diverted
from a blocked vessel from an acute blockage, or from a slow increase in diverted
flow over time as blood flow will naturally take the path of least resistance [61].
Increased fluid shear stress against the vessel wall stimulates the mechanisms
required to increase luminal diameter [62]. These remodelled collaterals are usually
located distally from the ischaemic tissue in instances of PAD [63] [61].
ECs typically align themselves with the axis of laminar flow of blood; this high shear
stress on the endothelial wall is promotive of EC survival and quiescence [64].
Disrupted flow can cause EC disorganisation [6] and ECs are equipped to sense
mechanical strain on the vessel wall and respond to increased shear stress via
biochemical signalling [65]. Shear-stress responsive elements (SSRE) similar to
HREs, are present in arteriogenesis associated gene promoter regions and regulate
their transcription in the now activated endothelium [61]. They increase their adhesion
molecules and secrete chemokines and growth factors. The chemokine CCL2 attracts
monocytes and macrophages that further support arteriogenesis by secreting growth
factors such as the mitogenic FGF to stimulate EC and SMC proliferation and
contribute to ECM remodelling by the secretion of matrix metalloproteinases as well
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as fibronectin and proteoglycans [61, 65-68]. MCP1 secreted by ECs also contributes
to attracting lymphocytes and local inflammation [63] [67]. Diabetic patients represent
a high percentage of CLI, and MI patients and the endothelial dysfunction associated
with diabetes negatively affects the endothelium’s ability to orchestrate arteriogenesis
giving rise to poor collateral vessel development systemically [69]. Individuals vary in
the degree of collateralisation they can achieve, and Seiler & colleagues (2013) found
that up to a third of CAD patients have adequate endogenous collaterals to partly
conserve flow to the heart which can even prevent an MI from occurring [70] [71], thus
leaving 2 thirds of those patients at a higher risk for progressing towards an MI.
The behaviour of SMCs in collateral vessels is important as SMCs normally possess
a contractile phenotype allowing them to function in vessel dilation and contraction.
For example, SMC relaxation causes vessel dilation in response to endothelial
released nitric oxide (eNO) which diffuses to the SMCs. SMCs can also dilate in an
endothelial independent manner, for example, sodium nitroprusside is a NO donor;
it can provide NO to the SMCs directly, by-passing the need for eNO release [72].
A limitation of remodelled collateral arteries is that they cannot withstand quite the
same high pressure as the original blocked main arteries [61]. The number of and
diameter of collateral vessels in the heart, brain and peripheral vascular has been
reported to vary widely amongst healthy individuals which is attributed to natural
polymorphisms within populations that contribute to differences in cellular properties
[73, 74]. For example, the glutamate to aspartate (Glu298Asp) polymorphism present
in the endothelial nitric oxide synthase gene has been associated with diminished
collaterals in the hearts of CAD patients, especially those with diabetes [75, 76].
Similarly, a proline to serine (Pro582Ser) polymorphism in the HIF-1 gene has been
found to be more prevalent in CAD patients who lack collaterals [77]. Other
polymorphisms such as cysteine to threonine (Cys1772Thr) in HIF-1 has also been
associated with fewer coronary collaterals [78].
1.3 Human embryonic stem cell differentiation into endothelial cells
Human embryonic stem cells (hESCs) were first isolated from human blastocysts in
1998 [79] and since then protocols have even been established to create induced
pluripotent stem cells (iPSCs) from terminally differentiated adult cells [80]. These
cells are pluripotent and continue to grow and replicate in culture indefinitely unlike
primary donor cells which are terminally differentiated and become exhausted after
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several passages in culture with the inability to continue replicating, termed replicative
senescence [79]. These hESC lines have been used to produce desired cell types by
manipulating their differentiation; this technique has become a vital tool in the
identification of novel transcript profiles, understanding the mechanisms of cellular
differentiation, generating in vitro models of disease with patient specific mutations,
developing and testing new drugs, and has the potential to generate cells for
therapeutic application [81]. Levenberg & colleagues (2002) were the first to report of
their success in deriving ECs from hESCs, they did this by isolating the ECs from
embryoid bodies which are groups of cells spontaneously differentiated from hESCs
which typically include cells of different types [82]. Recently, the Baker lab used single
cell RNA-seq on hESC derived ECs to identify novel transcripts involved in the
commitment and maturation of ECs, where the study concluded that transcriptional
architecture of these hESCs derived ECs differed to that of freshly isolated mature
and foetal ECs [83]. The GMP compliant method used here also resulted in a high
yield of 60% ECs [83, 84]. ECs derived from this protocol have also been shown by
MacAskill & colleagues (2018) to improve perfusion following murine HLI when
injected at the time of surgery [85], indicating their potential to promote therapeutic
angiogenesis in PAD and MI patients by injection of these cells to the injury site,
though these are not yet ready for human clinical trials.

1.4 Therapeutic treatments for peripheral arterial disease
Treatment of PAD focuses on prevention via lowering risk factors, management of
symptoms, and surgical intervention, but at present there is no cure. Pharmacological
agents are prescribed to reduce deformities in red blood cells, decrease platelet
aggregation, decrease inflammation, and induce vasodilation, to prevent blockages
and improve blood flow [86]. Administration of pain relief and implementing lifestyle
changes such as diet improvement, weight loss, exercise, and quitting smoking are
typically recommended. Surgical options include angioplasty, stenting, and bypass
grafts that attempt to re-vascularise the limb [87]. Complications in finding treatments
lie in the fact that PAD and atherosclerosis are complex diseases which encompass
many abnormalities such as EC dysfunction, vessel damage and impaired
angiogenesis, vessel remodelling, changes in lipid profile, activation of platelets, SMC
activation and phenotype switching, disturbances in the ECM, inflammation, and
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systemic risk factors such as diabetes [13, 88, 89]. For example, diabetic patients are
at a 4- fold increased risk of developing CLI [11]. Surgical intervention in CLI is a last
resort, to avoid this, many clinical trials have attempted to increase patients’ blood
flow by targeting ECs and stimulating angiogenesis. However, none of these attempts
have led to a curative therapy as of yet. In fact, data from CLI patients shows a
significant increase in pro-angiogenic factors such as VEGF and FGF are already
upregulated endogenously and it Is likely their downstream signalling pathways which
are impaired [90].
Similar to MI clinical trials, intramuscular injection of VEGF into the affected limbs of
CLI patients has been attempted by several groups. Early experiments by
Baumgartner & colleagues (1998) used intramuscular injection of 4000 g of naked
human VEGF plasmid DNA into the affected limbs. They reported improved ABI
scores, new vessels visible during contrast angiography, improved distal flow in 80%
of patient limbs, improved healing of ulcers, and finally, the rescue of blood flow in 3
patients’ limbs who had been due to receive amputation [91]. Despite these positive
results, a study by the same group in 2000 which administered increasing doses of a
human VEGF encoding plasmid (2-8 mg) reported several incidences of oedema in
the affected limb, although improvements in pain, ulcer healing, and ABI index were
also seen, indicating the potential benefit of VEGF therapy when an optimised dose
is used [92]. Reports in the literature show that prolonged VEGF exposure is
detrimental to ECs and vessel integrity, resulting in blood vessels that are ‘leaky’
leading to tissue oedema [93], similar to that reported in by Baumgartner & colleagues
(2000). Since then, work such as that of Kusumanto & colleagues (2006), who also
administered intramuscular VEGF to the affected limb, disappointingly found no
decrease in amputation rate, however, over 50% of patients reported small
improvements in skin ulcers, pain reduction, and some improvements in peripheral
blood flow [94, 95]. Interestingly, Masaki & colleagues (2002) showed that a 5-fold
overexpression of VEGF in a murine hind limb ischaemia (HLI) model actually resulted
in a hastening to amputation, indicating that doses that are too high can have
disastrous consequences [96]. Therefore, finding the optimal therapeutic dose of
VEGF has been difficult and these studies highlight the inconsistency of VEGF
therapy and the need for further research in the control of therapies in modulating
angiogenesis and limb reperfusion, and finding alternate or conjunctive therapies.
Interestingly, as dietary changes are being viewed as a tool to combat the
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development of cardiovascular and other disease, Zhang & colleagues (2019)
reported that 1000mg/kg dose of curcumin can increase angiogenesis both in vitro in
mouse cells and in murine HLI. They showed that these effects were, at least in part,
due to an increase in microRNA (miR) -93 (known to be pro-angiogenic) being viewed
as a tool to combat the development of cardiovascular and other disease [97].
Models of animal HLI have been established in several species which take a surgical
approach in order to recapitulate the tissue ischaemia seen in human PAD/CLI.
Rabbits, rats, and mice have been extensively used to investigate vascular and
muscular regeneration and involve permanent ligation of one or both femoral arteries.
The procedure can also include ligation of the femoral vein and nerve in some
instances [8, 98-100]], with the murine unilateral HLI model being the gold standard
which most researchers use today [98] [8] [99]. However, unlike human PAD and CLI
which are chronic conditions, murine HLI induces a transient and resolving
phenotype. The recovery processes post HLI induction have been extensively studied
to uncover potential reparative pathways for both angiogenesis and myogenesis, as
muscle regeneration after injury is dependent on an adequate blood flow, in an
attempt to modulate angiogenesis and muscle regeneration with therapeutic agents
[101] [86]. Despite many preclinical studies showing positive results, failure of these
methods in clinical trials is likely because these data are from a transient ischaemia
model not a chronic disease model, and thus not all aspects of the disease were
present. Although the results are valid and likely translatable to humans, the overall
therapy effectiveness has many other obstacles to overcome in human disease like
co-morbidities that are often present in patients with PAD such as hyperlipidaemia,
hypercholesterolemia, diabetes, oxidative stress, age-related decline in reparative
mechanisms, chronic inflammation, and the presence of other diseases [102], a lot of
which are lacking in the various HLI models [103]. Other differences include the state
of the chronically damaged tissue in human disease. After years of disease
progression and pathology from other diseases/co-morbidities, individual lifestyle
choices, and genetic susceptibilities, human tissues are more likely to have increased
pathology; originally healthy muscle tissue becomes replaced by muscle fibres with a
lower energy metabolism and muscle can be substituted with fat and connective
tissue [104]. However, we still need to utilise pre-clinical animal HLI models to identify
potential therapies for clinical use, but these should be scrutinised before human trials
to tailor the choice of therapies and favour those with the most potential. MacAskill &
colleagues (2018) attempted to overcome one shortcoming of murine HLI by utilising
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a diabetic mouse strain to perform their HLI experiments. In fact, they showed very
promising results after injection of what they termed hESC derived- EC products into
the ischaemic limb. The term product referred to cells that were produced from a
clinical-grade cell line with good manufacturing practice (GMP) adhering protocols to
enable the approval of these cells for use in humans at a later stage. Their data
showed that these cells improved capillary density and blood perfusion in the
ischaemic muscle [85]. Never-the-less, although promising, there are still pitfalls with
murine HLI models, and it will be interesting to see how this cell product fairs in human
CLI patients in the future.
Many clinical trials using cell therapies have been tested in attempts to improve
angiogenesis and muscle regeneration in PAD, ranging from endothelial progenitors,
hESCs, induced pluripotent SCs, macrophages, to MSCs [105] [106, 107] with mostly
underwhelming results. Placental derived adherent stromal cells (PLX-PAD) have
been shown to increase capillary density and therefore blood flow after injection in
murine hindlimb ischaemia, however, the first use of these cells in humans is still
ongoing: The PACE trial is one of the latest ongoing phase III clinical trials which aims
to show the long-term effects of this therapy in patients with CLI, by collecting data
within 3 years and publishing in 2022 [108]. Pan et al (2019) were able to identify that;
age, blood fibrinogen levels, arterial occlusion level, transcutaneous oxygen pressure,
and the total number of transplanted CD34+ haematopoietic SCs were factors which
could be used to identify patients who are likely to respond to SC based therapy [109],
presenting an interesting perspective on why these cell therapies have been less
successful than expected. They termed responders as those patients who at 6 months
post treatment were still alive and had remission of their CLI.

1.5 Therapeutic treatments for myocardial infarction
CAD which can eventually lead to an MI is often asymptomatic. Smoking, being
overweight, stress, depression, poor diet, high alcohol consumption, low physical
activity levels, family history of disease, and co-morbidities such as diabetes and
hypertension are risk factors contributing to CAD and MI risk [110]. Management of
patients at a high risk of CAD and MI and for patients diagnosed with stable CAD
includes lifestyle modifications to reduce risk and the prescription of established
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antianginal medications such as -blockers and angiotensin-converting enzymeinhibitors (ACE) to correct hypertension [111, 112]. Statins have been amongst
medications used for the management of CAD since the late 1980’s and have been
shown to be beneficial, particularly for high risk patients and those diagnosed with
stable CAD [110]. The function of statins is to aid in lowering circulating levels of LDL
in the blood, they work by inhibiting the activity of the enzyme 3-hydroxy-3methylglutaryl-CoA reductase in the liver which is part of the cholesterol synthesis
pathway. Statins also upregulate LDL receptors which increases their clearance from
the body [113].
Treatments for patients with an MI commonly involve surgical measures to reinstate
circulation including transluminal angioplasty, thrombolysis via a catheter,
thrombectomy/endarterectomy, or a coronary artery bypass to either re-open the
affected artery or bypass it entirely [104]. Many clinical trials have investigated the
potential for various cellular and molecular therapies to aid MI recovery. Most have
focused on attempting to induce angiogenesis for the treatment and prevention of
ischaemia and to re-establish vital blood flow to the heart muscle. Providing adequate
blood flow to the damaged myocardium as early as possible is important as the more
muscle damaged, the larger the infarct size which is definitive of patient prognosis
being that a larger infarct puts greater restraints on the hearts ability to function
properly [114]. As VEGF is one of the most well characterised pro-angiogenic
molecules, many clinical trials have attempted to increase its levels in patients through
various methods including viral vectors, DNA plasmids, and recombinant human
VEGF (rhVEGF) protein, in order to increase angiogenesis and re-establish
microvascular circulation. Interestingly, Kranz & colleagues (2000) previously showed
that serum VEGF-A levels were already elevated in patients 7- and 10-days post MI.
They speculated that the source of endogenous VEGF-A may be the increased
number of circulating platelets, produced as a mechanism to induce angiogenesis
[115]. Similarly, Hojo & colleagues (2000) reported a peak in patient serum VEGF-A
at 14-days post MI but concluded, via in vitro research, that peripheral blood
mononuclear cells were responsible for this increase. They also suggested that
greater myocardial damage correlated with higher VEGF-A serum levels, supporting
the hypothesis for endogenous mechanisms of repair which induce angiogenic
potential via VEGF upregulation [116].
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Attempting to induce angiogenesis via exogenous VEGF comes with challenges such
as achieving targeted local delivery in contrast to systemic delivery, overcoming the
short half-life of VEGF in circulation [117], and avoiding the unwanted side effects with
higher doses (increased vessel permeability and oedema due to disordered barrier
function [43]) used to overcome its short half-life [117]. Pre-clinical data provided by
several animal MI models have shown positive results: a classic example is that
performed by Su & colleagues (2004) who injected an adeno-associated viral
construct containing the cardiac specific promoter, myosin light chain 2-v, multiple
copies of the HRE sequence, and the VEGF sequence directly into mouse infarcted
hearts and found that this not only increased the number of capillaries but decreased
infarct size and resulted in improved cardiac function compared with controls [118]. In
a rat MI model where intervention with a plasmid encoding VEGF was injected into
the heart 7-days post MI, Hao & colleagues (2004) found that capillary density in the
heart was increased 3 weeks later [119]. Finally, pigs are another commonly used
animal model to study MI as their heart is of a similar size to humans, as well as
having a greater similarity in metabolism and blood components to humans, and in
contrast to rodents have been found to develop atherosclerosis naturally with age
[120]. Tao & colleagues (2010) used a similar approach to the above-mentioned
mouse experiments. They utilised an adeno-associated viral construct containing the
same cardiac specific promoter and hypoxia inducible VEGF sequence injected into
multiple sites of the heart at the time of infarction, in conjunction with another viral
vector containing the pro-angiogenic Ang-1 sequence, and reported an increase in
vessel density in the infarcted heart and preserved cardiac function at 8 weeks post
MI, with the added benefits of less cell death and increased cardiomyocyte
proliferation [121]. Despite these and many other positive results in animal models,
clinical trials with VEGF have been unable to overcome clinical challenges and
ultimately fail. For example, in 2003 the vascular endothelial growth factor in
ischaemia for vascular angiogenesis trial (VIVA trial) reported no improvements in
myocardial perfusion in MI patients who underwent intracoronary and intravenous
infusions of rhVEGF despite patients reporting improved angina at 60 and 120 days
after treatment [122], likely due to insufficient uptake. Mendiz & colleagues (2011)
administered 3.8 mg of VEGF containing plasmid to the damaged heart via
intramyocardial injection and reported improvements in symptoms and ejection
fraction (EF) at a 6 month follow up, however, EF results were not retained at 24
months [123]. Relevantly, Kukula & colleagues (2019) recently published a 10 year
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follow up of patients from the VIF-CAD trial which administered patients with coronary
artery disease an intramyocardial injection of a plasmid containing both VEGFA and
basic FGF, but reported no differences in cardiovascular mortality, MI, stroke, or
readmission rates of patients in the experimental versus placebo groups [124], further
adding to the mixed results already present in the field. Failure of VEGF therapies to
result in the expected positive outcomes in patients is likely down to many factors;
interestingly, VEGF has more recently been found to have non-angiogenic pleiotropic
effects on cell such as neurons, skeletal muscle, and cardiac cells [125], which could
contribute to adverse effects in patients, further complicating this molecules use as a
pro-angiogenic therapy. Relevantly, as well as angiogenesis having a role in post MI
recovery and the prevention of further heart damage by revascularizing the ischaemic
tissue, angiogenesis is also a vital part of the disease pathology of atherosclerosis
prior to an ischaemic event, as atherosclerotic plaques containing capillaries were
found to be at a higher risk of rupturing [126]. Angiogenesis in this instance, is driven
by reactive oxygen species (ROS), inflammation, and hypoxia in the plaque [127]. Of
note, clinical observation has found that prescribing angiogenesis inhibiting drugs has
had a negative effect on patient outcome, by increasing thrombotic events [127].
An interesting approach to tackle increased vessel permeability and oedema caused
by prolonged VEGF exposure was that taken by Zangi & colleagues (2013). They
showed that intramyocardial injection of synthetic modified RNA (modRNA) (where
some nucleotides were substituted for more stable modified nucleotides) of human
VEGF in a murine model of MI was superior to plasmid DNA in improving heart
function and survival, although both methods successfully reduced infarct size and
capillary density. Interestingly the authors concluded the positive outcomes of this
approach were due to the VEGF stimulated migration and differentiation of epicardial
derived progenitor cells into the myocardium [128]. Although this methodology has
yet to progress to clinical trials in human MI patients, the first use of VEGF modRNA
was recently carried out by Gan & colleagues (2019) who administered intradermal
injections of VEGF modRNA to the forearms of type II diabetic patients. Their analysis
revealed elevated VEGF levels in the skin at 24 hours after injection and importantly,
increased basal blood flow in the skin 7 days later [129], demonstrating the efficacy
and safety of this intervention. Clinical trials in patients with CLI and MI may hopefully
be approved in the near future. The 2013 reduction of infarct expansion and
ventricular remodelling with erythropoietin after large myocardial infarction trial
(REVEAL trial) looked at the effects of the pro-angiogenic molecule erythropoietin
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when administered to STEMI patients. However, they did not detect any alteration in
infarct size 6 months post MI, and in contrast to previous studies, reported an increase
in adverse events such as, but not limited to, another MI, stroke, thrombus, and death
[130].
Many groups have attempted to modulate angiogenesis and cardiac function post MI
via the use of cell therapies. The 2010 randomised clinical trial by Piepoli &
collegeaues (2010) administered STEMI patients with autologous, heterogeneous,
bone marrow cell therapy. One year post cell percutaneous coronary injection, left
ventricle function was improved, specifically left ventricular ejection fraction (LVEF)
and stroke volume [131]. The PROMETHEUS trial in 2014 administered 6 patients
with an intracardiac injection of autologous mesenchymal stem cells (MSCs) to
damaged areas of myocardium at the time of coronary artery bypass surgery. At an
18 month follow up, patients had improved LVEF and a smaller infarct compared to
their baseline measurements [132]. In contrast, the 2016 REGENERATIE-AMI trial
studied 100 patients with acute MI who received intracoronary injection of autologous
bone marrow derived cells but saw no significant differences in LVEF compared to
placebo patients [133]. Bolli & colleagues (2018) have taken an interesting approach
of combining autologous MSCs and the ‘controversial’ c-kit+ cardiac progenitor cells
(from endocardial biopsies) in the CONCERT-HF trial in patients with heart failure
caused by MI or underlying coronary artery disease. Their aims are to evaluate the
efficacy of administering each cell type alone versus and the combination of both cell
types on improvements to cardiac function. However, recently c-kit + cardiac stem
cells have been highly disregarded and many publications utilising these cells have
been retracted with doubts regarding the regenerative capabilities of c-kit + cardiac
‘stem cells’ due to inconsistent results in the literature [134]. One of the largest
currently ongoing studies is the DREAM-HF phase III clinical trial which was started
in 2014 with 566 heart failure patients with reduced EF enrolled. This trial
administered allogenic mesenchymal precursor cells and is measuring several
parameters such as time to major adverse cardiac event, time to cardiac death, time
to all cause death, left ventricular remodelling comparison by echocardiography,
quality of life assessments, and many more. As their last patient has now received
treatment their results are expected to be published soon with great anticipation
regarding the positive benefits of this cell therapy in such a large cohort [135].
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As cell therapies have so far yielded somewhat disappointing results, researchers
have moved onto finding other potential therapies such as the combination of human
pluripotent stem cell derived cells and biological scaffolds to aid in recovery post MI.
Menasché & colleagues (2015) utilised a human ESC line which they induced
differentiation to a cardiac specific lineage and isolated cells expressing the cardiac
lineage marker ISL-1. They embedded these cells into a fibrin scaffold which was
inserted into the infarcted area of a 68-year-old patients’ heart. After 3 months the
patients previously very poor EF had improved, indicating contractile function in the
area the scaffold was implanted, which was previously non-contractile infarcted tissue
[136]. This aspect of regenerative medicine has progressed to the recent first human
clinical trial inserting porcine derived, decellularized, ECM hydrogels into post MI
patients. This ground-breaking study used trans-endocardial catheter injection to
insert the gel into the damaged myocardium. Patients were split into those treated
between 60 days – 1 year, or between 1-3 years post MI and results showed
improvements to left ventricular remodelling, particularly in the patients treated earlier
post MI, and improvements in the 6-minute walk test distance. However, larger more
robust trials and preclinical research are being further pursued to investigate the full
potential of ECM hydrogels in treating MI [137]. Rodness & colleagues (2016) used a
combined targeted approach whereby VEGF was released from biological hydrogel
micro-patches placed on rat hearts post MI (to prevent off target effects of VEGF).
These patches continued to release VEGF for 5 days and resulted in a higher capillary
density in the infarct area and border region, which is thought to improve
cardiovascular outcome post MI by improving blood flow to the damaged myocardium
and reducing infarct size [138].
Some research is focussing on the transient and dynamic repair environment present
after MI and attempting to target and exploit pathways involved at this stage of
regeneration [139]. Recent clinical trials targeting cardiac injury and repair after acute
MI include Gullestad & colleagues (2013), who carried out an immunomodulation
clinical trial administering intravenous immunoglobin G in STEMI patients. However,
they did not find any reduction in infarct size or alteration in LVEF [140]. Collectively
perhaps these methods are not providing the expected results because we are yet to
fully understand the innate mechanisms driving endogenous repair which therapeutic
treatments ultimately aim to enhance.
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1.6 Non-coding RNA
1.6.1 Short non-coding RNA
Non-coding RNAs (ncRNAs) are sub-grouped based on size into long non-coding
RNAs (lncRNAs) and short non-coding RNAs. The short non-coding RNA category
includes microRNA (miR), piwi-interacting RNA, transfer RNA (tRNA), ribosomal RNA
(rRNA), small nuclear (snRNA), and small nucleolar RNA (snoRNA) [51-53] shown in
Figure 1.3. Ranging between 19 - 24 bases in length, miRs are one of the most studied
and understood ncRNAs from their bioprocessing through DROSHER and DICER, to
their post-translational gene silencing via interference at the mRNA level of gene
expression [141]. The first short ncRNA miR, lin-4, was identified in 1993 in
Caenorhabditis elegans and contains sequences complementary to the 3’
untranslated region of the lin-14 and lin-28 mRNAs, which encode developmentally
important temporal control proteins [142] [143]. Interestingly, mutations in miRs
themselves or the components contributing to their processing have been previously
documented in human diseases, ranging from cancers to cardiovascular diseases
and neurological disorders [144] [145] [141] [146].
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Figure 1.3 Non-coding RNAs.
Non-coding RNAs (ncRNAs) are sub-grouped based on size into long non-coding
RNAs (lncRNAs) and short non-coding RNAs. The short non-coding RNA category
includes microRNA (miR), piwi-interacting RNA, transfer RNA (tRNA), ribosomal RNA
(rRNA), small nuclear (snRNA), and small nucleolar RNA (snoRNA).
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1.6.2 Long non-coding RNA
Approximately 98% of the human genome is non-protein coding, however, it is actively
transcribed into RNA [147]. Initially thought to be ‘noise’ caused by transcriptional
processing of protein coding genes nearby and therefore non-functional, lncRNAs
remained un-investigated for years. Today we know that lncRNAs make up the
majority of the ncRNA class yet are the most poorly understood despite the current
estimation that the human genome possesses ~ 270,000 lncRNAs and the fact that
there are many more lncRNAs than miRs in both human and mouse genomes [148].
LncRNAs are greater than 200 nucleotides, commonly lack conservation across
species, and have diverse characteristics from their length to their structure, cellular
localisation, expression patterns, and cellular function [149]. Previously, there has
been difficulty in correctly annotating them within the genome, contributing to the fact
that lncRNAs remained ignored for so long [150]. With the advances in RNAsequencing (RNA-seq) technology and the increasing number of studies employing
this technique to assess the transcriptional differences between healthy and
pathological states, the abundance of lncRNA expression in datasets was highlighted,
leading the way for further investigations [151].
Two lncRNAs with unique functions have long been known to exist, the X- inactive
specific transcript (Xist), and telomeric repeat-containing RNAs. Xist is responsible for
X-inactivation in mammalian female cells and binds to polycomb repressive complex
2 (PRC2) recruiting it to chromatin which then functions in a complex with histone
methyltransferase activity to inhibit transcription from the now inactivated
chromosome [152]. Long non-coding telomeric repeat-containing RNAs (TERRA) are
scaffold lncRNAs transcribed from telomeres with repeating bases at the end of
chromosomes, and along with their binding partners including RNA molecules and
proteins, create telomere heterochromatin under tightly regulated expression in
association with different stages of the cell cycle [153]. This is particularly interesting
as transcription of telomeres into lncRNA is a function conserved throughout the
eukaryote domain [153].
The field of lncRNA knowledge is growing quickly as some lncRNA have been
implicated in cancer, developmental biology, neurological disorders, epigenetics and
imprinting, cell lineage commitment and pluripotency, post-transcriptional and posttranslational modifications, as well as many other functions [54] [64]. Most
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interestingly, lncRNAs can have a spatiotemporal and usually cell type specific pattern
of expression, which may likely give clues as to their functions [154, 155]. LncRNA
were often reported to accumulate in the nucleus indicating roles in gene expression
and chromatin organisation [156]. However, this is not the case for all lncRNAs as
many have been found to reside in the cytoplasm and contribute to mRNA turn over,
stability and translation, protein stability, and sponging of cytosolic molecules [157]
[158]. Although they exhibit low sequence conservation, there is evidence for
conserved secondary structure, splicing patterns, and subcellular localisation
amongst lncRNAs. Many lncRNAs have been found in plants which regulate growth
and

development,

root

development,

gamete

development

and

fertility,

photosensitivity, nutrient uptake, and pathogenic responses to name a few [159, 160].
LncRNAs are even estimated to make up a quarter of the yeast genome [161]
indicating their prevalence across species, however, the amount of non-coding DNA
in the genome increases with complexity of the organism, particularly after primate
evolution [162, 163]. Theoretically, there is less evolutionary pressure on RNA
transcripts, as they are non-protein coding there is no need to conserve an amino acid
sequence which allows for greater sequence divergence. Not surprisingly then,
lncRNAs have been shown to evolve at a greater rate than their coding mRNA
relatives [164], therefore, highly conserved lncRNAs have a greater probability of
having unidentified protein-coding function after all [165]. Alternatively they may be
truly non-coding with an important conserved cellular function. Even among lncRNA
across species with low levels of conservation, we must remember to consider that
their secondary structure may remain very similar dispite changes to their primary
RNA sequences, which would allow for a similar function and binding partners [166].
For example, despite a lack of genomic conservation, lncMyoD regulates skeletal
muscle differentiation in human and mouse by controlling myoblast cell cycle exit
during myogenesis and is located to the MYOD1 gene in both species [167].
1.6.3 Long non-coding RNA structure and function
LncRNA transcripts carry out many necessary cell functions, for example, through the
transcript functioning itself, or through the increased level of transcription activity at
their loci which can enhance expression of genes also at that locus (in cis) or genes
located further away (in trans) via regulation of chromatin states [168]. LncRNAs can
also act as the parent strand giving rise to miRs; miRs and lncRNA can compete for
target messenger RNA; lncRNAs can act as decoys for miRs resulting in de-
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repression of miR targets; and miRs can either stabilise or de-stabilise lncRNA,
influencing their degradation [169]. Ultimately, the possibilities for the interactions
between miRs, lncRNA, target mRNAs, and other binding partners leads to a complex
hierarchical level of finely tuned regulation within cells. Genomic locations of lncRNA
are also interestingly diverse, for example, they can be found in-between
neighbouring protein-coding genes and are termed long intergenic non-coding RNA
(lincRNA), within a known protein-coding gene (intronic), over-lapping with another
gene (sense-overlapping), antisense to a gene they are likely to regulate (present on
the opposite DNA strand but sequence overlapping), or bi-directional to a gene they
likely regulate (present on the opposite DNA strand but sequences not over-lapping)
(Figure 1.4A) [170].
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Figure 1.4 Long non-coding RNAs have diverse genomic structures and cellular
functions.
A) Long non-coding RNAs (lncRNAs) are found in diverse locations within the genome
in relation to their protein-coding neighbours. They can overlap with a gene, be
located within a gene itself, or be found spaced between genes on the same strand
of DNA. They can also be found antisense to genes (on the opposing DNA strand,
with their sequence overlapping with a gene or not. B) LncRNAs also have a diverse
range of binding partners such as microRNAs (miRs), proteins, DNA, and other RNA
molecules. Their cellular functions include acting as a scaffold to support RNA and
protein interactions, acting as a decoy by binding a protein and making it unavailable,
modifying chromatin, regulating transcription, acting as miR hosts, sponging miRs,
and regulating mRNA processing. Image adapted from Monteiro & colleagues (2019)
[170].
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Once transcribed lncRNAs have been reported to function in several different ways,
for example, the nuclear lncRNA MANTIS acts as a scaffold for the switch/sucrose
nonfermentable chromatin-remodelling complex and is necessary for the ATPase
activity of the BRG1 subunit, which subsequently leads to the expression of
endothelial specific gene expression [171]. Another nuclear lncRNA termed nuclear
enriched abundant transcript 1 (NEAT1) localises to and is essential for the formation
of paraspeckles (mysterious ribonucleoproteins present in the interchromatin space
within the nucleus whose functions are mostly unknown, however, are suspected to
be important in regulating transcription), binds chromatin [172, 173], has been
implicated as a transcriptional regulator, particularly in some cancers, and is known
to sponge (bind to and prevent further interactions with) miR-193a in colorectal cancer
thus contributing to cancer progression [174]. Not only do many lncRNAs physically
interact with miRs but some act as a host gene housing multiple miRs such as the
cardiac mesoderm enhancer-associated non-coding RNA (CARMN) which houses
the well-studied miR-143 and miR-145, however, the lncRNA itself functions
independently of the miRs by contributing to cardiac lineage specification and
maintenance of a cardiomyocyte (CM) phenotype [175]. Meanwhile miR-143 and
miR-145 have been extensively studied and found to promote SMC differentiation and
are involved in vascular disease arterial remodelling [176]. The cytoplasmic lncRNA
termed non-coding RNA activated by DNA damage (NORAD) plays an important role
in genome stability via acting as a decoy when upregulated by DNA damage. NORAD
sequesters pumilio proteins (a family of proteins defined by their conserved RNA
binding domain) and relieves their inhibition on DNA repair and mitotic pathways
[177]. Recently, NORAD has also been implicated in colon cancer progression via its
sponging of miR-202 [178], highlighting critical roles for lncRNA in maintaining proper
cellular functions.
1.6.4 Micro-peptides in long non-coding RNA transcripts
As lncRNA research has expanded, so too has the discovery of micropeptides which
are housed by some lncRNA transcripts. Typically, research regarding protein
detection has utilised a cut off which excludes proteins less than 100 amino acids as
the longer an open reading frame (ORF) is, the more likely it is to be protein coding
[179]. However, much smaller proteins have been recognised to exist and have been
termed micropeptide’s. ORFs in lncRNAs can be remnants from a past evolutionary
active gene such as is the case for Xist [152], or appear by chance. Other examples
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of lncRNA encoded micropeptides include CIP2A-BP, encoded by LINC00665, which
reduces breast cancer metastasis [180], and the mitochondrial located BRAWNIN,
encoded by a transcript annotated as 12orf73, that is conserved between zebrafish
and humans and is essential for assembly of the respiratory complex III subunits
[112]. Skeletal muscle in particular appears to be enriched with micropeptides. The
myomixer micropeptide is hosted by an as yet uncharacterised lncRNA termed
LOC101929726 and partly controls myofiber formation [181]. Makarewich &
colleagues (2018) discovered the micropeptide DWARF which promotes the activity
of sarcoplasmic reticulum ATPases and recently showed that its overexpression can
rescue pathological cardiac remodelling in a mouse model of dilated cardiomyopathy
[182] [183]. The micropeptide LEMP, encoded by MyolncR4, has a role in promoting
muscle formation and regeneration in mouse and zebrafish and is conserved in
humans [184]. Lastly, the mouse annotated lncRNA 1810058I24Rik encodes a
micropeptide termed mitochondrial micropeptide 47 which activates inflammasomes
and also has a human orthologue [185]. Interestingly, the PNUTS locus has been
termed a bi-functional locus as alternate splicing can switch between the ubiquitously
expressed protein which regulates protein phosphatase 1, to transcription of the
tightly regulated PNUTS lncRNA which has been shown to sponge miR-205
influencing epithelial- mesenchymal transition promoting tumour progression [186].
The list of known micropeptides continues to grow as we are likely just beginning to
understand the extent of micropeptides and lncRNAs in genomes across species.

1.7 Long noncoding RNAs in cardiovascular biology and disease
To date, many lncRNAs have been identified with roles in cardiovascular biology and
their functions vary widely including embryological heart development, cardiovascular
cell commitment, cell migration, phenotype switching of SMCs, vascular EC
commitment and EC angiogenesis [84, 187-191, 229]. The previously mentioned H19
is upregulated in human cardiac hypertrophy and heart failure and has been identified
as a negative regulator of cardiac hypertrophy through in vitro assays [192, 193].
Micheletti & colleagues (2017) identified the LncRNA Wisper as enriched in cardiac
fibroblasts and upregulated in the infarcted mouse heart and in aortic stenosis patient
samples. The authors implicated this lncRNA as a regulator of cardiac fibroblast
proliferation, migration, and survival [194]. The mitochondrial lncRNA LIPCAR has
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been shown to be elevated in patients’ plasma post MI. Clinically, it is a predictor of
survival in patients suffering heart failure post MI and is a novel biomarker of cardiac
remodelling [195]. In contrast, novlnc6 is downregulated in the plasma of coronary
artery disease patients [196]. Lastly, the primate specific lncRNA CHROME is
upregulated in the plasma and atherosclerotic plaques of CAD patients and was found
to contribute to cholesterol homeostasis in humans [197].
During cardiovascular development the lncRNA BRAVEHEART is present in
embryonic mesoderm and is required to specify cardiac lineage [198]. Similarly,
FENDRR is expressed by lateral plate mesoderm and is also required for heart
development [199]. Experiments in zebrafish identified that TERMINATOR
expression in undifferentiated pluripotent SCs is vital for cardiovascular development
as knock down (KD) resulted in 50% offspring lethality and the presence of
cardiovascular defects. The same study also identified ALIEN in zebrafish cardiac
progenitors and its depletion resulted in abnormal vascular patterning [189]. Liu &
colleagues (2017) identified heart break lncRNA1, which they termed HBL1, as an
inhibitor of CM differentiation in ESC and induced pluripotent SC differentiation
experiments [200]. In contrast, the previously mentioned lncRNA CARMEN has been
found to promote the differentiation and specification of cardiac progenitor cells into
SMCs and CMs [175].
Vascular ECs specifically express many known lncRNAs such as TIE1-AS which
regulates expression of its host gene, the well-known angiogenic TIE1, in early
zebrafish vessel development; dysregulation of this axis causes defects in EC
junctions and interestingly, altered TIE1-AS expression has been reported in patients
with vascular malformations [201]. Another lncRNA related to an already well
characterised gene in heart development is GATA6-AS; it is upregulated in ECs in
response to hypoxia where it promotes EndoMT [202]. The lncRNA PUNISHER is
conserved between zebrafish and humans and is expressed in mature ECs. Inhibition
of PUNISHER results in severe blood vessel defects and altered EC gene expression
[189]. Interestingly, the annotated LINC00493 is enriched in EC cytoplasm, however,
its function is as yet unknown highlighting the need to further investigate the functions
of already identified lncRNAs in cardiovascular diseases as well as uncover those yet
to be identified and annotated. Other lncRNAs which show EC enrichment include
metastasis associated lung adenocarcinoma transcript 1 (MALAT1), taurine
upregulated gene 1 (TUG1), maternally expressed 3 (MEG3), LINC00657, and
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myocardial infarction associated transcript (MIAT) [188, 201, 203]. The lncRNA
smooth muscle and EC enriched migration/differentiation associated lncRNA
(SENCR) positively regulates angiogenesis. Recently, the Baker group discovered its
involvement in EC differentiation as in vitro overexpression in human umbilical vein
ECs (HUVECs) enhanced proliferation and migration as well as angiogenesis [84]. As
mentioned previously, MANTIS is necessary for BRG1 activity during chromatin
remodelling. Interestingly it was found to be downregulated in patients with idiopathic
pulmonary hypertension and upregulated in macaques on an atherosclerotic
regression diet and in human glioblastoma ECs. Additionally, MANTIS KD in ECs
inhibited sprouting angiogenesis and the cells ability to align when exposed to shear
stress [171] making it a potentially interesting target for therapeutic intervention in
several aspects of cardiovascular biology.
Several lncRNAs have been identified as enriched in CMs such as HOTAIR which
regulates cardiac hypertrophy and represses calcification genes [204, 205]. Similarly,
the lncRNAs ROR and CHRF are reported to promote cardiac hypertrophy [191, 206].
The lncRNA cardiac apoptosis related, termed CARL, regulates mitochondrial fission
and apoptosis in CMs [207]. Recently, a lncRNA identified as KCNQ1OT1 was
upregulated in a mouse model of heart failure, where it promoted CM apoptosis [208];
this is of particular interest as it has previously been suggested as a good biomarker
to identify patients with CAD [209] [208]. Finally, the lncRNA BDNF-AS is upregulated
in murine CMs during hypoxia, whereas its downregulation improved CM survival
[210].
A lncRNA termed smooth muscle–induced lncRNA enhances replication (SMILR)
promotes vascular SMC proliferation by regulating part of the cell cycle. Relevant to
clinical pathologies, SMILR has been shown to be upregulated in a vein graft
pathological model and atherosclerotic plaques [187, 211]. The angiotensin II
regulated lncRNA Ang362 has been shown to promote vascular SMC proliferation
[212] and more recently has been suggested to promote pulmonary arterial
hypertension via the regulation of miR-221 and miR-222, which are housed within the
Ang362 locus [213]. Chen & colleagues (2020) also recently reported that Ang362
can promote cardiac fibrosis post MI, through inhibition of SMAD7 [214], highlighting
this lncRNA as a potential therapeutic target in several aspects of cardiovascular
disease. LincRNA-p21 is also of clinical interest as it is found in macrophages as well
as vascular SMCs where it promotes apoptosis and reduces proliferation and
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participates in a feedback loop with the oncogenic p53. Furthermore, Wu & colleagues
(2014) revealed LincRNA-p21 to be downregulated in patients with coronary artery
disease, which correlates with their in vitro work that showed its downregulation
contributed to neointima formation in a mouse model of coronary artery injury [215].
Interestingly, the well-known hypoxia related gene HIF1A has a lncRNA laying antisense to its locus termed HIF1A-AS1, which was found to be upregulated in the serum
of patients with an abdominal aortic aneurysm. In this study, the authors suggested
that HIF1A-AS1 influenced aneurysm pathogenesis by regulating vascular SMC
apoptosis [216].
The roles of immune cells in cardiovascular pathophysiology including atherosclerotic
plaque biology and MI resolution and recovery have long been investigated.
Atherosclerosis is classed as an inflammatory disease as immune cells form part of
the core of the atherosclerotic plaque and influence the progression and outcome of
disease. The inflammatory process post MI can be both beneficial for example, by
aiding in the clearing of dead CMs, or detrimental, by contributing to hypertrophy and
cardiac fibrosis [217] [218]. LncRNAs have been found in various immune cells that
influence cardiovascular disease for example, HEAT2 is upregulated in the peripheral
blood mononuclear cells of patients with heart failure and contributes to immune cell
adhesion to the endothelium and subsequent transmigration [219]. Macrophages are
one of the bodies first line of defence and have been shown to be one of the most
highly upregulated cell types in the peripheral blood of patients post MI. Interestingly,
they have been shown to express several lncRNAs such as THRIL, Linc-Cox2, LincAK170409, and Linc-IL7R [218]. The previously mentioned MIAT contains single
nucleotide polymorphisms which have been associated with an increased risk of MI
and is found not only in peripheral blood cells but also neurons, SMCs, and ECs [203,
220]. The lncRNA NEAT1 mentioned previously is enriched in monocytes and is
downregulated in patients who have suffered an MI [221]. More recently, the Baker
group identified the lncRNA plaque enriched lncRNA in atherosclerotic and
inflammatory bowel macrophage regulation (PELATON) as being enriched in
unstable human atherosclerotic plaques, specifically in monocytes and macrophages
where it plays a role in plaque progression [222].
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1.7.1 Noncoding RNAs in peripheral arterial disease
There is already a long list of miRs attributed to vascular biology such as miR-1, miR133, and miR-208a involved in arrhythmia, miR-1, miR-133, and miR-208a in
hypertrophy, miR-21 and miR-29 in fibrosis, miR-1 and miR-133 in proliferation, and
miR-1, miR-21, miR-320, and miR-199a in apoptosis to name a few examples [223].
MiR involvement in vascular biology logically led to the speculation that lncRNAs may
also play vital roles in human disease. Stather & colleagues (2013) carried out the
first human miR transcriptome-wide profiling research in PAD, which they referred to
as a miRNome [13]. Analysing patients’ peripheral blood, they concluded that a PADspecific signature exists which includes downregulation of miRs let-7e, miR-15b, -16,
-20b, -25, -26b, -27b, -28-5p, -126, -195, -335, and -363. They also found an inverse
correlation of these miRs with several predicted and validated miR target genes, all
of which are involved in signalling pathways associated with vascular pathology [13].
In fact, miR-126 (identified above) was confirmed to have a role in a translatable, but
small, rabbit HLI model study where increased miR-126 correlated with improved
muscle repair post injury, in conjunction with the previously identified positive role of
miR-125 in angiogenesis [224]. In addition, Cheng & colleagues (2018) more recently
identified upregulated miR-323b-5p in the serum of diabetic CLI patients, thus
claiming it could be useful as a biomarker in diabetic PAD patients as a predictive
marker for progression to CLI [225]. These data give an indication of the complex
regulation of miRs in PAD pathophysiology. This leads to speculation that other RNAs
such as lncRNAs may also play a role in the pathophysiology of PAD, and other
cardiovascular diseases, or may likely be indicative of disease progression and
therefore could be used as diagnostic biomarkers. To the best of our knowledge, no
such lncRNA profiles have yet been identified in PAD or CLI, however, SENCR levels
were found to be significantly decreased in CLI samples, as well as in premature
coronary artery disease samples [84]. Further research is required to fully understand
SENCR’s role in PAD/CLI, although a limitation which has hindered this research is
the fact that SENCR does not have a mouse homologue, complicating in vivo
investigations.
Several lncRNAs have been identified in the pre-clinical murine HLI model as having
pro-angiogenic effects which may be translatable to human PAD/CLI patients [226].
The hypothesis remains that if endogenous angiogenesis can be stimulated in these
patients and perfusion improved, then symptoms would likely decrease and
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amputation be prevented. Recently, the lncRNA GAPLINC was found to promote
angiogenesis in HUVECs during hypoxia [11]. Other previous studied lncRNAs with
roles in angiogenesis which may be relevant to human PAD/CLI include MALAT-1
and MEG3. Michalik & colleagues (2014) showed that MALAT-1 inhibition in murine
HLI was detrimental to muscle neovascularisation and perfusion and mechanistically
switched ECs from a proliferative to a migratory phenotype by altering expression of
cell cycle regulatory genes [188]. Likewise, inhibition of the endothelial enriched
MEG3 has been shown to promote angiogenesis and perfusion in murine HLI. This is
of particular interest as the authors showed that MEG3 expression increased with age
in senescent ECs [227].
1.7.2 Cardiovascular long non-coding RNAs without human orthologues
In vivo models of cardiovascular diseases have produced candidate lncRNAs which
do not appear to have human orthologues for example, Liang & colleagues (2018)
identified pro-fibrotic lncRNA (PFL) as upregulated in the mouse heart post MI where
it promoted proliferation and myofibroblast formation, whereas PFL KD significantly
alleviated myocardial fibrosis and improved cardiac function post MI, although the
authors could not identify a human orthologue [228]. The murine lncRNA Myheart was
found to be cardioprotective as it binds to and sequesters the chromatin regulator
BRG1, thus preventing activation of a pathological cardiac hypertrophic gene
expression profile, however, no human orthologue has been identified to date [229,
230]. Similarly, the lncRNA cardiac-hypertrophy-associated epigenetic regulator
(Chaer) also facilitates cardiac hypertrophy via interaction with another chromatin
modulator, this time PRC2; by interfering with its ability to methylate H3K27 and
activate gene expression; it too does not have an identified human orthologue [231].
As previously mentioned, sequence conservation is not always present across
species in lncRNAs with conserved functions. Therefore, with further investigations
into the human and mouse loci for genes neighbouring these murine lncRNAs
orthologues may be identified in future.
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1.8 Long non-coding RNA LINC00961
Understanding EC homeostasis and the endogenous pathways behind their specific
behaviours such as barrier function, adherence, and angiogenic potential is of
importance for understanding how these pathways become dysfunctional and
contribute to cardiovascular disease. This thesis was a project born from the
hypothesis that RNA-seq analysis on hESC-derived ECs could identify novel lncRNA
transcripts important for endothelial differentiation, specification, and maintaining
proper EC functions in terminally differentiated cells. Comparison of lncRNA
expression in immature hESCs was therefore compared with HSVECs as a positive
control for terminally differentiated ECs. When I started this PhD project, these
experiments had been carried out by the Baker group and a list of lncRNAs of interest
expressed in differentiated and control ECs had been compiled. The lncRNA
LINC00961 was identified as being of particular interest due to the locus being
conserved in mice and that it contained an ORF. It was at this point that I joined the
Baker group and focussed on dissecting the role of LINC00961 in ECs, specifically
with an interest in the mouse LINC00961.
LINC00961 is a lincRNA located at p13.3 on human chromosome 9 (Figure 1.5).
There are 4 predicted transcripts with 1 predicted to undergo non-sense mediated
decay

according

to

data

available

on

the

online

database

Ensembl

(http://www.ensembl.org/Homo_sapiens/Gene/Summarydb=core;g=ENSG00000235
387;r=9:35909483-35937153). Isoform 1 is reported as 1612 base pairs (bp), contains
2 exons, of which exon 2 encodes the 75 amino acid micropeptide previously termed
small regulatory polypeptide of amino acid response (SPAAR) by Matsumoto &
colleagues (2017) who identified 2 potential transcription start sites [232]. The mouse
homologue (previously identified as 5430416O09Rik) is located on chromosome 4
with 65.3% conservation of amino acid sequence. To date, orthologues have been
identified in 191 species including mammals, invertebrates, and ray-finned fishes,
however, no orthologue has been identified in zebrafish (Ensembl, July 2020).
Although a higher sequence similarity is observed between humans and primates, the
mouse and human locus is conserved in synteny with many of the same neighbouring
protein coding genes (Figure 1.5). This level of conservation suggests an importance
for this locus in evolutionary conserved mechanisms.
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Figure 1.5 The LINC00961 locus and neighbouring genes are conserved in
synteny across the mouse and human genomes.
Top panel is a representation of part of human chromosome 9 showing LINC00961
and its surrounding genes. Bottom panel is a representation of part of mouse
chromosome 4 showing conservation of the LINC00961 locus and its surrounding
genes. Arrows represent direction of transcription on forward strand (right side arrow),
or reverse strand (left side arrow). Large clusters comprising mainly of olfactory
related genes have been grouped and labelled olfactory clusters 1 and 2 for simplicity.
These loci representations were assembled with reference to ENSEMBL human
genome GRch38p7 and mouse genome GRcm38.p6.
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At the start of this project there was only 1 publication on LINC00961 by Zheng &
colleagues (2016) who utilised RNA-seq and reported LINC00961 to be upregulated
2.5- fold in cisplatin resistant ovarian cancer, however, they did not explore its role
further [233]. Shortly after, Matsumoto & colleagues (2017) published their work
focussing on the function of the SPAAR micropeptide and not LINC00961 itself; they
reported that SPAAR regulates skeletal muscle regeneration via negative regulation
of amino acid stimulation of the mammalian target of rapamycin complex 1
(mTORC1), and that downregulation and deletion of SPAAR promoted muscle
regeneration and maturation post cardiotoxin injury through de-repression of
mTORC1. They also show a 158.8- fold increase in LINC00961 locus expression in
murine skeletal muscle compared to bone marrow and a 15.3- fold increase in the
heart. LINC00961 was also highly expressed in other vascular enriched tissues such
as the kidney (3- fold increase, human and mouse), lungs (35- fold increase, human),
and placenta (88- fold increase, human) [232].
At present, literature regarding LINC00961 mostly focuses on its expression in various
cancers. Figure 1.6 summarises the pathways which LINC00961 has been implicated
in based on all current publications, described in detail in the following paragraphs.
Interestingly, several studies have implicated LINC00961 in non-small cell lung
carcinoma (NSCLC). Yu and colleagues (2015) reported that LINC00961 was
downregulated 1.62- fold in NSCLC; similarly, Huang & colleagues (2018) also
reported significant downregulation of LINC00961 in NSCLC tissues [234]. Jiang &
colleagues (2018) associated downregulated LINC00961 expression in NSCLC with
a later cancer stage and shorter patient survival time [235] [236]. In the same study,
the authors concluded that LINC00961 may act as a tumour suppressor in the context
of NSCLC and found that the epigenetic regulator lysine demethylase 1A (LSD1)
physically binds to the promoter of LINC00961 causing its repression in epithelial lung
cells [236]. Collectively, these studies established that LINC00961 inhibits migration,
invasion, metastasis [236], proliferation, and induces apoptosis [234] in NSCLC cells.
Additionally, LINC00961 has been associated with lung squamous cell carcinoma in
the recent paper from Liu & colleagues (2020) who identified LINC00961 in a panel
of 11 lncRNAs associated with patient prognosis and identified it as a ‘high-risk’ gene
[237].
Downregulation of LINC00961 appears to be an emerging pattern in other cancers,
as its downregulation has been correlated with poor prognosis in hepatocellular
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carcinoma (HCC) patients and is also downregulated in HCC cell lines. The authors
identified a novel mechanistic pathway whereby LINC00961 sponges miR-5581-3p,
subsequently de-repressing human cardiolipin synthase 1 (CRLS1), which is reported
to repress HCC cell growth; however, with reduced LINC00961, miR-5591-3p levels
rise, inhibiting CRLS1 [238]. Chen & colleagues (2018) discovered that LINC00961
was significantly downregulated in renal cell carcinoma (RCC) cell lines compared to
healthy cell lines, as well as being downregulated in RCC patients [239]. In this
instance the authors began investigating the modulation of the proteins slug and Ncadherin and reported their upregulation upon LINC00961 KD in vitro, suggesting a
role for LINC00961 in the shift of gene expression towards an epithelial to
mesenchymal transition phenotype, however, the evidence to support this was
inadequate to come to a firm conclusion and therefore requires further investigation
[239]. Other recent studies include the work by Amini & colleagues (2020) who
reported that LINC00961 was downregulated in later stage gastric cancer and
suggested its use as a novel biomarker for gastric cancer [240]. Interestingly, Mu &
colleagues (2019) identified miR-26a, miR-107, miR-367, and miR-5581 as likely
downstream targets of LINC00961 based on the potential presence of LINC00961
binding sites, identified using the miRDB database [241]. In the same study, further
investigation in melanoma cell lines identified miR-367 expression to be significantly
conversely correlated with LINC00961 expression, supporting the hypothesis for its
regulation by LINC00961. The authors further reported that the LINC00961 – miR367 axis regulated the phosphate and tension homologue protein (PTEN) [241], which
acts as a tumour suppressor in melanoma [242]. Recently, Layeghi & colleagues
(2020) concluded that LINC00961 was downregulated in luminal breast cancer and 2
breast cancer cell lines, compared to adjacent non-cancerous tissues and a normal
breast cell line [243]. Lastly, Wu & colleagues (2020) identified LINC00961 as
downregulated in colon cancer and through in vitro assays identified that it supresses
the migration and invasion of colon cancer cells through sponging miR-233-3p which
de-represses SOX11 expression [244].
More relevant to this project is the work of Di Salvo and colleagues (2015) who
showed a log2fold change of -1.4 in the right ventricle of patients with heart failure
compared to healthy unused donor control hearts [245], highlighting that this lncRNA
may be of clinical relevance in cardiovascular diseases as well as in certain cancers.
Furthermore, LINC00961 has been identified in multiple pathways pertaining to
cardiovascular disease; Wu and colleagues (2019) reported that LINC00961 was
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downregulated in patients with coronary artery disease and in ApoE-/- mice (a model
of atherosclerosis), and that it sponges the previously mentioned miR-367 in SMCs
in these patients [246]. This is the same miR that was identified to be potentially
regulated by LINC00961 in the work of Mu & colleagues (2019) above, further
validating the LINC00961- miR-367 pathway alongside Wu & colleagues (2019)
positive luciferase assay experiments [241] [246]. Liu and colleagues (2019)
described a potential pathway for LINC00961 in CM hypoxic injury. They show that
24 h of hypoxia increased LINC00961 expression in the H9C2 rat cardiomyoblast cell
line and caused an increase of the transcription factor signal transducer and activator
of transcription 1 (STAT1), which they showed physically interacted with the promoter
of

LINC00961 to induce

its

expression. Downstream

phosphorylation

of

phosphoinositide 3-kinase (PI3K), AKT, and glycogen synthase kinase-3β (GSK3β)
were also inhibited [247]; this is of interest as activation of this pathway has been
implicated in negating the pathological remodelling in the heart post hypoxia/
reperfusion injury [248].
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Figure 1.6 Summary of published data regarding LINC00961 and SPAAR
interactions.
This figure illustrates pathways the LINC0961 locus has been implicated in. This data
was gathered from research in non-small cell lung cancer, tongue squamous cell
carcinoma, hepatic cell carcinoma, renal cell carcinoma, glioma, melanoma, colon
cancer, gastric cancer, cardiomyocytes following MI, and in skeletal muscle
regeneration. Arrows indicate induction or promotion whilst flat ends indicate inhibition
[247] [236] [238] [241] [246] [240] [249] [239] [250] [234] [232].

45

1.9 Hypotheses and aims

Hypotheses:
1) The human LINC00961 locus is essential to EC function.
2) The human LINC00961 RNA transcript is responsible for the contribution of
this locus to EC function.
3) The murine LINC00961 locus function is conserved in mice.

Aims:
To investigate the above hypotheses, the aims of this thesis are:
1) To evaluate the phenotype in human ECs following knock down (KD) of
LINC00961 locus expression by focusing on EC functional assays, with
particular focus on angiogenesis.
2) To identify the mechanism(s) through which LINC00961 elicits its effects; this
involves determining if LINC00961 works solely through its encoded micropeptide, the lncRNA itself, or through a combination of LINC00961 and
SPAAR.
3) To identify the role LINC00961 plays in vivo by utilising a knockout (KO)
mouse line. To test the above hypothesis this thesis will utilise the murine HLI
model of angiogenesis to assess the regenerative function of the endothelium
in LINC00961-/- mice.
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Chapter 2 Methods and Materials
2.1 Ethical approval
All donated human tissues utilised in this project conformed to the principles outlined
in the Declaration of Helsinki (Ethics 15/ES/0094). The human saphenous vein
endothelial cells (HSVECs) used for RNA-seq analysis were collected by enzymatic
collagenase digestion of human saphenous vein samples (Ethics 15/ES/0094).
2.2 Cell culture
2.2.1 Human umbilical vein endothelial cells
Human umbilical vein endothelial cells (HUVEC) (Lonza, Basel Switzerland) were
cultured in the EC growth medium EGM2 (Lonza, Basel Switzerland) supplemented
with 10 % foetal bovine serum (FBS) (Life Technologies, Paisley UK) and grown at
37 oC with 5 % CO2. Growth factors in the EGM2 were hydrocortisone 0.2 ml, human
fibroblast growth factor B2 (FGF-B2) 2 ml, VEGF 0.5 ml, Insulin-like growth factor
(with long arginine) 0.5 ml, ascorbic acid 0.5 ml, human erythroid growth factor (hEGF)
0.5 ml, Gentamicin sulfate-Amphotericin-1000 0.5 ml, and heparin 0.5 ml. Cells were
used for experiments between passages 2 - 5.

2.2.2 Mouse endothelial-like cell lines
Three murine endothelial like cell lines were cultured in Dulbecco's Modified Eagle
Medium (DMEM) (Life Technologies, USA) with 10 % FBS and 1% penicillin and
streptomycin at 37 oC with 5 % CO2: murine brain microvascular endothelial cell line
(bEND3), SVEC4-10, and IP1B. The murine cardiac endothelial cell line (MCEC) was
cultured in DMEM supplemented with 5 % FBS, 1 % penicillin and streptomycin, and
10 mmol/L HEPES buffer at 37 oC with 5 % CO2. Flasks for MCEC use were precoated with 0.2 % gelatin (Sigma-Aldrich, USA) and excess gelatin removed before
seeding cells.
2.2.3 Human embryonic stem cell differentiation
Previously the Baker lab published a human embryonic stem cell (hESC) to EC
differentiation protocol which uses the commercially available H9 hESCs [84]. This
protocol was performed by Dr Boulberdaa and colleagues prior to my arrival in the
lab, and the resultant ECs were used for RNA-sequencing (RNA-seq). The protocol
is as follows: H9 cells were dissociated into single cells using 1 × 104 Tryple Select
(Life Technologies, UK) then seeded onto 5 % Pluronic F-127 (Sigma-Aldrich, UK)
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coated 96 well round bottom microplates to generate embryoid bodies (EBs). Plates
were centrifuged at 300 X g for 3 min and Stemline II Hematopoietic expansion culture
medium supplemented with 5 ng/mL Activin A (Peprotech, USA), 10 μmol/L Y-27632
(Millipore, Temecula, USA, 10 ng/mL vascular endothelial growth factor (Peprotech,
USA), and 10 ng/mL bone morphogenetic protein 4 (BMP4) (R and D Systems,
Minneapolis). Cells were incubated for 48 h with Stemline II Hematopoietic expansion
medium, this time containing 10 ng/mL VEGF, 70 ng/mL Wnt3A, 140 ng/mL BMP4
and 35 ng/mL Activin A. After 3 days of culture EBs were transferred to 0.1 % gelatine
coated 6 well culture dishes and resuspended in EGM- 2 supplemented with 50 ng/ml
of VEGF and the accompanying bullet kit, without its VEGF and FBS, and grown until
day 7. For the flow cytometry analysis of the differentiating populations, cells were
dissociated by enzymatic digestion, harvested, washed in phosphate buffered saline
(PBS), and incubated with specific antibodies. Fluorescently activated cell sorting
(FACS) was then performed using anti-human CD326, anti-human CD56, anti-human
CD31, and anti-human CD144 by FACS Aria I or Aria III cell sorters (BD Biosciences,
San Diego, USA) and RNA isolated from the resultant sorted populations.
2.3 RNA Analysis
2.3.1 RNA Isolation and quantification
RNA was isolated using the QIAzol lysis reagent miRNeasy mini kit (Qiagen, Hilden,
Germany) and the manufacturer’s protocol. Digestion of genomic DNA was
incorporated into the protocol by adding a 5 min DNase 1 incubation. Final RNA
concentration and quality was determined using the NanoDrop ND-1000
Spectrophotometer (Nano-Drop Technologies, DE). RNA was immediately stored at
-80 oC.
2.3.2 RNA sequencing
Illumina RNA-seq was performed (45 million paired-end reads per sample) on
ribosomal RNA depleted libraries from several replicates of the different cell
populations from the differentiation of ECs from the hESC-EC. This protocol was
carried out and analysed similarly to the methods previously published by the Baker
lab [187] with the RNA-seq data deposited at the Gene expression Omnibus as
reference GSE118106. Samples for each population were N=4 hESCs, N=4
mesodermal and non-mesodermal at 3 days, N=2 endothelial and non-endothelial at
7 days, and N=4 HSVEC controls. Publicly available expression data from the
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ENCODE Consortium for multiple EC and SMC lines were also accessed for
comparison. Dr Julie Rodor carried out the bioinformatic analysis throughout this
project.
2.3.3 RNA fractionation
RNA fractionation was performed as previously described [84] and as per
manufacturer’s instructions (Paris Kit, Life Technologies, UK). Briefly, HUVECs were
dissociated and homogenized in 500 l ice-cold Fractionation Buffer and incubated
for 10 min on ice. Nuclei were separated from the cytoplasmic fraction by
centrifugation at 500 X g for 5 min. The cytoplasmic supernatant was collected and
stored on ice, meanwhile 500 l of fractionation buffer were added to the pellet and
centrifugation repeated and supernatant discarded. Next, 500 l of disruption buffer
was added and sample vortexed, followed by 500 l of 2 X lysis buffer at room
temperature. Cytoplasmic and nuclear fraction samples were then mixed with 500 l
absolute ethanol, before applying sample to a filter cartridge and centrifuged at 500
X g for 1 min. Cartridges were washed with 350 l of wash solution 1 at room
temperature followed by premade DNase I mix (10 l DNase: 70 I RDD buffer per
sample) incubation for 10-15 min at room temperature; a further 350µl wash solution
1 was added and brief centrifugation were then carried out. Next, samples were
washed twice with 500 µl wash solution 2/3 and centrifuged. The membrane was dried
with a final 2 min centrifugation and lastly, RNA was eluted with 50 µl of elution buffer,
pre-heated to 95 oC, and then samples used to make cDNA. Remaining samples were
stored at -80 oC.
2.3.4 cDNA Synthesis
Standard cDNA synthesis utilised 300 ng RNA in a 40 µl reaction using the
MultiScribe™ Reverse Transcriptase kit (Life Technologies, Paisley, UK).
Thermocycler cycles were as follows; 10 min at 25°C, 30 min at 48°C, 5 min at 95°C
and finally samples were stored at 4°C for immediate use, or stored longer term at 20°C.
2.4 Quantitative real time PCR
2.4.1 SYBR Green qRT-PCR
LINC00961 gene expression was assessed using SYBR Green based qRT-PCR
analysis. This used Power SYBR Green PCR Master Mix (Thermo Fisher, Paisley,
UK) and custom PCR primers (Eurofins MWG, Ebensburg, Germany) designed to
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target LINC00961.

The expression of housekeeping genes human and mouse

Ubiquitin protein C (UBC) and murine Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used as endogenous controls to normalise changes in target gene
expression. Several other genes were also analysed using SYBR Green; all primer
sequences are in Table 2.1. All reactions were carried out in triplicate using a
QuantStudio 7 Flex Real-Time PCR System real time PCR system (Thermo Fisher,
Paisley, UK).
2.4.2 Taqman© qRT-PCR
Some gene expression experiments were performed using the TaqMan® Universal
Master Mix II and TaqMan® Gene Expression probes following the manufacturer’s
protocol (Thermo Fisher, Paisley, UK). All reactions were carried out in triplicate using
a QuantStudio 7 Flex Real-Time PCR System real time PCR system (Thermo Fisher,
Paisley, UK). Taqman© probes and order codes are in Table 2.2.
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2.4.3 qRT-PCR cycle protocol
Both SYBR Green and Taqman© based assays underwent the following cycling qRTPCR cycling conditions; 1 cycle of 95oC for 10 min, followed by 40 cycles of 15
seconds at 95oC and 60oC for 60 seconds using the QuantStudio 7 Flex Real-Time
PCR System (Thermo Fisher, Paisley, UK).
2.4.4 Analysis of qRT-PCR
The 2-ΔΔCt method first described by Livak & Schmittgen [251] was utilised to
calculate the fold change in gene expression between experimental and control
conditions. Fold change is presented as relative quantification (RQ) on graphs. Raw
data was exported into Microsoft Excel for analysis and graphed using GraphPad
Prism.

For identifying LINC00961 in murine endothelial-like cell lines, data are

presented using the 1/ΔCt calculation.

Forward sequence 5’-3’

Reverse sequence 3’ -5’

GAPDH

ACAGTCCATGCCATCACTGCC

GCCTGCTTCACCACCTTCTTG

UBC

TTGCCTTGACATTCTCGATG

ATCGCTGTGATCGTCACTTG

LINC00961

ACCAGGGAATCTGTGCTCACG

GAAGATGCTGCTCTGAGTCCC

ERG

GGAGTGGGCGGTGAAAGA

AAGGATGTCGGCGTTGTAGC

GAPDH

TGTGAACGGATTTGGCCGTA

ACTGTGCCGTTGAATTTGCC

LINC00961

GTCACCAGCTCCAGATACAGT

ATGTTGCTAAGACGGAAGCCA

NEAT1

AGCAGCTTGTCAACTCTCTGG

CCTGCAGTGCCATTATCCCAT

MALAT1

GCAGTGTGCCAATGTTTCGT

GCTGTTTCCTGCTCCGAGAT

Mouse

Human

Transcript

Table 2.1 List of human and murine SYBR Green qRT-PCR primers.
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Human
Mouse

Taqman Probe Name

Code

GAPDH
UBC
HRCT1
EGFL7
SHEP1 (SH2D3C)
NPDC1
VEGFA
VEGFC
TMSB4X
MSI2
UBC
HRCT1
EGFL7
SHEP1/SH2D3C
NPDC1
VEGFA
VEGFC
MSI2
TMSB4X
WT1
SMARCA 4
PAX7
MYOG
RASIP1

Hs02786624_g1
Hs05002522_g1
Hs02742472_s1
Hs01552509_m1
Hs01552509_m1
Hs00209870_m1
Hs00900055_m1
Hs01099203_m1
Hs03407480_gH
Hs01592569_m1
Mm02525934_g1
Mm01353653_s1
Mm00618004_m1
Mm01330274_m1
Mm00476483_m
Mm00437306_m1
Mm00437310_m
Mm01304232_m1
Mm01129684_g1
Mm01337048_m1
Mm01151944_m1
Mm01354484_m1
Mm00446194_m1
Mm00510273_m1

Table 2.2 List of human and mouse Taqman© probes used for qRT-PCR.
Probe/gene name shown with its order code.
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2.5 Lentiviral production and infection
Lentiviral vectors were developed and titrated by Dr Helen Spencer using HEK293T
cells triple transfected with; a plasmid encoding the envelope of vesicular stomatitis
virus (VSVg) (pMDG) (Plasmid Factory, Bielefeld, 130 Germany), a packaging
plasmid (pCMV∆8.74) and pLNT/SFFV plasmid employing polyethyleneimine (PEI;
Sigma-Aldrich, USA). Quantification was carried out using qRT-PCR with the primers:
forward, 5’-TGTGTGCCCGTCTGTTGTGT-3';
GAGTCCTGCGTCGAGAGAGC-3’;

reverse,
probe,

5'-

5'(FAM)-

CAGTGGCGCCCGAACAGGGA- (TAMRA)-3. The sequences to overexpress
LINC00961 full-length, ΔΔATG961 and SPAAR were generated by GeneART Gene
synthesis (Life 136 Technologies, UK), and were cloned into pLNT/SFFV-MCS using
the KpnI and 137 XhoI sites. For all experiments a negative control lentivirus was also
used. Multiplicity of infection (MOI) refers to the ratio of viral particles compared to the
number of target cells; for all experiments a MOI of 10 was used using, calculated
with the formula:

𝐶𝑒𝑙𝑙 𝑛𝑜.× 𝑀𝑂𝐼
= µL of virus / well
𝑉𝑖𝑟𝑎𝑙 𝑇𝑖𝑡𝑟𝑒

2.6 In vitro assays and protocols
2.6.1 Transfection protocol
To knock down LINC00961 expression several dicer-substrate short interfering RNA
(siRNA) sequences were designed and purchased from IDT (Leuven, Belgium). Some
protein coding gene expression was also knocked down utilising siRNA; see Table
2.3 for all siRNA sequences. Transfections were performed with siRNA using
Lipofectamine RNA iMAX (Life Technologies, Paisley, UK)) according to
manufacturer’s instructions. Briefly, 3 µl of Lipofectamine per well of a 6 well plate
were used, in 1 ml per well of optiMEM media (Life Technologies, USA) and the
required dose of siRNA in 1 ml per well of optiMEM, prepared separately and
incubated for 5 min before being combined. Mixtures were combined and incubated
for a further 5 min before adding to cells. Cells were then incubated at 37 oC for 4 - 6
hr then supplemented with 1 ml of their normal growth medium. Media was removed
from cells after 24 and 48 hr, and cells utilised for either RNA extraction or tubule
formation assays. Negative control siRNA (IDT, Leuven, Belgium) which lacked target
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specificity, was used in all experiments, as well as untransfected cells and a mock
condition where Lipofectamine only was transfected.

Name

Sense strand sequence

Antisense strand sequence

5’-3’

3’- 5’

Negative

rCrGrUrUrArArUrCrGrCrGrUr

rArUrArCrGrCrGrUrArUrUrArUrA

Control

ArUrArArUrArCrGrCrGrUAT

rCrGrCrGrArUrUrArArCrGrArC

rGrCrArCrArGrUrCrArArUrUrC

GrArCrGrUrGrUrCrArGrUrUrArAr

rArUrCrGrGrUrGrCrCrUTA

GrUrArGrCrCrArCrGrGrArArU

rGrArCrUrUrUrGrCrArUrGrGr

GrArCrGrUrArArArCrGrUrArCrCr

CrArUrGrCrCrCrCrArGrUGT

GrUrArCrGrGrGrGrUrCrArCrA

rCrArGrArUrCrCrUrArCrGrCr

rUrCrUrGrUrArCrUrCrCrArUrArG

UrArUrGrGrArGrUrArCrAGA

rCrGrUrArGrGrArUrCrUrGrCrU

Si1

rGrUrCrArUrCrArCrCrArUrGr

rArArCrArGrUrArGrUrGrGrUrArC

LINC00961

GrCrCrArUrUrArCrCrUrGrCrA

rCrGrGrUrArArUrGrGrArCrGrU

Si2

rCrGrUrCrArCrUrUrArGrGrAr

rArCrGrCrArGrUrGrArArUrCrCrU

LINC00961

ArUrGrArUrArGrArArArAAT

rUrArCrUrArUrCrUrUrUrUrUrA

(NC1)

Human

HRCT si1

HRCT si2

Mouse

ERG

Table 2.3 List of human and murine siRNA sequences.
Human ERG siRNA sequence obtained from Dufton & colleagues (2017) [252].

2.6.2 Tubule formation assay
Tubule formation assays were performed using Matrigel© (Corning, USA). Matrigel©
was defrosted overnight on ice at 4 oC in preparation for use the next day. To prepare
the wells of a 96 well plate, 70 µl Matrigel© were added on ice and allowed to set for
30 min at 37 oC. Cells were then plated at a seeding density of 1 x 104 for HUVECs
and 2 X 104 for bEND3 cells in EGM-2 medium (LONZA, UK) and incubated for 5 hr
at 37 °C with 5 % CO2. For experiments where cell viability was confirmed with Calcein
AM (Invitrogen, USA), media was aspirated and replaced with Calcein AM diluted
1/500 in the cells’ normal medium without FBS. Cells were returned to the incubator
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for 30 min then imaged using a fluorescent Nikon ECLIPSE Ti2/ Brightfield images of
the tubule networks were taken on a Nikon TS100-R. Assays were performed in
triplicate and total branch length was determined using the Angiogenesis Analyser
plug in for Image J (FIJI) software and data averaged across the 3 wells per condition.
2.6.3 Endothelial barrier integrity assay
Electric Cell-substrate Impedance Sensing (ECIS) assays were carried out with 8-well
arrays (8W1E) on an ECIS® Z-Theta station (Applied Biophysics), as per the
manufacturer’s instructions.

The 8-well arrays were prepared by washing with 10

mM L-cysteine (Sigma-Aldrich, UK) and coated with type I rat tail collagen (SigmaAldrich, UK). Previously transfected HUVECs were seeded at a density of 4 X 104 per
well and left in the incubator overnight to form a monolayer. The next day impedance
was then measured over a 10 hr period and analysed using ECIS mathematical
software (Applied Biophysics) to calculate cell barrier resistance, expressed as Rb
[Ohm x cm2]. Data were exported to Microsoft Excel for further analysis and graphed
using GraphPad.
2.6.4 Hypoxia chamber
Cells were plated in 6 well pates and left overnight in the incubator to adhere. The
following day media was replaced, and cells were placed into a 14500 Coy Cabinet hypoxia chamber (Coy Laboratory Products, USA) set to 1% O2 (5% CO2 and 94%
N2) for 24 or 48 hr before removal and immediate treatment with quizol for RNA
extraction.
2.6.5 Proliferation assay
The nuclear incorporation of 5-Ethynyl-2 -́ deoxyuridine (EdU) was used to quantify
cell proliferation using the Click-it EdU 488 Proliferation assay (Life Technologies, UK)
as per manufactures instructions. Briefly, HUVECs were seeded at a density of 1 x
4

10 per well of a 96 well plate and left to adhere. After 24 hr cells were put into serum
starvation conditions for a further 24 hr, consisting of DMEM medium supplemented
with 2% heat-inactivated FBS, 50 μg/mL penicillin, 50 μg/mL streptomycin, 2 mmol/L
L-Glutamate and 1 mmol/L sodium pyruvate. Following serum starvation, proliferation
was induced by culturing cells in complete EGM-2 with 10 % FBS and 10 μM EdU
for 24 hr. The percentage of EdU positive cells was analysed by flow cytometry and
an anti-EdU 488 antibody following cellular dissociation and fixing in cold 70 %
ethanol.
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2.6.6 Migration assay
Cell migration assays were performed by Dr Helen Spender using an ECIS machine
(Applied BioPhysics) as per Manufacturer’s instructions. Briefly, 6 x 104 HUVECs
were plated in each well of an ECIS wound healing array. The conditions were set to:
electroporate 2500 μA; wound: 30 sec; frequency 40000. The rate of migration was
calculated after 24 hr using the formula; velocity=r/t, where the radius was 125 μm.
2.6.7 Immunocytochemistry
Cells were fixed for 30 min at room temp with 4 % paraformaldehyde and washed
with phosphate buffered saline (PBS) containing 1 % glacial acetic acid (SigmaAldrich, UK). Next, cells were permeabilised with 0.1 % Triton-X-100 (Thermo Fisher,
UK) in PBS for 5 min at room temperature. A further PBS wash was carried out and
cell were blocked for 30 min at room temperature with 5 % goat serum in PBS. The
thymosin beta 4-x antibody (Abcam 14335) was diluted 1/200 in 5 % goat serum and
incubated on cells for 1 hr at 37 oC. The primary antibody solution was washed off
using PBS and cells incubated with a secondary antibody (goat anti rabbit AlexaFluor-488, Abcam 150077) diluted 1/400 in 5 % goat serum for 45 min at 37 oC,
protected from light. Finally, cells were washed with PBS and then mounted with
ProLong Gold containing DAPI (Thermo Fisher, UK). Images were taken on a Zeiss
LSM 780 confocal microscope.
2.6.8 RNA fluorescent in situ hybridisation
All RNA fluorescent in situ hybridisation (FISH) experiments were carried out by Dr
Helen Spencer using 20 tiled digest oligo probes targeting exons 1 and 2 of human
LINC00961, which were custom generated, and RNA- FISH performed following the
manufacturer’s instructions (QuantiGene ViewRNA cell

ISH cell assay, Life

Technologies, UK). Probes targeting SNORD3 and UBC were used nuclear and
cytoplasmic controls, respectively (Life Technologies, UK). HUVECs were seeded at
1 x 104 on 0.2 % gelatin coated 16 mm coverslips and allowed to grow up 80 %
confluency. Cells were then fixed in 4 % formaldehyde supplemented with 1 % glacial
acetic acid. Detergent QS permeabilise the cells and following a 1:6000 protease
digest, cells were then incubated with the probes, with unstained cells as a negative
control. After probe hybridisation, cells were incubated with pre- amplifier for 1 hr and,
then amplifier for 30 minutes. Cells were incubated with secondary fluorescent
probes, and mounted with medium containing DAPI (Vectorshield, UK). Imaging was
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carried out using an Andor Revolution XDi spinning disk confocal microscope, and
generated Z-stacked files, with the assistance of University of Edinburgh’s Confocal
and Advanced Light Microscopy Facility.
2.6.9 Western blotting
Cells were washed with PBS and resuspended in 200 µl of RIPA buffer (Life
Technologies, UK) supplement with cOmplete Mini, EDTA-free Protease Inhibitor
Cocktail tablets (Roche, UK). Lysates were incubated on ice for 30 min then were
centrifuged at 15000 X g for 10 min at 4 °C to remove cell debris. Total protein
concentration was determined using a Pierce™ BCA Protein Assay Kit (Thermo
Fisher, UK) and a Perkin Elmer Victor 2 Microplate Reader. Western blots were then
conducted on the Life Technologies Bolt System as per manufacturer’s instructions
(Life Technologies, UK) and as follows: 30 µg of proteins were diluted in 4 X reducing
bolt loading buffer (Life Technologies, UK) and boiled for 5 min at 95°C to denature
proteins, and then vortexed. Samples were loaded into a 10 % bolt acrylamide precast gel (Life Technologies, UK) and electrophoresis separation was set up at 200
volts (V) for 1 hr 15 min. Next, proteins were transferred onto a nitrocellulose
membrane and transferred at 10V for 1 hour. Membranes were blocked in 5 % milk
for 1 hr. The SPAAR antibody (Cell Signalling, USA) and β-Actin antibody (Abcam)
were incubated on a roller at 1:1000 overnight at 4 °C. Secondary antibodies were
used at 1:5000 (Li-Cor, UK). Finally, the membrane was washed 3 X in TBS-T for 10
min each and band detection performed using (Li-Cor, UK).
2.7 Protein pull-down
All protein pull-down experiments were performed by Dr Helen Spencer. For
LINC00961 protein pulldowns: The T7 RiboMAX Express Large-Scale RNA
Production System (Promega, UK) was used to generate biotinylated LINC00961 (50
pMol). This RNA was then incubated with streptavidin magnetic beads and 20 µg of
HUVECs protein lysate, and the Pierce Mag RNA Protein Pull-down kit (Thermo
Scientific) protocol followed.
For SPAAR protein pull-down experiments, HUVECs were infected with our lentiviral
constructs; LV-Null, LV-SPAAR untagged, or LV-SPAAR-HA with contained a HAtag. Anti-HA antibody immunoprecipitation, with an anti-IgG antibody control was then
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carried out. These samples for mass spectrometry were sent to the IGMM Mass
Spectrometry facility, University of Edinburgh, who generated the data.

2.8 In vivo work
2.8.1 Animal ethical approval
All animal experiments were performed in accordance with the Animals (Scientific
Procedures) Act (UK) 1986 and under the auspices of UK Home Office Project and
Personal Licenses held within The University of Edinburgh facilities. Prior to
experiments approval was granted by the University of Edinburgh veterinary staff.
Project license holders:
Dr Patrick Hadoke 60/4523 - colony maintenance and HLI experiments.
Dr Gillian Gray 70-8933 - MI experiments.

Personal license numbers:
Rachel Sanders I85C48607.
Dr. Marco Meloni ID59EF5FC.
Dr. Ana-Mishel Spiroski I8D6B6351.
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2.8.2 Generation of LINC00961-/- line
A global LINC00961 locus knock out (KO) mouse line was generated by Taconic
Biosciences (USA), using CRISPR/Cas9 technology on a C57BL/6nTAC genetic
background. Utilising two guide RNA (gRNA) strands targeted against regions
flanking the locus, the Cas9 enzyme induced double stranded DNA breaks leading to
deletion of the entire locus (Figure 4.2A). Heterozygous breeding trios were used to
establish and maintain the colony, and to generate wild type (WT) and KO littermates
for in vivo experiments and tissue collection.

Guide strand

Sequence

gRNA 1 (proximal)

ATACACTCCTCGCTCAATGT

gRNA 2 (distal)

CGAGGCTACGCTGTCAGTACT

Table 2.4 Sequences of gRNA used in generation of CRISPR/Cas9 mediated
LINC00961 KO mouse.

2.8.3 Colony generation
Six mice were received from Taconic© that had undergone CRISPR/Cas9 deletion of
the LINC00961 locus and were therefore mosaic founders. These founders were bred
with WT C57BL/6 mice to produce LINC00961 heterozygous mice which served as
the first breeders to establish this colony. Ear clip samples from all pups were
outsourced to Transnetyx© for genotyping. A number of KO and WT mice were then
re-genotyped in house, using RNA extracted from their kidney and used to make
cDNA for qPCR analysis, confirming their LINC00961 status from Transnetyx©
(Figure 4.2 B, primer sequences in Table 2.1). A subset of offspring were weighed
weekly post-weaning to check their health and culled at 9 weeks of age for tissue
harvesting and characterisation, with male and female data analysed separately
throughout.
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2.8.4 Genotyping and maintenance of the LINC00961-/- line
Pups were ear clipped for identification purposes and this tissue used to genotype
animals by outsourcing to Transnetyx©. Heterozygous animals were used for
breeding to generate animals of all possible genotypes (WT, KO and heterozygotes)
for further experiments and to maintain the colony.
2.8.5 Euthanasia
Animals were euthanised with Pentoject/Euthatal (160 mg/kg) administered by
intraperitoneal injection. Tissues were then perfusion fixed by snipping the right atria,
and intracardiac puncture and infusing with PBS at 6 ml/min using a micro pump;
followed by perfusion with 4% paraformaldehyde (PFA) at 6 ml/min. Perfusion fixation
of tissues was carried out by Rachel Sanders, Dr Marco Meloni, and Dr Ana-Mishel
Spiroski. If perfusion fixation was not required e.g., for collection of samples for
freezing / RNA / protein collection), animals were culled via cervical dislocation and
confirmation of cessation of circulation.
2.8.6 Murine hind limb ischemia
Mice were anesthetised with inhalation isoflurane 4 % with oxygen for induction of
unconsciousness, and 1% - 2% isoflurane with oxygen for maintenance of
anaesthesia for all surgical procedures and Laser Doppler acquisition. Surgical
ligation and cauterisation of the left femoral artery was performed by Dr. Marco Meloni
(femoral vein and nerve were left untouched) on male LINC00961-/- and WT
littermates at 11 weeks of age. Laser Doppler imaging and analyses were performed
by Rachel Sanders. To carefully control the conditions under which LDPI was
performed, each mouse was warmed on a heating pad for 5 minutes prior to imaging
to stimulate vessel dilation and imaging was performed blind to genotypes. The feet
were used to calculate the perfusion ratio between the ischemic and control limbs by
carefully drawing around the feet in the moorLDI imaging software using the ankle
joint of the foot to maintain consistency. Mice were monitored after surgery and kept
warm in a hot box heated to 37 oC whilst recovering. peri-operative analgesic cover
(subcutaneous injection of buprenorphine at 0.05 mg/kg. Mice utilised for histological
purposes were injected with 5-ethynyl-2’-deoxyuridine (EdU) at day 0 (time of
surgery), and days 2, 4, 6, 9, and 12 post-surgery, to label actively dividing cells. Mice
were given 100 µl of EdU solution containing 417 µg EdU diluted in sterile H2O via
intraperitoneal injection (administered by Rachel Sanders or animal unit technicians).
Animals were sacrificed at 7 and 21 days post-surgery, and the adductor muscles
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used for downstream analysis. Tissues required for RNA extraction were snap frozen
in liquid N2 and stored at -80 oC.
2.8.7 Cardiac ultrasound echocardiography
Baseline cardiac function on 8 week old male and female mice, and on females 7 and
14 days post-MI data was collected by ultrasound echocardiography with Doppler flow
under isoflurane anaesthesia (4% induction, ~1.25% maintenance) by Mr Adrian
Thomson (Edinburgh Imaging) using the Vevo 770 and Vevo 3100 preclinical imaging
systems with Vevo Lab V3.0 and V3.2.6 software. Briefly, formats collected include:
Two-dimensional brightness mode (B-mode) with Doppler flow, and motion mode (Mmode).

Left ventricle parasternal

long

and

short

axes,

and

ECG-gated

Kilohertz Visualisation. Data were analysed by Dr. Ana-Mishel Spiroski in JMP 12
software where data were assessed for normality.
2.8.8 Murine myocardial infarction
For chronic myocardial infarction (MI) studies which lasted 2 weeks, mice were
anesthetised with a mix of 100 mg/kg ketamine and 10 mg/kg xylazine. For acute (30
min) MI studies, mice were anaesthetised with 70 mg/kg of pentobarbitone. Surgeries
were performed by Dr Ana-Mishel Spiroski, as previously described elsewhere [253].
Briefly, following induction of anaesthesia, animals were endotracheally intubated and
put onto a ventilator set at 100 breaths per min, and a tidal volume of 150 μl. The
heart was exposed via. Thoracotomy and delicately puncturing the epicardium to
reveal the left descending coronary artery (LAD) which was permanently ligated with
a 7-0 prolene suture. Animals were closed and monitored throughout the day whilst
recovering from the procedure. For chronic MI studies, Isolectin b4 was injected 15
min prior to euthanasia via tail vein injections performed by Mr. William Mungall
(Edinburgh University, animal unit surgical technician) (100 μl of 2 mg/ ml, SigmaAldrich, UK).
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2.9 Tissue analysis
2.9.1 Histology processing
Dissected tissues (adductor muscle or heart) were placed into 4% PFA overnight at
4oC, and then PFA replaced with PBS for 24 hr before transferring to 70% ethanol
and embedding in paraffin by the SuRF histology service at Edinburgh University.
Tissues were cut into 5 µm thick sections on a microtome (Thermo Fisher) and baked
onto slides overnight at 50 oC. Haematoxylin and Eosin staining on the adductor
muscle sections was carried out by staff at the SurF histology service at Edinburgh
University. For heart sections anatomical landmarks such as the papillary muscles
and the appearance of the right ventricle were used to guide section cutting from the
apex upwards.
2.9.2 Immunohistochemistry
Tissue sections were deparaffinised and rehydrated through incubations in xylene (2
X 5 min), 100% ethanol (2 X 5 min) 95% ethanol (3 mins, 70% ethanol (3 min), 50%
ethanol (3 min), and 30% ethanol (3 min). Next, sections were rinse in distilled H 2O
and antigen retrieval performed using 10 mM sodium citrate buffer at pH6 and
microwaving sections for 3 X 4 min, then ran under cold water for a further 15 min.
Sections were then incubated in 1 X PBS with 0.1% tween20 (Sigma-Aldrich, UK) for
3 min, followed by blocking with 10% goat serum in PBS for 1 hr in a humidified
chamber. Sections were incubated over night at 4oC with antibodies diluted in 10%
goat serum/PBS (Biotinylated isolectin B4 diluted 1/100, αSMA-Cy3 direct conjugate
diluted 1/400). The next day sections were washed in 1 X PBS 0.1% tween20, 2 X 3
min, then incubated with the secondary antibody streptavidin-Alexa 488 diluted 1/100
in 10% goat serum/PBS for 1 hr in a dark humidified chamber. Sectioned were
washed in PBS 2 X 3 min. Finally, sections were mounted with Vectashield containing
DAPI (Vector Laboratories, UK) and glass coverslips. Tissues were imaged either on
a Zeiss LSM 780 confocal microscope (Z-stacked images were generated and
compressed for analysis) or on the Zeiss Axio scan. Z1, at 40 X objective. For HLI
and MI tissue analysis, the adductor muscle and heart were investigated, respectively.
To investigate capillary density and mature vessel density, 5 regions of interest (0.42
µm2) were imaged, on 3 tissue sections, at least 50 m apart, per sample. Mature
vessel counts were carried out by eye using Image J (FIJI). Capillary counts were
either carried out either by eye or underwent batch analysis utilising the following
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Macro (designed by Dr Amy Cochrane) which counted positive particles in the green
(isolectin B4) channel only:
run("Subtract Background...", "rolling=50");
setOption("BlackBackground", false);
run("Make Binary");
run("Watershed");
run("Analyze Particles...", "size=0.03-Infinity show=Ellipses exclude include
summarize
in_situ");
(Images were analysed with a size limit of particles set to 0.02 or 0.03).

Antibody

Species

Code/Company

Use

Isolectin GD-IB4

Griffonia

I21414 Thermo

Immunohistochemistry

biotin-XX conjugate

simplicifolia

Fisher

(IHC)

Mouse hybridoma

Sigma C6198

IHC

Rabbit

Abcam 14335

IHC

Streptomyces
avidinii

S32354 Thermo

(IB4)
Alpha smooth
muscle actin (αSMA)- Cy3
conjugate
Thymosin beta 4-x
(Tβ4)
Streptavidin, Alexa
Fluor

Fisher

488 Conjugate
Alexa-Fluor 488

IHC

A32731 Invitrogen/

secondary

Goat (anti-rabbit)

Thermo Fisher

SPAAR

Rabbit monoclonal

25823 Cell

IHC

Western blot

Signalling
LICOR 488 anti
rabbit

Table

2.5

LICOR

Goat (anti-rabbit)

List

of

antibodies

used

for

Western blot

immunohistochemistry

and

immunocytochemistry.
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2.9.3 Masson’s trichrome staining
Deparaffinise and rehydrate sections through incubations in xylene (2 X 5 mins),
100% ethanol (2 X 5 mins) 95% ethanol (3 mins), 70% ethanol (3 mins), 50% ethanol
(3 mins), and 30% ethanol (3 mins). Rinse slides in distilled H 2O and incubate in pre
heated Buin’s fluid at 60OC for 1 hr, followed by cooling at room temperature for 10
min. Rinse slides in tap water until water runs clear then rinse in distilled H2O.
Incubate slides in Weigert’s haematoxylin for 5 min and rinse for 2 min in tap water.
Next, incubator slides in Biebrich Scarlet /Acid Fuchsin Solution to slide for 15 min
then rinse in distilled H2O. Rinse slides in distilled water. The slides then need
incubating in phosphomolybdic/phosphotungstic acid solution for 10 min, and then
submerging directly into aniline blue solution for 8 min and finally rinsing in distilled
H20. Slides are placed into acetic acid (1%) to fix the staining for 4 min. Lastly, slides
are dehydrated with quick rinses in 2 X 90% ethanol, 2 X 100% ethanol and then
cleared in xylene before mounting and left to dry overnight in a fume cupboard.
Tissues were imaged on an Axio scan.Z1. Images were viewed and % infarct
calculated using ImageJ (Fiji).
2.9.4 Evans Blue staining
Evan’s Blue staining on MI hearts was carried out and quantified by Dr. Ana-Mishel
Spiroski. Evans blue (Sigma-Aldrich, UK). Evans blue dye was used to stain the
infarcted area of the heart after acute (30 min) induction of myocardial infarction.
Briefly, 1% Evans blue was infused into the heart slowly via cannulation of the aorta
and the heart then dissected, wrapped in cling film and frozen at -20 °C for at least 1
hr. Next, the hearts were cut into 1mm sections (above the suture) and transferred to
a tube containing 2% 2,3,5-triphenyltetrazolium chloride (TTC) incubated for 24 hrs
at 37°C. Image J was used to calculate infarct size and at-risk area.
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2.10 Statistical analyses
2.10.1 In vitro
Data are expressed as the mean ± the standard error of the mean (SEM) on 3
biological replicates unless otherwise indicated in the figure legend. SEM was
calculated and chosen for plotting as calculating the mean involves utilising the
standard deviation (the spread of the data values), as well as the sample size to
calculate how closely your sample mean recapitulates the true population mean.
(https://www.graphpad.com/guides/prism/latest/statistics/stat_semandsdnotsame.ht
m). qRT-PCR data is presented graphically as RQ of the expression of the transcript
of interest, relative to a housekeeping gene. The statistics for these data are carried
out on the calculated dCt value. For a p value to be considered statistically significant,
it had to be less than or equal to 0.05. All graphs were generated utilising GraphPad
PRISM versions 7 and 9, and all statistics are described in each figure legends. The
student’s t-test (two-tailed, unpaired) was used to compare data between 2
experimental groups throughout. Where 3 replicates are present in 3 or more
experimental conditions, a one-way ANOVA with multiple comparisons was carried
out. Any other statistical tests utilised in publications is stated in the publication
methods.

2.10.2 In vivo
Data are expressed as the mean ± the standard error of the mean (SEM) on the
number of mice indicated in each figure legend. The student’s t-test (two-tailed,
unpaired) was used to directly compare data between 2 groups i.e., wild type and
LINC00961-/-. Comparisons between more than 2 groups with more than 1 parameter
used a 2-way ANOVA with Sidak’s multiple comparisons test.
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Chapter 3 The LINC00961 transcript and its encoded
micropeptide, small regulatory polypeptide of amino
acid response, regulate endothelial cell function
3.1 Introduction
The aim of the research in this Chapter was to show the importance of LINC00961 in
health and disease and, more specifically, to highlight the identification of LINC00961
enrichment in the endothelium. Here, we demonstrate that the LINC00961 locus has
roles in multiple endothelial functions in vitro, which translate to roles in vivo. We were
able to separate the independent roles of LINC00961 and SPAAR, at least in regard
to angiogenesis, providing crucial evidence for the role of LncRNAs as non-coding
transcripts, despite the presence of functional micropeptides within their locus. As well
as peer reviewed published data, this Chapter contains additional data which further
investigates the role of the LINC00961 locus in regulating gene expression by
analysing potential LINC00961 downstream targets and the analysis of LINC00961
modulation in endothelial and non-ECs from the adductor muscle of WT mice having
undergone HLI. Finally, a panel of 11 genes of interest in the adductor muscle of KO
animals in their control and ischaemic muscles 7 days post-surgery were analysed to
observe any alterations in expression caused by deletion of the LINC00961 locus.
Having determined that LINC00961 and SPAAR have independent effects on
angiogenesis [254], next, we wanted to determine if the SPAAR micropeptide is
present in unstimulated and therefore non-angiogenic ECs.
This Chapter then investigates the upstream regulation of this locus. Given that
LINC00961 is endothelial enriched, we hypothesised that an established endothelial
transcription factor may directly regulate LINC00961 locus expression. As shown in
our publication below, the endothelial markers CDH5 (VE-Cad), PECAM-1, and the
erythroblast transformation-specific (ETS) related gene (ERG) were all upregulated
along with LINC00961 in our day 7 differentiated ECs [254]. We collaborated with
Professor Anna Randi and her group at Imperial College London who have expertise
in the endothelial transcription factor ERG [255, 256]. ERG is a known oncogene and
a master regulator of transcription which induces an endothelial specific gene profile
essential to mantaining several endothelial functions such as endothelial
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homeostasis, angiongenesis, cell adhesion, and ECM contribution [257, 258].
Recently, ERG was shown to regulate super-enhancers, which are clusters of
enhancers in the promoter region of a gene, in ECs [259]. Examples of ERG regulated
genes include CDH5, DLL4, CLDN5, vWF, ANG1, NOTCH4, Delta-like ligand 4,
ICAM2, FLK1, EGFL7, endothelin-1, ZO-1, and MMP1 [256, 260-262]. Relevantly,
ERG has even been shown to regulates lncRNAs, such as PCAT5, in the context of
prostate cancer [263, 264]. ERG has also been implicated in the inhibition of
inflammation and endoMT which also contribute to

maintaining an endothelial

phenotype in healthy vessels [256, 265].

In the following publication I contributed to writing and editing the original manuscript
as joint first author. I also led the additional studies and writing associated with the
response to reviewer documents, which involved experiments over 2 revisions based
on reviewer comments, alongside contributions and feedback from co-authors. My
contributions to Figures are listed below:
•

Figure 3 – I performed RNA extractions, the qRT-PCR analysis in panel A,
and carried out the siRNA KD of LINC00961 followed by endothelial barrier
integrity assessment in panel E.

•

Figure 4 – HLI surgery and perfusion fixing of tissues for histology was
conducted by Dr Marco Meloni. I carried out the Laser Doppler imaging
immediately after femoral artery ligation and at other time points for the
duration of the HLI experiments. The SuRF department at The University of
Edinburgh paraffin embedded the adductor muscle tissue, and I was
responsible for cutting the tissue sections, performing immunohistochemistry
(IHC) staining and analysis, thus generating figure data.

•

Figure 5 – I performed the experiments required to generate the endothelial
barrier integrity assay data in panel F.

•

Supplementary Figure 3 – I generated the endothelial barrier integrity assay
data in panel B, which relates to the previously mentioned data in Figure 3E.

•

Supplementary Figure 5 – I performed all experiments required to generate
the data for this Figure.

•

Supplementary Figure 6 - I performed all experiments required to generate the
data for this Figure.
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•

Supplementary Figure 7 – I generated this endothelial barrier integrity assay
data which relates to the previously mentioned data in Figure 5F.

•

Supplementary Figure 9 – I repeated siRNA mediated KD experiments to
ensure data were robust and that we had the biological replicates required for
analysis, from siRNA transfections through to qRT-PCR and analysis shown
in panels A-C.

•

Supplementary Figure 10 – I performed the IHC for T4 in HUVECs in panel
B.

•

I created the graphical abstract with feedback from co-authors.
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3.2 Aims
The aims of this Chapter were:
•

To identify LINC00961 as endothelial enriched and that its expression is vital
for proper endothelial functions in vitro.

•

To validate that this locus’ role in angiogenesis in vitro translates to functions
in vivo.

•

To provide additional non-published data which supports a role for LINC00961
in regeneration after injury.

•

To provide additional non-published data which explores the alterations in
gene expression in LINC00961-/- mice at baseline and after ischaemic injury.

•

Determine the level of SPAAR micropeptide expression in human
unstimulated endothelial cells (HUVECs).

•

Determine whether expression of the LINC00961 locus is regulated by the
endothelial transcription factor ERG.

3.3 Publication
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3.4 Additional results
3.4.1 LINC00961 trans-regulation of target genes
To identify potential downstream targets of LINC00961, the hESC-EC differentiation
RNA-seq dataset was used to search for genes which followed a similar pattern of
expression to LINC00961. i.e., present only in the day 7 EC population and the
positive controls. Dr. Helen Spencer, Dr. Julie Rodor, and Dr. Mounia Boulberdaa
carried out this search and identified 3 genes: SH2 domain-containing Eph receptorbinding protein 1 (SHEP1, also known as SH2D3C), Neural proliferation,
differentiation, and control 1 protein (NPDC1), and epidermal growth factor like
domain multiple 7 (EGFL7), (explained in more detail in section 3.5.1) clustered on
human chromosome 9. Following 24 h siRNA KD of LINC00961 in HUVECs, the
expression qRT-PCR analysis revealed that SH2D3C and NPDC1, but not EGFL7,
were in fact downregulated with LINC00961 (Figure 3.1). Unfortunately, we do not
have any protein level expression data for these genes at this time, and it should be
noted that this gene expression analysis pre-dated the experimental data published
above.
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A

B

Figure 3.1 Knockdown of LINC00961 in HUVECs effects the expression of
downstream target genes.
A) Schematic representation of target genes on chromosome 9 in relation to
LINC00961. B) The expression of potential downstream LINC00961 targets was
analysed after siRNA knockdown of LINC00961. SHEP1 and NPDC1, but not EGFL7
were significantly downregulated after 24 h. N=3, On the graphs, ** p < 0.01, student’s
t-test. Data in B provided by Dr. Helen Spencer.
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3.4.2 LINC00961 expression is modulated in a cell specific manner during hind
limb ischaemia
RNA samples extracted from the adductor muscles of WT mice having undergone
HLI at 3, 7, and 15 days post-surgery were kindly donated by Dr. Andrea Caporali.
The ECs had been isolated from the adductor muscles using CD31+ magnetic
activated cell sorting beads (Miltenyi Biotech, USA) [266]. They showed that the
remaining fractions had adequate cells/RNA present to analyse the non-EC fraction.
Theoretically, this fraction should include skeletal muscle cells, fibroblasts, immune
cells, and SMCs, and is hereafter referred to as the ‘muscle cell fraction’. Analysis by
qRT-PCR showed that LINC00961 expression was significantly down regulated in the
ECs at all 3 time points compared to the WT EC fractions (Figure 3.2A). The
corresponding muscle cell fractions from these mice did not follow this pattern of
expression. At 3 days post-surgery, LINC00961 was significantly upregulated, whilst
data at 7- and 15-days post-surgery expression was unchanged (Figure 3.2B).
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A

Endothelial cells

B

Muscle cells

Figure 3.2 LINC00961 is modulated in a cell specific manor during hind limb ischaemia.
A) LINC00961 was significantly downregulated in endothelial cells isolated from the adductor muscle of wild type mice having undergone
hindlimb ischaemia at all time points tested. B) In contrast, LINC00961 was upregulated in the corresponding day 3 muscle fraction (from
the same mice). This upregulation was not found to be maintained at 7 and 15 days post-surgery, N=3 for all conditions, student’s t-tests
carried out. On the graphs, NS not significant, * p< 0.05, ** p< 0.001, error bars are mean +/- SEM.
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3.4.3 Altered perfusion recovery trajectory in LINC00961-/- mice
To confirm the induction of limb ischaemia at the time of femoral artery ligation, Laser
Doppler analysis was carried out immediately after surgical site closure whilst the
animals remained under aesthesia. At 3, 7, 15, and 21 days after surgery Laser
Doppler analysis was repeated in order to track blood flow recovery to the limb and
the ratio of blood flow/perfusion between the control and ischaemic foot was obtained
(Figure 3.3). As expected, both genotypes show an improvement in limb perfusion
over the course of the experiment as the mice recovered, which is reflected in the 2way ANOVA statistical test where the effect of time was significant (p < 0.0001). The
data also revealed that KO mice had increased limb perfusion at 7 days post-surgery
(p < 0.01), but this was not evident at the later time points measured. Some of the
mice used to collect this data were also used for histological analysis of the adductor
muscle at 21 days which is shown in Supplementary Figures 6C, D, E & F in the
published work above, the remainder of the mice were used to snap freeze tissues.
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A

B

Figure 3.3 Altered perfusion recovery trajectory in LINC00961-/- as measured by Laser Doppler.
A) Laser Doppler analysis over the course of 21 days represented as the perfusion ratio between the ischaemic and healthy foot. Data
demonstrates perfusion recovery across the length of the experiment in both genotypes (time effect) and a genotype effect concluding that
the pattern of perfusion recovery was altered in LINC00961-/- mice, specifically on day 7. B) Representative images of Laser Doppler used
to calculate the ratio of perfusion between the ischaemic and non-ischaemic foot, using the ankle joint as a boundary for analysis. R= control
right limb, L= ischemic left limb. On the graph, ** p <0.01 and **** p <0.0001. Statistical analysis is a 2 Way ANOVA with Sidak’s multiple
comparisons test. Error bars are mean +/- SEM. N=13WT/ 13KO.
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3.4.4 Altered gene expression profiles in LINC00961-/- adductor muscle
A panel of 11 genes were chosen for expression analysis between WT and
LINC00961-/- mice at 7 days post ischaemia induction. This time point was chosen to
try and understand what might be going on at this stage of the recovery process, and
to correspond to the published capillary density immunohistochemistry data, also
taken at 7 days (Figures 4B, C & D in published data). The non-ischaemic adductor
muscle served as a baseline measurement of gene expression, whereas the ischemic
muscle served as a snapshot of expression alteration in response to injury between
genotypes. The genes of interest chosen were; SH2D3C, NPDC1, and EGFL7, (i.e.
as previously mentioned, 3 candidates for LINC00961 downstream targets); HRCT1,
the closest protein coding gene to LINC00961, VEGF-A and VEGF-C which are
relevant to angiogenesis [38] and lymphangiogenesis [43] , respectively; TMSB4X,
MSI2 and SMARCA4 which were identified through the RNA-protein pull down
experiments (Figure 6 in published data) as binding to LINC00961; and finally, Pax7
and Myogenin (MYOG) which are markers of satellite cells (muscle SCs) [232].
3.4.4.1 Healthy adductor muscle
Of the 11 genes analysed, only SMARCA4 (also known as BRG1) showed a
statistically significant alteration in expression in healthy adductor muscle which was
upregulated in LINC00961-/- mice (Figure 3.4A).
3.4.4.2 Ischaemic adductor muscle
In the ischaemic muscle SMARCA4/BRG1 upregulation was no longer significant but
appeared to show a shift towards upregulation in the LINC00961-/- mice. In contrast,
MSI2 was significantly upregulated in LINC00961-/- mice. SHEP1, and NPDC1, both
showed a trend towards an increase in expression in the LINC00961-/- ischaemia
adductor, although this was not statistically significant as there is a wide variation in
the WT and LINC00961-/- samples. The most altered expression was a statistically
significant downregulation of MYOG in LINC00961-/- mice.
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A

Healthy Adductor Muscle
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B

Ischaemic Adductor Muscle
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Figure 3.4 Differential gene expression between genotypes in healthy and
ischaemic adductor muscle.
Tissues were taken at 7 days post unilateral limb ischemia induction. A) healthy
ischaemic tissue from right limb. B) ischemic tissues from left limb having undergone
femoral artery ligation. On the graphs NS= not significant, student’s t-test used where
* p <0.05, and ** p <0.01. Error bars are mean +/- SEM. N= 2-4 WT, N= 5-6 KO.
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3.4.5 Pro-angiogenic SPAAR is not detected in unstimulated HUVECs
Mass spectrometry analysis was carried by the staff at the IGMM Spectrometry facility
at the University of Edinburgh. Unstimulated HUVEC lysate was analysed alongside
two positive controls for SPAAR expression: HELA lysate, shown to have high
LINC00961 by Matsumoto & colleagues [232], and LV-SPAAR infected HUVECs we
previously validated as overexpressing SPAAR [254]. A HUVEC LV-null condition
was also included as a control, and all conditions are N=1. The mass spectrometry
analysis was carried out using a targeted approach to search for SPAAR cleaved
peptides, based on the data previously generated by the facility when they carried out
the SPAAR overexpression pull down mass spectrometry [254]. This approach looked
for the amino acid sequence: AQDPQGGPGR, which was present in the positive
controls, however, was not identified in the unstimulated HUVECs or LV-null HUVECs
(Figure 3.5).

Figure 3.5 SPAAR is not present in unstimulated HUVECs.
Results of mass spectrometry analysis show that the SPAAR peptide is present only
in the positive controls (HeLa cells and LV-SPAAR infected HUVECs) (blue bars) and
not in unstimulated HUVECs or LV-null HUVECs. Data analysed and provided by the
IGMM Spectrometry facility at the University of Edinburgh, N=1 for each condition.
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3.4.6 ERG binds to multiple regions of the human LINC00961 promoter
Our collaborators at Imperial College London, Professor Anna Randi and her group,
had previously performed ChIP-seq analysis where they fixed chromatin interactions
in HUVECs, pulled down ERG and sequenced the bound DNA sequences. Mapping
the reads to the human genome, they were able to identify 2 sites approximately 1 Kb
apart within the promoter region of LINC00961. They were also able to show reduced
ERG occupation of those sites when ERG was depleted by siRNA (Figure 3.7A).
Figure 3.6B shows a schematic representation of the locus including the ERG binding
sites within the promoter (not to scale). Dr Julie Rodor utilised the programme JaspeR
to identify areas in the promoter region that are likely the sites for ERG binding
identified by the ChIP-seq Figure 3.6C.
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Figure 3.6 ERG binds to two regions of the human LINC00961 promoter.
A) ERG ChIP-seq identified that ERG bound 2 separate regions of the LINC00961
promoter, approximately 1Kb apart. Knock down of ERG by siRNA depleted the
amount of ERG localising to both sites. N=3 for each condition. Student’s t-test used,
** P<0.01. Data in A was generated by Professor Randi’s group. B) Schematic
representation of the LINC00961 locus including a 2Kb promoter region, red boxes
indicate approximate location of the identified ERG binding sites (not to scale). C)
DNA sequence of the 2Kb region upstream of LINC00961 showing the location of
predicted ERG binding sites within the LINC0961 promoter using JaspeR (red boxes).
The green box highlights exon 1 of the LINC00961 transcript and the yellow boxes
indicate other ‘GGAA’ ERG binding sequences within the sequence.
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3.4.7 Depletion of ERG does not alter LINC00961 expression in HUVECs
To further investigate whether LINC00961 expression is regulated by ERG, siRNA
against ERG (20nM) was used to deplete HUVEC ERG levels. At 24, 48 and 72 h
after KD qRT-PCR analysis revealed that ERG expression was successfully depleted
(Figure 3.7A, C, and E), however, LINC00961 levels remained unchanged compared
to mock and control siRNA conditions at all time points (Figure 3.7B, D, & F).
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Figure 3.7 Investigation of LINC00961 expression in response to ERG
knockdown.
ERG expression was substantially depleted at all time points tested (24, 48, and 72
h, A, C, & E respectively), however, LINC00961 expression was unchanged at all time
points tested (B, D & F). ERG siRNA was used at 20nM. N=2-3 replicates per
condition, where there are 2 replicates, one data point was removed due to wide
variation in the triplicates in the PCR for that sample. Where 3 replicates are present
a one-way ANOVA with multiple comparisons was carried out. On the graphs, NS =
not significant.

3.5 Conclusions of the further experimental work in this Chapter
•

KD of LINC00961 in HUVECs downregulates the expression of SHEP1 and
NPDC1.

•

LINC00961 expression is independently regulated in different cell types during
HLI. i.e., LINC00961 is downregulated in EC and upregulated in muscle cells.

•

LINC00961-/- animals have increased vessel perfusion at day 7 but not at other
time points measured.

•

Differential gene expression between genotypes in healthy and ischaemic
adductor muscle.

•

SPAAR is not expressed in unstimulated HUVECs

•

ERG binds to the promotoer region of LINC0061

•

ERG alone does not regulate LINC00961 expression

117

3.6 Discussion
This Chapter summarises data demonstrating in vitro and in vivo evidence of the
LINC00961 locus’ role in the endothelium which was our original hypothesis. We also
summarise our initial experiments in investigating what upstream factors may regulate
this locus. This Chapter includes peer reviewed published data and additional data
relevant to those results. We initially discovered LINC00961 in a hESC-EC
differentiation assay with RNA-seq analysis in the search for endothelial enriched
LncRNAs. Therefore, the initial experiments in this Chapter and publication focused
on assessing this locus’ role in EC functions, specifically angiogenesis. To the best of
our knowledge, LINC00961 is only the 3rd lncRNA whose modulation in vivo has been
shown to affect re-vascularisation in HLI experiments in mouse [226]. Similar to the
LINC00961 locus KO, MALAT-1 KD also inhibited muscle revascularisation in HLI
recovery [188] [267] and in contrast, MEG3 KD improved revascularisation [227].
These are excellent candidates to investigate in human PAD/CLI, however, there are
likely many more lncRNA candidates with roles in angiogenesis and revascularisation
after injury yet to be discovered.
As this model is a global KO, we cannot rule out the possibility of the phenotype
underlying the vessel differences at baseline and in response to injury is solely due to
endothelial insufficiencies. However, by using a global KO model, we have
incidentally uncovered that the LINC00961 locus may have a role in muscle
regeneration, besides that previously reported specifically for SPAAR [232]. In
support of this, this Chapter provides evidence of cell type specific differential
regulation of the LINC00961 locus in a WT mouse during HLI recovery and evidence
that LINC00961 deletion causes altered gene expression in the adductor muscle of
mice at baseline and during HLI recovery.
The main finding to highlight from this Chapter and publication is that the LINC00961
locus is required for vessel maturation. This is shown by the lack of mature αSMA
supported vessels in the control adductor muscle which had not undergone any
surgical intervention. The finding of this basal vascular phenotype in our LINC00961
KO animals is extremely interesting as we were initially focused on the effects of this
locus in ECs. We are therefore curious as to the mechanism behind this reduction in
αSMA expressing mural cell supported vessels and whether this is a consequence of
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maladapted ECs and a failure in their signalling to communicate with such cells, or by
another mechanism altogether.

3.6.1 LINC00961 trans regulation of target genes
To identify potential downstream targets of LINC00961, it was logical to dissect the
original RNA-seq dataset which identified LINC00961 in the endothelium. Dr. Helen
Spender and Dr. Mounia Boulberdaa identified SH2D3C, NPDC1, and EGFL7 as
having a similar expression pattern as LINC00961. These 3 genes are located on
human chromosome 9 but on the opposite arm to LINC00961. SH2D3C, also reported
as SHEP1, is a cytoplasmic signalling molecule with roles in cell adhesion and
migration and is widely expressed in human tissues, although there are some
differences in tissue expression patterns between human and mouse. Interestingly it
has been reported as expressed in the blood vessels of breast tumours in mice. In
the same study the authors suggested a potential upregulation of SH2D3C expression
by the pro-angiogenic VEGF [268], highlighting that this gene may contribute to
angiogenesis.
NPDC1 has previously been reported as a developmentally regulated gene
expressed only in differentiating neurons, and is present in vesicles [269, 270]. To our
knowledge, there is no current literature regarding a role for NPDC1 in the
endothelium. SH2D3C and NPDC1 were shown to be downregulated with siRNA
against LINC00961 in HUVECs (Figure 3.1) suggesting their transcriptional and/or
post-transcriptional regulation by LINC00961 in trans. However, whether this is direct
or indirect is not clear. Considering LINC00961’s almost equal split between the
nucleus and cytoplasm it is logical to expect that LINC00961 may also have functions
which influence gene expression or epigenetics, similar to other lncRNAs with nuclear
localisation [156], such as those described in section 1.6.3.
The most interesting of these candidates is EGFL7, which is secreted from ECs and
binds to fibronectin in the ECM [271]. Relevantly, EGFL7 was recently reported to
inhibit NOTCH signalling [272] in HUVECs which is interesting as NOTCH signalling
is involved in establishing tip and stalk cells in sprouting angiogenesis [273].
Conversely, EGFL7 has also been reported to inhibit angiogenic sprouting; Usuba &
colleagues (2019) showed that KD of EGFL7 supressed VEGF induced angiogenesis
and EC collagen deposition, impaired endothelial barrier integrity, and increased

119

vessel permeability in an in vitro human micro vessel model [274]. EGFL7 is also a
host for miR-126 which has been shown to be vital for angiogenesis [275]. Both
EGFL7 and miR-126 have also been shown to be regulated by the lncRNA
lncEGFL7Os located next to the EGFL7 gene locus and regulates expression of its
neighbours EGFL7 and mirR-126 [276]

[277]. However, in this study EGFL7

expression was not affected by LINC00961 KD. It is possible that EGFL7 may be
regulated by LINC00961 in other contexts, for example in hypoxic conditions, and
additional stimuli specific co-factors may be required for LINC00961 to affect EGFL7.
EGFL7 was not found to bind to LINC00961 in the RNA-protein pull down
experiments, ruling out a physical interaction with the protein. It would have been
interesting to analyse any changes in expression of these genes in the EC and muscle
cell fractions during HLI in WT animals, however, these samples were gifted and only
had a small amount of cDNA available which was sufficient to analyse LINC00961
expression.
3.6.2 Cell type specific expression patterns of LINC00961
Cells isolated from the adductor muscle of WT mice having undergone HLI were able
to provide insight into LINC00961 regulation under ischaemic conditions. RNA
samples provided by Dr. Caporali were taken from ECs isolated from WT adductors
at 3, 7, and 15 days post HLI induction. The remaining non-ECs were also provided
which allowed for cell specific gene expression analysis. To our surprise we found the
first evidence for cell-type specific regulation of the LINC00961 locus. LINC00961 was
consistently downregulated in ECs at each time point tested during HLI recovery.
Whereas LINC00961 was significantly upregulated in the muscle cell fractions from
the same mice at day 3, but not at the other timepoints, however, the small N numbers
and natural variation amongst the mice, particularly seen with the large SEM at day
15, may be masking an upregulation and in order to accurately determine LINC00961
levels, more samples are required. When we consider the anti-angiogenic role of the
LINC00961 transcript which we identified during lenti-viral (LV) over-expression
experiments this downregulation makes sense as the ECs are hypoxic after injury and
therefore in a pro-angiogenic state, upregulating a pro-angiogenic gene profile and
down regulating anti-angiogenic genes (such as the LINC00961 transcript) to allow
for sprouting angiogenesis to occur. What we do not know in these cells is the status
of SPAAR translation as we have been unable to detect SPAAR protein levels by
western blot utilising the only commercially available antibody, which is specified as
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anti-human LINC00961 not mouse LINC00961. To investigate SPAAR expression
levels in future, we could perform mass spectrometry analysis on cell lysates, however
to the best of our knowledge mouse SPAAR, which differs in sequence to human
SPAAR by 35%, has never been investigated by mass spectrometry analysis.
It is interesting to hypothesise that as LINC00961 is anti-angiogenic and SPAAR is
pro-angiogenic (based on the published LV overexpression data), that when
LINC00961 is downregulated such as in this instance, that SPAAR could be
upregulated to support angiogenesis. The possibility of an inverse regulation between
LINC00961 and SPAAR in muscle would make sense when we look at the
upregulation of the LINC00961 locus in the muscle fraction of cells from WT mice.
Matsumoto & colleagues (2017) demonstrated that SPAAR inhibits muscle
regeneration via negatively regulating amino acid stimulation of the mTORC1, an
effect that was abolished in SPAAR-/- mice which showed increased skeletal muscle
regeneration [232]. As SPAAR negatively impacts muscle regeneration it makes
sense that it would be downregulated in the regenerating adductor muscle cells during
recovery. As LINC00961 transcript levels are upregulated, it could be that SPAAR
protein may be downregulated. At present, we do not know the mechanisms of
regulation between LINC00961 and SPAAR in human or mouse, especially as most
research on this locus has focussed only on the LINC00961 RNA.
3.6.3 Altered perfusion recovery trajectory in LINC00961-/- measured by Laser
Doppler
Classically, Laser Doppler perfusion imaging (LDPI) is a technique used extensively
in HLI research to provide an indication of blood flow recovery. Its advantages are
that it is non-invasive and can penetrate to the level of small vessels close to the
surface of the skin. To our surprise, the Laser Doppler data over 21 days suggested
that limb perfusion in the LINC00961-/- mice was increased at 7 days post-surgery
which was the opposite to what we expected according to our hypothesis.
Interestingly, day 7 was the only time point where the data significantly differed
between the genotypes. From this data we initially hypothesised that loss of
LINC00961 could be causing a transient effect in recovery, be that via affecting
angiogenesis or muscle regeneration. To explore this further, tissues from the HLI
experiments were taken at 7 days as well as the initial 21 days post-surgery in order
to observe histologically what was happening. It is important to consider the Doppler
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data together with the IHC staining and analyses which showed that LINC00961-/mice had no difference in capillary density in their adductor muscles at baseline
(control limb) in comparison with controls, however, they did have a significantly
reduced number of mature SMA positive larger vessels. Interestingly, and relevant
to the Doppler data, after 7 days of injury LINC00961-/- had significantly fewer
capillaries in their ischaemic muscles compared with controls, which resolved by day
21. This indicates a delayed response in angiogenesis in LINC00961-/- mice. This may
be due to endothelial impairment, which is supported by our in vitro data following KD
of LINC00961 in HUVEC’s, which affected multiple endothelial functions. At 21 days
post-surgery, LINC00961-/- mice had an increased number of SMA positive vessels
which was similar to those of the WT mice, suggesting that their mural cell supported
vessels had responded to the hypoxic injury and undergone arteriogenesis to recover
blood flow to the limb.
Considering the capillary and mural cell supported vessel density quantifications,
possible explanations for the alteration of perceived perfusion include fluid retention
and inflammation in the limb, especially if the vessels in the KO mice have increased
permeability allowing for oedema to occur. To investigate this odd result further vessel
permeability, vessel reactivity, and tissue inflammation would need to be assessed by
blood vessel myography (explained in Chapter 4) and immune cell infiltration via IHC
staining.
3.6.4 LINC00961-/- mice have altered adductor muscle gene expression
To establish differences in the adductor muscles of LINC00961-/- and WT mice at
baseline and during recovery from ischaemic injury, a panel of target genes was
chosen to investigate any differential regulation. Any differences would then give us
insight into the downstream pathways regulated by LINC00961.
The Musashi RNA binding protein 2 (MSI2) was identified among the top 10
interactors in the LINC00961 RNA- protein pull down. It is a pluripotency marker [278]
from the highly conserved Musashi family [279] which has been shown to be
ubiquitously expressed [280], in contrast to MSI1 with whom it shares some
overlapping functions and 90% sequence homology, which is neural cell specific
[281]. MSI2 is highly expressed in haematopoietic cells, regulating haematopoiesis
and is involved in malignancies and tumorigenesis such as in leukaemia’s [280, 282].
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MSI2 is a transcription factor expressed in many tissue types, is involved in
development, and has a role in regulating the cell cycle [283]. Never-the-less, this has
important implications as MSI2 is known to repress NOTCH1 signalling, hence
supressing VEGFR2 [284], which is an important pathway in sprouting angiogenesis
[273]. Musashi repression of Notch signalling has been extensively studied in neural
SCs and in cancer [280], however, to the best of our knowledge there is no literature
regarding MSI2’s role (relating to notch or otherwise) in the endothelium. Of interest,
3 other lncRNAs have been shown to interact in a pathway with MSI2; the LINC01296
- miR143-3p – MSI2 pathway regulates thyroid cancer [285]; lncRNA DANCR is
upregulated in bladder cancer where it sponges miR-149, reliving its inhibition of MSI2
[286]; and the recently identified lncRNA SOX2OT positively regulates SOX2,
resulting in a downregulation of MSI2, also in bladder cancer [287]. Curiously, MSI2
is also involved in NSCLC, a disease where LINC00961 is highly researched and has
continuously be shown to be downregulated correlating with poorer outcomes. High
expression of MSI2 in NSCLC increases invasiveness promoting cancer progression
[288]. It would therefore be of interest not only in angiogenesis and ischaemic injury
but also in NSCLC and other cancers to explore further the possible link between
LINC00961 and MSI2.
The SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of Chromatin
(SMARCA4), also known as BRG1, was identified as binding to LINC00961 from the
RNA-protein pulldown and is an ATPase with a role in chromatin remodelling [289].
Interestingly, SMARCA4/BRG1 binds to TMSB4X (shown to bind to LINC00961 in our
publication) and helps translocate it to the nucleus where it upregulates Wilm’s tumour
1 (WT1), a gene involved in cardiac development [290] and angiogenesis [291, 292]
by activating transcription of VEGF under hypoxic stimuli [293].
Looking at the gene expression changes in the ischaemic muscles, SHEP1 and
NPDC1 showed non-significant trends towards upregulation with a wide variation
amongst individual KO mice. Of the 3 genes (SHEP1, NPDC1, and EGFL7) identified
as potential downstream candidates of LINC00961, however neither SHEP1 and
NPDC1 have been associated with angiogenesis or muscle regeneration to the best
of our knowledge. It would be interesting to investigate this possible pathway of
LINC00961 action as previously mentioned by measuring their protein expression
levels when LINC00961 is modulated. Pax7 and MYOG are muscle satellite cell/SC
markers and transcription factors essential in myogenesis in the embryo [294]. Pax7
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has been demonstrated several times to be crucial for skeletal muscle regeneration
after injury [295] [296], whilst MYOG is a regulator of myogenesis and muscle cell
differentiation, and is responsible for inducing myoblast fusion [294, 297] with some
evidence that is not necessary for post-natal muscle growth [298]. Matsumoto &
colleagues (2017) showed that Pax7 and MYOG were upregulated in SPAAR-/- mice
4 days after cardiotoxin injury [232] at the RNA and protein level. Here, Pax7 RNA
expression was unaltered in LINC00961-/- mice even after ischaemic injury.
Interestingly, MYOG RNA expression was significantly downregulated in the ischemic
limb of LINC00961-/- mice, in complete contrast to the upregulation seen my
Matsumoto & colleagues (2017). However, there are some important differences
between the two studies, here hypoxic injury was caused to the adductor muscle
whereas Matsumoto & colleagues (2017) utilised cardiotoxin to injure the anterior
tibialis muscle creating a different type of injury with likely more muscle cell apoptosis
and necrosis than is induced during femoral artery ligation. What should also be
considered is that Matsumoto & colleagues (2017) deleted SPAAR but maintained
LINC00961 expression in their mouse model, here, our LINC00961-/- mouse lacks
both SPAAR and LINC00961; we are therefore observing the additive effects of
deleting 2 molecules in our study. It would therefore be interesting to repeat the HLI
study in the SPAAR-/- mouse to compare capillary densities and gene expression
analysis to help determine the precise effects of the 2 molecules in this circumstance.
Importantly, here only RNA expression was measured; it would be worthwhile to
measure the protein levels of Pax7 and MYOG at this timepoint. It is possible that
both Pax7 and MYOG expression may have peaked earlier after injury and that Pax7
RNA levels have since returned to baseline and MYOG may be downregulated at the
RNA level but remain upregulated at the protein level. However, to fully determine
whether this is the case protein analysis via western blots is required, specifically at
earlier time points such as day 3. Nether-the-less, these data are interesting and may
point to a role for the LINC00961 locus in muscle regeneration further to that identified
for SPAAR in muscle regeneration. Of course, there are other muscle regulatory
factors involved in myogenesis and muscle differentiation which may also be analysed
to further elucidate the role of the LINC00961 locus in muscle regeneration such as
MYOD1, MYF5, MRF4.
Other genes in this panel which showed no changes in gene expression were VEGFA and VEGF-C, which are crucial factors in the control of angiogenesis and lymphangiogenesis respectively, and HRCT1, the closest neighbouring protein coding gene
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to the LINC00961. In agreement with the published LINC00961 KD data, HRCT1
expression was unaltered, however, demonstrates a wide variation amongst
individual mice.
Besides the need to analyse protein levels, there are other limitations of this study to
consider. For accurate depiction of RNA expression changes during HLI recovery the
number of animals used should be calculated using a power analysis, due to the
number of offspring which were available at the time of these experiments and the
exclusion of qRT-PCR samples where replicates were not tight enough and therefore
unreliable, or outliers were found; the low N numbers for some data points may be
masking true expression alterations due to the natural variation with in vivo data. One
important result this Chapter has highlighted is the opposing cell type specific
modulation of LINC00961 in ECs and skeletal muscle cells. To obtain further data for
gene and protein expression it would be useful in future to isolate ECs from the hind
limbs using the same CD34+ MACS beads used by Dr. Caporali to generate the EC
and muscle cell fraction data in Figure 3.4. Pax7 and MYOG for example will not be
expressed in ECs, whereas some genes will be expressed in both cell types.
However, as the whole muscle was used for gene expression analysis it is impossible
to determine EC and skeletal muscle specific alterations between genotypes and it is
possible that some genes may be differentially regulated between cells types. Lastly,
in light of the cell type specific regulation of LINC00961 transcript levels, to further
investigate the full effects of the LINC00961 locus in endothelium as previously
mentioned an endothelial conditional KO mouse model would be beneficial. A skeletal
muscle specific KO model would also be of interest to further investigate the impact
of LINC00961 on muscle regeneration, in comparison to the known role of SPAAR in
inhibiting mTORC1 activation during muscle regeneration. Considering the opposing
pro-angiogenic and anti-angiogenic roles of SPAAR and LINC00961 in the
endothelium, it would be interesting to explore if there is also an opposing role for
LINC00961 in muscle regeneration, perhaps in promoting muscle regeneration to
balance the effects of SPAAR.
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3.6.5 Pro-angiogenic SPAAR is not expressed in unstimulated HUVECs
Despite high levels of LINC00961 transcript being present in unstimulated HUVECs
[254] we have been unable to detect SPAAR protein levels by western blot utilising
the only commercially available antibody. As this could be due to the limit of detection
of the antibody we chose to investigate SPAAR expression via mass spectrometry
analysis. Interestingly, SPAAR was detected in our 2 positive controls only (HeLa cell
lysate and LV-SPAAR infected HUVEC lysate) and not in unstimulated HUVECs
(Figure 3.5). Considering the pro-angiogenic role we identified for SPAAR previously
[254] this is a logical finding and to the best of our knowledge, we are the first to
identify it’s lack of expression in unstimulated ECs. This led to the hypothesis that
SPAAR is only expressed in the endothelium following angiogenic stimuli, such as
hypoxia or VEGF.
3.6.6 Depletion of ERG does not alter LINC00961 expression in HUVECs despite
promoter binding
Identifying the upstream regulators of the LINC00961 expression is important to help
understand this locus’ function. With the help of our collaborators, we were able to
investigate whether the known endothelial enriched transcription factor ERG could
regulate LINC00961. Using HUVECs, their ChIP-seq data identified that ERG binds
to the promoter region of human LINC00961 at 2 sites, one close to the start of exon
1 and the other approximately 1000kb further upstream (Figure 3.6). Based on this
data we hypothesised that ERG is likely to regulate LINC00961 expression. We tested
this by depleting ERG and testing whether LINC00961 expression would also be
reduced. Time points of 24, 48, and 72 h of siRNA KD were chosen to be sure that
transcript depletion would lead to protein depletion as we know for example that ERG2 protein has a half life of 21 h [299]. Although there is a need to check protein levels
of ERG with western blots alongside PCR analysis to further validate this KD qRTPCR data did show ERG depletion (Figure 3.7). To our surprise, LINC00961 levels
were unchanged at each time point. Based on this result we are currently unable to
prove that LINC00961 is directly regulated by ERG. It is possible however, that
LINC00961 up- or down-regulation by ERG requires the addition of a stimulus or
additional co-factors, as other ETS family members are known to bind a number of
partners, which influence their downstream target activation. This is known as
combinatorial control and involves the binding with other families of transcription
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factors such as; PAX, SRF, AP1, bZIP and Runt, as well as others [300]. Although
not investigated here, expression of these ERG family members in KD samples could
be carried out by qPCR and western blot to decipher any regulation and pin point
potential co-factors for this process for further investigation.
This combinational mechanism allows for a synergistic effect of increased
transcription of a target gene when multiple transcription factors bind to its promoter
or enhancer. This can also serve as a backup if one partner is mutated or deleted and
can no longer bind. Binding of a similar pair or a substituted family member may
ensure maintained target transcription and avoid cellular pathology [301].
The canonical ERG binding motif is 5’-(C/a/g)(A/C)GGAA(G/A)-3’ where GGAA is the
core sequence to which all ETS family members bind [302] and the flanking
nucleotides affect the binding affinity for different family members which demonstrate
a preference for flanking nucleotides of up to 15 bases [256, 259, 303]. Using the
transcription factor binding profile database JASPAR (http://jaspar.genereg.net/), Dr.
Julie Rodor was able to identify 2 predicted potential ERG binding sites in the
LINC00961 promoter which are highlighted in red in Figure 3.6C. This matched
closely with the data provided by Professor Randi’s group and further supported our
original hypothesis that ERG could regulate LINC00961 expression. All instances of
the ‘GGAA’ core sequence for ETS family binding are highlighted in yellow. To further
investigate the potential for ERG to regulate LINC00961 expression a luciferase
reporter assay could be utilised. Each of the ERG binding sites identified by Professor
Randi’s group could be tested separately and in combination to show whether they
have a synergistic effect.
3.6.7 Could ERG regulate SPAAR?
As ERG plays a role in regulating angiogenesis [255, 256, 304] perhaps it is the proangiogenic SPAAR whose expression ERG may regulate and not the anti-angiogenic
LINC00961 transcript. Therefore, it could be hypothesised that ERG regulates
SPAAR expression, not LINC00961 expression, and that it does so under angiogenic
stimuli. To test this hypothesis, HUVECs placed in hypoxia for at least 24 h could be
used to look at ERG expression both at the RNA and protein level, and SPAAR
expression via mass spectrometry and western blot (with the caveat that depending
on the extent of expression it may not be detectable with the current available antibody
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in a western blot). In addition to this, ERG overexpression experiments in HUVECs
could be used, via LV-infection, to hypothetically induce SPAAR expression which
could be analysed by mass spectrometry and western blot.

3.7 Conclusion
In conclusion, this Chapter demonstrates that the in vitro effects of endothelial
LINC00961 KD translate to functional effects in vivo, specifically in regard to
angiogenesis and arteriogenesis. Endothelial barrier maintenance, migration,
proliferation, and adhesion which were affected by KD in vitro may also be affected
by LINC00961 locus loss in vivo, especially when we consider the underlying vessel
issues seen in the decreased number of αSMA supported vessels in the LINC00961/-

mice before injury, however, the extent of endothelial dysfunction in vivo requires

further investigation. This work, along with that of others, has highlighted that although
enriched in the endothelium this locus is very likely to have effects in other cell types
which could contribute to other diseases. We were able to separate the independent
roles of LINC00961 and SPAAR, at least in regard to angiogenesis, providing crucial
further evidence to the field for the role of LncRNAs as genuine non-coding
transcripts, despite the presence of functional micropeptides within their locus. The
analysis here of potential downstream targets of LINC00961 and the brief
investigation of gene expression changes in the LINC00961-/- mice demonstrates that
this locus could have further implications in the organism as a whole and further
investigations are required into other molecular pathways and morbidities these mice
may have, and relevantly, how these may translate to human disease.
Although we are still unsure what pathways regulate LINC00961 locus expression
upstream, ERG remains a candidate for positive regulation of this locus which could
be investigated further in future. This Chapter provides further evidence that
LINC00961 and SPAAR have independent functions, given the lack of SPAAR
expression under quiescent conditions.
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Chapter 4 The influence of the LINC00961/SPAAR
locus loss on murine development, myocardial
dynamics, and cardiac response to myocardial
infarction
4.1 Introduction
This Chapter addresses whether the inhibition of tubule formation in LINC00961 KD
of human ECs is recapitulated in mouse ECs, to establish whether the mouse and
human locus function in a similar manner. One of the aims of this Chapter was then
to determine whether our CRISPR/Cas9 generated LINC00961-/- mouse line was
viable and would be suitable to investigate the role of the locus in vivo. Schematic
representation of the murine LINC00961 locus and position of proximal and distal
gRNA (red arrows) used for deletion of the locus by Taconic© and validation of the
LINC00961-/- genotype by qRT-PCR on kidney tissue can be found in Figure 4A and
Supplementary Figure 6A respectively, in the publication in Chapter 3. Secondly, we
aimed to broadly characterise this mouse line, therefore, this Chapter includes a
manuscript recently published in the International Journal of Molecular Sciences,
summarising our findings on mouse and organ weight post-weaning, as well as
additional and incomplete data from experiments focusing on KO myocardial
dynamics and their response to inducedMI. After confirming a role for the LINC00961
locus in angiogenesis and reperfusion after injury in HLI, our hypothesis evolved to
question whether loss of this locus would also affect neovascularisation in the heart
after an MI. Before we could investigate this surgically we needed to confirm that the
animals had no underlying heart functional issues. To do this, we utilised cardiac
ultrasound equipment available at Edinburgh University (carried out by Mr. Adrian
Thomson). The incomplete data from MI experiments is at the end of this Chapter.
Issues which contributed to the inability to complete this work before the end of my
PhD studies include the time and labour involved in finding the accurate point for
analysis in each heart. Our protocol for analysis of the MI hearts was to find the middle
section taken of each heart based on the total number of slides/sections for each
individual heart. Unfortunately, H&E and Sirius red staining’s revealed that we were
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not in the correct position for analysis in many of these samples and would need to
re-stain after finding the correct sections.
In the following publication, I contributed to writing and editing the original manuscript
as joint first author. My contributions to Figures are listed below:
•

Figure 1 - I performed the hypoxia experiments and analysis generating the
data in panels C and D.

•

Figure 2 – The technical staff at the University of Edinburgh Biomedical and
Veterinary Sciences assisted in weighing the mice weekly. I collected,
collated, and analysed the growth curve chart data.

•

Table 1 – Dr Ana-Mishel Spiroski and I jointly performed perfusion fixation on
the mouse tissues, harvested organs, recorded weights and measurements,
and collated data.

4.2 Aims
The aims of this chapter were:
•

To determine LINC00961-/- offspring viability.

•

To monitor LINC00961-/- post natal growth and development.

•

To determine basal cardiac function in LINC00961-/- offspring.

•

To determine the response of LINC00961-/- to myocardial infarction.

4.3 Publication
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4.4 Additional results
4.4.1 Expression and manipulation of the murine LINC00961 locus
LINC00961 expression was quantified in 4 mouse EC lines by qPCR to find a suitable
cell line for further experimentation. The cell lines investigated were:
•

bEND3 – murine brain microvascular endothelial-like cells, kindly donated by
Dr. Andrea Caporali (University of Edinburgh).

•

IP1B – purchased from ATCC (USA) and originally isolated from
ascites tumours from axillary lymph node tissue.

•

SVEC-4-10 – purchased from ATCC (USA) and originally isolated from
ascites tumours from axillary lymph node tissue.

•

MCEC – Immortalised murine microvascular cardiac endothelial cells, kindly
donated by Dr. Marco Meloni.

The bEND3 ECs were the only cell line found to express LINC00961 at a level suitable
for taking forward into cell fractionation and LINC00961 depletion experiments with
the highest expression (Ct value of 25). The Ct values of IP1B, SVEC4-10, and MCEC
were 32.4, 32.7, and 30.5, respectively. This data in Figure 4.1A is represented as 1/
delta Ct value of LINC00961 compared to the housekeeping gene Glyceraldehyde 3phosphate dehydrogenase (GAPDH). Fractionation of bEND3 cells determined that
the LINC00961 transcript was present, in basal conditions, predominantly in the
cytoplasm (62% cytoplasmic compared to 38% nuclear (Figure 4.1B). The lncRNAs
NEAT1 and MALAT1 served as nuclear controls [172].
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A

B

Figure 4.1 LINC00961 expression and transcript location in murine endotheliallike cells.
A) LINC00961 levels in bEND3, IP1B, SVEC4-10, and MCEC murine endothelial-like
cell lines, assessed by qRT-PCR. Data represented as 1/dCT of LINC00961
compared to GAPDH. N=3, for bEND3 and IP1B, N=4 for SVEC4-10 and MCEC. B)
Nuclear to cytoplasmic split (38% : 62%) of LINC00961 in the bEND3 cells with
nuclear controls NEAT1 and MALAT1, N=6.
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4.4.2 Depletion of murine LINC00961 in endothelial cells
Dicer substrate mediated degradation of target mRNA is achieved via the use of
siRNA that is complementary to and binds to a target transcript, leading to its
degradation predominantly in the cytoplasm. Two siRNAs against murine LINC00961
(denoted siRNA1 and siRNA2; siRNA sequences in Table 2.3) were tested at doses
of 7.5, 10, and 15 nM. LINC00961 expression was analysed at 24 and 48 h post
transfection. At all doses, siRNA2 was effective at depleting LINC00961 expression
at both time points, whereas siRNA1 failed to deplete LICN00961 expression to a
level which was statistically significant (Figures 4.2A for and 4.3A, respectively). At
the highest dose of 15 nM siRNA transfection, tubule formation on Matrigel©, a
commonly used assay to determine angiogenic potential [305], was significantly
inhibited at 24 h. Lower doses did not result in alterations to tubule formation (Figure
4.2B). Despite the maintenance of LINC00961 depletion at 48 hrs post transfection,
there appeared to be no difference in tubule formation, at any dose, at this time point
(Figure 4.3B). For each biological replicate, 3 separate wells were quantified and
branch length averaged.

A

B
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C
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Figure 4.2 The effect of siRNA mediated depletion of murine LINC00961 after 24
hours on tubule formation.
High (15nM), medium (10nM), and low (7.5nM) doses of 2 siRNA sequences were
transfected into bEND3 cells. A) qRT-PCR confirmed significant depletion of
LINC00961 with siRNA2 but not siRNA1, at all concentrations tested. N=3 for all
conditions, a one-way ANOVA was carried out, on the graphs NS= not significant, *
p<0.05, ** p<0.01, and *** p<0.001. B) Total branch length quantification of Matrigel©
assay using ImageJ angiogenesis analyser. The high dose of siRNA2 significantly
inhibited tubule formation. N=2 – 4, One-way ANOVA was performed between
negative control and siRNA for each concentration. C) Representative brightfield
images
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Figure 4.3 The effect of siRNA mediated depletion of murine LINC00961 after 48
hours on tubule formation.
High (15nM), medium (10nM), and low (7.5nM) doses of 2 siRNA sequences were
transfected into bEND3 cells. A) qRT-PCR confirmed significant depletion of
LINC00961 with siRNA2 but not siRNA1, at all concentrations tested. N=3 for all
conditions, a one-way ANOVA was carried out, on the graphs NS= not significant and
**** p<0.0001. B) Quantification of total branch length in a Matrigel© assay using
ImageJ angiogenesis analyser. No significant differences in branch length were seen
for any dose of either siRNA. N=2 – 4, One-way ANOVA was performed between
each negative control and siRNA for each concentration. C) Representative brightfield
images
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4.4.3 Publicly available expression data for LINC00961
Expression data for LINC00961, previously identified as 5430416O09Rik, in murine
tissues is publicly available via Expression Atlas and reports high LINC00961
transcript levels in the heart, lungs, kidneys, testis, muscle and brain.
(https://www.ebi.ac.uk/gxa/genes/ensmusg00000028475?bs=%7B%22mus%20mus
culus%22%3A%5B%22ORGANISM_PART%22%5D%7D&ds=%7B%22kingdom%2
2%3A%5B%22animals%22%5D%7D#baseline).

Moreira

&

colleagues

(2019)

investigated the dynamic changes in transcription across several organs in multiple
species, including human and mouse, from embryonic development into adulthood
and their publicly available data sets show that murine LINC00961 expression can
first be seen at embryonic day (E) 12.5 and reaches a constant level of expression
shortly after birth (Figure 4.4A) [306]. Although cell type specificity is unknown,
expression from an early time point and sustained postnatal whole tissue expression
suggests LINC00961 has important functional roles during development and beyond.
Matsumoto & colleagues (2017) compared mouse and human expression profiles,
which similarly showed high LINC00961 expression in the lung, heart, and skeletal
muscle (Figure 4.4 B & C) [232]. Despite this data, the role of this locus within foetal
development or adulthood is largely unknown.
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A

B

C

Figure 4.4 LINC00961 expression profile in murine and human tissues.
A) LINC00961 expression levels in embryonic murine tissue (Image adapted from the online expression atlas (ebi.ac.uk) and original data
from Moreira et al 2019. [306] B) LINC00961 expression levels in adult murine tissue, relative to cerebrum levels. C) Human tissues showing
their relative LINC00961 expression, relative to bone marrow levels. B and C Adapted from Matsumoto et al (2017) [232].
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4.4.4 LINC00961-/- offspring are viable
LINC00961 heterozygous mice produced offspring of all possible genotypes in the
expected mendelian ratios of 1:2 heterozygotes, 1:4 WT, and 1:4 KO (284, 167, &
146 respectively), with no gender bias within KO mice (78 males: 68 females), which
was determined by Chi squared (X2) analysis (Tables 4.1 & 4.2, and Figure 4.5).

Observed

Expected (E)

O-E

(O-E)2

(O-E)2/E

(O)
KO

146

149.25

-3.25

10.5625

0.07077

WT

167

149.25

17.75

315.063

2.11097

Het

284

298.5

-14.5

210.25

0.70436

Total

597

2.8861

Table 4.1 Chi squared calculation table for distribution of genotypes.
X2 calculation shown above with tabular results. X2 Value in bold (2.8861) is less than
the critical value of 5.99 for 2 degrees of freedom (number of experimental groups –
1), therefore a null hypothesis is accepted: Distribution of genotypes follows a
Mendelian pattern of inheritance. See appendices for X2 table critical values and P
values.
Observed

Expected (E)

O-E

(O-E)2

(O-E)2/E

(O)
Male

78

73

5

25

0.34247

Female

68

73

-5

25

0.34247

Total

146

0.68493

Table 4.2 Chi squared calculation table for distribution of gender amongst
LINC00961-/- mice.
X2 Value in bold (0.68493) is less than the critical value of 3.84 for 1 degree of freedom
(number of experimental groups – 1), therefore a null hypothesis is accepted:
Distribution of gender within KO mice follows a Mendelian pattern of inheritance. See
appendices for X2 table critical values and P values.
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A

B

Figure 4.5 Chi squared analysis of genotypes in the LINC00961-/- line.
A) Graphical representation of the analysis of genotype distribution. N= 284
heterozygous, 167 WT, & 146 KO mice. Data from Table 4.1. B) Graphical
representation of the analysis of gender distribution. N= 78 male and 68 female KO
mice. Data from Table 4.2.
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4.4.5 Male LINC00961-/- exhibit signs of foetal growth restriction
Male, but not female, LINC00961-/- mice were identified as significantly lighter during
the time frame measured (Figures 4.6A and B respectively). They were also shorter
than their WT littermates at 9 weeks of age (82.3 mm +/- 1.1 for KO compared to
79.02 mm +/- 0.8 for WT) with an increased brain weight to body ratio (18.5 +/- 0.5 for
KO compared to 16.8 +/- 0.4 for WT) (data in Table 1 in the above manuscript). In
contrast to LINC00961-/- mice, Matsumoto & colleagues generated a SPAAR-/- mouse
line with deletion of the SPAAR ATG start sites within exon 2 of the LINC00961
transcript in order to maintain the expression of the host lncRNA and abolish SPAAR
expression only. They show that at 8 weeks of age, there is no difference in weight
between KO and WT mice of either gender (Figure 4.6C).
Additional parameters tested in LINC00961-/- which did not show any significant
difference between genotypes included: head length, biparietal diameter, tibia length,
and tibia length/weight ratio. Other organs weighed included: pancreas, liver, heart,
lungs, soleus muscle, adductor muscle, spleen, kidneys, and thymus (refer to Table
1 in the above manuscript.
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A

B

C

Figure 4.6 Comparison of LINC00961-/-, wildtype, and SPAAR-/- growth.
(A) Weekly weights of males from weaning at 3 weeks of age, to 9 weeks of age N=
2-12 WT/ 8-13 KO (B) Weekly weights of females from weaning to 9 weeks of age N=
6-11 WT/ 2-7 KO. Statistical test used was a 2-way ANOVA. Data in A and B is the
same as that in Figure 2 of the above manuscript. C) Data from Matsumoto &
colleagues (2017) showed no difference in weight at 8 weeks of age between SPAAR/-

and WT controls [232]. On the graphs NS= not significant, ** p<0.01, **** p<0.0001.

Error bars are mean +/- SEM.
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4.4.6 Female LINC00961-/- mice do not differ in weight at 6 months of age
Female mice at 6 months of age (24 - 26 weeks) were used to investigate any
differences in mouse weight and fat depot weight, with no significant differences found
in either at this aged time point (Figure 4.7A, P = 0.1521). Fat depots and organs
collected include brown adipose tissue (BAT), inguinal white adipose tissue (iWAT),
gonadal WAT (gWAT), perirenal WAT (pWAT), mesenteric WAT (mWAT), pericardial
fat, thymus, and pancreas (Figure 4.7B).
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A

B

Figure 4.7 Comparison of body weights and fat depots between female wildtype
and LINC00961-/- at 6 months of age.
(A) N= 5WT/10KO, mice were 24-26 weeks of age at weighing. Students’ t-test, (B)
individual fat depots as well as the thymus and pancreas. N=5WT/10KO, Students’ ttest was used. On the graph NS= not significant.
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4.5 Preliminary data regarding the loss of LINC00961 on the heart following
myocardial infarction
We utilised cardiac ultrasound imaging as a non-invasive tool to assess heart function
which could be repeated on the same mice at different time points, in this instance; at
baseline, 7 days, and 14 days post MI. The baseline heart dynamics/function of 8
week old female WT and LINC00961-/- offspring were assessed and found to not be
significantly altered (Figure 3 in the above manuscript) confirming that these animals
could be used for MI experiments. These baseline measurements included stroke
volume, the amount of blood (l) ejected from the left ventricle with every beat;
ejection fraction, the percentage of blood ejected from the left ventricle compared to
the total volume of blood it holds when filled during diastole; fractional shortening, the
% size change of the left ventricle from diastole to systole; and cardiac output, the l
of blood pumped through the heart per minute, calculated by multiplying the stroke
volume by the heart rate. Also measurable by ultrasound was the area of left ventricle
muscle in systole and diastole, and the end systolic and diastolic volumes. Based on
these results we concluded that we could go ahead with MI experiments. MI’s were
carried out on the same animals whose data are reported in the above mentioned
Figures at 10 weeks of age, and the same functional measurements were taken by
cardiac ultrasound at 7 days post MI. Figure 5 in the above manuscript shows that
there was so significant difference in any parameter measured between KO and WT
animals, however, in the manuscript we discuss the implications of MI on the heart at
later times points as Evan’s blue staining on hearts 30 min after MI demonstrated a
clear increased in % risk area of the heart in KO animals. Below, we show some data
collected on these same animals at 14 days post MI.
4.5.1 Functional dynamics of the heart assessed by cardiac ultrasound
During surgery animals were carefully monitored by Dr. Ana-Mishel Spiroski who
performed the procedures. This monitoring included tracking of the animal’s
temperature, heart rate in beats per minute (BPM), and their respiration rate recorded
as beat rhythm per minute (BrPM). This data is summarised in Figure 4.8 and there
was no significant difference in these measurements between WT and KO mice.
Animals recovered from the procedure and were monitored daily for 14 days. On day
14 animals had a final cardiac ultrasound. Unfortunately, due to issues with
anaesthesia, a number of animals died during surgery which accounts for the large
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difference in data points in Figure 4.8 (N=18 WT/20 KO) and Figure 4.9 (N=5 WT/6
KO). Figure 4.9 shows that there were no significant differences in stroke volume,
ejection fraction, fractional shortening or cardiac output between WT and KO mice at
14 days post MI.
A

B

C

Figure 4.8 LINC00961-/- physical characteristics under anaesthesia at time of
baseline ultrasound acquisition.
(A) core temperature (B) heart rate (C) respiration rate in beat rhythm per minute
(BrPM). N=18WT/20KO, Students’ t-test was used. On the graph NS= not significant.
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A

B

C

D

Figure 4.9 Functional output of the LINC00961-/- heart 14 days after myocardial
infarction.
Functional output measurements of the heart muscle include stroke volume (A),
ejection fraction (B), fractional shortening (C), and cardiac output (D). N=5WT,
N=6KO, errors bars are mean +/- SEM, Students’ t-test used. On the graph NS = not
significant.
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4.5.2 Histological analysis of LINC00961-/- hearts following myocardial
infarction
Our initial plans to analyse the outcome of the MI experiments were to quantify the
size of the infarcts by staining hearts with Masson’s Trichrome which is commonly
utilised to visualise pathologies such as an infarct as it stains fibrous collagen a blue
colour [307]. Below are some representative examples of this incomplete work. Figure
4.10 shows representative images of a WT and KO mid-section of heart with the
collagenous fibrotic infarct clearly visible in both as a blue colour with a thin left
ventricle wall, particularly visible in the WT heart (Figure 4.10A). Graphical
quantification of the infarct size is shown in Figure 4.10C, however, lacks any
statistical analysis due to the small N numbers of hearts where we were able to isolate
the correct sections for infarct analysis.
Similar to capillary quantification carried out in the HLI experiments in Chapter 3,
immunohistochemistry was used to stain isolectin b4 (injected via tail vein prior to cull)
and -SMA. Ideally, we wanted to analyse and compare vessel densities at 3 points
of interest: within the infarct, the border region, and the peri-infarct healthy tissue.
Figure 4.11A is a representative image of a WT heart section in a 3 colour
immunohistochemical stain (isolectin B4 in green, -SMA in red, and DAPI in blue).
For each heart section 2 areas of equal size were taken from the border region of the
infarct and 2 from the remote areas of healthy tissue. These areas were used to
analyse the number of capillaries present which is quantified in Figure 4.11B and C
for the border and remote regions, respectively.
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A

Wildtype

B

LINC00961-/-

C

Figure 4.10 Infarct size measurements with Mason’s Trichrome.
Representative wildtype (A) and KO (B) left ventricle heart sections stains with
Mason’s Trichrome showing the infarcted area in blue and healthy heart tissue in red.
C) graphical representation of infarct size represented as % of total volume of the left
ventricle (within the section). Images taken at 20x objective. N= 4WT, N=2KO, error
bars are mean +/- SEM.
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A

B

Border regions

C

Remote regions

Figure 4.11 Immunohistochemical analysis of the border and remote zones of
MI hearts following myocardial infarction.
A) Representative image of a wildtype heart section at 14 days after myocardial
infarction. For each heart section 2 areas of equal size were taken from the border
region of the infarct and 2 from the remote areas of healthy tissue. These areas were
used to analyse the number of capillaries present which is represented in B and C for
the border and remote regions. Images taken at 40X objective, 3 sections 50 m apart
were analysed. N=3WT, N=2KO, error bars are mean +/- SEM.
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4.6 Conclusions of further experimental work in this Chapter
•

LINC00961 is highly expressed in the murine bEND3 cell line.

•

In the bEND3 cell line, the LINC00961 transcript is located in both the nucleus
and cytoplasm, 38%: 62% respectively.

•

LINC00961-/- offspring are viable and appear at the expected 1:4 mendelian
ratio.

•

Male LINC00961-/- offspring are statistically lighter in weigh, and shorter than
their female counterparts.

•

Bosy weight and weigh of fat depots do not differ between female wildtype and
LINC00961-/- animals at 6 months of age.
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4.7 Discussion
This Chapter summarises data demonstrating in vitro and in vivo evidence of the
murine LINC00961 locus’ role in EC, identified a novel role for this locus in
development and provides the first in vivo evidence that this locus may have important
implications in regard to MI and cardiovascular health. This Chapter includes peer
reviewed published data, additional data regarding murine locus manipulation, and
data from preliminary MI experiments which although unfinished show early
indications of a role for this locus in MI pathophysiology for future investigation.
4.7.1 Expression and manipulation of the murine LINC00961 locus
Analysis by qRT-PCR showed that of the murine endothelial-like cell lines tested,
bEND3 cells expressed LINC00961 at a sufficient level to determine is localisation
within the cell and carry out transcript depletion experiments. Fractionation data
showed that LINC00961 was 61% cytoplasmic and 38% nuclear (Figure 4.4B) in
comparison to HUVECs where this ratio was 40% cytoplasmic and 60% nuclear
[254]. These data show that in both human and mouse this transcipt is found almost
equally in both compartments. Guo & colleagues (2020) recently established that
several lncRNAs which had either sequence conservation, or genomic position
conservation between human and mouse, demonstrated remarkable differences in
cellular localisation [164]. This is interesting as the localisation of lncRNAs has been
linked to their function [154, 155, 164]. LncRNAs are often reported to accumulate in
the nucleus indicating roles in gene expression and chromatin organisation [156].
Cytoplasmic lncRNAs contribute to mRNA turnover, stability and translation, protein
stability, and sponging of cytosolic molecules [157] [158]. Presence in both
compartments could indicate multiple cellular functions.
Realistically, validation of siRNA KD in the mouse endothelial-like cells is incomplete
as we only had 1 siRNA which sucessfully depleted the LINC00961 transcript. More
assays which look at other endothelial behaviours also should be assessed to fully
understand the similarity in role of this locus across species, such as adhesion,
migration, and barrier function which were assessed in the HUVECs with LINC00961
KD in the publication in Chapter 3. GapmeR experiments may have been good to
carry out in parallel to ensure we achieved KD of the transcripts in the nucleus and to
confirm the siRNA KD phenotype. However, we have now established that
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LINC00961 locus loss does impact EC behaviour in vivo, at least in angiogenesis
during HLI recovery.
4.7.2 LINC00961-/- viability and potential infertility
The strong phenotypic effects seen in ECs in vitro when LINC00961 is KD gave some
cause for concern as to whether LINC00961-/- offspring would be viable if their ECs
failed to support a functional vascular system. Despite these concerns’ offspring were
observed in the expected ratios compared with WT and heterozygous littermates. The
data summarised in this Chapter not only shows their viability but through monitoring
the offspring from weaning to 9 weeks of age has highlighted the characteristic
differences between male and female LINC00961-/- mice and has uncovered a role for
LINC00961 in development.
An incidence of mis-genotyped breeders (LINC00961-/-) was erroneously set up which
yielded no offspring, indicating the KO may not be fecund. However, this may be
circumstantial and to determine whether KO mice are fertile, a detailed investigation
of their reproductive organs would be required. Several more KO breeders could be
set up and allowed chance to breed. A limitation of this approach is the possibility that
only one gender of KO mice could be infertile, therefore, a mismatch of genotype
breeding pairs could be set up to determine a problem with reproduction in either
gender (male KO with a heterozygous female, and vice versa). LINC00961 is highly
expressed in the murine testis [232] (refer to Figure 5.1B), however, its role within the
testis is unknown. The testes have high lncRNA expression and interestingly, one
study identified that ~ 2/3 of all lincRNA were found to be testis specific [308]. One
example is the testes associated oncogenic lncRNA THOR which was found to cause
defects in zebrafish fertility when genetically deleted [309]. Relevant to mammals;
deletion of murine testis-specific long non-coding RNA 1 (Tslrn1) reduced the number
of sperm produced [310]; testis specific X-linked (Tsx) deletion caused apoptosis in
spermatocytes [311]; and Dmrt1 related gene (Dmr) was found to be required for
spermatogonia differentiation [312], validating the role for lncRNAs in male
reproduction and highlighting the question of whether LINC00961 could play a role in
fertility.
Wu & colleagues identified MiR-223-3p as a direct target of LINC00961 sponging in
colon cancer cells and therefore identify LINC00961 as an anti-oncogenic lncRNA as
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this miR sponging increased SOX11 expression inhibiting colon cancer migration and
invasion [244]. Interestingly, miR-223-3p was also shown to be pro-tumorigenic in the
context of testicular germ cell tumours by inhibiting cell apoptosis [313]. As
LINC00961 is highly expressed in the testis, it is likely to also sponge miR223-3p in
this context, highlighting the possibility for an important anti-tumour effect of
LINC00961 in the testis, however, this requires further investigation. In contrast, there
is little data currently available regarding LINC00961 expression in the female
reproductive system, except for its presence in the human uterus [314] (refer to Figure
5.1C). The study by Wu & colleagues offers a potential interesting role for LINC00961
as the LINC00961 - MiR233-3p - SOX11 axis as they suggest it could also operate in
the ovary, as SOX11 upregulation has been reported to be anti-tumorigenic by
inhibiting ovarian cancer invasion and proliferation [315]. Unsurprisingly, several other
lncRNAs have been identified with functions within the female reproductive organs,
for example; loss of lncRNA EphrinB2 associated transcript 1 (Leat1) decreases
fertility by reducing expression of its neighbouring gene Ephrin B2 in the developing
female genitals in utero [316], and the lncRNA H19 has been shown to be over
expressed in endometriosis where it sponges miR let-7, preventing the miR
dependent reduction in insulin-like growth factor 1 receptor, increasing endometrial
cellular proliferation, thereby affecting the health of the endometrium and
subsequently fertility [317]. H19 also has a role in controlling placental growth [318],
and high H19 expression has been implicated in cisplatin-resistant ovarian cancer
cells as its depletion rescued the cell death response to cisplatin by causing KD of
several proteins involved in glutathione metabolism. Interestingly, the same study
found LINC00961 was also significantly highly expressed in this drug resistant cancer
cell line, although the mechanism behind this and its significance in the cancer were
not investigated [233]. To conclude whether LINC00961 has a role in reproduction,
and reproductive organ cancers, further investigations are required such as
histological analysis with macro and microscopic evaluation of the reproductive
organs and further molecular investigation of LINC00961 in cancerous tissues and
cell lines.
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4.7.3 Comparison of SPAAR-/- and LINC00961-/- strains
Matsumoto & colleagues generated a SPAAR-/- mouse line which differs to the
LINC00961-/- used here: It harbours ATG deletions for the SPAAR translational start
sites, whilst maintaining expression of the LINC00961 host transcript. Interestingly,
they show no difference in KO and WT weights at 8 weeks of age in either gender.
Although they only provide animal weight for one time point, this differs to the results
we see in the LINC00961-/- line, providing further evidence that SPAAR and
LINC00961 have independent functions, although a more thorough characterisation
of the SPAAR-/- mouse for comparison between lines would be interesting.
4.7.4 Male LINC00961-/- exhibit signs of potential foetal growth restriction
Male LINC00961-/- juveniles showed differences in body weight, body length, and
brain weight, revealing that LINC00961 deletion has somehow affected their normal
development. Foetal growth restriction (FGR), also referred to as intrauterine growth
restriction, is defined as an abnormal pattern of foetal growth deriving from an event
whilst in utero [319]. The retention of a healthy brain weight in the smaller and lighter
male LINC00961-/- mice, indicated by their increased brain weight to body weight ratio
(refer to Table 1, row 3 in the above manuscript. Brain: body weight) is a feature of
asymmetrical FGR; referring to the fact that the growth patterns of some vital organs
may continue normally whilst sacrificing the growth patterns of others. In contrast,
symmetrical FGR refers to the fact that the entire foetus and internal organs are in
proportion as growth of the whole organism is restricted [320]. This brain specific
phenotype is referred to as ‘head-sparing’ or ‘brain-sparing’, which is a protective
mechanism where cerebral blood flow is increased, thereby the brain preferentially
receives oxygenated blood when the foetus is exposed to acute or chronic hypoxia,
allowing the brain to develop normally [321-323]. Consequently, the energy reserves
of fat deposits suffer as fat deposition is less important at that time [324]. Previously,
NEAT1 and H19 are, to the best of our knowledge, the only 2 lncRNAs which have
been linked to roles in FGR. NEAT1 is upregulated in human FGR placentas, although
its role on FGR remains unclear [325], whilst H19 is significantly lower in human FGR
placentas [326]. Zuckerwise & colleagues (2016) were the first to identify a novel
lncRNA mechanism in FGR, showing that decreased H19 releases inhibition of miR
let-7, resulting in a downregulation in a novel target gene, type III TFG- receptor.
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This dysregulation in a TGF- pathway leads to a reduction of migration and invasion
of extra villous trophoblasts cells [327].
Given the hypothesis that LINC00961 is vital for EC function, and that in vitro data
showed that LINC00961 loss negatively affects endothelial functions, it is logical to
infer that genetic loss of LINC00961 could have negatively affected the endothelium
in utero, fundamentally altering blood vessel physiology in the foetuses and their
individual placentas, leading to placental dysfunction and ultimately foetal hypoxia.
This could then induce the sexually dimorphic, reduced growth and development
phenotype we see here which could be due to FGR, although this is speculation which
requires further investigation to confirm or deny. In order to test the hypothesis that
male LINC00961-/- offspring and their placentas have abnormal vessels and vascular
insufficiency causing a lack of oxygen and nutrients to reach the foetus, there are
several tools which could be used: Blood oxygen level dependent (BOLD) magnetic
resonance

imaging

(MRI)

utilises

the

fact

that

deoxyhaemoglobin

and

oxyhaemoglobin differ in their magnetic properties and has been used to study foetal
blood flow in mice, sheep and humans. Cahill & colleagues (2014) used BOLD to
show real time changes in the foetal liver and brain blood flow, in response to
alterations in oxygen level of air supplied to mothers [322]. Additionally, a recent study
by Basak & colleagues (2019) highlighted the use of multispectral optoacoustic
tomography as another imagine modality which can be used to determine blood
oxygenation in mice non-invasively [328]. Thorough histological analysis of the foetal
blood vessels and placenta would be required downstream to blood flow imaging and
measurements. Of particular interest would be the number, perfusion, and structure
of capillaries and SMA positive larger vessels, as well as the extent of mural cell
coverage of larger vessels. Analysis of the blood vessels in the brain would also be
of interest to determine if there is any compromise to the endothelium and the vessels
of the brain. In parallel to histology, qRT-PCR, western blot analysis, and in situ
hybridisation for known hypoxia response genes and protein expression, such as
HIF1, HIF2, VEGF-A, would confirm the presence of hypoxia in utero. Not
forgetting the analysis of potential LINC00961 downstream interactors, such as
miR233-3p.
Given our suspicion that the above post weaning, reduced growth and development
phenotype of male KO animals may be due to the absence of the LINC00961 locus
causing a FGR or a FGR-like phenomenon, the following sections describe the
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implications of FGR to cardiovascular health and explore how the LINC00961 locus
may play a role.
FGR has been linked to the development of several medical conditions in adulthood
such as hypertension, metabolic syndrome, type 2 diabetes and insulin resistance,
obesity, dyslipidaemia, and cardiovascular diseases including pulmonary arterial
hypertension and atherosclerosis [329] [320, 330, 331] [28]. This is supported by
evidence that male FGR mice have higher cholesterol levels and more advanced
atherosclerotic plaque development in adulthood [332]. Skilton & colleagues (2005)
determined that babies born after FGR had significant aortic wall thickening at birth.
This is an interesting early marker for cardiovascular health, given that atherosclerosis
can be detected in the abdominal aorta in early childhood, decades before any
symptoms of atherosclerosis appear [333]. Pre-clinical alterations such as this are
excellent early markers to identify at risk individuals for continued monitoring, early
intervention, and management of risk factors. It would therefore be interesting to carry
out ultrasound on the abdominal aortic walls of the LINC00961 line offspring to look
for aortic wall thickening in KOs. Histological analysis would determine if there are
any alteration in aortic wall thickness in male LINC00961-/-mice after birth or in
adulthood.
Another example of FGR affecting disease susceptibility in later life is demonstrated
by foetal hypoglycaemia in FGR pregnancies. In order to cope with this, the foetus
must shift its energy metabolism to conserve energy for survival [334]; this results in
a defect in insulin secretion and an alteration in expression of glucose uptake
transporter isoforms GLUT1 and GLUT3, allowing tissues to regulate glucose uptake.
However, these changes are sustained into adulthood where they can result in a
flawed and pathological response to the adult environment and disease burden [331].
Several animal models of FGR with impaired insulin secretion have been shown to
express less of the islet -cell development and differentiation transcription factor
Pdx1 and changes in the epigenetic markers present on its promoter. Interestingly,
the human gene has also been found to have altered epigenetic markers in type 2
diabetic patients [335] [331]. Insulin positively regulates mTOR signalling, which in
turn influences the amount of GLUT3 in the placenta [336]. Furthermore, mTORC1
has been shown to have a role in nutrient sensing within the placenta, and as we now
know, SPAAR has a role in mTORC1 regulation, which may be relevant to the FGR
phenotype in LINC00961-/- given that SPAAR is also deleted [337]. Amino acid
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concentrations also contribute to insulin secretion and interestingly SPAAR was
shown to negatively regulate mTORC1 activation, but only under amino acid
supplemented conditions [232].

Therefore, it would be interesting to investigate

-/-

whether SPAAR , and LINC00961-/- mice, do have altered glucose metabolism, and
whether this differs between the two strains. Glucose tolerance and insulin tolerance
tests would be an easy way to establish any alterations in these parameters. One
hypothesis may be that as SPAAR-/- relieves the negative regulation of mTORC1
activity, and despite lower amino acid and glucose concentrations in the FGR foetus,
metabolism is unaltered, as one of mTORs many actions it to act as a nutrient sensor
within the cell and gate keeper of initiating protein synthesis (when nutrients are
plentiful), thus preventing the FGR phenotype. Interestingly, mTOR is a known
regulator of GLUT3 (higher affinity GLUT) concentration in the human placenta, which
could theoretically be altered downstream of SPAARs interaction with mTOR. There
is decreased mTOR expression in FGR, which suggests a possible explanation as to
why growth is restricted, considering mTORs role in initiating protein synthesis; we
can speculate however that release of mTOR dampening by SPAAR-/- could
potentially alleviate this negative effect of reduced mTOR.
Interestingly, the identification of fatty acid synthase (FAS) as a potential binding
partner of LINC00961 in our RNA-protein pull down experiment (see supplemental
table in publication in Chapter 3) offers another connection between LINC00961 and
FGR. Adults who underwent FGR have upregulated FAS, which synthesises long
chain fatty acids and is the rate limiting step in lipogenesis [338, 339]. It is likely then,
that FAS is upregulated in the LINC00961-/- FGR mice, and LINC00961 may influence
this. However, to confirm the presence of upregulated FAS and the speculation of
LINC00961 regulation of FAS, mRNA and protein analysis in the mouse adipose
tissue would need to be carried out. Collectively, LINC00961 and SPAAR may have
independent roles in the FGR phenotype seen in these KO mice, and a summary of
their potential interactions is shown in Figure 4.12.
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Figure 4.12 Potential mechanisms for the role of LINC00961 and SPAAR in a
growth and development restricted phenotype and subsequent disease
susceptibility in adulthood.
Blue arrows/lines represent the how the data from this work (and that of Matsumoto
& colleagues (2017) regarding SPAARs regulation of mTOR) could compliment a
known regulatory pathway in foetal growth restriction and susceptibility to disease in
adults who underwent foetal growth restriction. On the schematic, FGR – foetal growth
restriction and FAS – fatty acid synthase. [336] [331] [232].

175

Interestingly, this LINC00961-/- data fits with the observed phenomenon that FGR has
a bias towards affecting male offspring [340]. We know that female offspring, even
those having undergone FGR, have some protection against developing metabolic
and cardiovascular diseases; one theory behind this is that sex-specific epigenetic
signatures may be present, affecting the ability for each sex to respond to stress in
utero [331]. Related to cardiovascular disease, Zhang and colleagues (2019) found
that murine FGR induced via calorie restricting mothers resulted in altered epigenetic
markers in the endothelial gene endothelin-1, upregulating its expression in
pulmonary vascular ECs and the sperm of male offspring in the f1 and f2 generations.
This endothelial upregulation was associated with a susceptibility for pulmonary
arterial hypertension and endothelial dysfunction in adulthood for both those
generations [28], thus providing further evidence of FGR carrying intergenerational
consequences. In conclusion, LINC00961-/- mice may be useful as a novel murine
model to study FGR/hypoxia in pregnancy, as chronic hypoxic stress is a major
concern in human pregnancies given its high prevalence [323]. The relationship
between LINC00961, endothelial dysfunction, and the consequences of FGR on adult
disease susceptibility requires further investigation.
4.7.5 Further characterisation of LINC00961-/- blood vessel phenotype
As we are particularly interested in the role of the LINC00961 locus in blood vessel
endothelium, further characterisation of the vasculature in this mouse line would be
beneficial by investigating the structural integrity and function of their blood vessels
throughout body tissues. Histological analysis of the organs would include sectioning
tissues and staining for endothelial markers such as CD31, VE-CADHERIN, or using
an isolectin b4 infusion to identify capillaries, and co-staining with SMA to visualise
larger vessels. Of interest would be the number of capillaries and larger arterioles, as
well as their perfusion (by perfusion of injecting isolectin b4 which would flow through
perfused vessels tagging the endothelium, and co-staining the endothelium with an
additional marker, thus allowing the visualisation of any capillaries which are not
perfused, perhaps due to vessel pruning and regression, or due to instability).
To investigate whether LINC00961-/- offspring have fully functional blood vessels
myography could be used to determine whether their arteries can contract and relax
efficiently. Myography is a well-established technique used to determine isometric
tone in an artery and involves ex vivo dissection of vessels of interest and passing a
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wire through the lumen, careful not to damage the endothelium, and mounting the
wired vessel onto apparatus attached to a force transducer which records changes in
force from vessel contraction/relaxation [13]. An advantage of using wire myography
is that many different stimuli can be used to induce contraction and relaxation with
known mechanisms of action. These can be used to test endothelial dependent
vasorelaxation, and endothelial independent vasorelaxation with substrates which act
directly on the vessels smooth muscle. For example, acetylcholine is an endothelium
dependent vasodilator stimulating the release of endothelial nitric oxide (NO) which
then diffuses across to the surrounding smooth muscle cells stimulating relaxation
and thus vessel dilation. In contrast, sodium nitroprusside is a NO donor, providing
NO to the smooth muscle cells, by-passing the need for endothelial NO release [72].
Myography is an ideal method to compare the contraction/relaxation abilities of
arteries between LINC00961-/- and WT mice and can be coupled with blood pressure
analysis via tail cuffing, to provide more data on cardiovascular parameters in these
mice. Of particular interest, would be to investigate whether there are any endothelial
dependent mechanistic differences, considering the high level of endothelial
LINC00961 and the negative impacts of LINC00961 depletion on EC behaviour
demonstrated in vitro. As LINC00961-/- offspring where viable and survived to
adulthood without any obvious negative phenotype, there likely is compensatory
mechanisms which allow the mice to function with underlying physiologically altered
vessels, as shown in the previous chapter.
4.7.6 A link/lncRNA between FGR and body fat?
Here, we assessed the weight of female mice at 6 months of age and found it was not
significantly different between genotypes, however, weight differences or lack thereof,
do not inform on any underlying changes in adipose biology such as fat metabolism
and the relationship between the fat depot and its vascularisation. The size and
number of adipocytes, and their metabolic profiles such as expression of lipogenesis
genes in may still be altered. This warrants further investigation, particularly the
relationship between the fat depot vasculature and its homeostasis, and the scrutiny
into whether the metabolic profiles are altered in KOs. It would be interesting to
investigate further the adipose tissues of these mice and perhaps incorporate time
domain nuclear magnetic resonance (TD-NMR) into our analyses to accurately
decipher the proportions lean muscle mass and fat mass.
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Importantly, we need to investigate these parameters in LINC00961-/- male mice
considering the identification of the FGR phenotype, as at the time of fat depot
investigation we were unaware of this phenotype. In fact, macroscopic observations
of what appeared to be increased amounts of internal fat at dissection of adult male
mice in the HLI study is what initially prompted us to investigate the weight and fat
depots. Fat distribution patterns, fat metabolism, body fat proportion, and the use of
fat as an energy source differs between the genders. It has been well documented
that women store more fat and utilise it for energy during exertion, whereas males are
adapted to utilise glucose and amino acid metabolism. These differences are caused
by the differences in levels of sex hormones. Oestrogens such as oestradiol facilitate
subcutaneous fat deposition and has been shown to increase preadipocyte
proliferation. In contrast testosterone increases lipolysis whilst decreasing circulating
trigylcerol and lipase activity [341]. This prompted us to choose female mice in
attempts to verify any differences of weight and fat deposition in adult mice.

4.8 Conclusion
In conclusion, although the in vitro work regarding manipulation of the mouse
LINC00961 locus remains incomplete, in vivo data supported our hypothesis that the
LINC00961 locus is vital for proper EC function. Additionally, we show that male
LINC00961-/- mice may be more susceptible to adverse cardiovascular phenotypes,
either due to experiencing reduced growth and development post weaning (in males),
being a LINC00961-/- in itself and consequently having altered vessel physiology and
whatever unknown phenotypes may be present in these mice, or a combination of
these factors. When we consider this locus, it is interesting to presume that a similar
phenotype could be present in humans, due to the similar phenotype of endothelial
dysfunction in human cells in vitro and the conservation of this locus and surrounding
genes. This data, as well as other studies’, indicate that LINC00961 and SPAAR may
be key functional molecules not only with regards to novel mechanisms in endothelial
dysfunction, but also regulators contributing to post weaning growth, and FGR, and
disease susceptibility, which could be investigated for their use in modulating disease.
We also show data which indicates towards altered heart functions at an early age,
something which would certainly impact the risk factor for developing cardiovascular
disease and heart failure in later life. However, this work is incomplete and opens an
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interesting avenue which requires a lot of further research to fully understand the role
of the LINC00961 locus in cardiovascular development and disease risk.
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Chapter 5 Discussion
Research into ischaemic vascular diseases consistently highlights the need to more
effectively promote endogenous regeneration to help combat poor revascularisation
in patients with CLI and after an MI. The same research also highlights the difficulty
in achieving this clinically, despite years of promising pre-clinical therapeutic
outcomes. The innate mechanisms that drive endogenous endothelial regeneration
remain somewhat unclear and further understanding of endothelial homeostasis and
regenerative mechanisms are required to allow us to successfully induce endothelial
repair in the adult. LncRNAs represent a novel class of molecules which could be
involved in all processes in the body and therefore manipulated and used
therapeutically to induce angiogenesis, among other cellular functions. The value of
identifying and validating novel lncRNA transcripts to the medical science field is such
that several researchers have developed dedicated protocols specifically to
streamline the complex process and bioinformatic processing included in analysing
RNA-seq datasets, such as the pipeline for lncRNA annotation from RNA-seq data
(PLAR) developed in 2015 [342]. As the interest in lncRNA biology has continued to
expand, as too have the bioinformatic techniques continued to be improved upon
[343].
Here, we are the first to prove that the LINC00961 locus is crucial in maintaining
proper endothelial function and that this locus houses a novel pro-angiogenic
molecule, SPAAR, and an anti-angiogenic molecule in the LINC00961 lncRNA
transcript. We demonstrate for the first time that depletion of the LINC00961 locus in
human cells negatively effects endothelial functions, similarly, genetic deletion in the
mouse demonstrated reduced appropriate endothelial regeneration in response to
injury in the adult, as well as indicating the presence of maladapted vessels in the
adult independent of any injury. We identify a role for this locus in development which
requires further investigation to understand fully. We show that male KO offspring
suffer from a sexually dimorphic, reduced growth and development phenotype post
weaning and found evidence to suggest that KO animals may have underlying heart
function issues, though this requires further exploration. The following sections
discuss further these major conclusions found in the previous Chapters.
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5.1 The LINC00961 locus regulates endothelial function across species
By using RNA-seq in ECs differentiated from hESCs, we were able to search for novel
EC enriched transcripts which were likely key factors in the control of EC behaviours.
In Chapter 3 we report the first in vitro evidence of the LINC00961 locus being crucial
to the maintenance of proper EC function through the strong phenotypes seen with
siRNA and GapmeR depletion in HUVECs. Several other lncRNAs including SENCR
[84], MANTIS [171], GAPLINC [11], MALAT-1, and MEG3 [188, 227] have been
associated with angiogenesis, however, we were able to demonstrate that LINC00961
depletion also impacted several other ECs functions such as barrier maintenance and
adhesion which are vital to retaining healthy blood vessels. The 65% sequence
homology between mouse and human LINC00961 homologues further hinted at a
vital

conserved

function

of

this

locus

(http://www.ensembl.org/Homo_sapiens/Gene/Summarydb=core;g=ENSG00000235
387;r=9:35909483-35937153). We began to explore this hypothesis In Chapter 4 with
siRNA KD of the locus in mouse ECs which had a similar, though somewhat muted
effect, of inhibiting angiogenesis. Despite the strong negative phenotypes observed
with locus depletion, the LINC00961-/- mouse line generated for in vivo work was found
to be viable - this was a concern as impaired endothelium in the developing embryo
could have been fatal. HLI experiments identified that in vitro LINC00961 functions do
translate in vivo and demonstrated an impaired EC angiogenic response to injury in
the adult as well as a indicating an underlying issue with vessel physiology as we saw
a decrease in the number of larger SMA positive supporting vessels at baseline.
However, we identified an increase in the number of these vessels post injury which
demonstrates that the ability for the vessels to undergo arteriogenesis was intact
despite the lack of evident angiogenesis. Although it is unknown whether LINC00961
has a role in pericyte mural cells which support all blood vessels, or in SMC which are
required for maturation of vessels in arteriogenesis [58], the failure to develop a
comparable number of larger vessels in the adductor to wildtype mice is likely due to
EC dysfunction which could cause destabilisation and regression of developing
vessels and inhibit the required maturation. The dysfunctional ECs may also have
signalling differences which could alter their communication or adherence to these
important mural cells. To truly understand that cause of this basal vascular phenotype
further investigations are required into the expression of the LINC00961 locus in mural
cells, and characterise any differences in EC and mural cell interaction in KO animals.

181

5.2 The antagonistic effects of LINC00961 and SPAAR
Having identified that the LINC00961 locus is crucial to EC function and that depletion
and loss of this locus leads to defects in angiogenesis, we sought to dissect the
contributions of the LINC00961 transcript and the locus’s MP SPAAR to this
phenotype. It was important for us to decipher if the locus effects were simply due to
SPAAR, which had previously been shown to be important in the mTORC1 pathway
[232], however, at the time no functions of the lncRNA itself had been investigated.
Depletion of the LINC00961 transcript and knocking out the locus completely were
easier to achieve than attempting to deplete or KO either molecule alone. Although
ENSEMBL predicts 4 isoforms coming from this locus in human and 2 in mouse, the
true number of transcripts in either species remains unknown, therefore, to assess
the functions of these molecule independently, we chose to use an over expression
approach. In Chapter 3 we provide crucial evidence that overexpression of the
LINC00961 transcript, with mutated ATG codons to prevent SPAAR translation,
inhibited angiogenesis in a Matrigel© assay, whereas overexpression of SPAAR
through the inclusion of only exon 2 produced a pro-angiogenic response on
Matrigel©. Overexpression of the whole locus did not have a significant effect on the
angiogenesis assay which is logical considering the opposing effects each molecule
demonstrated separately. Conceptually, we believe this to be the first known instance
of one locus producing 2 molecules with opposing effects on angiogenesis and who
likely contribute to the regulation of angiogenesis via the balancing/ switching
between transcripts. Further evidence for this hypothesis is demonstrated in Chapter
4 where mass spectrometry analysis determined that confluent unstimulated
HUVECs, did not express SPAAR. This was very interesting data for us as it supports
our conclusion that SPAAR is pro-angiogenic as ECs are normally senescent, nonproliferative, and non-angiogenic in vivo until appropriately stimulated to adapt to
changes in their environment. To investigate this further the next step would be to
stimulate HUVECs into a pro-angiogenic state for example, by hypoxia or the addition
of VEGF, and then repeat the mass spectrometry analysis which we hypothesise
would show induction of the SPAAR MP. We have shown consistently that LINC00961
is expressed to a high level in unstimulated HUVECs [254] and in Chapter 5 we show
downregulation of LINC00961 in 24 and 48 h of hypoxia in mouse ECs; it would be
interesting to include murine EC line hypoxia lysate samples in mass spectrometry
analysis to further validate the similarities in expression and function of human and
mouse SPAAR, with the hypothesis that mouse ECs do not produce SPAAR unless
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under angiogenic stimuli (e.g., hypoxia). Although we do not have our own evidence
of LINC00961 downregulation during hypoxia in human cells, Voellenkle & colleagues
(2016) previously investigated differential lncRNA expression during 24 and 48 h of
hypoxia in HUVECs by RNA-seq and indeed saw a significant reduction in LINC00961
levels by -1.1 log2FC [344] thus supporting our hypothesis.
5.2.1 Possible multiple transcripts and varied expression
Determining that LINC00961 is a bifunctional RNA [345] led us to question the
architecture of the locus which contains 2 functional molecules. Given the above
hypothesis that LINC00961 transcript and SPAAR are likely expressed in a mutually
exclusive manner and under different cellular conditions, the LINC00961 locus likely
possesses a mechanistic switch to control transcript isoform expression. There are 2
possible mechanisms of control; mechanism 1, where alternative isoforms are
expressed or spliced under certain conditions or mechanism 2, where there is
constant transcription of the transcript(s) followed by degradation of the unrequired
SPAAR transcript or alternatively, inhibition of SPAAR translation by a factor whose
release of inhibition occurs under stimulated conditions. Figure 5.1 shows the 4
predicted isoforms of this locus in human and 2 in mouse from ENSEMBL
(https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG000002
35387;r=9:35909490-35937153, November 2020). This data suggests that SPAAR
could be translated from 2 different isoforms in humans, and that SPAAR is produced
from the main full length LINC00961 transcript in mouse, not a second, shorter
isoform. However, these are predicted isoforms from bioinformatic analyses and
further experiments are required to determine the correct annotation of this locus. The
work in this thesis used primers which would effectively pick-up multiple transcripts if
they existed, as it was impossible to design separate primer sets for the detection of
a LINC00961 transcript and SPAAR transcript, given the ambiguity of the locus.
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Figure 5.1 ENSEMBL predicted transcripts for the human and mouse LINC00961
loci.
Human predicted transcripts in top panel and mouse predicted transcripts in the
bottom panel. Data taken from ENSEMBL November 2020.
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The rapid amplification of cDNA ends (RACE) was developed in 1988 to determine
the full length of a transcript utilising cDNA synthesis of an RNA transcript and
subsequent sequencing PCR amplification [346]. This transcript can then be
sequenced to reveal the previously unknown ends of the transcript, this is referred to
as RACE-Seq [347]. Anchored RACE, also known as 5’ and 3’ RACE, refers to the
slightly different methods used to detect the ending sequence of a transcript at the 5’
and 3’ ends respectively. The cDNA made by adding nucleotides to the 5’ end of the
primer undergoes the addition of a homopolymeric tail by the added enzyme terminal
deoxynucleotidyl transferase. By then using PCR with a universal primer recognising
this polymeric tail, a transcript is generated with the proper 3’ sequence. In contrast,
the naturally occurring 3’ polyA tail on eukaryotic mRNA is used to amplify the product
with its proper 5’ end sequence [348]. This technique has been employed to improve
annotation of the transcriptome by supplementing the computational predictions of
transcript boundaries. The first study to use RACE-seq to clarify the ambiguity of
lncRNAs annotations was published in 2016 by Langarde & colleagues (2016) who
used 2 rounds of RACE to identify alternative splicing events and over 2500 novel
lncRNA transcripts. The authors also provide evidence that lncRNA can range from 1
to 10+ isoforms [347]. When we consider that protein coding genes are estimated to
have an average of 9 isoforms [349], and that some lncRNAs have already been
shown to have many isoforms, such as the lncRNA CARMN which to date has an
estimated 12 isoforms [350], it is logical to consider that many lncRNA may have as
many splicing events and isoforms as some protein coding genes. RACE in
unstimulated and stimulated HUVECs could be used to determine the number of
LINC00961 transcript isoforms in human and mouse which would ultimately aid in the
understanding of the control of this locus and the relationship between LINC00961
and SPAAR expression.

5.3 LINC00961 and SPAAR pathways
The literature regarding interactions of LINC00961 and SPAAR is summarised in
Figure 5.2 and is supplemented with the interactions discovered in this thesis. In
Chapter 3, we show that ERG binds to the LINC00961 promoter at 2 sites
approximately 1 Kb apart. While further investigation into what other upstream factors
may influence LINC00961 expression was beyond the scope of this thesis, there are
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reports in the literature with evidence of regulation of the human LINC00961 locus by
LSD1 [236] and STAT1 [247]. Relevant to work here, LSD1 is also known to contribute
to the regeneration of muscle by upregulating myogenic transcription factors in
satellite cells [351], highlighting that the LSD1 LINC00961 connection may be relevant
in the control of SPAAR downregulation during muscle regeneration [232]. Jiang &
colleagues (2018) showed that LSD1 did in fact bind to the LINC00961 promoter and
decreased its expression in lung epithelial cells [236]. Interestingly, LSD1 has been
shown to associate with the ERG super enhancer and furthermore, downregulation of
LSD1 by an inhibitor increased ERG expression, representing an interesting
connection between LSD1, ERG, and LINC00961.
We were able to validate binding of LINC00961 to T4, however, validation of the
SPAAR and Nesprin-1 interaction remains to be carried out. This was beyond the
scope of this thesis as we concentrated on validation of the non-coding function of
LINC00961, however, this could be validated in a similar approach to LINC00961 and
T4 with an antibody against Nesprin-1 and mass spectrometry analysis of the uncrosslinked lysate to identify any SPAAR present which had bound. A limitation of the
SPAAR pulldown is that we used an overexpressed HA-tagged SPAAR in order to
ensure we could extract the SPAAR complexes, by the HA-tag, for analysis and this
artificial environment produced more SPAAR availability, creating less competition for
SPAAR and enriching the sample lysate with bias interactions. Never-the-less, the
interactions of LINC00961 and SPAAR with actin-binding molecules identified
suggests that these interactions are the likely mechanistic pathway by which both
molecules elicit their cellular effects, although other interactions with different
downstream consequences cannot be ruled out.
As LINC00961 depletion resulted in widespread loss of EC function and that
LINC00961 and SPAAR were found to bind to actin-binding proteins, the next step
would be to investigate changes to the actin cytoskeleton when LINC00961 and
SPAAR are modulated. The actin cytoskeleton is fundamental in controlling cell
shape, cell-cell adhesions and cell-matrix adhesions; binding to adheren junction
proteins such as VE-Cadherin to regulate barrier function, with dynamic alterations in
the actin network being vital for endothelial migration and angiogenesis [6, 352].
Future mechanistic work would therefore focus on investigating actin cytoskeletal
dynamics in KD and overexpression conditions to validate that the cytoskeleton is in
fact altering with modulation of the LINC00961/SPAAR axis. This can be visualised
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by staining the actin cytoskeleton with phalloidin after cell fixation. For these
experiments we would hypothesise that the conditional expression of, and
overexpression of the pro-angiogenic SPAAR would lead to the presence of actin
structures associated with sprouting angiogenesis such as the

filipodia and

lamellipodia respectively required for sensing a stimulus and providing the motility to
migrate the cell in the direction of that stimulus [353]. Pro-angiogenic VEGF exposure
for example, has been shown to increase the rate of actin polymerisation in HUVECs,
which results in the motility required for migration during sprouting angiogenesis by
inducing the formation of contractile actin stress fibres [353], which we expect to be
the case with SPAAR expression. In contrast, we expect over expression of the antiangiogenic LINC00961 to lack the presence of these structures and show more stable
junctions, not dissimilar to quiescent ECs.
Interestingly, Wu & colleagues (2019) recently reported that LINC00961 can sponge
miR-367 in vascular SMCs, which brings together functions for this locus in 2
interacting cell types involved in atherosclerosis [246](refer to Figure 5.2). Endothelial
dysfunction leads to increased permeability of the endothelial barrier and penetration
of leukocytes and LDLs into the wall of the artery [2, 29]. Pathological phenotype
switching and remodelling of the vascular SMCs into a synthetic phenotype leads to
further progression of atherosclerotic lesions [13, 187]. LINC00961 may offer a
therapeutic target by targeting multiple key cell types involved in atherosclerosis,
however, further investigation is required to fully understand the roles of LINC00961
in ECs, whilst to the best of our knowledge, Wu & colleagues are the first group to
investigate this locus in SMCs [246].
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Figure 5.2 Updated summary of LINC00961 and SPAAR interactions.
The data in black was gathered from research in non-small cell lung cancer, tongue
squamous cell carcinoma, hepatic cell carcinoma, renal cell carcinoma, glioma,
melanoma, colon cancer, gastric cancer, cardiomyocytes following MI, and in skeletal
muscle regeneration. Green boxes indicate interactions that have been explored or
identified throughout this thesis. Full arrows indicate induction or promotion whilst flat
ends indicate inhibition. Punctuated arrows indicate a promotive effect that requires
further research into the mechanism. [247] [236] [238] [241] [246] [240] [249] [239]
[250] [234] [232].
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5.4 Limitations
We must scrutinise the limitations of the work carried out here and consider what
alternations to experimental conditions could be made to further understand this locus
in future work. Although we identified LINC00961 as a candidate of interest due to its
enrichment in ECs, work here and that of others has demonstrated that it is expressed
in several other cell types [232] and likely plays essential roles in those cells in a
different manner to its actions in ECs. To further explore the role of the LINC00961
locus specifically in ECs, the best approach would be to utilise an endothelial-specific
KO mouse line, as the global KO line we used is the largest limitation to this work.
This could be achieved by inserting LoxP restriction sites which flank the LINC00961
locus and crossing this line with another which includes Cre-recombinase expression
under the control of an endothelial specific marker. This would result in the Cre
enzyme produced in endothelial cells removing the DNA of the LINC00961 locus
between the LoxP sites and recombining the DNA to create an endothelial-specific
KO and retaining LINC00961 locus expression in all other cell types. Considering the
implications presented in Chapter 4 that LINC00961 causes a reduction in growth and
development in male KO offspring possibly related to FGR, it would be wise to use an
inducible Cre expression system, the most common of which is the tamoxifen
inducible Cre. Examples of tamoxifen inducible endothelial specific Cre mouse lines
includes PDGF -iCreERT2 [354], and Tie2-cre/ERT2 [355] where PDGF and Tie2
are pan-endothelial markers. Utilising an induced Cre is especially important as we
are unaware of the full extent of LINC00961 locus loss on foetal development, which
may extend beyond the induction of FGR in male KO offspring.
In order to assess the true translatability of this locus to human PAD/CLI and MI we
need to ascertain the baseline and diseased modulated levels of LINC00961 in patient
samples. Here we lack this data as these samples such as tissue from amputations
and MI tissues from deceased patients are difficult to obtain. In relation to this, mice
and rats do not naturally develop atherosclerotic disease [356], therefore, mouse and
rat models, although excellent for pre-clinical research, have artificial and forced
phenotypes which never 100% recapitulate human disease. A next step to consider
would be to look at LINC00961 in a large animal model. The pig model of MI is well
established and relevant to human physiology as their heart is of a similar size to
humans, and pigs are in fact naturally susceptible to atherosclerosis like humans
[357], however, to date a pig LINC00961 homologue has not been identified
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(ENSEMBL November 2020). As pigs are phylogenetically closer to humans than
mice [357] it is likely that LINC00961 is present in pigs but has yet to be identified and
annotated.
The final criticism is regarding the approach taken when designing in vivo experiments
and the lack of power calculations used to determine appropriate N numbers. The
final number of animals used in the HLI study was guided by the expertise of Dr Marco
Meloni and his experience in conducting HLI studies. In future, any animal studies
would benefit from the use of power calculations which are used to define the sample
size required to test a hypothesis and answer the scientific question at hand at a
desired level of significance, usually 5% (p<0.05). This is an important factor of
research as too few animals used may lead to incorrectly accepting a null hypothesis,
and too many are an unethical use of animals and waste of resources. One example
of a power calculation which is applicable to all animal experiments is the following: E
= total number of animals – total number of groups, where E should be between 1020. A value higher than 20 means there are more animals than necessary, whereas
less than 10 means that more animals are required to accurately determine if there is
any significant difference between groups in the experiment [358].

5.5 Conclusion
In conclusion, there are several major outcomes of the work described in this thesis.
We are the first to show that the LINC00961 locus is vital for proper endothelial
function, which is translatable in vivo to mice. We are the first to report that the
LINC00961 transcript itself is a bona fide lncRNA, therefore classifying it as a
bifunctional RNA due to its ORF which produces the MP SPAAR. We made the novel
discovery that LINC00961 and SPAAR have opposing effects on angiogenesis and
provide a possible mechanism of action for both molecules in their interactions with
actin-binding proteins. We are the first to identify a novel role for this locus in foetal
development, with our discovery of male KO offspring mice havinga phenotype of
reduced growth and development post weaning. We are also the first to look at the
role of this locus in the heart and provide evidence that loss of this locus appears to
influence heart function dynamics at an early age, but that this loss also causes
susceptibility to larger infarcts in MI. The reduced growth and development phenotype
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and the subtle alterations in heart function are of importance to understand further, as
these factors certainly influence the risk of cardiovascular disease in later life. Whilst
this thesis highlights the importance of not just LINC00961 but of the critical roles of
lncRNA in general, further research is necessary to fully understand the role of this
locus in human disease and to validate the mechanisms of action for LINC00961 and
SPAAR, not only in endothelial dysfunction and the understanding of vessel
pathology, but in other cell types and diseases.
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