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Abstract

Myocardial infarction (MI) remains a leading cause of heart failure (HF), compounded
by the limited regenerative capacity of the adult heart. Despite advances in Ml
treatments, HF remains common, highlighting the urgent need for novel strategies to
prevent HF progression and promote cardiac regeneration. Effective cardiac repair
requires rapid reconstruction of a functional vascular network, yet the mechanisms
driving neovascularisation remain poorly understood. Increasing evidence suggests
that genes deployed during embryonic development can be reactivated in the adult
heart to support regeneration pathways. Owing to its exceptional regenerative ability,
the zebrafish represents a powerful model to investigate myocardial-vascular
regeneration pathways. | hypothesised that reactivation of foetal genes in adult
coronary endothelial cells (ECs) promotes neovascularisation and cardiac repair post-
MI.

Multimodal omics analyses identified Annexin A2 (ANXAZ2) and Poly(A) binding protein
cytoplasmic 1 (PABPC1) as endothelial genes expressed during development and
reactivated in the adult coronary vasculature post-MI. Protein level upregulation of
both targets was confirmed in cardiac ECs from MI patients versus healthy controls
(n=7, %ANXA2*CD31* ECs = 77.1£121 Versus. 56.9+9.2,
P =0.002; %PABPC1*CD31* ECs =68.0 £ 15.6 versus. 37.9 £ 18.6, P = 0.013). The
ANXAZ2 fibrinolytic co-regulator, Serpin Family E Member 1 (SERPINE1), was also
significantly increased in Ml (%SERPINE1*CD31* ECs = 32.7 + 11.7 versus. 16.1
7.3, P =0.001). These findings suggest that a balanced interplay between ANXA2 and
SERPINE1 may influence coronary neovasculogenic responses post-MI, in addition
to their known roles in fibrinolysis.

ANXA2 was prioritised as a lead candidate for functional analysis. CRISPR/Cas9-
mediated knockdown of orthologues anxa2a/b was generated in Tg(fli1:eGFP)Y'9 /
Tg(myl7:DsRed2-NLS)%) zebrafish to investigate the role of ANXAZ2 in cardiovascular
development and regeneration. At 3 days post-fertilisation (dpf), crispants (CRISPR-
Cas9 engineered animals) exhibited developmental abnormalities, including smaller
eyes (n = 45 — 80; eye diameter in mm = 0.68 + 0.16 versus. 0.91 £ 0.07, P < 0.0001),
shorter body length (body length in mm =9.75+0.99 versus. 10.82 £ 0.41, P <0.0001),
and disrupted intersegmental vessels (n = 25-48; number of complete intersegmental
vessels =23.31 £ 3.05 versus. 27.83 £ 1.36, P < 0.0001). By 5 dpf, 45.3% of crispants
displayed mild phenotypes, and 45.0% showed moderate or severe developmental
defects, such as curled tails, pericardial oedema, failure to hatch, and full body
malformations.

| developed and optimised a cardiac laser injury and regeneration model in <5 dpf
larvae. Laser injury significantly reduced heart rate, EC number, and ventricular
volume at 2 hours post-injury (hpi) (n = 20-38; heart rate in bpm = 142.63 + 67.44
versus. 200.74 £ 66.15, P = 0.0012; GFP* EC counts = 62.00 + 28.27 versus. 107.09
+ 29.46, P=0.0018; diastolic endocardial volume of ventricle (um?3) = 3.02e® + 2.37¢°
versus. 7.29e® + 5.22e®, P = 0.0014), all of which had shown complete recovery by 48
hpi in wild type (WT) siblings. Compared with injured WT siblings, mild anxa2ab
crispants showed partial regeneration at 48 hpi, characterised by reduced EC
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repopulation (n =24; GFP* EC counts = 61.70 + 21.25 vs 89.00 £ 20.11, P < 0.0001),
diminished cardiomyocytes numbers (mCherry* cardiomyocyte counts = 56.61 £ 17.03
vs 83.25 + 14.06, P < 0.0001), and smaller ventricular volume (diastolic endocardial
volume of ventricle (um?3) =6.19e% + 2.00e® vs 1.03e’ + 2.62e°; P < 0.0001). Moderate
anxaZ2ab crispants exhibited severely impaired regeneration, with persistently low EC
and cardiomyocyte counts, reduced ventricular volume, and distorted ventricular
morphology (n = 21; GFP+ EC counts = 34.71 + 19.21 vs 76.79 + 13.01; mCherry+
cardiomyocyte count = 25.29 + 17.01 vs 72.47 £ 13.34; diastolic endocardial volume
of ventricle (um3) = 4.14e® + 2.49e8 vs 8.88e® + 2.00e; P < 0.0001).

Quantitative reverse transcription polymerase chain reaction (QRT-PCR) at 48 hpi
revealed transcriptional alterations in targets associated with ANXAZ2 function in
crispants, including S100 calcium binding protein A10ab (s700a10ab), vascular
endothelial growth factor Ab (vegfab), C-X-C motif chemokine ligand 12b (cxcl12b),
Notch receptor 1a/3 (notch1a/3), and pabpciab, but not serpine1. This suggests
ANXA2 may act upstream of a network of endothelial and regenerative signalling
genes, and that its loss compromises repair responses.

Overall, this study identifies PABPC1 and ANXAZ2 as developmental genes reactivated
upon cardiac injury, with ANXAZ2 deficiency leading to impaired cardiac regeneration.
The phenotypic defects observed in anxa2ab knockdown zebrafish highlight the
essential role of ANXAZ2 in embryonic development, neovascularisation, and cardiac
repair. ANXA2 and SERPINE1 act antagonistically to regulate plasmin generation and
fibrin turnover; an imbalance between ANXA2 and SERPINE1 may contribute to the
impaired neovascularisation, pathological cardiac remodelling and fibrosis that drives
the progression of heart failure. Therefore, elucidating ANXA2/SERPINE1-mediated
pathways may provide strategies to enhance neovascularisation and heart
regeneration. Future work should focus on understanding the mechanisms by which
ANXA2, PABPC1 or other related genes regulate endothelial responses to injury, to
inform the development of novel regenerative therapies for cardiovascular disease and
the prevention of heart failure, for which there is currently no cure.
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Lay summary

A heart attack (also known as a myocardial infarction) is one of the leading causes of
heart failure worldwide. Heart failure often results after a heart attack because, unlike
some species, the adult human heart has very limited ability to repair itself. After a
heart attack, rebuilding a healthy blood vessel network to restore blood supply to the
damaged heart muscle is vital for recovery. However, the biological processes that
drive the growth of new blood vessels (called neovascularisation) remain poorly
understood.

Recent research has suggested that, after injury, the adult heart may “switch back on”
certain genes that were active during embryonic development. These genes could
provide important instructions for repair. | hypothesised that reactivation of foetal
genes in blood vessel cells in the adult heart (endothelial cells) promotes
neovascularisation and cardiac repair following a heart attack.

This study investigated the roles of two developmental genes — Annexin A2 (ANXA2)
and Poly(A) Binding Protein Cytoplasmic 1 (PABPC1) — in repairing blood vessels in
the heart after injury. Analysis of heart tissue from patients who had suffered a heart
attack, compared with healthy control human hearts, revealed that ANXA2 and
PABPC1 were reactivated in blood vessel cells of the damaged heart. Another gene,
Serpin Family E Member 1 (SERPINE1), which interacts with ANXAZ2 in controlling
blood clot breakdown, was also increased, suggesting that these molecules may work
together to influence repair.

The role of ANXA2 was further explored using zebrafish, a small freshwater fish with
an exceptional ability to regenerate its heart after injury. Using gene-editing technology
(CRISPR-Cas9), the zebrafish versions of ANXAZ2 (anxa2a and anxaZ2b) were silenced.
Zebrafish lacking this gene developed abnormally, showing smaller eyes, shorter body
length, and disorganised blood vessels. A new zebrafish model of heart injury was also
established using a precise laser. Normal zebrafish rapidly restored heart structure
and function following injury, but those lacking ANXA2 showed much poorer recovery.
They had fewer blood vessel cells, fewer heart muscle cells, and smaller heart
chambers, with some fish showing severe structural defects. Loss of ANXA2 also
disrupted the activity of several other developmental and regenerative genes,
including VEGF, CXCL12, NOTCH, and PABPC1.

Overall, my findings demonstrate that ANXA2 is essential for both healthy
development and heart regeneration. Understanding how ANXA2, PABPC1 and
related genes control blood vessel growth and repair after injury may help uncover
new treatments to improve recovery after heart attacks in humans and prevent the
progression to heart failure, for which there is no current cure.
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Chapter 1: Introduction

1.1. Myocardial Infarction, current treatments, and novel
therapeutic approaches

Myocardial infarction (Ml), colloquially known as a “heart attack”, is the most common
contributor to heart failure (HF) worldwide (Jenc¢a et al., 2021). Heart failure affects
approximately 55.5 million patients globally according to the data from the Global
Burden of Disease Study 2021, while recent estimates suggest the global prevalence
of over 64 million, affecting 1% - 3% of the adult population; with numbers continuing
to rise (Chen et al., 2025, Savarese et al., 2023). Aimost 1 in 4 MI patients without a
history of HF were reported to develop incident HF within 3 months of discharge (Butler
et al., 2025). Development of HF after Ml is often associated with adverse events,
impaired quality of life, and lower survival (Jenc¢a et al., 2021). Most incidences of MI
result from underlying coronary heart disease, primarily precipitated by coronary
occlusion (Ojha et al., 2022). Typically, the occlusion is thrombotic and occurs from
the rupture of atherosclerotic plaques. This leads to a reduced or complete cessation
of blood flow to the myocardium, subsequently resulting in hypoxia-induced
myocardial apoptosis and necrosis (Ojha and Dhamoon, 2023). The loss of
cardiomyocytes recruits activated fibroblasts to deposit extracellular matrix (ECM)
proteins and form permanent scar in the infarcted area, which may cause irreversible
functional deterioration, resulting in chronic heart failure and death (Stockdale et al.,
2018).

Current treatments focus on delaying or preventing the progression to heart failure,
but cannot ultimately halt or reverse cardiac remodelling, hence are non-curative
(Canhill et al., 2017). Percutaneous coronary intervention (PCI), commonly achieved by
ballooning the narrowed segment of the arterial wall, or implanting a stent to maintain
patency, is the prevailing clinical procedure for alleviating coronary occlusion and
restoring cardiac blood perfusion after Ml (Ahmad et al., 2022). Despite continuous
improvements of PCI procedures on survival from MI, the “no reflow” phenomenon
(myocardial hypoperfusion despite the relief of coronary obstruction) can impact the
effectiveness of revascularisation and has a strong negative impact on clinical
outcome (Porto et al., 2006). And the incidence of coronary no reflow after receiving
primary PCl is widely reported in between 5% and 32% of patients (Ndrepepa, 2023).
Patients experiencing no-reflow during PCI face a higher risk of early post-infarction
complications, adverse left ventricular remodelling, repeat hospitalisations for heart
failure, and higher mortality (Derntl and Weidinger, 2012, Porto et al., 2006). While
therapeutic advances have reduced cardiovascular mortality, non-cardiovascular
deaths, particularly cancer and infection, remain common in patients with
cardiovascular diseases. The contribution of each cause varies with different types of
cardiovascular diseases and the level of multimorbidity (Drozd et al., 2021). Thus, a
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holistic and personalised care approach that addresses the patient’s overall health
profile is important to improving long-term outcomes and survival.

Furthermore, pharmacologic drugs (i.e., beta-blockers, inhibitors of the renin
angiotensin aldosterone system, and mineralocorticoid receptor antagonists) (De Luca,
2020), and device therapies (i.e. implantable cardioverter defibrillators and cardiac
resynchronisation therapy) have multiple limitations (Breitenstein and Steffel, 2019,
Dickstein et al., 2010). A comparative study of HF patients from two different eras
(1993-1995 versus. 2006-2009) showed that medical advances, particularly
increased beta-blocker use, significantly improved survival, reduced sudden death
rates, and improved reverse cardiac remodelling and symptom relief, although
progressive HF and non-cardiac complications remain challenges (Cubbon et al.,
2011). Medications are only palliative, and mechanical assist devices are associated
with complications related to infection, thrombosis, and power supply (Gerbin and
Murry, 2015). Organ replacement by heart transplantation is an effective treatment,
however it is only available to selected patients with end-stage cardiac disease due to
donor shortage and human leukocyte antigen (HLA) matching. In addition, heart
transplantation is accompanied with surgical risk and complications such as graft
rejection, immunosuppression and post-transplant infection (Tu et al., 2020). Yet
strategies to promote myocardial repair have failed to translate into clinical settings.

Novel approaches to repair the infarcted heart include cell therapy, gene therapy,
stimulating endogenous pathways, direct cellular reprogramming, cardiac tissue
engineering, and biomaterial delivery (Duelen and Sampaolesi, 2017, Melly et al.,
2012, Collins et al., 2015, White and Chong, 2020, Cahill et al., 2017, Yu et al., 2021,
Venugopal et al., 2012). Exogenous cell transplantation aims to deliver cells that could
replace the lost cardiomyocytes by contributing to production of new myocardial tissue,
as well as stimulating repair mechanisms via paracrine effects (Gerbin and Murry,
2015). Though cell-based cardiac regeneration has demonstrated good potential in
pre-clinical animal studies, there are major challenges for clinical translation (Collins
et al., 2015). For example, cell therapy approaches may show limited success by
focusing on only a single cell type, typically of bone marrow origin (Duelen and
Sampaolesi, 2017). In addition, cells were observed to have poor cell engraftment,
viability and aggregation, as well as minimal integration into the host tissue (Kir et al.,
2021). To optimise successful engraftment and cell survival, further investigation
should aim to determine the appropriate cell types and delivery methods to be utilised.
It was subsequently shown that the reparative potential of cell therapy may rely largely
on paracrine signalling and secreted factors (White and Chong, 2020). Therefore,
utilising paracrine factors to provide a pro-regenerative microenvironment becomes
an attractive prospect (Ryan et al., 2020). Furthermore, the combination of stem cell
biology with novel bioengineering and bio-delivery approaches could improve the
efficacy of cell transplantation (Mitrousis et al., 2018). The ideal cardiovascular
therapeutics would stimulate cardiac regeneration and replace the damaged
myocardium. Future treatments should consider reciprocal and independent actions
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of the key mechanisms of cardiac regeneration: remuscularisation, electromechanical
stability, angiogenesis and arteriogenesis, resolution of fibrosis, and immunological
balance (Bertero and Murry, 2018). However, the underpinning mechanisms remain
poorly understood, and, with regeneration in mammalian models restricted to early
developmental stages, the adult mammalian heart shows limited regenerative
capabilities. It is not clear whether targeting endogenous mechanisms alone i.e.
without an exogenous intervention, will suffice to induce regeneration in the adult
mammalian heart (Price et al., 2019, Frangogiannis, 2015).

Efficient cardio-protection, modulated early inflammation, sustained
neovascularisation, and myocardial renewal, are all essential to support cardiac repair
and to counteract pathological remodelling (Balbi et al., 2019). Heart regeneration
requires a concerted effort by several cell types within the heart, including epicardial
cells, endothelial cells (ECs), nerves, fibroblasts and lymphatic cells (Ryan et al., 2020).
We will need to stimulate such a coordinated response in human MI patients, utilising
combined therapies to elicit a substantial improvement in regeneration (Price et al.,
2019). The success of complete cardiac regeneration and clinical translation relies on
the comprehensive understanding of the intrinsic mechanisms driving tissue repair and
the scarring response. A major challenge in defining the molecular mechanisms for
regeneration has been the lack of tools for conditionally manipulating specific genes
in a tissue-specific manner in adult organisms. Recently, new tools such as CRISPR
enable genome editing of regeneration pathways in model organisms (Goldman and
Poss, 2020). Single-cell RNA sequencing is also a useful technology for identifying
gene expression changes during cardiac regeneration (Wang et al., 2020b, Skelly et
al., 2018, Farbehi et al., 2019). Improved knowledge in the molecular pathways
specific for cardiac repair and regeneration might lead to new therapeutics, where
reactivation of targeted genes may help to treat cardiovascular injuries.
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1.2. Mechanisms and molecular regulation of
neovascularisationin post-myocardial infarction repair

Following the onset of ischaemia, cardiac muscle undergoes a dynamic series of
molecular, cellular, and extracellular responses that determine the remodelling and
functional recovery of the myocardium. Post-MI healing generally occurs in three
overlapping phases: 1) necrosis and apoptosis, 2) inflammation and extracellular
matrix degradation, 3) remodelling and regeneration: ECM deposition, myocyte
hypertrophy/renewal and revascularisation (Silvestre et al., 2013) (Figure 1). However,
most of the processes governing the activation of vessel growth and vascular
remodelling, are often compromised by the deleterious post-infarct microenvironment,
characterised by fibrosis, inflammation, and reduced perfusion, which collectively
suppress angiogenic and regenerative responses (Tzahor and Poss, 2017). Thus,
restoring vascular homeostasis (through modulation of hypoxia pathways, immune
activity, and haemodynamic forces) and stimulating neovascularisation may represent
promising therapeutic strategy to re-establish vascular function and improve cardiac
repair in the ischaemic heart (Silvestre et al., 2013, Tzahor and Poss, 2017).

Main Phases Post Myocardial Infarction

Myocardiéﬂ Immune Cells . Fibroblasts
I nfa rCt ion Vasculature Scar Formation

Lymphatics - Site of Infarct

Day0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
|

et 1t 1+  J 1 |
Inflammatory  Proliferative Recovery / Maturation

Acute Inflammation

: Immune Regulation & Inflammation Resolution
mmune cell Recruitment

Pro-infiammatory
Neutrophils

Pro-inflammatory
Macrophages

Neovascularisation: vascular sprouting + maturation
Lymphangiogenesis: lymphatic sprouting + maturation

Myocardial Remodelling
Myofibroblasts Activation Sasr Formation 8 Fitiasls

N
3

Figure 1. Schematic illustration of the temporal dynamics of cardiac
regeneration in mice after myocardial infarction. The top panel indicates the key
for the schematic and graphical representation of the injured/repairing mouse heart.
Following a myocardial infarction, ischaemic injury and cardiomyocyte necrosis trigger
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an extensive inflammatory response. During this inflammatory phase, monocytes and
macrophages migrate into the infarcted region, where they clear necrotic cells and
degrade extracellular matrix components. As inflammation subsides, the heart
transitions into a proliferative or reparative phase, characterised by the activation of
neovascularisation pathways and the initiation of myocardial remodelling through
(myo)fibroblast proliferation. In the final recovery/maturation phase, activated
fibroblasts and myofibroblasts continue to mediate scar formation and the
development of fibrosis. (Figure created by me for the review in Berkeley et al., 2023)

Restoring perfusion to the injured myocardium remains a central challenge in post- Ml
therapy. New therapeutic strategies are urgently required to enhance myocardial
perfusion, limit infarct expansion, and promote cardiac regeneration following Ml
(Berkeley et al., 2023). While much of the focus in heart repair has historically centred
on cardiomyocyte proliferation and remuscularisation (Salerno et al., 2022), effective
regeneration also depends critically on rapid and coordinated neovascularisation — the
formation of new blood vessels. This process ensures sufficient oxygen and nutrient
delivery to the regenerating myocardium, supporting cardiomyocyte survival, tissue
repair, and long-term functional recovery (Uygur and Lee, 2016). Early and effective
neovascularisation can rescue ischaemic myocardium, limit infarct expansion, and
prevent the progression to HF by modulating cardiomyocyte hypertrophy and
contractility (Cochain et al., 2013). Yet, despite considerable research, no effective
treatment currently exists that can reliably induce coronary neovascularisation.

Neovascularisation refers to the formation of new microvascular networks either de
novo or from pre-existing blood vessels. Although primarily observed during embryonic
development, neovascularisation can also occur postnatally, particularly in response
to ischaemia, inflammation, hypoxia or altered shear stress (Cai et al., 2022, Arellano
Mendoza et al., 2007). This complex process comprises several biological processes:
vasculogenesis, angiogenesis, arteriogenesis, and lymphangiogenesis, each
contributing uniquely to vascular growth and adaptation (Hutchings et al., 2021, Rizzi
et al., 2017).

Vasculogenesis is the de novo formation of blood vessels from endothelial progenitor
cells derived from the bone marrow or circulation, which migrate to sites of
injury/neovascularisation and differentiate into mature ECs (Isner and Asahara, 1999).
During embryogenesis, vasculogenesis involves the differentiation of endothelial
precursors (angioblasts) into ECs, followed by the assembly of a primitive vascular
network (Carmeliet, 2000). However, this initial network is immature and functionally
limited, requiring further maturation through angiogenesis, which therefore represents
the primary therapeutic target for vascular regeneration (Carmeliet, 2000).

Angiogenesis describes the sprouting of new capillaries from pre-existing, mature
blood vessels through EC proliferation, migration, and basement membrane
remodelling (Zhu et al., 2021). Under physiological conditions, it is vital for embryonic
vascular development, reproduction, and wound healing; it is tightly regulated by a fine
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balance between pro- and anti-angiogenic factors (Cai et al., 2022). Angiogenesis
proceeds through sequential key steps: activation of quiescent ECs by angiogenic
stimuli, directed migration and proliferation to form sprouts, recruitment of pericytes to
stabilise nascent vessels, and basement membrane reconstruction to generate a
mature, functional microvasculature. In response to adult tissue injury, angiogenesis
can be reactivated, allowing ECs and pericytes to coordinate vessel elongation,
anastomosis, and remodelling until vascular homeostasis is restored (Zhu et al., 2021).

Arteriogenesis, in contrast, is the enlargement and maturation of pre-existing collateral
arterioles into functional arteries, driven by increased shear stress within the vessel
wall (Lépez-Camarillo et al., 2020, Caporali et al., 2018, van Royen et al., 2001). It
involves endothelial activation, monocytes recruitment, and smooth muscle cells
proliferation, resulting in the formation of new arterial conduits that restore perfusion
to ischaemic regions (Arellano Mendoza et al., 2007). Lymphangiogenesis follows
shortly after vascular network establishment, arising from venous endothelial sprouts
to form the lymphatic system, which supports tissue fluid balance, immune cell
trafficking, and inflammation resolution during cardiac repair (Hutchings et al., 2021).

Neovascularisation during heart regeneration might recapitulate key processes of
embryonic coronary vessel development (Kim et al., 2010). Coronary vasculature
formation progresses through sequential, tightly regulated stages, beginning with
proepicardium formation, which is dependent on NK2 homeobox 5 (Nkx2.5) and GATA
Binding Protein 4 (Gata4), followed by migration of proepicardial cells to envelop the
myocardium and form the epicardium. This migration is regulated by retinoic acid,
angiopoietin-1 (Ang-1), t-box transcription factor 5 (Tbx5), Sp3 transcription factor
(SP3), and Wilms tumour 1 (WT1). Within the epicardium, epicardial-derived cells
arise via epithelial-to-mesenchymal transition (EMT), a process driven by myocardial
fibroblast growth factor (FGF) and transforming growth factor beta (TGF-B) signalling
and further modulated by transcriptional regulators friend of zinc finger protein/FOG
family member 2 (ZFPM2/FOG-2) and BRG1-assoicated factor 180 (BAF180), as well
as subepicardial matrix components such as podoplanin. Thymosin 4 secreted by
the cardiomyocytes promotes epicardial-derived cell migration into the myocardium,
where they respond to angiogenic factors (vascular endothelial growth factor (VEGF),
FGF-2) and arteriogenic factors (platelet-derived growth factor (PDGF), TGF-) to
form the coronary vessel network (Smart et al., 2009). Similar molecular pathways are
reactivated during adult zebrafish heart regeneration, where PDGF signalling plays a
central role in epicardial function and reactivation of developmental neovasculogenic
pathways (Kim et al., 2010).

The main stimuli for neovascularisation are hypoxia and inflammation. Hypoxia
stabilises hypoxia-inducible factor-1 (HIF-1), which binds to over 40 hypoxia-sensitive
genes, is involved in inducing angiogenesis and protective metabolic adaptation (de
Muinck and Simons, 2004). Inflammatory macrophages and T-lymphocytes infiltrate
the infarct zone and secrete angiogenic and arteriogenic factors such as VEGF,
bFGF/FGF-2, and TGF-B (Corliss et al., 2016, Silvestre et al., 2013, Simdes and Riley,

Page | 30



2022). Reactive oxygen species (ROS) also play a central role in neovascularisation.
While excessive ROS contributes to oxidative stress and exacerbates cardiovascular
disease, physiological levels act as essential second messengers that regulate
endothelial proliferation, migration, and differentiation (Cholan et al., 2017, Hutchings
et al., 2021). Hypoxia and reoxygenation promote the generation of ROS, which can
stimulate angiogenesis directly or indirectly via active oxidation products, such as
peroxidized lipids that are elevated in atherosclerosis (Kim and Byzova, 2014). This
links oxidative stress to pathological angiogenesis, primarily via HIF-dependent
upregulation of VEGF signalling (Kim and Byzova, 2014). In blood vessels, NADPH
oxidases (NOX) are a major source of ROS, catalysing their production at the
endothelial cell membrane. NOX-derived ROS initiate angiogenesis and support newly
formed vessels at sites of injury by promoting migration of ECs, tubule formation, and
the proliferation of vascular smooth muscle cells, thereby stabilising the
neovasculature (Cholan et al., 2017, Hutchings et al., 2021). Maintenance of an
optimal ROS level is therefore critical, as both insufficient or excessive ROS can impair
cellular signalling and compromise regenerative processes. Study found impaired
outgrowth ECs-mediated vascular repair in South Asian men is causally linked to
decreased expression of AKT serine/threonine kinase 1 (Akt1) and endothelial nitric
oxide synthase (eNOS), which are crucial for vascular health. The findings suggest
that targeting the Akt1/eNOS pathway could be a strategy for treating cardiovascular
disease in this population (Cubbon et al., 2014). Insulin resistance has also been
reported to impair the function of circulating angiogenic progenitor cells and delay
endothelial repair after arterial injury, indicating that metabolic dysfunction alone is
sufficient to compromise endogenous vascular regeneration (Kahn et al., 2011).

Multiple growth factor families coordinate neovascularisation; with VEGF serving as
the primary regulator. Secreted by hypoxic or proliferating tissues, VEGF-A activates
ECs via VEGF receptors (VEGFR), initiating a DIl/Notch cascade that coordinates tip
and stalk cell behaviour during sprouting (Pitulescu et al., 2017). FGFs similarly
stimulate endothelial proliferation, migration and differentiation through receptor
tyrosine kinase activation and downstream signalling cascades (Pontes-Quero et al.,
2019, Cross and Claesson-Welsh, 2001). The angiopoietin-Tie axis further contributes
to vascular maturation and stability. Angiopoietin-1 (Ang-1) binds to Tie2 receptors on
ECs to enhance barrier integrity, survival, migration, and sprouting (Gaonac’h-Lovejoy
et al., 2020), whereas Angiopoietin-2 (Ang-2) acts as a functional antagonist, inhibiting
Ang-1/Tie2 signalling to restrain excessive vessel growth and branching in vivo (Hu
and Cheng, 2009). A study found that treatment with recombinant connective tissue
growth factor (CTGF) prevented microvascular rarefaction in human blood vessel
organoids following glycolysis inhibition-induced damage, suggesting a reparative role
for CTGF in restoring microvessel structure, and identifying CTGF as a critical
paracrine regulator of microvascular integrity (Romeo et al., 2023).

Therapeutic strategies to enhance intrinsic angiogenesis may involve either
supplementing paracrine factors exogenously (such as growth factors, microRNAs, or
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exosomes) or upregulating endogenous pro-angiogenic pathways (Lupu et al., 2020).
To date, several growth factors, including VEGF, placenta growth factor (PIGF), FGF,
and hepatocyte growth factor (HGF), have demonstrated potent angiogenic potential
(Cahill and Kharbanda, 2017). Delivery of these factors via naked DNA plasmids, viral
vectors, or recombinant proteins improves cardiac function and myocardial
angiogenesis in animal studies (Lee et al., 2019). For instance, intramyocardial
injection of synthetic modified mRNA encoding human VEGF-A in murine Ml models
stimulated expansion of epicardial cardiac progenitor cells and directed their
differentiation towards endothelial lineage, which resulted in enhanced myocardial
perfusion and improved survival of recipients (Zangi et al., 2013). Subsequent study
in a porcine model of MI has shown that administration of biocompatible, purified
VGEF-A mRNA one week after MI, significantly improved left ventricular ejection
fraction, inotropy, and ventricular compliance. This also led to increased arteriolar and
capillary density, and reduced myocardial fibrosis at two months post-treatment
(Carlsson et al., 2018).Similarly, lentiviral ETS Variant Transcription Factor 2 (ETV2)
delivery into murine infarcted heart has shown to significantly upregulate genes linked
to angiogenesis, anti-fibrosis, and anti-inflammatory responses (Lee et al., 2019).

Finally, the microRNA-15 family negatively controls cardiomyocyte proliferation and
postnatal cardiac regenerative capacity. Inhibition of microRNA-15 from birth to
adulthood was shown to enhance myocyte proliferation and improves cardiac function
following adult MI (Porrello et al., 2013). Similarly, study using adeno-associated viral
vector to deliver human microRNA-199 into infarcted pig hearts has resulted in
enhanced cardiomyocyte proliferation and cardiac repair, with marked improvements
in cardiac function, increased muscle mass, and reduced scar size (Eulalio et al., 2012,
Gabisonia et al., 2019). However, most treated pigs developed fatal arrhythmias 7-8
weeks post-treatment due to uncontrolled, persistent microRNA expression. While the
microRNA therapy holds exciting potential for cardiac regeneration, future applications
must ensure precise dosing and controlled delivery to avoid adverse effects. In a
porcine model of Ml, the delivery of microRNA-21 via nanocarriers encapsulated within
an injectable hydrogel matrix and administered into infarct regiones, significantly
reduced inflammation by inhibiting the MI macrophage polarisation. This treatment
also promoted local neovascularisation through the upregulation of VEGF-A and
PDGF-BB in ECs, and rescued at-risk cardiomyocytes (Li et al., 2021b).
Overexpression of the circular RNA (circRNA) of Homeodomain Interacting Protein
Kinase 3 (Hipk3) via adeno-associated virus 9 in adult mice promoted cardiomyocyte
proliferation, reduced apoptosis in cardiomyocyte, and increased vessel density in the
infarcted region at 14 days post-MlI, while also improving cardiac function and reducing
fibrotic area (Si et al., 2020).

Beyond their structural role in vascular formation, ECs play a key role in paracrine and
autocrine regulation of the cardiac myocytes. Endothelial-derived angiocrine factors
such as neuregulin-1, endothelin-1, and nitric oxide directly regulate cardiomyocyte
contractility, metabolism, and survival (Rafii et al., 2016). Neuregulin is expressed and
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released by ECs in response to hypoxia-induced myocyte death, and co-culture
experiments have shown that endothelial-derived neuregulin protects adult murine
cardiomyocytes from hypoxic/ischaemic injury (Hedhli et al., 2011). Moreover,
neuregulin gene deletion or silencing resulted in impaired post-ischaemic myocyte
repair and loss of cardioprotection (Hedhli et al., 2011).

Following MI, local ischaemia initiates a cascade of vascular and inflammatory events,
including endothelial disruption, increased capillary permeability, and loss of
cardiomyocytes, activating local cytokine and growth factor release. These signals
recruit endothelial progenitor cells and stimulate EC proliferation, migration, and
vessel formation, particularly in the peri-infarct region, where vascular density
progressively expands into the infarct core (Cai et al., 2022, Hutchings et al., 2021,
Isner and Asahara, 1999). Enhancing endothelial survival and inhibiting apoptosis
appear key to sustaining angiogenesis. A novel population of cardiac interstitial cells
named telocytes has been shown to facilitate cardiac angiogenesis and regeneration
after MI. Cardiac telocyte-derived exosomes suppress apoptosis in microvascular ECs
by silencing the pro-apoptotic gene, cell death inducing p53 target 1 (Cdip7), and
reducing caspase-3 activation, thereby promoting endothelial survival and sustained
angiogenesis (Liao et al., 2021).

In conclusion, post-M| neovascularisation is a tightly regulated interplay between
hypoxia, inflammation, ROS signalling, growth factor activation, and progenitor cell
mobilisation. By re-establishing perfusion and supporting myocardial survival, these
mechanisms are fundamental to cardiac repair. However, their precise regulation
remains incompletely understood. These likely involve a precise balance between pro-
and anti-angiogenic regulators and effectors. Therapeutic strategies that modulate
these mechanisms to enhance angiogenesis, arteriogenesis, and vasculogenesis hold
significant promise for improving outcomes in ischemic heart disease.
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1.3. Comparative insights into cardiac regeneration:
conserved mechanisms and lost potential from
zebrafish to humans

1.3.1 Regenerative capacity of the heart across species and
developmental stages

Cardiac regeneration after injury was first reported in the 1970s and was long
considered to be restricted to lower vertebrates such as amphibians and fish (Poss et
al., 2002, Becker et al., 1974, Oberpriller and Oberpriller, 1974). For decades, this
phenomenon was believed to be absent in mammals, as adult mammalian hearts
typically respond to injury with fibrotic scar formation rather than regeneration (lismaa
et al., 2018). Despite this, subsequent discoveries showing that neonatal mammals
retain a short window of regenerative potential have transformed our understanding of
heart cell plasticity. Neonatal murine and porcine hearts can completely restore
structure and function after injury, but this capacity declines rapidly after birth (Haubner
et al., 2012, Ye et al., 2018, Porrello et al., 2011).

The hearts of one-day-old neonatal mice can fully regenerate and restore normal
anatomy and function after surgical resection of the left ventricular myocardium;
however this regenerative capacity is lost by postnatal day seven (P7) (Porrello et al.,
2011). Similarly, complete functional mammalian cardiac regeneration was first
observed in a neonatal mouse model of myocardial infarction within seven days after
birth. This regenerative window is linked to the capacity of neonatal cardiomyocytes
to maintain proliferation, which is supported by sustained expression of cell cycle
regulators (Haubner et al., 2012). However this regenerative potential is lost beyond
the first week after birth due to cardiomyocyte binucleation and cell-cycle exit (Naqgvi
et al., 2014).

In addition to neonatal cardiomyocyte proliferation, neovascularisation is a crucial
component of neonatal heart repair. Endothelial cell activation, migration, and
sprouting was shown to precede cardiomyocyte ingrowth, highlighting an
interdependence between vascular and myocardial regeneration (Ingason et al., 2018).
Extensive sprouting of collateral arteries was observed to develop from arterial ECs in
the neonatal mouse heart 4 days post after Ml via C-X-C motif chemokine receptor 4/
C-X-C motif chemokine ligand 12 (Cxcr4/Cxcl12) signalling (Das et al., 2019). These
collateral arteries act as bridges between non-injured and obstructed arteries, creating
bypass routes to enhance blood vessel perfusion and facilitate neonatal heart
regeneration (Das et al., 2019). A similar window for myocardial regeneration has been
observed in neonatal pigs, where 2-day-old hearts demonstrated early functional
regenerative capacity after MI, characterised by cardiomyocyte proliferation and
absence of scarring. However, this capacity is quickly lost when cardiomyocytes exit
the cell cycle after birth, and by postnatal day 3-14 infarcted hearts did not
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demonstrate the same level of regeneration and developed myocardial scarring
without functional recovery (Zhu et al., 2018, Ye et al., 2018).

1.3.2 Zebrafish as a model for complete cardiac regeneration

Among vertebrates, the zebrafish (Danio rerio) exhibits one of the most remarkable
examples of natural cardiac regeneration. Although structurally simpler — possessing
only a single atrium and ventricle — the zebrafish heart shares key histological and
cellular similarities with higher vertebrates, making it an ideal comparative model to
understand the limiting factors impeding mammalian regeneration (Ryan et al., 2020).
Following cardiac damage, zebrafish initiate inflammatory (the recruitment of immune
cells and the clearance of cellular debris) and reparative responses (deposition of
collagen and other extracellular matrix (ECM) components) similar to those in
mammals (Ryan et al., 2020). However, humans exhibit scar formation and poor
renewal of cardiomyocytes, whereas zebrafish exhibit resolution of collagen-rich scar
and complete myocardial renewal (Ryan et al., 2020). Adult zebrafish can fully
regenerate their hearts within 60 days following ventricular amputation, without
permanent fibrotic scarring (Poss et al., 2002, Poss et al., 2003). Regenerative
responses have also been confirmed in zebrafish embryos at 24 hours post-
fertilisation (hpf) following cardiac amputation (Raya et al., 2003). Studies of multiple
zebrafish heart injury models such as cryoinjury, genetic ablation, hypoxia, and laser-
induced injury have provided evidence showcasing the exceptional regenerative ability
of the larval and adult zebrafish heart (Gonzalez-Rosa et al., 2017, Ross Stewart et
al., 2021, Matrone et al., 2013).

Around three to four days post-injury, adult zebrafish heart regeneration is initiated by
expansion of myocardial progenitor cells localised at the apical edge of existing
myocardium (Lepilina et al., 2006). By seven days, epicardial cells begin to invade the
wound, induce developmental markers, and rapidly proliferate. A subpopulation of
these epicardial cells then undergo epithelial-to-mesenchymal transition (EMT) to
contribute to neovascularisation and vascularise the regenerating muscle (Lepilina et
al., 2006). Other studies have reported another origin of regenerated myocardium in
the zebrafish after ventricular resection. They found zebrafish myocardium
regeneration occurs primarily through activation and proliferation of pre-existing
dedifferentiated cardiomyocytes (Kikuchi et al., 2010, Jopling et al., 2010).

Efficient zebrafish heart regeneration depends on the rapid and coordinated formation
of new blood vessels alongside myocardial replenishment. Without timely endothelial
invasion and revascularisation of the injured area, cardiomyocyte proliferation fails,
leading to fibrotic scar formation rather than regeneration (Marin-Juez et al., 2016).
Following injury, coronary vessel growth is orchestrated by reciprocal signalling
between the epicardium and endocardium (the epicardium directs vascular patterning
through Cxcl12/Cxcr4 signalling, while the endocardium promotes angiogenesis via
Vegfa pathways). (Marin-Juez et al., 2019). The resulting neovasculature not only
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restores perfusion but also provides structural scaffolds and paracrine cues that
support cardiomyocyte proliferation and tissue remodelling. In addition, both tissues
produce retinoic acid (a crucial signalling molecule for embryonic cardiac growth)
which further stimulates cardiomyocyte proliferation and myocardial regeneration
(Kikuchi et al., 2011a). Recapitulation of timely and injury-spanning neovascularisation
presents the initial and crucial phase in the process of cardiac regeneration, extending
beyond its classical role as a transport system of oxygen and nutrient (Marin-Juez et
al., 2019).

1.3.3 Cardiac regeneration in humans

The adult human heart was long regarded a post-mitotic organ, lacking regenerative
capacity. However, radiocarbon dating studies by Bergmann and colleagues
challenged this paradigm, revealing evidence of low-level cardiomyocyte turnover (<1%
per year) throughout the adult human lifespan (Bergmann et al., 2009). Carbon-14
concentrations were measured in cardiomyocyte DNA from individuals born before
and after the atmospheric spike caused by nuclear bomb testing during the Cold War
(Bergmann et al., 2009). Carbon-14 was used as a “birth date” marker for cells as it
was incorporated into newly synthesised DNA during cell division. And elevated levels
of Carbon-14 in individuals post-testing indicated continual cardiomyocyte renewal
throughout life. Although the number of cardiomyocytes is established perinatally and
remains stable during the human lifespan, adult cardiac ECs exhibit higher
proliferation rates (>15% per year) compared to cardiomyocytes and mesenchymal
cells (<4% per year), suggesting ongoing vascular plasticity even in adulthood
(Bergmann et al., 2015). However the validity of studies have been debated due to
concerns surrounding their methodology, data interpretation, and appropriateness of
patient samples, and the findings are yet to be replicated (Kajstura et al., 2012).

A compelling clinical observation further supports the existence of regenerative
potential in humans. A newborn patient who suffered a severe M| due to coronary
artery occlusion achieved complete structural and functional recovery within 12
months. Follow-up imaging and clinical assessment revealed that the patient’s heart
was indistinguishable in function and morphology from those of age-matched healthy
patients (Haubner et al., 2016).

This single case indicates that, akin to zebrafish and some neonatal mammals,
newborn humans may possess an endogenous capacity to repair myocardial damage
and restore cardiac function following MI. In contrast, the adult human heart remains
largely incapable of physiological regeneration after ischaemic injury. As observed in
other mammalian species, the regenerative potential in humans appears to be
confined to early developmental stages, implying that intrinsic regenerative
programmes may persist transiently after birth but are subsequently silenced or
repressed as maturation proceeds.
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Taken together, these findings highlight a conserved but developmentally restricted
regenerative capacity across vertebrates. Understanding how organisms such as
zebrafish coordinate vascular and myocardial regeneration and elucidating the
molecular mechanisms underlying the loss of these processes in adult mammals, will
be pivotal for designing therapeutic strategies to reactivate regenerative pathways in
the human heart.

1.4. Reactivation of developmental gene programmes as a
therapeutic approach in adult cardiovascular disease

Tissue regeneration and embryonic development share many molecular and cellular
hallmarks. It is increasingly recognised that genes essential for embryogenesis are
often reactivated following injury, initiating regenerative processes that promote cell
proliferation, migration, and morphogenesis (Goldman and Poss, 2020). Certain fish
and amphibians demonstrated a remarkable capacity for cardiac regeneration
throughout life (Poss et al., 2003). The activation of embryogenesis genes was
previously described during retinal (Fausett and Goldman, 2006) and cardiac (Lepilina
et al., 2006) regeneration in zebrafish. In post-injury zebrafish models, re-expression
of embryonic cardiogenesis genes contributed to cardiac regeneration through
activation and proliferation of cardiomyocyte subpopulations (Kikuchi et al., 2010).

In adult zebrafish, injury triggered re-expression of embryonic epicardial genes,
including aldehyde dehydrogenase 1 family, member A2 (raldh2) and T-box factor 18
(tbx18), which promoted cardiomyocyte proliferation and myocardial regeneration
(Kikuchi et al., 2011b, Lepilina et al., 2006, Wang et al., 2015). These developmentally
activated epicardial-derived cells facilitated regeneration by invading and
vascularising the new myocardium via Fgf signalling (Lepilina et al., 2006). In the adult
murine heart, injury reactivated the normally quiescent epicardium and endocardium,
leading to the re-expression of embryonic genes and the initiation of reparative and
revascularisation programmes. Together, these activated tissues provided guidance
cues and Vegfa-mediated signalling to induce coronary revascularisation, forming
structural scaffolds that supported cardiomyocyte replenishment and tissue repair
(Marin-Juez et al., 2016, Marin-Juez et al., 2019). Together, these findings suggested
that reactivation of developmental programmes was a conserved mechanism
underlying heart regeneration in zebrafish.

The discovery that the neonatal mammalian heart retains transient regenerative
capacity has stimulated extensive research to determine whether reactivation of
developmental programmes could enhance repair in adult hearts. Although early
studies of foetal gene reactivation has primarily been focused on cardiomyocytes
(Gidh-Jain et al., 1998), it is also evident that similar mechanisms occur in other
cardiac cell types, such as endothelial and epicardial cells (Mehdiabadi et al., 2022).
In adult mammals, including mice, the normally quiescent epicardium was shown to
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be reactivated following injury to re-express embryonic developmental genes such as
Wt1, Tbhx18, Transcription factor 21 (Tcf21), and Raldh2, thereby promoting cell
proliferation, neovascularisation, and ischaemic heart repair (Smartet al., 2011, Vieira
etal., 2017, Zhou et al., 2011, van Wiik et al., 2012). Similarly, Wt1, a key regulator of
embryonic heart development, was re-activated in the coronary vasculature following
cardiac damage in adult zebrafish (Gonzalez-Rosa et al., 2011) and rats (Wagner et
al., 2002).

Following cardiac injury, reactivation of foetal gene programmes in the epicardium and
endocardium plays a vital role in coordinating coronary revascularisation. The injured-
activated epicardium guided regenerating coronary vessels through Cxcl12/Cxcr4
signalling, while the endocardium contributed via Vegfa-mediated pathways, together
directing coronary vessel growth and organisation (Marin-Juez et al., 2019). These
regenerating coronaries not only restored perfusion but also provided structural
scaffolds and paracrine cues essential for cardiomyocyte replenishment. In parallel,
both activated tissues re-express developmental regulators such as retinoic acid, a
key embryonic cardiac morphogen, to stimulate cardiomyocyte proliferation and
regeneration (Kikuchi et al., 2011a). This coordinated reactivation of developmental
angiogenic and developmental pathways highlights the pivotal role of blood vessels
beyond their transport function, positioning timely, injury-induced neovascularisation
as an initiating and crucial phase of cardiac regeneration.

Upon reactivation after ischaemic injury, the quiescent adult mouse epicardium
recapitulated foetal-like characteristics, promoting the proliferation of epicardium-
derived cells between three days and two weeks post-MI. These cells subsequently
differentiated into mesenchymal cells, which modulated myocardial injury and
supported angiogenesis by secreting paracrine factors that promoted
neovascularisation and myocardial healing (Zhou et al., 2011). In PdgfbCreERT2 mice,
quiescent endocardium and coronary sinus cells responded to ischaemic injury by
recapitulating developmental programmes such as thymosin (4, thereby facilitating
the formation of new capillary networks within the infarcted myocardium (Dubé et al.,
2017). Although direct epicardial contribution to new vessel formation was minimal,
the epicardium provided essential directional cues for neovascular outgrowth toward
the infarcted myocardial tissue (Dubé et al., 2017). Likewise, endocardial
angiogenesis contributed to restored perfusion in the hypoxic region and rescued
reversibly injured cardiomyocytes via VEGFR2 signalling in a murine M| model
(Kobayashi et al., 2017). These findings emphasise the therapeutic potential of
reactivating foetal gene programmes in adult hearts to stimulate neovascularisation
and promote myocardial healing following MI.

The role of mesenchymal-endothelial plasticity in this process remains debated.
Mesenchymal-endothelial transition (MEndoT) was previously reported to contribute
to substantial numbers of coronary ECs after M| (Ubil et al., 2014). However, another
study reported that pre-existing ECs were the main contributors to neovascularisation,
with no evidence of fibroblast contribution, suggesting no contribution of MEndoT to
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neovascularisation (He et al., 2017). Interestingly, a partial induction of Endothelial-to-
Mesenchymal transition (EndoMT) appeared to contribute to clonal expansion and
new vessel growth under ischaemia, although functionally active blood vessels not
formed (Manavski et al., 2018). In contrast, advanced lineage tracing study in a mouse
MI model reported no significant contribution from EndoMT post-MI, but the adult
cardiac endothelium was maintained primarily through resident ECs clonal
proliferation (Li et al., 2019c).

Conversely, aberrant expression of foetal genes has been linked to (mal-)adaptive
changes in cardiac function in the adult failing heart. The ventricular re-expression of
some foetal genes, including atrial and brain natriuretic peptide, foetal isoforms of
contractile proteins, foetal type cardiac ion channels and some smooth muscle genes,
has been associated with cardiac remodelling in response to pathological stress
(Kuwahara et al., 2012). Indeed, foetal gene programmes are frequently used as
biomarkers of cardiac hypertrophy and HF in pre-clinical models (Dirkx et al., 2013).
In addition, several foetal genes such as limb-bud and heart (Lbh), frizzled receptor-2
(Fzd2), fibulin-1 (Fbin1), and tenascin C (Tnc), have also been found to be reactivated
in cardiac ECs during myocardial remodelling or HF (Vermeulen et al., 2019).

It is possible that the re-activation of foetal gene programmes initially serves a
reparative or adaptive purpose following cardiac injury, promoting survival of
myocardium. However, when this re-expression is sustained or becomes dysregulated
or chronic, this foetal-like reprogramming may not be sufficient to support cardiac
healing, which progress to maladaptive changes that ultimately lead to cardiac
dysfunction and HF (Dirkx et al., 2013). Interestingly, the reparative process in adult
hearts was correlated with a high and robust expression of infammatory and fibrotic
genes, whereas the foetal heart demonstrated diminished inflammatory and fibrotic
response leading to complete cardiac regeneration (Zgheib et al., 2014).

Understanding the mechanisms behind the differential gene expression between
foetal and adult diseased hearts could reveal new therapeutic targets to promote
cardiac repair. Future research should therefore focus on elucidating how reactivated
embryonic genes influence endothelial and myocardial regeneration, and how
temporal regulation of these pathways could be harnessed to enhance repair while
preventing maladaptive remodelling (Berkeley et al., 2023). Ultimately, these insights
highlight the importance of targeted strategies to reactivate developmental angiogenic
programmes to improve neovascularisation in the adult human heart after M.
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1.5. Multi-omics approaches to inform our understanding
of cardiovascular disease research and advanced
technologies

Recent advances in high-throughput single cell/nuclei and spatial omics technologies
have transformed our understanding of complex diseases, particularly in
cardiovascular diseases e.g. Ml and HF (Berkeley et al., 2023). Traditional bulk omics
approaches measure the average molecular signals from entire tissue samples, which
can mask the heterogeneity and distinct behaviours of individual cell types (Lim et al.,
2024). In contrast, single-cell/nuclei and spatial omics enable researchers to reveal
expression profiles of thousands of individual cells and allow detailed dissection of
transcriptional diversity and cellular states in both health and diseased hearts
(Abplanalp et al., 2022).

A typical single-cell RNA sequencing (scRNA-seq) workflow includes single-cell
capture, reverse transcription, amplification, library preparation, sequencing and data
analysis (Chen et al., 2021). Single-nucleus RNA sequencing (snRNA-seq) offers
technical advantages when analysing adult cardiomyocytes and minimises stress-
induced aberrant gene expression during cell isolation (Chen et al., 2021). New
techniques have advanced beyond single-cell transcriptomics to profile multiple omics
layers, such as the genome, proteome, epigenome, and metabolome, which can
reveal gene regulatory mechanisms in the heart (Tan et al., 2023). Emerging
techniques like single-cell chromatin accessibility sequencing (scATAC-seq),
proteomics and DNA methylomics are increasingly integrated with transcriptomic and
spatial data to provide a comprehensive, multi-dimensional view of gene expression
and cellular interactions within native cardiac tissue architecture (Chen et al., 2021).
This spatial multi-omics approach overcomes limitations of traditional methods,
improving our understanding of cellular heterogeneity and complex interactions
relevant to cardiovascular diseases, including Ml (Kiessling and Kuppe, 2024).

Yet spatial transcriptomics faces several technical and methodological limitations that
can affect data interpretation and reproducibility. Spatial transcriptomics methods vary
widely in resolution, capture efficiency, and transcriptome coverage, requiring careful
method selection and tissue-specific optimisation by the investigator. Most platforms
are optimised for fresh frozen tissue rather than paraffin-embedded sample, and
additional tissue-specific optimisation is often required. Widespread adoption is further
limited by high cost, technical complexity, the need for specialised equipment, and a
complex analytical landscape (Pifieiro et al., 2022). In particular, spot-based spatial
transcriptomics lacks true single-cell resolution; for example, each 10x Visium spot (55
pMm diameter) captures transcripts from approximately 1 to 30 cells, resulting in mixed
transcriptomics signals that obscure individual cell types (Zhu et al., 2024, Thuilliez et
al., 2024). Compared to scRNA-seq, spatial transcriptomics has lower detection
sensitivity and higher dropout rates, capturing fewer transcripts overall and making it
challenging to detect rare or weakly expressed genes, which may be crucial for
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identifying specific cell states or early developmental signals (Maden et al., 2023,
Molla Desta and Birhanu, 2025).

To overcome these limitations, computational deconvolution using scRNA-seq
references is often applied to estimate cell-type contributions within mixed-cell spots.
However, accuracy is limited by reference bias, batch effects, low-resolution spots,
oversimplified assumptions, and difficulties in detecting rare cell types (Zhou et al.,
2023, Gaspard-Boulinc et al., 2025). Additional limitations include restriction to thin 2D
tissue slices (5-20 um), profiing of small regions that may not capture tissue
heterogeneity, and the high cost and labour intensity that often limit studies to few
biological replicates, reducing statistical power of the findings (Sui et al., 2024, Jeon
et al., 2023). Together, these challenges highlight the need for advanced experimental
and computational strategies to improve the resolution, sensitivity, and interpretability
of spatial transcriptomics data.

Despite these challenges, single-cell and spatial multi-omics approaches have been
successfully applied to map cardiac cellular composition and reveal important
functional roles for non-myocyte cell types, including cardiomyocytes, endothelial cells
(ECs), fibroblasts, and immune cells, in both murine and human hearts (Skelly et al.,
2018, Tucker et al., 2020, Litvifiukova et al., 2020, Jones et al., 2022, Consortium,
2018). The single-cell atlases generated from healthy cardiac tissues now serve as
the baseline for comparison to identify cell type-specific and chamber-specific
transcriptional changes during cardiac injury/disease (Tan et al., 2023). Notably, an
atlas of over 32,000 single-EC transcriptomes from 11 healthy mouse tissues identified
78 distinct EC subclusters, highlighting the extensive heterogeneity and specialisation
of ECs, which are highly influenced by their tissue of origin (Kalucka et al., 2020). This
atlas provided a list of genetic markers for organ-specific ECs; for instance, brain ECs
expressed genes for neurotransmitter transport, while heart ECs expressed genes
related to fatty acid metabolism. Significant differences in EC metabolic gene
signatures further indicates that ECs adapt their metabolism to suit the specific needs
of their surrounding tissue (Kalucka et al., 2020). ScCRNA-seq of Pdgfb-lineage mouse
cardiac ECs mapped their transcriptome and heterogeneity in healthy and infarcted
hearts, revealing ten transcriptionally distinct EC profiles, associated with proliferation,
cardiac and ECM remodelling. This study identified plasmalemma vesicle-associated
protein (Plvap) to be highest in clusters predominantly comprised of ECs from the MI
group, and as a novel endothelial-specific marker with a functional role in cardiac
neovascularisation after ischaemic injury in both mice and humans (Li et al., 2019b).
A later multi-species meta-analysis of coronary EC data from scRNA-seq studies in
the healthy and injured mouse and human hearts, generated the EC meta-atlas
CrescENDO, showing temporal transcriptome shifts during the inflammatory,
angiogenic, and vascular maturation phases following injury/disease (Li et al., 2022b)
(Figure 2).
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Figure 2. Graphical illustration outlining the strategy for meta-analysis of
integrated single cell and single nucleus RNA-sequencing studies of coronary
endothelial cells in mice and humans, spanning developmental and adult stages
as well as healthy and diseased states. This comprehensive analysis generated an
extensive resource of candidate targets with potential roles in coronary vascular
regeneration, which can be accessed through the CrescENDO meta-atlas (adapted
from Li et al., 2022b).

While mammalian studies have shed light on the limited regenerative responses of the
adult heart, zebrafish single-cell and spatial transcriptomic provide a complementary
model to uncover mechanisms that underlie complete cardiac regeneration. Using
single cell transcriptomics, researchers mapped over 61,000 non-cardiomyocyte cell
populations during zebrafish heart regeneration following ventricular apex amputation
(Ma et al., 2021). This study showed that effective cardiac regeneration relies on the
cooperative, functional coordination of various non-myocyte cell types, particularly
macrophages, rather than solely the proliferation of cardiomyocytes. Disrupting
macrophage function compromised intercellular interactions among non-
cardiomyocytes, resulting in defective cardiac repair (Ma et al., 2021). Spatially
resolved RNA sequencing (tomo-seq) was used to generate a high-resolution
genome-wide atlas of gene activity in the regenerating zebrafish heart following
cryoinjury (Wu et al., 2016). This study identified two wound border zones with distinct
expression profiles, including the re-expression of embryonic cardiac genes and
targets of bone morphogenetic protein (BMP) signalling. They found that upregulating
BMP signalling is crucial for cardiomyocyte dedifferentiation and proliferation, and its
inhibition impairs regeneration (Wu et al., 2016). Single nucleus RNA-sequencing
(snRNA-seq) of the injured zebrafish heart revealed distinct cardiomyocyte
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populations with diverse functions related to stress response, myofibril assembly,
proliferation and contraction (Forman-Rubinsky et al., 2025). A comprehensive 3D and
4D spatiotemporal transcriptomic and cellular atlas of the uninjured and regenerating
zebrafish heart was generated using integrated spatial transcriptomics (Stereo-seq)
and scRNA-seq across eight stages of regeneration. This work characterised
cardiomyocyte dynamics during regeneration, identified novel regenerative genes
such as interferon-related developmental regulator 1 (ifrd1) and (pro)renin receptor
(atpbap2), and characterised non-cardiomyocyte contributions, particularly
macrophages, in coordinating the repair process (Li et al., 2025).

By integrating single-cell and spatial omics, it was made possible to map the hearts’
cellular landscape at an unprecedented resolution, gaining new insights into the
temporal and localised transcriptomic responses to myocardial injury. This allows for
the deconvolution of complex processes like inflammation, remodelling, fibrosis, and
repair or failure following MI (Abplanalp et al., 2022). By uncovering disrupted or
rewired cell-cell communication networks post-Ml, these approaches provide
mechanistic insights into the roles of vascular, immune, and fibroblast during repair,
offering novel molecular targets to enhance cardiac regeneration and improve clinical
outcomes.

1.6. Current clinical trials to promote neovascularisation
post-Ml in the heart

There is a number of different approaches that are in development or have been used
in clinical trials to treat patients with cardiovascular diseases, such as administration
of stem and progenitor cells, stromal cells, extracellular vesicles and exosomes,
growth factors, non-coding RNAs, episomes, gene therapies, biomaterials, and tissue
engineering products (Fernandez-Avilés et al., 2017). To date, most clinical trials have
focused on inflammation, infarct size, and ventricular remodelling. Although these
studies are safe in humans, but they have shown inconsistent efficacy, and significant
prolonged clinical improvements were rare (Berkeley et al., 2023, Seropian et al.,
2014). These inconsistent conflicting results can likely be attributed to variations in
study design and evaluated endpoints (Rogozinska et al., 2020).

Clinical trials were attempted to induce therapeutic neovascularisation in patients.
Catheter-based intracoronary VEGF gene transfer for coronary heart disease, was
proven to be feasible and well-tolerated, however no differences in clinical restenosis
rate or minimal lumen diameter were present after the 6-month follow-up, while a
significant increase was detected in myocardial perfusion (Hedman et al., 2003).
Percutaneous intramyocardial transfer of VEGF/FGF in patients with refractory heart
ischaemia did not show significant improvement in myocardial perfusion, while the
treatment was considered safe throughout the follow-up period of 1 year (Kukuta et al.,
2011). VEGF-A has emerged as a promising angiogenic intervention strategy.
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Intradermal injection of modified mMRNA encoding VEGF-A in mice with diabetic
wounds resulted in sustained microvascular response and accelerated diabetic wound
healing by improving vascularisation and oxygenation without adverse effects (Sun et
al., 2018). Purified modified mRNA encoding human VEGF-A was validated as a safe
and effective treatment for ischaemic heart disease, as it significantly improved
neovascularisation, heart function, and tissue recovery without triggering an innate
immune response when administered two months after M| in mini-pigs (Carlsson et
al.,, 2018). The ongoing EPICCURE (Phase 2a) trial, which aimed to evaluate the
efficacy of VEGF-A mRNA therapy for cardiac angiogenesis in patients undergoing
coronary artery bypass grafting surgery, was prematurely terminated due to slow
patient recruitment (Collén et al., 2022). However, the study successfully met its
primary endpoint of safety.

Plasmid-mediated gene therapy has been a popular delivery method for treating
cardiovascular disease. A Phase 1/2 trial evaluated the safety of percutaneous
catheter-based gene transfer of naked plasmid DNA encoding for phVEGF2 to left
ventricular myocardium in inoperable patients with class Il or IV angina. This trial
reported significant reduction in anginal class (Losordo et al., 2002). The preliminary
safety data and the observed positive trends in efficacy supported the need for further
investigation in a larger Phase 2/3 trial. However, a subsequent larger scale
NORTHERN trial investigating gene therapy with 2,000 ug of VEGF plasmid DNA
delivered via the endocardial route using an electroanatomical NOGA guidance
catheter, reported disappointing results, with no benefit over placebo for patients with
severe angina. (Stewart et al, 2009). The AGENT-3 and AGENT-4 trials,
evaluating Ad5FGF-4 gene therapy for angina, were halted early after an interim
analysis indicated the primary end point of improved exercise tolerance would not
reach significance(Henry et al., 2007). However a gender-specific benefit was
observed in women (Henry et al., 2007). Therefore, the challenges of effect gene
delivery and therapeutic angiogenesis in human trials remain significant.

Adult cardiac progenitor cells have shown promise for treating various cardiac
conditions, such as M| and HF, primarily through paracrine release of factors e.g.
cytokines, chemokines, growth factors, and exosomes. Preclinical studies showed that
exosomes derived from cardiac progenitor cells can mimic effects of cell
transplantation in damaged heart (Bryl et al., 2024). Numerous early-phase trials of
myocardial ischemia provided proof of concept that cardiac progenitor cells or
mesenchymal stem cells (MSCs) could enhance vascularity in ischemic regions and
improve cardiac function. However, these benefits were often short-lived and difficult
to reproduce in larger, diverse patient populations due to poor cell engraftment,
unclear mechanisms, inconsistent efficacy, and potential pro-inflammatory adverse
effects (Sabra et al., 2021). The CHART-1 large-scale trial evaluated the efficacy and
safety of cardiopoietic stem cells (MSCs) in larger heart failure cohort, although safety
was demonstrated, no primary efficacy endpoint was met (Bartunek et al., 2017).
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A study using adeno-associated viral vector to deliver human microRNA-199 into
infarcted pig hearts has resulted in enhanced cardiomyocyte proliferation and cardiac
repair, with marked improvements in cardiac function, increased muscle mass, and
reduced scar size (Eulalio et al., 2012, Gabisonia et al., 2019). However, most treated
pigs developed fatal arrhythmias 7-8 weeks post-treatment due to uncontrolled,
persistent microRNA expression. MicroRNA therapy holds great potential for cardiac
regeneration; however, despite significant preclinical advances, the field is still in its
initial stages. A limited number of candidates have entered clinical development, none
have progressed to phase Il clinical trials or received the US Food and Drug
Administration (FDA) approval, and some have been terminated due to toxicity
concerns. This highlights key challenges that must be addressed for broader clinical
use: ensuring microRNA sensitivity, specificity, and selectivity towards their intended
targets, reducing immunogenic and off-target effects, improving targeted delivery
strategies, and determining the optimal dosing for therapeutic efficacy while
minimising side effects (Seyhan, 2024).

1.7. CRISPR/Cas9 system

Gene-editing technologies have been developed to enable precise manipulation of
genomic sequences across a range of model organisms, including mice, drosophila,
and zebrafish (Ma and Liu, 2015). More traditional genome-editing tools, such as zinc-
finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS),
relied on engineered DNA-binding protein arrays fused to a nuclease domain to induce
double-strand breaks (DSBs) at specific genomic loci (Amacher, 2008, Bedell et al.,
2012).

The advent of the clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 system revolutionised genome editing by introducing a simpler, RNA-
guided approach for generating site-specific DSBs (Ran et al., 2013). Originally
discovered as part of the microbial adaptive immune defence, the CRISPR-Cas9
system employs a duplex-guide RNA (dgRNA) complex to direct Cas9 to its genomic
target. The dgRNA is formed by annealing a CRISPR RNA (crRNA), a 20-nucleoctide
sequence complementary to the target DNA site, with a trans-activating crRNA
(tracrRNA), a scaffold RNA molecule that binds to the crRNA and facilitates Cas9
recognition (Jacobi et al., 2017, Hoshijima et al., 2019). The dgRNA (Integrated DNA
Technologies) guides the Cas9 nuclease to the target DNA sequence adjacent to a
protospacer adjacent motif (PAM; typically, NGG).

Upon binding of the dgRNA-Cas9 complex to the target DNA, Cas9 undergoes a
conformational change and cleaves both DNA strands approximately three base pairs
upstream of the PAM site, thereby inducing DSBs. Following DSB induction, the cell
activates endogenous DNA repair mechanisms, primarily non-homologous end joining
(NHEJ) or homologous recombination (HR) (Ran et al., 2013).
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NHEJ directly ligates the broken DNA ends but is highly error-prone, frequently
introducing insertions or deletions (indels) that can cause frameshift mutations and
premature stop codons in the targeted gene, resulting in functional gene knockouts
(Wang et al., 2016). In contrast, HR uses a homologous DNA template from another
chromosome as a reference for precise DNA repair, ensuring high-fidelity restoration
of the damaged site (Jasin and Rothstein, 2013). To generate specific mutations or
targeted insertions, an exogenous donor oligonucleotide containing the desired
sequence can be introduced, which is then incorporated into the genome via the HR
pathway.

1.8. Collaboration with N2 Pharmaceuticals (External
Partner Organisation)

This PhD project included an industrial collaboration with N2 Pharmaceuticals, a
company based at the Roslin Innovation Centre in Edinburgh. The company relocated
there following the award of a SMART Scotland grant to support the development of
N2-01, a bioactive compound extracted from Mytilus edulis (blue mussel). N2-01 was
originally developed by Mr. Nikolay Solovyeyv, in collaboration with scientists from the
Institute of Experimental Medicine and the State Academy of Veterinary Medicine, St.
Petersburg, Russia. N2 Pharmaceuticals has since patented a proprietary extraction
method to produce N2-01, a mixture of short peptides and amino acids derived from
blue mussel meat through enzyme-acid hydrolysis (https://www.nZ2pharma.co.uk).

Blue mussels are a sustainable marine resource rich in bioactive peptides with proven
antioxidant, anti-inflammatory, antithrombotic, and cardioprotective properties.
Hydrolysates derived from Mytilus edulis have demonstrated multiple bioactivities,
including inhibition of metabolic enzymes such as pancreatic cholesterol esterase,
pancreatic lipase, and a-glucosidase (Lu et al., 2025, Wang et al., 2013a). These
activities indicate that Mytilus edulis hydrolysates can modulate lipid and glucose
metabolism while reducing oxidative stress, highlighting their potential as natural
therapeutic agents for managing metabolic and cardiovascular disorders such as
hyperlipidaemia, obesity, and type 2 diabetes.

Furthermore, Mytilus edulis hydrolysates have shown the capacity to improve
endothelial function across multiple disease models, including sepsis, preeclampsia,
cancer, and kidney failure. They demonstrated anti-inflammatory activity by
suppressing pro-inflammatory cytokine production such as nuclear factor-kappa B
(NF- kB) (Kim et al., 2016). Similarly, mussel water extracts containing taurine also
demonstrated protective effects against cell death stimulated by lipopolysaccharide
(LPS)-induced inflammation in zebrafish, with the ability to attenuate inflammation
through the inhibition of reactive oxygen species and nitric oxide (NO) (Cheong et al.,
2017). It is also reported that pre-treatment with blue mussel hydrolysates exerted a
cytoprotective effect against oxidative stress-mediated endothelial dysfunction and
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injury by suppressing intracellular reactive oxygen species generation and apoptotic
stimuli endothelial protection (Suryaningtyas et al., 2021). Additional evidence showed
that Mytilus edulis derivatives had antithrombotic and antioxidant functions, protecting
ECs from hydrogen peroxide (H,O,)- mediated oxidative injury through inhibition of
caspase-3 activation and apoptosis (Oh et al., 2019, Qiao et al., 2018), Hence, these
studies suggest Mytilus edulis hydrolysates may be effective in protecting oxidative
stress-mediated endothelial dysfunction or related cardiovascular disease such as
atherosclerosis.

Enzyme-assisted hydrolysates of blue mussel have demonstrated their potential to
attenuate muscle atrophy in both in vitro and in vivo zebrafish models (Amarasiri et al.,
2023). Treatment with alcalase-assisted Mytilus edulis hydrolysate enhanced C2C12
myoblast proliferation, increased nuclear number, myotube coverage and diameter,
and reduced levels of proteins responsible for muscle atrophy, including E3 ubiquitin
ligases, as well as increasing levels of proteins associated with muscle hypertrophy
including myogenin and myosin heavy chain (Amarasiri et al., 2023). Correspondingly,
alcalase-assisted Mytilus edulis hydrolysate administration in zebrafish improved
locomotor performance and increased body weight, demonstrating its efficacy in
promoting muscle maintenance and growth in vivo (Amarasiri et al., 2023). Certain
mussel-derived peptides exhibit antioxidant and anti-inflammatory properties that may
slow progression of atherosclerosis by preventing oxidative modification of low-density
lipoprotein (ox-LDL) cholesterol and reducing arterial wall inflammation. Blue mussel
alcalase hydrolysate specifically inhibits ox-LDL-induced foam cell formation in
macrophages by modulating cholesterol influx and efflux pathways, while mitigating
inflammation and oxidative stress via NF-kB inhibition and heme oxygenase-1/nuclear
factor erythroid 2-related factor 2 (HO-1/Nrf2) activation (Marasinghe et al., 2023).

Dietary consumption of blue mussels is believed to be associated with cardiovascular
benefits, including blood pressure reduction, in Southeast and East Asian populations
(Je et al., 2005). In vivo, angiotensin I-converting enzyme inhibitory peptides derived
from fermented blue mussel sauce significantly lowered blood pressure in
spontaneously hypertensive rats, supporting potential antihypertensive effects (Je et
al., 2005, DAI et al., 2012). Moreover, continuous subcutaneous administration of
small doses (1.0 wpl/hour) of N2-01 efficiently protected mice against
Lipopolysaccharide-D-Galactosamine-induced acute liver injury, with 100% survival
rate, attributed to suppression of pro-inflammatory cytokines, regulation of NO, and
reduced endothelial adhesion molecule (VCAM-1) expression and vascular
permeability (Starikova et al., 2021).

N2-01 is currently registered in Russia as a veterinary medicine, with over 25,000
animals treated successfully for pathologies linked to endothelial dysfunction
(https://www.nZ2pharma.co.uk). This preclinical success suggests potential translation
for cardiovascular diseases related to endothelial dysfunction, including hypertension,
heart failure, and coronary artery disease. The vascular endothelium is central to
cardiovascular homeostasis, regulating vascular tone, permeability, and angiogenesis
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(Galley and Webster, 2004, Sun et al., 2020). Endothelial dysfunction, characterised
by NO dysregulation, oxidative stress, inflammation, and apoptosis, contributes to the
progression of atherogenesis and hypertension, and heart failure (Premeret al., 2019).
Following MI, ischaemic injury triggers endothelial dysfunction, impeding
neovascularisation and cardiac recovery. This process is exacerbated by endoplasmic
reticulum (ER) stress, which promotes apoptosis and disrupts angiogenic signalling.
Recent findings identified endothelial protein arginine methyltransferase 7 (PRMT7)
as a key regulator of ER stress and apoptosis, essential for vascular homeostasis, EC
survival and cardiac recovery post-MI (Tran et al., 2025). Given its multifunctional
bioactivity and endothelial-protective properties, N2-01 represents a promising
candidate for cardiovascular regeneration. However, the cellular and molecular
mechanisms underlying its protective effects remain poorly understood.
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1.9.

Hypotheses and Aims

1.9.1 Hypotheses:

1.

Reactivation of developmental genes (ANXA2 and PABPCT) in the adult
coronary endothelium promotes neovascularisation and cardiac regeneration
following myocardial infarction.

An imbalance in the co-regulation of fibrinolytic pathway genes ANXAZ2 and
SERPINE1 disrupts fibrinolysis, impairs plasmin-dependent neovascularisation,
and promotes pathological cardiac remodelling after myocardial infarction.

The N2-01 medicine exerts cardioprotective effects by modulating inflammatory
responses, regulating oxidative stress, and preserving endothelial cell function,
thereby supporting cardiovascular repair.

1.9.2 Aims:

1.

To identify developmental genes reactivated in the adult coronary vasculature
after myocardial injury using multimodal omics analyses, and to validate and
compare the gene and protein expression of candidates (ANXA2, SERPINE1
and PABPC1) in human cardiac tissue from uninjured adult hearts and patients
with MI.

To investigate the role of lead candidate gene ANXAZ2 in embryonic and
cardiovascular development using CRISPR/Cas9 mutagenesis in transgenic
zebrafish.

To determine whether CRISPR/Cas9-induced knockdown of ANXAZ2 impairs
embryonic development and cardiac regeneration following cardiac laser injury
in larval zebrafish.

To evaluate the effects of N2-01 on endothelial function and cardiac
regeneration by assessing endothelial proliferation, angiogenic tube formation,
and its ability to rescue developmental and regenerative defects in anxa2a/b
crispant zebrafish embryos.
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Chapter 2: Materials & Methods

2.1 Bioinformatic analysis of multimodal omics datasets

2.1.1 Analysis of CrescENDO coronary endothelial cell atlas

Previously published single cell/nuclei RNA-sequencing (sc(n)RNA-seq) data of
human and mouse coronary vascular ECs (Li et al., 2022b) was accessed through the
web-based Shiny application CrescENDO (www.crescendo.science), developed by
Cass Ziwen Li. This coronary EC atlas was generated by integrating multiple
sc/snRNA-seq datasets spanning foetal, adult and diseased human and mouse hearts
(Table 1).

Expression of genes of interest (ANXA2, SERPINE1, and PABPC1) was queried
individually using the CrescENDO interface. Gene expression was visualised as dot
plots, where dot size indicated the percentage of expressing ECs, and colour intensity
represented the average expression level.
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Table 1. Datasets included in the CrescENDO database. Multi-species meta-

analysis of

integrated single cell and nuclei RNA-sequencing datasets from

developing and adult mouse and human hearts in healthy and diseased states,
adapted from (Li et al., 2022b).

Species Repository
accession
number

Mouse GSE117893

GSE118545

E-MTAB-7376
GSE132880

GSE136088

E-MTAB-9816

Human GSE106118

GSE134355

SRP234812

GSE109816
GSE121893

Injury/Diseas
e status

21 days post-
MI
Healthy

3 days post-Ml

Healthy

7 days post-Ml
14 days post-
MI

1 day post-Ml
3 days post-Mi
14 days post-
MI

28 days post-
MI

Healthy

Healthy

Healthy

Healthy
cHF
dHF

Age

Neonatal (P2)

Neonatal (P6)
Neonatal
(P10)

Adult

Adult
Adult

Adult

Foetal
5 - 25 weeks

Foetal

11-12 weeks
Adult

Foetal

19 - 22 weeks

Adult
Adult

Number
of

ECs
post-
filtering
270

1510
1211

519

2747
5168
285

59

116
169
177

240

532

165
532

386
132
264

References

Li et al., Development
2018

Hu et al., Genes &

Development 2018

Farbehi et al., eLife 2019
Li et al., EHJ 2019

DePasquale et al., Nuclei
acids research 2019
Tombor et al., Nature
Communications 2021

Cui et al., Cell
2019

reports

Han et al., Nature 2020

Suryawanshi et al.,
Cardiovascular research
2020

Wang et al., Nature cell
biology 2020
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2.1.2. Analysis of single nuclei RNA-sequencing data from human acute
myocardial infarction

Publicly available, processed single-nuclei RNA sequencing (snRNA-seq) data from
human myocardial tissues were accessed via CellxGene (Kuppe et al., 2022). The
dataset comprised myocardial samples from healthy donors and patients with acute
MI (Table 2). The cardiac samples used in the Kuppe dataset included: four control
donors (range of ages was 44-61 years; median age 51 years; 75% male, 25% female),
six patients for FZ (range of ages was 58-74 years; median age 63 years; 83.3% male,
16.7% female), twelve patients for IZ (range of ages was 29-66 year; median age 48.5
years; 66.7% male, 33.3% female), six patients for RZ (range of ages was 44-60 year;
median age 49.5 years; 66.7% male, 33.3% female), and three patients for BZ (range
of ages was 40-57 year; median age 44 years; 100% male).

All primary data processing steps, including quality control, dimensional reduction,
clustering, and cell-type annotation, were performed by the original authors. The
processed dataset was downloaded and imported into R Studio for secondary analysis.
Using the Seurat package, the predefined cell clusters were explored, and endothelial
cell populations were extracted for focused analysis.

Pseudobulk differential expression analysis was subsequently performed using the
limma package to identify differentially expressed genes (DEGs) between myocardial
zones (control, ischaemic, border, fibrotic, and remote). The results were visualised
using dot plots, showing endothelial-specific transcriptional changes associated with
angiogenesis and cardiac regeneration.

For cell type-specific expression analysis, annotated cell clusters (e.g. ECs, fibroblasts,
smooth muscle cells, pericytes, macrophages, and cardiomyocytes) were compared
to assess the relative expression of genes of interest, including ANXA2, SERPINE1,
and PABPC1. Dot plots were generated using Seurat’s DotPlot function to visualise
both the average expression (avg.exp; scaled/normalised) and percentage of
expressing cells (pct.exp) across major cardiac cell types and myocardial zones
(control, ischemic, border, fibrotic, and remote).

To enable quantitative comparison and graphical presentation, the numerical values
of avg.exp and pct.exp were extracted from the Seurat dot plot data frames and
exported to GraphPad Prism. Bar graphs were created to compare expression
patterns of target genes across multiple cardiac cell types and myocardial zones,
providing a clearer visualisation of cell type-specific and spatial transcriptional patterns
following acute MI.
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Table 2. Clinical data for all samples used in from publicly available, processed
single-nuclei RNA sequencing (snRNA-seq) dataset; from healthy donors and
patients with myocardial infarction (MI) and adapted from Kuppe et al (2022).

Patient

P1

P17

P7

P8

P14

P18

P20

P19

P4

P5

P13

P15

P9

Myocardial
Zone

CTRL

CTRL

CTRL

CTRL

FZ

FZ

FZ

FZ

FZ

FZ

Age

44

61

95

44

59

64

63

58

74

63

51

43

52

Gender

Infarction
location

n.a.
n.a.
n.a.
n.a.
anterior LV
anterior LV
anterior LV

infer
posterolateral

anterior LV

n.a.

complete LV (left
main occlusion
perioperatively)

anterior LV

subacute
inferolateral
myocardial
infarction

Days
after
Mi
contr
ol
contr
ol
contr
ol
contr
ol

62

153
166

40

88

101

Pathologists’ description

Normal myocardium
Normal myocardium
Normal myocardium
Normal myocardium
Young scar with fibroblasts

and some collagen
Scar with fibroblasts and

collagen

Scar with fibroblasts and
collagen

Granulation tissue
transforming into  young
scar; no necrotic
cardiomyocytes; most
macrophages already
cleared, not yet much
collagen

Central part granulation

tissue: dead cardiomyocytes
cleared; fibroblasts and
macrophages; not yet much
collagen. At borders maybe

also some necrotic
cardiomyocytes with
neutrophils (blue area)
Young scar; dead
cardiomyocytes cleared;
fibroblasts; not yet much
collagen

Granulation tissue; most
cardiomyocytes cleared,;

macrophages and maybe
fibroblasts, no collagen yet
Ischemic tissue, granulation
tissue and borderzone
Normal myocardium and
granulation tissue; only few
necrotic cardiomyocytes
(most cleared); fibroblasts
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P9

P10

P15

P16

P3

P2

P21
P22
P23

P11

P3
P6
P6

P9

P2

4
1z
1z

RZ

RZ

RZ

52

38

43

66

57

44

61
46
29

60

57
47
47

52

44

333

3 33

subacute
inferolateral
myocardial
infarction
anterior LV and
septal acute
myocardial
infarction
anterior LV

anterior LV

anterior LV

anterior LV due
to occlusion of
the left coronary
artery

anterior LV
anterior LV
anterior LV

posterolateral
acute
myocardial
infarction
anterior LV
anterior LV
anterior LV
acute
myocardial
infarction
subacute
inferolateral
myocardial
infarction
anterior LV due
to occlusion of
the left coronary
artery

6

12

10

31

WWN

and macrophages; no

collagen yet
Granulation tissue most
necrotic cardiomyocytes

cleared; macrophages and
fibroblasts; no collagen yet

Ischemic necrotic
cardiomyocytes,
macrophages, and
neutrophils

Ischemic, necrotic

cardiomyocytes  with  in
between inflammatory cells
Ischemic necrotic
cardiomyocytes with
neutrophils, also smaller
area with granulation tissue
Ischemic necrotic
cardiomyocytes, oedema,
neutrophils  (also some
adipocytes of epicardial
area)

Ischemic left side slide
normal border zone; necrotic
cardiomyocytes, oedema,
neutrophils

Could not locate

Could not locate
Myocardium with myocyte
hypertrophy, fibrosis, and
patchy vacuoles

Normal myocardium, maybe
in capillaries slightly
increased inflammatory cells

normal remote myocardium
normal remote myocardium
Normal remote myocardium

Normal remote myocardium
with some waviness of fibres

Normal myocardium and
granulation tissue; only few
necrotic cardiomyocytes
(most cleared); fibroblasts
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P12

P2

P3

and macrophages; not yet

much collagen

BZ 40 m anterior LV 31 Normal remote myocardium
acute with maybe waviness of
myocardial fibres
infarction

BZ 44 m anterior LV due 5 Border zone/remote
to occlusion of myocardium;
the left coronary myocardium
artery capillaries (between

cardiom) some inflammatory
cells

BZ 57 m anterior LV 2 Border zone/remote

myocardium, more or less

normal myocardium

2.1.3 Analysis of single cell RNA-sequencing data from regenerating
zebrafish hearts

Publicly available, processed single-cell RNA sequencing (scRNA-seq) data of non-
cardiomyocytes from regenerating adult zebrafish hearts following ventricular
resection were downloaded from the NCBI Gene Expression Omnibus (GEO;
accession number GSE145980) (Ma et al., 2021).

The files were uploaded to Trailmaker™ (Parse Biosciences;
https://app.trailmaker.parsebiosciences.com), a cloud-based platform designed for
scRNA-seq data analysis and visualisation. Trailmaker™ applies an integrated
preprocessing pipeline, including quality control, normalization, dimensionality
reduction, and unsupervised clustering, to prepare the dataset for downstream
analyses within its Insights module.

EC clusters were identified based on established marker gene expression and
subsequently subset for focused analysis of candidate gene expression dynamics
across regeneration time points. Gene expression patterns were visualised using dot
plots generated within Trailmaker™, which utilize the Seurat framework in R for
calculation and display. In these plots, the dot size represents the percentage of cells
within a cluster expressing a given gene, while the dot colour intensity corresponds to
the average scaled expression level. Scaled expression values were computed from
normalized data, standardized to have a mean of 0 and standard deviation of one,
enabling cross-cluster comparison of gene expression profiles.
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2.2 Spatial transcriptomics

The laboratory protocols for 10X Visium Spatial transcriptomic were previously
conducted by Dr. Cass Ziwen Li and Dr. Emmanouil Solomonides (former members of
the Brittan Laboratory).

Human myocardial tissue samples, including healthy controls, acute and chronic Ml
specimens, were provided by Dr. Stephanie Sellers (University of British Columbia)
(Table 3). The tissues were cryopreserved or embedded in Optimal Cutting
Temperature (OCT) compound, then sectioned by the University of Edinburgh
Histology Research Service. Tissue sections were mounted directly onto Visium
Spatial Gene Expression Slides (10x Genomics) containing oligo-barcoded capture
areas. Spatial transcriptomic library preparation was performed using the Visium
Spatial Gene Expression Reagent Kit (10x Genomics, PN-1000186) according to the
manufacturer’s instructions. Following sequencing, spatially resolved gene expression
patterns were analysed and visualised using the 10x Genomics Loupe Browser
software.
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Table 3. Details of patients used for spatial transcriptomics. Adapted from Li et

al., 2022b).
Tissue bank Age | Sex Cause of death
Healthy University of 52 Male 1a Chest injuries, 1b Road
subjects British traffic collision (cyclist)
(n=2) Columbia
University of 53 Male 1a - Suspension by ligature
British
Columbia
Time Diagnosis/histology
post-MI
Acute  MI | University of | <30 days |52 Male Severe complicated
Patients British atherosclerosis of  major
(n=1) Columbia epicardial coronary arteries,
ischemic heart disease,
degenerative valvular disease
of aortic valve, mitral annular
calcification
Chronic MI  University of | >12m n/a n/a Coronary atherosclerosis,
Patients British haemorrhagic infarction
(n=3) Columbia involving posterior,
posterolateral and poster
septal LV myocardium
University of | >12m 57 Female | Anterior Ml in 2005.
British
Columbia CAD with 90% stenosis of
proximal left anterior
descending artery
University of | >12m n/a n/a Anterior Ml in May 2016. LVAD
British in November 2016.
Columbia Transplanted in August 2018.
Gross and histologic features
consistent with chronic
ischemia/remote myocardial
infarctions.
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2.3 CRISPR/Cas9-mediated genome mutagenesis
2.3.1 Alt-R CRISPR/Cas9-mediated genome mutagenesis

Sequence information for target genes was obtained from the Ensembl zebrafish
genome browser (Danio rerio genome assembly GRCz11; www.ensemble.org),
focusing on the protein-coding sequences. All known transcripts, alternatively spliced
variants, and isoforms were reviewed to ensure that the custom-designed dgRNAs
accounted for all functional variants of the protein coding gene.

The whole cDNA sequence of anxa2a and anxa2b were screened for potential target
sites using CHOPCHOP (http://chopchop.cbu.uib.no/) and IDT CRISPR-Cas9 guide
RNA design checker
(https://eu.idtdna.com/site/order/designtool/index/CRISPR_SEQUENCE). The
experimental workflow for generating mutagenised FO larvae (crispants) was based
on work published by (Hoshijima et al., 2019).

In this system, RNA duplexes of chemically synthesised crRNAs and tracrRNAs were
complexed with Cas9 ribonucleoproteins (RNPs) to form the dgRNA-Cas9
ribonucleoprotein (dAgRNP) complex. These dgRNPs are highly effective at inducing
DSB-repair-mediated mutations in zebrafish, even at target sites that appear resistant
to the activity of dgRNPs. Hoshijima et al. (2019) demonstrated that using pairs of
dgRNPs to target adjacent sites on the same chromosome can efficiently generate
deletion mutations through simultaneous DSB induction.

For each gene, two target sequences were designed to span two separate coding
exons. Alt-R CRISPR-Cas9 crRNA with specific target sequences (Table 4) were
ordered from Integrated DNA Technologies
(https://eu.idtdna.com/pages/products/crispr-genome-editing/alt-r-crispr-cas9-
system). Alt-R crRNAs (100uM stock) and tracrRNA (100uM stock) were mixed in
equal volumes to make 50uM crRNA:tracrRNA duplexes (95°C, 5 min, cool to room
temperature for 5-10 minutes, rapidly cool to 4°C).

The AltR CRISPR-Cas9 injection mix was assembled as described in Table 5 and
heated to 37 °C for 10 min and cooled to room temperature for 5 min before
microinjection in the morning. Approximately 1 nl of the AitR CRISPR-Cas9 injection
mixture was injected into zebrafish embryos at the one-cell stage using a PicoPump
(World Precision Instruments). Successful injections were confirmed at 3-6 hpf by
visualising phenol red dye in the eggs.
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Table 4. CRISPR/Cas?9 target sites.

crRNA Gene Exon | Target Sequence + [PAM] Strand
anxa2a Dr Cas9 anxala 3 CTACCCTACTGTTGTTCCAG +
AL_KO1 [AGG]

anxa2a_Dr Cas9 | anxaZa 6 TGGAGATCAAGAAAGTCTAC +
AP_KO2 [AGG]

anxa2b Dr Cas9  anxa2b 2 TCATAAGCTGCCACCACTGT +
AP_KO1 [AGG]

anxa2b_Dr Cas9 | anxa2b 5 GGTGTGTTCTCGCAATAAAG -
AJ_KO2 [AGG]

Table 5. AlItR CRISPR-Cas?9 Injection mixture prepared for anxa2a/b knockdown

Mutation | Reagents Volume

anxa2a | 25uM crRNA+tracrRNA deplux mix — anxa2a_Dr Cas9 | 0.3 pl

+ AL_KO1

anxa2b | 75\ crRNA+tracrRNA deplux mix — anxa2a_Dr Cas9 | 0.3 pl
AP_KO2
25uM crRNA+tracrRNA deplux mix — anxa2b_Dr Cas9 0.3 pl
AP_KO1
25uM crRNA+tracrRNA deplux mix — anxa2b_Dr Cas9 | 0.3 pl
AJ_KO2
25uM Cas9 stock 1l
Phenol Red 2 ul
ddH20 1l

Total 5.2 pl
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2.3.1 Determining dgRNA efficiency

Primer pairs flanking each CRISPR target site were designed using Primer3 Plus
(https://www.primer3plus.com/) and CHOPCHOP (http://chopchop.cbu.uib.no/).
Primers were designed to ideally be 20-22 nucleotides long, with a G/C content close
to 50%, and to produce amplicons between 100 and 400 base pair (bp). Primer
specificity was further validated using Ensembl BLAST to ensure unique genomic
targeting. All primer sequences are listed in Table 6.

Genomic DNA was extracted from individual embryos at 1, 2, or 4 dpf. Each embryo
was lysed in 50ul of 50nM NaOH, and incubated at 95°C for 20-30 minutes, followed
by cooling to 4°C for 10 minutes. Samples were neutralised by adding Sul of 1M Tris-
HCI (pH 8.0), vortexed briefly to ensure tissue disruption, and centrifuged at 3000 rpm
(1500 x g) for 10 minutes at room temperature. The clean supernatant containing
genome DNA (gDNA) was transferred to a fresh Eppendorf tube or 96-well plate and
stored on ice or at -20°C until use.

PCR amplification was performed using 1 pl of extracted gDNA (Table 7) as template
under programmed thermal cycle under conditions described in Table 8. Following
amplification, 2ul of the PCR product was run on a 2% agarose gel electrophoresed
at 100V for 1 hour to ensure a single, clean band of product.

The remaining of PCR product was denatured and reannealed, forming hybrid DNA
duplexes, in the thermal cycler under the condition described in Table 9. To assess
CRISPR/Cas9 cutting efficiency, the annealed PCR product was treated with T7
Endonuclease | (T7E1) to cleave mismatched sites. The T7E1 digestion reaction
contained: which contained: 10X Buffer 2 (1 ul), T7E1 enzyme (0.25 pl), ddH,O (0.75
pl), and annealed PCR product (8 ul), and was incubated at 37 °C for 30 minutes.

The T7EI reaction product was run for 1 hour on a 2% agarose gel at 100V to resolve
smaller fragments. T7E1 surveyor cuts DNA strands when a mismatch greater than
one base is present, which results in the formation of smaller fragments. Afterwards,
the gel was imaged under ultraviolet light to visualise cleavage patterns and assess
dgRNA efficiency.
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Table 6. Sequences of left and right primers for each target and PCR amplicon
size are shown.

Mutation | Left (forward) primer Right (reverse) primer Product
size

anxaza TGTTTGGCTGTAGGGAGAG | GCAGAATGAAGGGCAGGACT | 326 bp

exon 3 C

anxa2a TGCAATAGAACTGGTGCTTA | CCCCTGAAGTATCTCCAGCC | 405 bp

exon 6 CTAGT

anxa2b TGTAGTATCAACACAAATGC | ACTGCGAAATCAAGCATGTGT | 276 bp

exon 2 AACA

anxa2b TGGCTATACAAGTTGGCACT | CCTGTGCAAGGGCCAGTAG 313 bp

exon 5 GT

Table 7. PCR reaction components

Components 11 gl reaction
Q5® High-Fidelity 2X Master Mix (New England BiolLabs) 5 pl
gDNA 2 ul
Nuclease free H20 2 ul
FW left primer 1 ul
RV right primer 1 ul
Table 8. Thermocycling conditions for a routine PCR

Step Temp Time

Initial Denaturation 98°C 30 secs
Denaturation 98°C 10 secs
Annealing 57°C 30 secs
Extension 72°C 30 secs
Repeat 35 cycles

Final Extension 72°C 2 min

Hold 10°C e
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Table 9. Denature/reanneal thermal cycler conditions.

Step Temp Time

Initial Denaturation 95°C 5 min

Annealing 95-85°C 2°C /sec gradient
85-25°C 0.1°C /sec gradient

Hold 10°C o0

2.4 Zebrafish husbandry and general techniques

2.4 1 Zebrafish maintenance

Adult zebrafish (Danio rerio) were maintained in the Bioresearch & Veterinary Services
(BVS) Aquatics Facility at the University of Edinburgh, managed by Dr. Carl Tucker.
Fish were reared under standard laboratory conditions on a 14-hour light/10-hour dark
cycle at 28.5 °C and 22% humidity.

For embryo collection, pairwise breeding was set up in the late afternoon using either
small mating tanks (one male and one female separated by a divider) or 40 litre group
tanks equipped with marble-filled spawning trays. Fish were allowed to acclimatise
overnight, and at the onset of the light cycle the following morning, dividers were
removed to initiate spawning. Eggs were collected from 10:00 am using a fine mesh
strainer, examined for viability under a stereomicroscope, and transferred into 50 mm
Petri dishes containing conditioned aquarium water supplemented with 0.1%
methylene blue to prevent fungal growth. Embryos were incubated at 28.5 °C and
monitored daily for normal development and morphology according to established
staging criteria (Kimmel et al., 1995). Water was refreshed daily.

A double transgenic zebrafish line, Tg(fli1:eGFP)Y'9 /| Tg(myl7:DsRed2-NLS)?, was
used in the experiments (Table 10). This line enables fluorescent visualisation of ECs
(GFP-labelled) and cardiomyocyte nuclei (DsRed-labelled), facilitating imaging of
cardiac tissue architecture and regeneration dynamics.

All experiments were conducted in compliance with the Animals (Scientific Procedures)
Act, 1986 and approved by the University of Edinburgh Animal Welfare and Ethical
Review Board under a UK Home Office licence. All experimental procedures were
performed on staged larvae aged 3-5 dpf at room temperature (23 °C), with embryos
and larvae housed at 28.5 °C throughout.
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Table 10. Zebrafish lines used in this project.

Strain Reporter Reference

Tg(fli1:eGFP)Y" Green endothelial cells (Lawson and Weinstein,
2002)

Ta(myl7:DsRed2-NLS)? Red cardiomyocytes (Rottbauer et al., 2002)

2.4.2 Phenylthiourea treatment

To inhibit pigment formation and improve optical transparency for imaging, zebrafish
embryos were treated with 0.003% phenylthiourea (PTU) (Fisher Scientific) dissolved
in conditioned aquarium water supplemented with 0.1% methylene blue. Treatment
commenced at 24 hpf and continued throughout larval development until the end of
imaging experiment. This approach allowed improved visualisation of cardiac and
vascular structures in live larvae (Karlsson et al., 2001).

2.4 .3 Anaesthesia

Prior to imaging or experimental procedure, zebrafish larvae were anaesthetised by
immersion in 40 pg/mL tricaine methanesulfonate (MS-222; Sigma-Aldrich) dissolved
in conditioned aquarium water. Anaesthetised larvae were maintained in the tricaine
solution for the minimal duration required to complete the procedure. Following the
experiment, larvae were promptly transferred to fresh conditioned aquarium water to
allow full recovery.
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2.5 Larval zebrafish imaging and quantification

2.5.1 Quantification of larvae embryonic development

For general imaging of whole larvae in both brightfield and fluorescence, the Leica
M205 FA stereomicroscope (Leica, Wetzlar, Germany) was used with GFP, mCherry,
and BFP filter sets, and images were acquired using the 2.5X objective.

At 3 dpf, zebrafish larvae were anaesthetised and positioned laterally for brightfield
imaging. Morphological assessments were performed to compare developmental
growth among anxaZ2a/b crispants, uninjected controls, and Cas9-only controls. Key
parameters, including total body length and eye diameter, were measured using Fiji
(Imaged). Measurements were performed by first calibrating the scale using a known-
distance scale bar, then drawing a line between the points of interest. The length was
read from the status bar, and measurements were recorded using Analyse - Measure.

2.5.2 Quantification of larvae vascular development

At 3 dpf, zebrafish larvae were anaesthetised and positioned laterally forimaging. The
vasculature was visualised using a Leica M205 FA fluorescence stereomicroscope
(Leica, Wetzlar, Germany) equipped with a 2.5X objective. Endothelial and
endocardial cells labelled with green fluorescence protein (GFP) were imaged using
the standard GFP filter set.

High-resolution images of the larval trunk were captured to assess vascular
development. The total number of complete intersegmental vessels (ISVs) and
parachordal vessels (PAVs) were quantified using the Cell Counter plugin in Fiji
(ImageJ).

2.5.3 Zebrafish cardiac imaging using heartbeat-synchronised selective
plane light sheet illumination microscope

Zebrafish hearts were imaged using a heartbeat-synchronised selective plane
illumination microscope (SPIM) developed by Dr. Jonathan Taylor (Taylor et al., 2011,
Taylor et al., 2019a). Larvae were imaged at 3 dpf (0 hour), 4 dpf (24 hours), and 5 dpf
(48 hours) to monitor cardiovascular development and compare uninjected controls
with anxa2a/b crispants.

To determine whether anxa2a/b knockdown impairs cardiac regenerative capacity,
longitudinal cardiac imaging was performed using SPIM at 0, 2, 24, and 48 hours post-
injury (hpi) (Figure 3). Imaging was performed on double-transgenic Tg(fli1:e GFP)¥''9
| Tg(myl7:DsRed2-NLS)?) larvae, in which endothelial and endocardial cells are
labelled with green fluorescence protein (GFP) and cardiomyocyte nuclei with red
fluorescence protein (mCherry), allowing simultaneous visualisation of vascular and
myocardial structures. For imaging, larvae were drawn up into fluorinated ethylene
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propylene tubes containing tricaine solution at standard concentration and sealed with
a small ball of Blu-Tack.

High frame rate brightfield videos (80 fps) were processed using a heartbeat-
synchronisation algorithm integrated into custom ‘SPIM GUI’ software. This algorithm
predicts the precise millisecond when the heart will reach a pre-selected phase of the
cardiac cycle. A timer box gates the triggering of camera exposure and laser pulse,
ensuring that each plane of the z-stack is illuminated only once per timepoint. This
enables acquisition of 1 ym-spaced z-stacks of the beating heart, which appear as
though the heart is arrested at a single phase; in this study, maximal diastole was
selected for all larvae. The heartbeat-synchronisation algorithm is adaptive,
continuously updating reference brightfield frames to compensate for heart drift in the
mounting media or morphological changes during development, maintaining
consistent phase alignment throughout imaging.

SPIM z-stacks of the ventricles were processed using Imaris (Bitplane) to generate 3D
surface renderings for quantitative analysis of cardiac development and regeneration.
Maximum intensity projections were produced, and ventricular ECs and
cardiomyocytes were surface rendered for further analysis.

Cell quantification was performed using Imaris functions: “Spots” was used to render
cardiomyocyte and endothelial nuclei from GFP or mCherry signals, with thresholds
manually adjusted to accurately identify nuclei. Ventricular surfaces were rendered
from GFP+ endothelial signals using the “Surface” function, and the volume (um?) of
these surfaces was measured to determine diastolic endocardial volume of ventricle.
Heart rate was quantified manually.

Figure 3. Schematic of ventricular laser ablation and imaging in 3 dpf zebrafish
larvae. Photoactivated localisation microscopy (PALM) was used to induce laser injury
to the ventricles of Tg(fli1:eGFP)Y"9 / Tg(myl7:DsRed2-NLS)?) anxa2a/b crispant
zebrafish at 3 days post-fertilisation. Heartbeat-synchronised selective plane light
sheet illumination microscope (SPIM) was used to image zebrafish heart at 0, 2, 24,
48 hours post-injury. The role of anxaZ2a/b in cardiac regeneration was assessed by
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quantifying heart rate, cardiomyocyte and endothelial cell counts, and ventricular
surface volume.

2.6 Larval ventricular laser ablation

A Zeiss Photo Activated Laser Microdissection (PALM) laser system (Zeiss,
Oberkochen, Germany) was used to precisely generate a laser injury to the ventricular
apex of 72 hpf larvae, as described in (Kaveh et al., 2020, Taylor et al., 2019a, Matrone
et al., 2013). Larvae were anaesthetised and mounted laterally on a glass slide in 20 pl
of the same tricaine-conditioned aquatic water. Larvae were oriented with the head
pointing leftward, positioning the ventricle as the uppermost chamber to facilitate
precise laser targeting.

The ventricle was visualised under a 20X objective on the PALM system. Laser
ablation was applied in a stepwise protocol to minimise rupture risk: three low power
pulses (38 AU) were first delivered across the apex to transiently arrest contraction.
This was followed by a single medium-power pulse (40 AU) directed at the centre of
the apex. If rupture did not occur, up to three high-power pulses (42 AU) were applied.

Injuries were assessed and deemed successful once ventricular contractility
decreased, and the myocardial wall had swollen without causing cardiac rupture and
bleeding. A successful cardiac injury should result in the ventricular apex losing
fluorescent endothelial signal. Uninjured larvae were treated identically up to the point
of laser injury and kept in the same environmental conditions as injured fish thereafter.

2.7 Quantification of relative mRNA expression of target
genes in zebrafish larvae

2.7.1 RNA extraction

To measure mMRNA levels of target genes in larval zebrafish, pools of 20-30
anaesthetised 5 dpf larvae were collected and frozen at —20 °C until processing. On
the day of extraction, RLT buffer (Qiagen) was supplemented with 10 ul of B-
mercaptoethanol per 1 ml to inactivate RNases. Frozen larvae were homogenised in
RLT buffer using a fine needle and syringe.

Total RNA was extracted using the RNeasy Micro Plus Kit (Qiagen, Manchester, UK)
according to the manufacturer’s instructions. RNA was eluted in 14 pl of RNase-free
water, and 1 pl of each sample was analysed using a NanoDrop™ One
spectrophotometer (Thermo Fisher Scientific) to assess RNA concentration (ng/ul)
and purity. RNA quality was verified by A260/A280 ratios between 1.8-2.0 and
A260/A230 ratios between 2.0-2.1.
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2.7.2 Reverse Transcription for cDNA synthesis

Complementary DNA (cDNA) was synthesised using the SuperScript™ |V First-Strand
Synthesis System (Life Technologies) according to the manufacturer’s protocol. Briefly,
11 pl of total RNA (250-500 ng) in RNase-free water was mixed with 1 pl of 50 M
Oligo(dT) 20 primers and 1 pl of 10 mM dNTPs, then incubated at 65 °C for 5 minutes
to denature secondary RNA structures (Table 11). The mixture was subsequently
placed on ice for 1 minute.

A reverse transcription master mix containing 4 pl of 5x SuperScript 1V buffer, 1 pl of
100 mM DTT, 1 pl of 40 U/ul RNasin® Plus RNase inhibitor, and 1 ul of 200 U/ul
SuperScript IV reverse transcriptase was then added to each reaction. The reaction
mix was briefly vortexed, centrifuged, and incubated at 55 °C for 10 minutes for cDNA
synthesis, followed by 80 °C for 10 minutes to inactivate the enzyme (Table 11).
Synthesised cDNA was stored at -20 °C until further use.

Table 11. Reverse Transcription reaction mix

Components Volume
50uM Oligo(dT)20 primers 1l
10mM dNTPs 1 ul

Sample mRNA (250/500ng) in ddH20 11.5 pl
Incubate for 5 min at 65°C

5x Superscript |V buffer 4 pl
100mM DTT 1 ul
RNasin Plus (ribonuclease inhibitor) 1l
SSIV Reverse transcriptase 1ul

Vortex and centrifuge before
transferring to Thermocycler (55°C for
10min, 80°C for 10min, 4°C forever);
store cDNA at -20°C

2.7.3 Real time-quantitative PCR

All real-time quantitative polymerase chain reaction (RT-qPCR) procedures were
performed on ice to minimise RNA degradation. Each sample was run in technical
triplicate for every primer pair using pre-designed KiCqStart™ SYBR Green Primers
specific to zebrafish (Merck, 100 uM stock) (Table 12

). Reactions were set up in a final volume of 10 ul per well in 384-well plates.
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Each reaction mixture contained 5 pl of Luna Universal gPCR SYBR Green Master
Mix (New England Biolabs), 0.25 uM of each forward and reverse primer, and 25-50
ng/pl of cDNA template, adjusted to volume with RNase-free water (Table 13). The
reaction plates were sealed with optical adhesive film, briefly centrifuged at 2,000—
2,500 rpm for 1 minute to remove air bubbles and collect liquid at the bottom of the
wells, and subsequently loaded into a QuantStudio Real-Time PCR System (Applied
Biosystems). A no-template control (NTC), in which cDNA was replaced with RNase-
free water, was included to verify the absence of contamination or non-specific
amplification from the reagents. Two reference (housekeeping) genes, beta-2
microglobulin (b2m) and ribosomal protein L7 (rpl7), were used for normalisation
(Rassier et al., 2020, McCurley and Callard, 2008).

Relative quantification (RQ) values were calculated using the 2722 method and
normalised to the geometric mean of the housekeeping genes. The resulting RQ
values were log,-transformed to facilitate interpretation and statistical analysis (Taylor
et al., 2019b). Log, transformation provides a balanced, symmetrical scale around
zero, with positive values indicating upregulation and negative values indicating
downregulation of gene expression. This approach both simplifies visualisation and
ensures data are more suitable for parametric statistical tests that assume normal
distribution. On this log, scale, each unit represents a twofold change in gene

expression, allowing intuitive comparison between samples.

Table 12. Pre-designed KiCqStart® SYBR® green primers for zebrafish genes

Gene Forward Primer Reverse Primer
Sequence (5’-3’) Sequence (5-3’)
b2m TTGGCTCTCTCGAATAAAAC CTTTCGGAGTGGAGACTTTC
rpl7 TCGTAAGGCTGGAAACTATT ACACCATTGATACCTCTGAT
anxa2a ACAGGGAATTGTTCAAGAAG AAAGTCCCCTGAAGTATCTC
anxaz2b AAAAGCATCAATGAAGGGTC ACCATCTCAATCAGACTCTC
plat GGAAACTTCCATCAATCACC CACACACACCTTGATTGTTA
plg CTACAACTCCAACACAGTCT TTCTGAAGGAGCAGATTGAT
tie1 TAAAATGCTCAAGGAGTTCG CTTCCAATTCTCCAGCAAAG
vegfaa TTTTCAGCTGAGTTTCACAG CTTGGCTTTTCACATCTTTC
vegfab AACGACAAGAGAGAAATCCA CATGCGTACTTTTAGTCCAT
serpine1 GTCTATTCCAAGGTTCTCCAT CTGAAAATGTCTCCAAGACC
notch1a TGCATCGACAAAATCAACTC AACTCCCAGAAAACCCTTTA
notch2 AGATGAATGTCTATCCAGCC GCTTTACACTTGCAGTCATA
notch3 GAAATCGGAAAGTCAGCATT AAGGCAATAGTAGCTTCAAC
tgfb1a GACGTGAAACAGACAATGAT CTCCAAGGTTTCTTCATCTTC
tgfb2 GAGCTTTACCAGGTTTTAGG TGTTGATGTATCGCTGTGTA
s100a10a CCGAATACTAATGGAGAACG TCCTTCTGAGACTTAAGGAAC
s100a10b CCTTTATCAGCACATTCACA TTTAAGCTCTCTTCGACTCA
runx1 AGCAGACACTTATGCTCTAA CTTCAGCGATGTTTACCTTT
cxcrd4a ATGGCTTATTACGGACACAT AGAAAGATCCTCTGGAAGTC
cxcl12b ATCCTGCAATACTAATGCTC GTGATGTTTTGGTAAGCAGT
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pabpcia AGGTTATGCCTATGTCAACT CCTTGATCACGTCAAAGTTC

pabpc1b CAAAGAGTTTACCAACGTCTAC | GCTCATGGCATTACCATATT

Table 13. RT-qPCR reaction mix

Component 10ul reaction for 384 well
Luna Universal gPCR 5 ul

Forward primer (10uM) 0.25ul (0.25uM)

Reverse primer 0.25ul (0.25uM)

(10uM)

Water (to total 20ul incl. 0.1 ul cDNA

cDNA) 4.5 ul RNase-free H20

2.8 Treatment of larval zebrafish with N2-01 drug

To assess the effects of N2-01 treatment on zebrafish development and evaluate its
potential to rescue developmental defects in anxa2a/b crispants, zebrafish embryos
were exposed to N2-01 immediately following CRISPR dgRNPs microinjection at the
one-cell stage. As no specific concentration of N2-01 was provided, treatment was
performed using dilutions as instructed. Embryos (n = 15 per group) were treated with
1/3 and 1/6 dilutions of N2-01: 3.33 ml N2-01 diluted in 6.67 ml 0.1% methylene blue
fish medium (1/3 dilution) and 1.67 ml N2-01 diluted in 8.33 ml 0.1% methylene blue
fish medium (1/6 dilution). Embryos were maintained under standard larval zebrafish
maintenance conditions. Uninjected embryos, with or without N2-01 treatment, were
used as controls. Embryonic morphology, developmental progression, and viability
were monitored daily from 1-3 dpf using brightfield stereomicroscopy. Developmental
stages were determined according to Kimmel et al. (1995).

2.9 Human cardiac tissue staining

2.9.1 Human cardiac samples

Cardiac tissue samples from healthy controls and Ml patients were obtained from the
University of British Columbia and the Edinburgh Brain Bank. The mean age of control
subjects was 42.4 years (range 19-63, n = 7, 100% male), and the mean age of Ml
patients was 58.7 years (range 40-72, n = 7, 100% male) (Table 14). However,
information regarding the timepoint post-MI for the human MI samples (Edinburgh
Brain Bank) used in the immunostaining and histology study were not available.
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Table 14. Details of patients used for study by Masson’s Trichrome and
immunofluorescence staining (adapted from Li et al., 2022b).

Tissue bank Age | Sex Cause of death
Healthy University  of 52 Male 1a Chest injuries, 1b Road traffic
subjects British collision (cyclist)
(n=7) Columbia
University  of | 53 Male 1a - Suspension by ligature
British
Columbia
Edinburgh 39 Male No significant pathology.
Brain Bank
Edinburgh 42 Male no significant abnormalities.
Brain Bank
Edinburgh 29 Male no significant pathology.
Brain Bank
Edinburgh 19 Male 1a — Unascertained
Brain Bank
Edinburgh 63 Male n/a
Brain Bank

Diagnosis/histology

MI Patients  University of 70 Male Atherosclerotic coronary artery
(n=7) British disease, myocardial infarction-
Columbia remote, left Ilateral, with

aneurysm, myocardial infarction-
acute, circumferential

University  of | 52 Male Severe complicated
British atherosclerosis of major
Columbia epicardial coronary arteries,

ischemic heart disease,

degenerative valvular disease of
aortic valve, mitral annular

calcification
University  of | 55 Male Coronary atherosclerosis,
British haemorrhagic infarction
Columbia involving posterior,

posterolateral and posteroseptal
LV myocardium

Edinburgh 72 Male Early neutrophilic infiltrate with
Brain Bank contraction band necrosis; areas
of established scarring

Edinburgh 40 Male Enlarged heart (580 g) with
Brain Bank hyperaemia anterolateral LV,
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pallor posterolateral LV; severe
coronary atherosclerosis; aortic
fatty streaks

Edinburgh 71 Male Acute myocardial damage with
Brain Bank haemorrhage and neutrophilic
infiltration; some established
ischemic damage

Edinburgh 51 Male Perivascular and  confluent
Brain Bank myocardial fibrosis; occasional
contraction band necrosis

2.9.2 Masson’s Trichrome

Masson’s Trichrome staining was performed on human myocardial tissue sections (10
Mm of cryosections) to visualise collagen fibres (blue), allowing clear distinction
between scarred and healthy regions (red) (Sridharan et al., 2022). Most MT staining
on tissues provided by Dr. Stephanie Sellers (University of British Columbia) was
previously carried out by Dr. Cass Li and Bronwyn Berkeley (former members of the
Brittan lab). | performed MT staining on additional control and Ml tissue sections
obtained from the Edinburgh Brain Bank using the Trichrome Stain Kit (ab150686;
Abcam, UK). Human formalin-fixed, paraffin-embedded sections were processed by
SuRF Histology. Slides were deparaffinised in xylene (2 x 5 minutes) and rehydrated
through a graded ethanol series (100%, 90%, 80%, 70%; 20 seconds each). Sections
were incubated in Bouin’s solution at room temperature overnight to enhance staining,
then rinsed thoroughly in tap water. Nuclei were stained with Weigert’s iron
haematoxylin and rinsed in deionised water. Cytoplasm was stained with Biebrich
scarlet/acid fuchsin solution for 10 minutes, followed by differentiation in
phosphotungstic/phosphomolybdic acid solution for 25 minutes. Collagen was then
counterstained with Aniline Blue for 20 minutes, followed by treatment with 0.2% acetic
acid. Finally, sections were dehydrated through ascending ethanol concentrations (95%
then 100%), cleared in xylene (3 x 5 minutes), and mounted using Pertex mounting
medium (CellPath, UK).

Slides were imaged using an Axioscan.Z1 slide scanner (Zeiss, Germany) using
Zen2.6 software at 20x magnification. Regions of interest (ROI) and image annotations
were generated using Zen2.6 software. Infarct border zones were defined based on
the Masson’s Trichrome staining, which clearly distinguishes fibrotic scar tissue
(purple/blue) from healthy myocardium (red). ROlIs were selected to include both the
fibrotic area and the immediately adjacent non-fibrotic myocardium, representing the
infarct border zones for subsequent analysis.
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2.9.3 Immunofluorescence staining of human cardiac tissue

Serial paraffin sections were deparaffinised and rehydrated in xylene and various
concentrations of ethanol (100%, 95%, 80% and 70%). Paraffine sections were
washed in 10mM sodium citrate buffer (2.94g citric acid in 1L dH20, pH 6.0) for 15
minutes at room temperature. Then slides were microwaved in sodium citrate buffer
(4 x 4 minutes) and subsequently left to cool to room temperature on ice. Paraffin
sections were washed in PBS for 5 minutes, permeabilised in 0.5% Triton X-100/PBS
for 30 minutes, and blocked in 10% normal goat serum (NGS, Thermo Fisher Scientific)
plus 3% BSA in 0.5% Triton X-100/PBS for 1 hour at room temperature.

Paraffin sections were incubated in primary antibodies (rabbit recombinant anti-
ANXA2 at 1:100, invitrogen # MA5-32689; rabbit anti-PABP/PABPC1 at 1:250, Niki
Gray Lab; rabbit anti-PAI1 at 1:100, abcam #66705; mouse anti-CD31 at 1:800, cell
signalling #3528; Alexa Fluor 647-conjugated monoclonal mouse anti-Vimentin at
1:200 BioLegend #677807) diluted in the blocking solution overnight at 4 °C.

After further washes in 0.5% Triton X-100/PBS (2 x 10 minutes), paraffin sections were
incubated in fluorescence-conjugated secondary antibodies (goat anti-rabbit Alexa
Fluor 488 at 1:200 5, invitrogen A11008; goat anti-mouse Alexa Fluor 647 at 1:200,
invitrogen A21235) diluted in blocking solution for 1 hour at room temperature, and
washed in 0.5% Triton X-100/PBS. Paraffin sections were counterstained with DAPI
(1:500) in PBS for 15 minutes. Slides were thenimmersed in Sudan Black or TrueBlack
(Cambridge bioscience 23007-BT) for 5 minutes, then washed in PBS (3 x 5 minutes).
Paraffin sections were mounted in Fluoromount-GTM without DAPI (Invitrogen).

2.9.4 Confocal fluorescence imaging and quantification

High-resolution imaging was performed using a Zeiss LSM 780 confocal laser
scanning microscope equipped with GASP detectors, which enable low-intensity laser
illumination to minimise phototoxicity in samples. Images were acquired in 8-bit format
using the Zeiss ZEN software suite.

For paraffin-embedded tissue sections, the following laser lines and detectors were
used: DAPI (405 nm, 417-508 nm), Alexa Fluor 488 (488 nm, 498-579 nm), and Alexa
Fluor 647 (633 nm, 641-758 nm). For each healthy and Ml tissue section, five regions
of interest (ROIs) (850.19 um x 850.19 pym) were acquired using a 20x Plan Apo VC,
NA 0.8 objective, with a 3 ym Z-step spanning a total thickness of 12 ym and 2 x 2 tile
scans, focused on the infarct border region identified from Masson’s Trichrome
staining. Images were processed and analysed using Fiji v2.0 (Imaged, Derby, UK).
Cell counting was performed with the Cell Counter plugin, and the total cell number
was determined by counting DAPI-positive nuclei.

To quantify target expression in ECs, the percentage of CD31+ cells co-expressing
ANXA2, SERPINE1, or PABPC1 was calculated as follows:
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%ANXA2* CD31+ = Nanxaz2+cp31+ /Ncpz1+ * 100%
%SERPINE1* CD31+ = Nserrine1+cb31+ /Ncp31+ * 100%
%PABPC1* CD31" = NpaBci1+cp31+ /Ncpzt+ * 100%

Similarly, ANXA2 expression in Vimentin+ cells was quantified by calculating the
percentage of Vimentin+ cells that were also positive for ANXA2.

2.10 Cell culture techniques

2.10.1 EdU cell proliferation assay

Human cardiac microvascular endothelial cells (HCMECs; #C-12285 PromoCell) were
seeded at 1-2 x 10* cells per well onto collagen-coated coverslips in 24-well plates
(Collagen Type | solution from rat tail, Sigma-Aldrich #C3867-1VL) in Endothelial Cell
Basal Medium MV2 (#C-22221, PromoCell) supplemented with the Endothelial Cell
Growth Medium MV2 Supplement Pack (#C-39221, PromoCell). Cells were serum-
starved overnight in 0.2% foetal bovine serum (FBS, HyClone). The following day, cells
were treated with N2-01 drug in either complete growth medium or 5% FBS in basal
medium for 24-48 hours. 10 ng/ml VEGF-165 was used as a positive control for cell
proliferation.

For the EdU assay, 10 yM EdU (5-ethynyl-2°-deoxyuridine, Click-iT™ EdU Alexa
Fluor™ 647 Imaging Kit, ThermoFisher #C10340, reconstituted in DMSO) was added
to the culture medium containing 10% FBS (HyClone) and incubated for 6 hours at
37 °C. Following EdU incorporation, cells were stained with 5 uM Calcein AM for 30
minutes at 37 °C to assess viability. Cells grown on coverslips were then fixed in 4%
paraformaldehyde (PFA) in PBS for 15 minutes at room temperature, permeabilised
using 0.5% Triton X-100 in PBS for 20 minutes at room temperature and incubated in
Click-iT™ reaction cocktail (prepared according to the manufacturer’s instructions) for
30 minutes at room temperature, protected from light. The coverslips were then
washed twice in 3% BSA in PBS (KPL 10% BSA Diluent/Blocking Solution Kit,
Seracare) and mounted on slides using Fluoromount-GTM Mounting Medium with
DAPI (ThermoFisher Scientific).

Images were acquired on a Zeiss LSM 780 confocal microscope using a 20X Plan-
Apochromat 0.8 NA objective. Laser lines and detectors were: DAPI (405 nm, 417-508
nm), Alexa Fluor 488 (488 nm, 498-579 nm), and Alexa Fluor 647 (633 nm, 641-744
nm). For each treatment group (cell only control, 10 ng/ml VEGF-165, 1/3 N2-01, 1/6
N2-01, 1/12 N2-01), three ROIs (708.49 um x 708.49 um) were acquired per cell line.
Cell proliferation was analysed by measuring DAPI* EAU* cell count, and cell viability
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was measured as DAPI* Calcein AM* cells via the Cell Counter plug-in in Fiji v2.0
(ImageJ).

To normalise the data, the percentage of EdU™ cells in each treated group was divided
by the average percentage of EQU" cells in the untreated control group. This set the
control's average fold change to 1, allowing for a direct comparison of relative
proliferation across conditions.

2.10.2 Matrigel tube formation assay

Human cardiac microvascular endothelial cells (HCMECs, passage 3-5) were cultured
in collagen-coated flasks using Endothelial Cell Growth Medium MV2 until reaching
80-90% confluency. To assess the ability of ECs to generate tube-like structures
(equivalent to angiogenic potential) under various experimental conditions, Matrigel
Matrix, Growth Factor Reduced (BD Biosciences; aliquots from Caporali Lab) was
used. Matrigel was thawed on ice and 50 ul was added to each well of a 96-well plate,
then allowed to solidify at 37 °C for 30 minutes. Cells were washed with DPBS,
detached using 1X Trypsin-EDTA, collected in 10% FBS, and centrifuged at 300 g
(1,000 rpm) for 3 minutes. The resulting cell pellet was resuspended in complete
growth medium, and 1.5 x 10* HCMECs per well (passage 6) were seeded in 50 pl
onto the solidified Matrigel according to their treatment groups, with technical
triplicates for each condition. Plates were incubated at 37 °C to allow tube formation.

Network formation was initially assessed at 5 hours using a light microscope, with
three images captured per well at 4X objective. Cells were incubated overnight to
obtain a second imaging time point (~22 hours). Quantitative analysis of tube-like
structures was performed in Imaged (Fiji) using the Cell Counter plugin to count the
number of tubules (enclosed structures).

2.11 Assembly of graphs and statistical analysis

Graphs were generated using GraphPad Prism 8.0, which was also used for all
statistical analyses. Data are presented as mean + standard deviation (SD). Outliers
were identified using the “Identify Outliers” built-in analysis function in GraphPad Prism,
applying the ROUT method with a Q value of 1%. Samples flagged as outliers were
excluded from subsequent analyses, and the final sample size after outlier removal is
reported for each figure.

Data distribution was evaluated prior to the application of parametric statistical tests.
Normality was assessed using the built-in “Normality and Lognormality Tests” function
in GraphPad Prism, which automatically applies multiple Gaussian distribution tests,
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including Anderson-Darling, D'Agostino & Pearson, Shapiro-Wilk and Kolmogorov-
Smirnov tests, using a significance level (alpha) of 0.05.

Comparisons between groups were performed using the appropriate statistical tests:
unpaired t-test with Welch’s correction for two-group comparisons, ordinary one-way
ANOVA with multiple comparisons for single-factor multi-group analyses, or two-way
ANOVA with multiple comparisons for experiments with two independent variables.
Statistical significance is indicated as: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p <
0.0001 (***).

Page | 75



Chapter 3: Results — lIdentification of tarqget
genes using a multi-omics approach

3.1 Introduction

The development and widespread application of single-cell RNA-sequencing (sScRNA-
seq) technology has revolutionised cardiovascular research, enabling high-resolution
and unbiased characterisation of cell state, lineage, heterogeneity, and function. This
approach has provided molecular insight into coronary vessel development and
vascular responses following ischaemic injury (Marin-Sedeno et al., 2021).

Previously, genetic-lineage tracing studies showed that all new coronary vessels
forming in the injured mouse heart are derived from pre-existing resident ECs, not from
other cell sources (He et al., 2017). Supporting this, vascular endothelial cadherin
(Cdhb)- specific lineage tracing ‘Confetti mouse model reported that clonal expansion
of pre-existing Cdh5-expressing ECs contributed to vessel growth after acute Ml
(Manavskiet al., 2018). Similarly, the Brittan Lab employed an endothelial cell-Confetti
lineage-tracing mouse model (Pdgfb-iCreERT2-R26R-Brainbow?2.1) to demonstrate
that the structural integrity of adult cardiac endothelium was maintained via
neovasculogenesis by clonal expansion of resident ECs, rather than bone marrow
derived cells, within the infarct border region at 7 days post-MI (Li et al., 2019b).
Building on these findings, our group applied single-cell RNA sequencing (scRNA-seq)
to characterise ten transcriptionally distinct EC states and the molecular pathways
likely involved in neovasculogenesis after MI. This work identified and validated
plasmalemma vesicle-associated protein (Plvap) as a novel endothelial-specific
marker with a functional role in cardiac neovascularisation following ischaemic injury
in both mice and humans (Li et al., 2019b). Nevertheless, scRNA-seq captures only a
static snapshot of gene expression and therefore cannot fully resolve dynamic
processes. Moreover, findings from non-human datasets may not always translate
directly to clinical settings.

To address these limitations, the Brittan group conducted a meta-analysis of integrated
single cell and nuclei RNA-sequencing datasets (sc(n)RNA-seq) from developing and
adult mouse and human hearts in healthy and diseased states (Li et al., 2022b) (Table
1). Unlike conventional statistical meta-analyses, this approach involved systematic
curation, integration, and re-analysis of coronary EC datasets across multiple studies.
This work resulted in the construction of a human and mouse coronary EC meta-atlas,
CresceENDO (www.crescendo.science), which maps the endothelial transcriptome
during development and in response to cardiac injury, revealing conserved molecular
mechanisms underpinning coronary vascular regeneration (Li et al., 2022b).

More recently, a multimodal omics approach combining single-nucleus RNA
sequencing (snRNA-seq), single-cell chromatin accessibility sequencing (snATAC-
seq), and spatial transcriptomics was applied to generate a spatially resolved multi-
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omic map of the human heart following acute MI (Kuppe et al., 2022). This approach
enabled high-resolution characterisation of cardiac cell type composition and
transcriptional signatures within distinct anatomical zones: the ischaemic zone (IZ,
necrotic myocardium), border zone (BZ, surrounding viable myocardium), remote
zone (RZ, unaffected myocardium), and fibrotic zone (FZ, late-stage post-MI scar)
(Table 2). Informatic analyses of datasets from this study, referred herein as the
‘Kuppe dataset’ enabled us to identify EC-specific transcriptional signatures driving
human injury response and tissue remodelling in different myocardial tissue regions
(Kuppe et al., 2022).

In parallel, the Brittan group used the 10X Genomics Visium approach for spatial
transcriptomics to investigate gene expression patterns in human control, acute, and
chronic Ml samples provided by Dr. Stefanie Sellers at the University of British
Columbia. Anatomically resolved gene expression patterns were observed using the
10X Genomics Cell Loupe Browser. Analysing earlier timepoints, such as acute MI
samples, provides valuable insight into the transcriptional patterns activated during the
initial phases of endogenous neovascularisation in the human heart (Cochain et al.,
2013).

To complement mammalian datasets and gain an evolutionary perspective, | also
analysed publicly available scRNA-seq data from regenerating adult zebrafish hearts.
Zebrafish possess a remarkable capacity for heart regeneration, making them a
powerful model to identify fundamental mechanisms of heart regeneration including
pro-regenerative endothelial responses, which may inform strategies to reactivate
similar pathways in mammals (Gemberling et al., 2013). The dataset used in this
chapter (Ma et al.,, 2021) profiles non-cardiomyocyte populations at multiple time
points following ventricular apex amputation, capturing the molecular features, cellular
functions, and intercellular interactions of non-cardiomyocytes (including
macrophages, fibroblasts, and ECs) during the process of cardiac regeneration.
Informatic analysis of this zebrafish dataset enabled us to examine the temporal
dynamics of selected candidate genes, compare their expression profiles between
zebrafish and mammalian systems, and determine their potential role during different
stages of tissue repair.

Through informatic analyses of these publicly available and in-house datasets, | aimed
to identify and prioritise novel endothelial candidate genes that align with my central
hypothesis that reactivation of developmental pathways may promote adult
cardiovascular regeneration. Candidate genes identified through this approach were
subsequently selected for experimental validation to investigate their function in
angiogenesis and cardiac repair.
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3.2 Results: ANXA2 identified as a reactivated foetal gene,
with SERPINE1 as a potential co-regulator of
neovascularisation after Ml

The EC-specific scRNA-seq dataset from Li et al., (2019) revealed ten heterogeneous
EC states in the healthy and post-ischaemic adult mouse heart at 7 days post-MI.
Among these, the Brittan group first identified annexin A2 (Anxa2) as one of the top
differentially expressed genes within an MI-specific mouse endothelial cluster (cluster
8), a population of coronary ECs present at 7 days post-MI but absent in the healthy
adult heart (Li et al., 2019b). Gene ontology (GO) term analysis of this cluster predicted
roles in endothelial extracellular matrix proteins and cardiac remodelling after Ml,
implicating anxaZ2 as a relevant target to further investigation (Table 15). This dataset
was subsequently incorporated into the coronary endothelial meta-atlas CrescENDO,
enabling integration with other single-cell datasets. Using CrescENDO (Table 1), |
examined both annexin A2 expression levels and the proportion of ECs expressing the
gene across species and developmental stages, providing a broader, comparative
context for its relevance in cardiac endothelial injury response.

Table 15. Top differentially expressed genes and their predicted functions of
each of the 10 heterogeneous cardiac endothelial cell clusters/states in the adult
mouse heart under healthy condition or following myocardial infarction (Ml)
(adapted from Li et al., 2019b).

Cluster Enrichment in Top Specific to Predicted function
number EC differentially cluster in Pdgfb-EC
from healthy or expressed
MI groups genes

1 NA (P = 0.34) Arhgap18, No Cellular homeostasis
Adm, Hspb1,
CD36

2 Ml (P = 0.02) Ifit1, Ifit2, | Yes Interferon signalling
Ifit3, Ifit3b,
Usp18,
Cxcl10

3 Ml (P = 0.0006) | Myi2, Mb, | Yes Ventricular cardiac
Myl3, Tnnt2, muscle remodelling
Tnni3, Actc1

4 NA (P = 0.07) Klra3, Kira9, | Yes Killer cell lectin-like
Kira10 receptor signalling

5 NA (P = 0.51) Dll4, Notch1, Yes (Hey1, | Endothelial cell regulation
Hey1, Jag1, via Notch signalling
Jag1, Gja4 Gja4)

6 Ml (P = 0.006) Plvap, Lrg1, | No Ventricular remodelling
Pbp1, Bgn, [via retinoic acid (RA)
vWF signalling]
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7 Ml (100%) Ackr1, Ehd4, @Yes (Ackr1, | Stalk cell markers. Tip
Tmemi176a, @A Tmem252, and stalk cell-mediated
Tmem?252, Selp) neovasculogenesis
Tmem176b,
Selp

8 MI (P = 0.07) Fbin2, Yes Endothelial ECM
Anxa2, (Col5az, proteins,
Colbaz, Mgp) Cardiac remodelling
Emilin1, post-MI
Hmcen1, Bgn,
Mgp

9 NA (P = 0.69) Serpinaib, Yes Serine protease inhibitor
Serpinaid, alpha-1 antitrypsin (AAT)
Serpinale signalling

10 Ml (P = 0.02) Mki67, Yes Proliferation and
TopZ2a, cycle regulation
Cenpf,
Cks2, Birch,
Cenpa,
UbeZc,
Cdc20

ANXA2 subsequently emerged as a key gene of interest due to its distinctive
expression pattern across development and disease. It is highly expressed in
embryonic coronary ECs, expressed at very low levels in healthy adult ECs, and re-
expressed following cardiac injury. Using the coronary endothelial meta-atlas
CrescENDO (Table 1), | examined both ANXAZ2 expression levels and the percentage
of ECs expressing the gene across species and developmental stages.

In human healthy foetal hearts, over 80% of cECs exhibited high levels of ANXA2,
whereas expression was very low in uninjured adult human hearts. Similarly, in
postnatal mouse hearts, Anxa2 was detected in about 25% of ECs at uninjured
postnatal day 6 (P6) (within the 7 day regenerative window after birth (Porrello et al.,
2011, Haubner et al., 2012, Wang et al., 2019)) but became undetectable by day 10
(P10) (Figure 4). While ANXAZ2 expression remained low in patients with heart failure
caused by ischaemic cardiomyopathy (cHF) and heart failure caused by dilated
cardiomyopathy (dHF), it was consistently upregulated in 60-80% of ECs at multiple
timepoints (1, 3, 7, 14, and 28 days) post-MI in mice (Figure 4).

To further investigate target expression in human acute MI, | analysed processed
snRNA-seq data from Kuppe et al (2022), accessed via CellxGene
(https://cellxgene.cziscience.com/collections/8191c283-0816-424b-9b61-
c3e1d6258a77) (Table 2). Endothelial clusters were isolated for differential expression
analysis in R Studio, which revealed ANXAZ2 upregulation in acute MI, with the highest
expression in approximately 30% of ECs within the fibrotic zone (FZ) (Figure 4).
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Spatial Transcriptomics analysis was then performed to determine the anatomical
localisation of ANXAZ2 within the heart. By aligning spatial gene expression data with
H&E-stained tissue sections, ANXAZ2 expression was found to be low in uninjured
controls but increased in both acute and chronic Ml samples (one to three subjects
per group; Table 3), localising mainly to the infarct border zone, a region known for
active neovascularisation (Gu et al., 2006, Ma et al., 2025) (Figure 5). Although the
small sample size prevented robust quantitation, the results were consistent across
samples and therefore were used qualitatively to validate and complement findings
from sc(n)RNA-seq analyses.
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Figure 4. Multi-omics identification of ANXA2 as a reactivated foetal endothelial
gene following myocardial injury. Informatic analyses of in-house and public
endothelial- sc(n)RNAseq datasets identified ANXA2 as a developmentally regulated
endothelial gene that is re-expressed in the heart after injury (Table 1). (A) Schematic
overview of datasets analysed, including the coronary EC meta-atlas CrescENDO (Li
et al., 2022) and the multi-omics map of human hearts after acute Ml (Kuppe et al.,
2022), covering foetal, adult healthy and diseased hearts. (B) Dot plots showing
ANXAZ2 endothelial expression across (i) human foetal, adult, and heart failure (cHF,
heart failure caused by ischaemic cardiomyopathy; dHF, heart failure caused by
dilated cardiomyopathy), (ii) different myocardial zones post-MI (control, ischaemic
zone, border zone, , remote zone, and fibrotic zone) (iii) neonatal mouse at P6 and
P10, and (iv) adult mouse ECs at multiple time points post-MI. Dot size represents the
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percentage of ECs expressing ANXA2; colour indicates scaled average expression
level (z-score).

Figure 5. In-house spatial transcriptomic data showing sections of adult human
heart tissue from an uninjured, healthy control (Ul), patients presenting with
acute Ml (aMl) and chronic MI (cMl). Panel 1 shows H&E staining of the tissue
samples, and panel 2 highlights areas of healthy tissue (green), areas of ischaemic
damage (red), and the ischaemia border zones (blue). For each gene (ANXAZ2 and
SERPINE1), expression levels (as measured by the summed log-normalised counts
from 0-6) are shown. Although the study included a limited number of replicates (one
to three subjects per group), which prevented robust quantification, the results were
consistent and comparable across individuals in each group.
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The ANXA2 heterotetramer is an important endothelial cell-surface co-receptor for
plasminogen and tissue plasminogen activator (tPA), where it promotes tPA-
dependent conversion of plasminogen to plasmin (Liu and Hajjar, 2016a). Plasmin
facilitates fibrinolysis by degrading fibrin, maintaining blood fluidity, preventing clot
formation, and supporting angiogenesis (Dassah et al., 2009, Liu and Hajjar, 2016a).
In contrast, serpin peptidase inhibitor clade E member 1 (SERPINE1) acts as a major
negative regulator of fibrinolysis by inhibiting tPA and urokinase-type plasminogen
activator (uPA), thereby preventing plasmin-mediated fibrin degradation (Sillen and
Declerck, 2020). Given these opposing functions, | next examined SERPINE1
expression in the CrescENDO and ST datasets to investigate its potential co-
regulation with ANXAZ2 in the context of coronary development, neovascularisation,
and cardiac regeneration.

Pseudobulk differential expression analysis of endothelial clusters from the Kuppe
dataset revealed SERPINE1 as one of the top upregulated genes in ECs (and all other
cardiac cell types) in the ischaemic zone (IZ) post-MI compared with control hearts
(Figure 6). Interestingly, SERPINE1 was not expressed during heart development and
was minimally expressed in cHF and dHF patients in CrescENDO (Figure 6). Our in-
house spatial transcriptomic data further demonstrated mild SERPINE1 upregulation
in the acute Ml infarct border zone, where endogenous neovascularisation is active,
and its expression declined in chronic Ml samples, where regenerative activity is
minimal (Figure 5).

To extend these findings to a regenerative model, | analysed publicly available scRNA-
seq data from regenerating adult zebrafish hearts after ventricular resection (GEO:
GSE145980; (Ma et al., 2021)). The dataset included samples at 0 (uninjured), 2, 7,
and 14 days post-injury (dpi). Data were processed using Trailmaker™, a cloud-based
platform for scRNA-seq data analysis. Focusing on endothelial clusters, | found that
zebrafish anxa2a showed strong upregulation at 2 and 14 dpi, with ~80% of ECs
expressing the gene compared with uninjured controls, peaking at 14 dpi. In contrast,
anxa2b expression remained low (<1% of ECs) at all time points. Similarly, serpine1
expression increased significantly after injury, with ~40% of ECs expressing it at 2 and
7 dpi, reaching a peak at 7 dpi (Figure 7).
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Figure 6. Multi-omics identification of SERPINE1 as a top differentially
expressed gene following acute MI. (A) Schematic representation of the fibrinolytic
pathway regulated by ANXA2 and SERPINE1, illustrating their co-regulation of
plasmin production and potential downstream effects on angiogenesis and cardiac
regeneration. The ANXA2-S100A10 (p11) heterotetramer on the endothelial cell
membrane acts as a co-receptor for tissue plasminogen activator (tPA) and
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plasminogen (PLG) recruitment to catalyse plasmin generation. Plasmin degrades
fibrin to facilitate endothelial cell migration and sprouting, releases and activates
extracellular matrix (ECM)-bound growth factors (e.g., VEGF, EGF), proteolyses
growth factor inhibitors, and activates key matrix metalloproteinases (MMPs) to
promote ECM degradation and remodelling. SERPINE1/PAI-1 inhibits this pathway by
blocking tPA activity, thereby regulating plasmin production and fibrinolysis. (B) Dot
plots showing SERPINE1 expression in endothelial cells across (i) human foetal, adult,
and heart failure (cHF, heart failure caused by ischaemic cardiomyopathy; dHF, heart
failure caused by dilated cardiomyopathy), (i) different myocardial zones post-Ml
(control, ischaemic zone, border zone, , remote zone, and fibrotic zone) , (iii) neonatal
mouse at P6 and P10, and (iv) adult mouse ECs at multiple time points post-MI. Dot
size represents the percentage of ECs expressing SERPINE1; colour indicates scaled
average expression level (z-score).
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Figure 7. Expressions of ANXA2 paralogues (anxa2a and anxa2b) and serpine1
from endothelial cell-specific adult zebrafish heart regeneration single cell
transcriptomics data (Ma et al., 2021). Dot plot showing the percentage of
expressing cells and average expression level of anxaZ2a, anxa2b, and serpine1 in
zebrafish hearts at 2, 7, and 14 days post-injury (dpi) compared to uninjured controls.
Dot size represents the percentage of ECs expressing target gene; colour indicates
scaled average expression level (z-score).
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3.3 Biological functions and mechanisms of ANXA2 and its
potential implications in cardiovascular disease
research

Annexin A2 (ANXA2) is a calcium(Ca?*)-dependent, phospholipid- and membrane-
binding protein that can either exist as a monomer or as a heterotetramer complex
with the plasminogen receptor protein, S100A10 (P11) (Gerke et al., 2005, Madureira
et al., 2011). ANXA2 is primarily localised in the cytoplasm and plasma membrane
with a small population in the nucleus. It is expressed by various cell types, including
endothelial, trophoblast, epithelial, tumour, and immune cells such as macrophages,
monocytes, and dendritic cells (Dallacasagrande and Hajjar, 2020).

The biological roles of ANXA2 depend on its localisation and structural form.
Intracellularly, the soluble monomeric form plays crucial roles in many cellular
processes such as exocytosis, endocytosis, membrane organisation, signal
transduction, cytoskeletal movement, cell proliferation, apoptosis, and
neovascularisation (Yang et al., 2018, Bharadwaj et al., 2013, Dallacasagrande and
Hajjar, 2020). It also contributes to microdomain formation, membrane repair, and
trafficking along endo- and exocytic pathways and RNA export from the nucleus
(Bharadwaj et al., 2013).

Extracellularly, ANXA2 forms a heterotetrameric complex comprising two ANXAZ2
molecules bound to an S100 calcium-binding protein A10 (S100A10) dimer. ANXA2
anchors S100A10 to the cell surface, where S100A10 binds plasminogen via its C-
terminal domain, forming a co-receptor complex for tPA and plasminogen (Madureira
et al., 2011). The ANXA2 heterotetramer acts as an endothelial-surface co-receptor
for plasminogen and tPA, which facilitates tPA-dependent conversion of plasminogen
to plasmin, thereby promoting fibrinolysis, maintaining blood fluidity, preventing
intravascular thrombosis, and supporting angiogenesis (Dassah et al., 2009, Liu and
Hajjar, 2016a, Kumar et al., 2022). The complex also protects tPA and plasmin from
inactivation by their physiologic inhibitors, PAI-1 and a2-antiplasmin, respectively
(Madureira et al., 2011). The depletion of cellular ANXAZ2 often results in both reduced
levels of S100A10 and diminished plasmin generation (Bharadwaj et al., 2013). In
short, ANXA2 serves as a molecular bridge between membrane dynamics and
fibrinolytic regulation, linking cytoskeletal organisation to vascular homeostasis.

ANXA2 expression is developmentally regulated. During embryogenesis, it is highly
localised in the amniotic epithelial cells, mesenchymal cells of the amnion and chorion
(foetal membranes), and ECs surrounding the blood vessels in the decidua (maternal
uterine tissue) (Sun et al., 1996). The plasmin generated from the interaction of tPA,
ANXA2 and plasminogen is important for the activation of matrix-degrading MMPs and
subsequently the normal turnover of the ECM of foetal membranes (Bogic et al., 1999).
ANXAZ2 is also highly expressed in the foetal brain during radial glia proliferation, but
is absent in normal adult brain (Reeves et al., 1992). In the developing chick heart,
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ANXA2 is expressed in the endocardium during atrioventricular (AV) cushion
formation, and ANXA2-mediated plasmin activity was shown to play a role in the
release of active TGF-3 during chick AV canal epithelial-mesenchymal
transformation, where endocardial cells are converted into a mesenchymal phenotype
(Krishnan et al., 2004). Together, these findings highlight ANXA2 as a key regulator
of developmental morphogenesis, ECM remodelling, and early vascular formation.

ANXA2 is a critical mediator of angiogenesis. Migrating ECs utilise the
ANXA2/tPA/plasminogen complex to degrade ECM during sprouting angiogenesis
(Lim and Hajjar, 2021). tPA may enhance angiogenesis indirectly by activating
adenosine A2A receptors, which decrease release of SERPINE1 (PAI-1) and increase
ANXA2 surface expression (Valls et al., 2021). ANXA2 is highly expressed in vascular
ECs, where it promotes retinal neovascularisation through PISK/AKT signalling (Li et
al.,, 2022a, Zhao et al., 2009). Its interaction with the ANXA2 receptor activates
AKT/ERK pathways, enhancing endothelial proliferation and migration following
cerebral ischaemia or oxygen-glucose deprivation injury (Lin et al, 2023).
Recombinant ANXA2 administration reduces early blood-brain barrier disruption,
increases angiogenesis, and improves vessel density after traumatic brain injury
(Cheng et al., 2021). These studies establish ANXA2 as a multifunctional regulator of
endothelial survival, migration, and angiogenic remodelling in both physiological and
injury contexts.

In myocardium, ANXAZ2 is localised in intramyocardial capillaries, coronary ECs, and
ECM but is absent from cardiomyocytes (Camors et al., 2005). Immunolabelling of
ANXA2 showed robust staining in the interstitium between cardiomyocytes and around
coronary arteries in failing hearts. ANXA2 is known for its membrane trafficking and
collagen binding properties, which are implicated in fibrosis development and ECM
organisation. Notably, the absence of ANXA2 in cardiomyocytes from both non-failing
and failing hearts indicates that it likely doesn't have a significant role in regulating
Ca2* handling in the heart (Camors et al., 2005). ANXA2 was later identified to be one
of the plasma biomarkers of HF in mouse and human (Chugh et al., 2013).

ANXAZ2 also functions as a receptor for tenascin-C, an ECM glycoprotein involved in
atherosclerosis and MI progression, facilitating macrophage migration and pro-
angiogenic phenotype angiogenesis via its interaction with ANXA2 — the expression
of which is regulated by hypoxia-inducible factor-1a (Wang et al., 2018). Furthermore,
ANXA2 binds and inhibits proprotein convertase subtilisin/Kexin type 9 (PCSK9)-
mediated low-density lipoprotein (LDL) receptor degradation. This interaction helps
lowering LDL cholesterol and reducing the risk of atherosclerosis and coronary heart
disease (Seidah et al., 2012, Fairoozy et al., 2017).

One study showed the lack of ANXAZ2 can results in poor myofibre repair and
progressive decline in muscle function. Hence ANXA2 could be a regulator of myofibre
repair and injury-triggered muscle inflammation (Defour et al., 2017). Recent study
demonstrated that adeno-associated virus-mediated ANXA2 overexpression post-Mi
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improved left ventricular function, increased microvessel density, and reduced infarct
size (Zhang et al., 2023b). Mechanistically, ANXA2 promoted M1-to-M2 macrophage
polarisation via YAP inhibition and enhanced endothelial proliferation and migration
via integrin B3 activation (Zhang et al., 2023b). Finally, studies in zebrafish have linked
ANXA2 to regenerative capacity. Loss of runx1, a transcription factor upregulated
during cardiac injury, resulted in increased expression of anxa2a and s700a10b,
reduced serpine1, and elevated plasminogen levels, collectively increasing myocardial
survival and proliferation, diminishing myofibroblast formation and fibrin deposition,
and promoting overall heart regeneration (Koth et al., 2020, Lowe et al., 2021). Overall,
ANXA2 appears to promote cardiac repair by coordinating endothelial, macrophage,
and ECM-mediated regenerative responses.

Despite its protective functions, ANXA2 can exert detrimental effects under certain
pathological conditions. Overexpression of circRNA ANXA2 promoted cardiomyocyte
apoptosis in myocardial ischaemic-reperfusion injury by inhibiting expression of
microRNA-133 and aggravates myocardial ischemia-reperfusion injury (Zong and
Wang, 2020). While phosphorylation of ANXA2 by ADAMS8 (disintegrin and
metalloproteinase 8), elevated in plasma of acute Ml patients, suppressed autophagy
and angiogenesis, promoted inflammation, and ultimately worsened cardiac
dysfunction (Ji et al., 2024).

ANXAZ2 dysregulation has also been observed in pre-eclampsia, where its decreased
expression coincides with elevated tPA and SERPINE1 levels, potentially the
imbalance between these fibrinolytic components might contribute impaired
fibrinolysis and disease pathogenesis (Ruikar et al., 2023). Circulating ANXA2
concentrations were found higher in diabetic cardiomyopathy patients and were
negatively correlated with cardiac systolic and diastolic functions, which suggested it
might be a predictor of disease and a potential therapeutic target for diabetic
cardiomyopathy (He et al., 2023). A recent study found that Prostaglandin E2 activates
the EP4 receptor, which promotes ANXA2 translation and phosphorylation at Thr208
via the cyclic adenosine monophosphate/protein kinase A (cCAMP/PKA) pathway,
which in turn increases the proliferation and migration of vascular smooth muscle cells
in pulmonary arterial hypertension (Xu et al., 2025). Pharmacological inhibition or
genetic deletion of ANXA2 in this context protected against pulmonary arterial
hypertension progression in rodent models, suggesting its pathogenic role in the
development of pulmonary arterial hypertension (Xu et al., 2025). These findings
suggest that function of ANXAZ2 is highly context-dependent, protective in some
regenerative and vascular settings, yet pathogenic when dysregulated or excessively
activated, and this may be modulated by post-translational modifications and
interacting partners.

Notably, ectopic expression of ANXA2 has been shown to protect against renal tubular
cell apoptosis and kidney injury by promoting lysosomal functions and autophagy
(Shen et al., 2022). Mechanistically, ANXA2 induces B-catenin activation, which
further triggers T-cell factor-4 (TCF4)-induced transcription factor EB (TFEB),
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stabilising lysosomal function and supporting autophagy (Shen et al., 2022). During
acute inflammation, ANXA2 primarily plays an anti-inflammatory role by maintaining
vascular integrity and limiting vascular permeability. This action modulates the
recruitment of leukocytes, preventing inflammasome activation and mitigating the
release of inflammatory mediators (Dallacasagrande and Hajjar, 2020). In the later
stages of acute inflammation, ANXA2 contributes to the initiation of angiogenesis and
wound healing by promoting cell surface fibrinolytic activity. However, in chronic
inflammation or when ANXA2 becomes dysregulated, ANXA2 can adopt pro-
inflammatory actions and cause tissue damage through excessive angiogenesis, as
seen in diabetic retina or malignancies (Dallacasagrande and Hajjar, 2020). Plasmin
generated via the ANXA2 complex also activates macrophages at sites of
inflammation such as atherosclerotic lesions, this could trigger signalling cascade (e.g.
Janus kinase JAK1/TYK2 signalling, Akt-dependent NF- kB, ERK1/2, and p38 MAPK)
that results in the induction of proinflammatory gene expression and promotes
inflammatory cell recruitment (Li et al., 2007). These show ANXA2 functions as both
a regulator of vascular homeostasis and an immune modulator, balancing fibrinolysis,
inflammation, and repair processes depending on its activation context.

Cardiopulmonary bypass (CPB) frequently results in post-operative organ
complications, particularly acute lung injury, driven by systemic inflammation and
consequent endothelial dysfunction. ANXA2 plays a protective role in maintaining
pulmonary microvascular integrity in the hypoxic murine lung by preventing
phosphorylation of vascular endothelial cadherin at the endothelial-endothelial
adherence junction. Following CPB, degradation of ANXA2 correlates with more
severe respiratory dysfunction in children under two years, suggesting that maintaining
ANXA2 stability could reduce postoperative Ilung injury associated with
cardiopulmonary bypass in paediatric patients (Hsing et al., 2023).

Taken together, ANXA2 is a multifunctional and context-dependent regulator of
fibrinolysis, ECM turnover, angiogenesis, inflammation, and tissue repair. Its
developmental expression and reactivation following injury suggest a potential role in
coordinating tissue remodelling and cardiovascular repair. While its fibrinolytic function
is well established, its precise molecular mechanisms in neovascularisation and
cardiac regeneration remain largely unexplored, representing a promising area for
future research in Ml therapy. Future studies should focus on delineating the temporal,
dose-dependent, and post-translational regulation of ANXA2 to identify therapeutic
windows that harness its regenerative potential while minimising pathological
outcomes.
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3.4 Biological functions and mechanisms of SERPINE1
and its potential implications in cardiovascular disease
research

Fibrinolysis serves a dual purpose: in the bloodstream, it is responsible for breaking
down fibrin to maintain vessel patency; while in tissues, it requlates ECM degradation,
governs cell adhesion and migration, and thus is essential for tissue remodelling. The
primary regulator of fibrinolysis is Serpin peptidase inhibitor clade E member 1
(SERPINE1), also known as plasminogen activator inhibitor type-1 (PAI-1) (Morange
et al., 2007). SERPINE1 is primarily produced by hepatocytes and secreted into the
circulation by the liver. To a lesser extent, PAI-1 is also synthesised and secreted by
kidney, spleen, heart, lung, and adipose tissues. Its expression and release are
modulated by growth factors, inflammatory cytokines, hormones, glucose, and
endotoxins (Yaron et al., 2021).

SERPINE1 circulates in two pools: a low-level, predominantly active plasma pool (5—
50 ng/mL) and a larger platelet-associated pool (up to 300 ng/mL) that retains only 2—
5% functional activity upon platelet lysis (Sillen and Declerck, 2021). Circulating
platelets continuously synthesise SERPINE1, which is released upon platelet
activation, contributing to clot stability by limiting fibrinolysis (Yaron et al., 2021).

Homeostasis is an important physiological process for maintaining vascular integrity
and securing a sufficient blood flow throughout the circulatory system. Therefore, it
requires a dynamic interplay between the vascular system, blood platelets, the
coagulation system, and the fibrinolytic system (Sillen and Declerck, 2020). Through
inhibition of tPA and uPA, SERPINE1 suppresses plasmin generation, shifting the
haemostatic balance toward a hypofibrinolytic, prothrombotic state (Sillen and
Declerck, 2020). Persistent overexpression of SERPINE1 is implicated in the
pathogenesis of thromboinflammation, cardiovascular disease, tissue fibrosis, cancer,
and age-related diseases (Sillen and Declerck, 2020).

Additionally, impaired fibrinolytic potential as evidenced by elevated levels of
SERPINE1 and tPA antigen, has also been identified as a predictor of cardiovascular
disease events and an increased risk of coronary heart disease (Tofler et al., 2016,
Song et al.,, 2017). In humans, elevated plasma SERPINE1 levels are linked to
atherothrombosis, and single nucleotide polymorphisms within the SERPINE1 gene
are associated with the risk of Ml (Morange et al., 2007). Studies in transgenic mice
overexpressing wild-type or a stabilized active mutant of human SERPINE1,
demonstrated that these mice developed either transient venous thrombosis or age-
dependent coronary arterial thrombosis and myocardial infarction, respectively
(Erickson et al., 1990, Eren et al., 2002). Beyond thrombosis, SERPINE1 has been
identified as a marker of cellular senescence and a major contributor to organismal
aging and age-related morbidities like thrombosis, arteriosclerosis, obesity, diabetes,
organ fibrogenesis, and emphysema (Vaughan et al., 2017). Pharmacological
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inhibition of SERPINE1 has shown protective effects against vascular aging, extended
murine life span, and reduced cellular oxidative stress (Vaughan et al., 2017).
Additionally, inhibiting SERPINE1 has reduced atherosclerosis in mice with obesity
and metabolic syndrome, while decreasing macrophage accumulation and cell
senescence in atherosclerotic plaques, as well as obesity-relating metabolic
dysfunction (Khoukaz et al., 2020).

There is also a relationship between elevated SERPINE1 and thromboinflammation,
which leads to cardiovascular complications. Proinflammatory cytokines, such as IL-6
and TNF-a, released during proinflammatory state (e.g., acute tissue injury and
sepsis), directly contribute to increased SERPINE1 synthesis (Morrow et al., 2021). In
this context, the role of SERPINE1 is primarily seen as a protective mechanism to limit
pathogen spread and support tissue repair. However aberrant/excessive activation
can lead to hypofibrinolysis and thrombosis, highlighting the potential of SERPINE 1
as a viable target for the treatment of various diseases, including M| (Morrow et al.,
2021).

Experimental studies supported a context-dependent role for SERPINE1 in cardiac
remodelling. Increased expression of SERPINE1 was initially observed in the
cardiomyocytes near the infarct border and fibrous lesions, and SERPINE1 deficiency
reduces development of fibrosis in mice post-M| (Takeshita et al., 2004).
Contradictorily, a recent study found a complete loss of SERPINE1 leads to severe
cardiac fibrosis in mice. This fibrosis is linked with reduced inflammation, lower levels
of TGF-B and proteases associated with tissue remodelling. Furthermore, the absence
of SEPRINE1T’s direct target, uPA, or its downstream product, plasmin, was found to
alleviate the severity of cardiac fibrosis in SERPINE1 knockout mice. Hence
SEPRINE1 protects mice against cardiac fibrosis by inactivating uPA and ultimately
limiting plasmin generation (Gupta et al., 2017).

While the role of SERPINE1 in cardiovascular disease is well-documented, its
regenerative function remains debated. In zebrafish, serpine1 acts as an early
endocardial injury-response gene regulating endocardial and myocardial proliferation.
Pharmacological inhibition of serpine1 (Tiplaxtinin) enhanced endocardial proliferation
without altering fibrosis or endocardial activation after cryoinjury (Minch et al., 2017).
During juvenile zebrafish heart development and regeneration, serpine1 expressed by
hapin1a+ epicardial cells organised hyaluronic acid into linear structures along and
preceding coronary structure, serving as a guide for coronary vessel formation (Sun
etal., 2023). Similarly, increased hyaluronic acid synthesis in murine hearts facilitated
post-infarct healing by supporting macrophage survival and myofibroblast activation
(Petz et al., 2019).

Together, these studies suggest that SERPINE1 exerts complex, context-specific
effects on fibrinolysis, thrombosis, fibrosis, and regeneration. Importantly, SERPINE1
and ANXA2 act in opposition to regulate plasmin generation and fibrin turnover.
Excess SERPINE1 suppresses angiogenesis by inhibiting plasmin-mediated matrix
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remodelling, whereas ANXA2 promotes plasmin production and endothelial sprouting.
The balance between these two regulators appears critical for vascular repair after M,
but the angiogenic mechanisms of the ANXA2-SERPINE1 axis remain poorly defined.
Further investigation could reveal therapeutic opportunities to modulate this balance
and enhance cardiac regeneration.

3.5 Discussion

Using a multi-omics approach integrating human, mouse, and zebrafish datasets, |
identified ANXAZ2 as a developmentally regulated endothelial gene that is silenced in
adulthood and re-expressed following acute myocardial injury. Analysis of the coronary
endothelial meta-atlas, CrescENDO, revealed that AnxaZ2 is highly expressed in >80%
of foetal coronary ECs and in ~25% of ECs in uninjured P6 mouse hearts but becomes
almost absent in the adult heart (Figure 4). This downregulation coincides with the
transition from a pro-angiogenic developmental state to a mature, quiescent
vasculature, suggesting that ANXA2 is closely linked to the highly angiogenic
environment of the growing heart. Importantly, Anxa2 expression was robustly
reactivated post-MI in mice, with 65-80% of ECs expressing high levels of this gene
across multiple time points up to 28 days post-MI in mice, compared to 50% of ECs
expressing low levels in the uninjured adult mouse heart.

In human Ml hearts (Kuppe dataset), ~30% of ECs in the FZ expressed high levels of
ANXA2, whereas in control hearts ANXA2 expression was largely downregulated in
ECs (Figure 4). Spatial Transcriptomics analyses provided further insight into the
localisation of ANXAZ2 expression, indicating a high expression in the infarct border
zone in acute MI, compared to the ischaemic zone and the remote zones. This fits with
my postulation that ANXA2 may play a role in neovascularisation by coronary ECs
post-MI, since the infarct border region is a known critical site for neovascularisation
and perfusion recovery (Figure 5) (Li et al., 2019b, Kocher et al., 2001). These findings
suggest ANXAZ2 acts as an injury-responsive gene, reawakening a foetal-like, pro-
angiogenic state in ECs to support repair.

As part of the ANXA2/S100A10 heterotetramer, ANXA2 serves as a co-receptor for
plasminogen and tPA, promoting the conversion of plasminogen to plasmin (Liu and
Hajjar, 2016a). Plasmin subsequently degrades fibrin and activates matrix
metalloproteinases (MMPs), promoting ECM degradation/remodelling, facilitating
endothelial migration, fibrin clearance, and vessel sprouting (Dassah et al., 2009). The
injury-induced re-expression of ANXAZ2 in ECs may therefore support both proteolytic
clearance of fibrin deposits and vascular sprouting, ultimately facilitating reperfusion
and cardiac repair.

In parallel, | investigated SERPINE1 in the same datasets due to the known co-
regulatory role with ANXAZ2 in fibrinolysis. SERPINE1, a major inhibitor of fibrinolysis,
suppresses tPA- and uPA-mediated plasmin generation, shifting towards a
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hypofibrinolytic, pro-thrombotic state (Sillen and Declerck, 2020). In my analysis of the
Kuppe dataset, SERPINE1 was among the most highly upregulated gene across all
cell types in the ischaemic zone of acute MI, with pronounced expression in ECs
(Figure 6). Its absence during heart development and very low levels in chronic and
dilated heart failure (CrescENDO) suggest that SERPINE1 is not a housekeeping
gene with continuous expression, but an acute injury-inducible regulator. Spatial
Transcriptomics revealed a mild upregulation of SERPINE1 at the infarct border zone
in acute MI, followed by its reduction in chronic MI (Figure 5), suggesting SERPINE1
may be transiently induced during the early phase of injury, potentially acting to
maintain blood clots, limit excessive fibrinolysis, prevent uncontrolled matrix
degradation and promote scar stabilisation in the injury area (Morange et al., 2007,
Silen and Declerck, 2021, Yaron et al., 2021). The control of SERPINE1
expression/activity is critical to repair outcomes and must be temporally regulated. As
deficient or elevated levels of SERPINE1 could result in healing anomalies including
excessive bleeding, thrombosis, fibrosis and impaired wound resolution (Simone et al.,
2014).

The findings from the zebrafish dataset (Ma et al., 2021) closely mirrored my results
obtained from CrescENDO and the Kuppe human acute MI sc(n)RNA-seq datasets,
which provided additional evidence for the evolutionary conservation of my target
genes. In regenerating zebrafish hearts, anxa2a (the ANXA2 paralogue) was strongly
induced in ECs at 2 dpi and peaked at 14 dpi (Figure 7), suggesting it may be a late
response gene that became upregulated during the window of peak vascular sprouting
and maturation (Ross Stewart et al., 2021). By contrast, anxa2b remained minimally
expressed across all time points, indicating anxa2a as the main paralogue engaged in
vascular repair during zebrafish heart regeneration (Figure 7).

Similarly, serpine1 expression was markedly upregulated at 2 dpi and peaked at 7 dpi,
presenting itself as an early injury-response gene (Figure 7). This aligns with previous
zebrafish studies showing serpine1 was absent in the uninjured adult heart but
strongly upregulated in the wound endocardium shortly after injury, with expression
declining at later stages (Munch et al., 2017). Functionally, SERPINE1 has been
reported to stabilise ECM during the early regenerative phase and serve as a critical
regulator for organising coronary growth (Sun et al., 2023). The temporal enrichment
of anxa2a and serpine1 in ECs during the peak regenerative phase in zebrafish
reinforce their relevance as candidate genes for promoting vascular regeneration.

A key strength of this work includes the multi-omics approach combining sc(n)RNA-
seq and spatial transcriptomics across human, mouse, and zebrafish datasets. This
approach enabled high-resolution mapping of candidate gene expression, spatial
localisation within the heart, and evolutionary validation of conserved injury responses.
Such cross-validation strengthens confidence that ANXA2 and SERPINE1 are
biologically relevant endothelial regulators rather than dataset-specific artefacts.

Page | 93



However, several limitations should be acknowledged. The zebrafish dataset included
only seven samples, with two biological replicates per time point and a single heart at
14 dpi, which may reduce statistical power and limit generalisability. Additionally, the
discrete time points examined in zebrafish (2, 7, and 14 dpi) and mouse (1, 3, 7 and
28 days post-MlI) provide only snapshots of gene expression and cellular activity. This
may miss transient or short-lived injury-response genes, potentially underestimating
their contribution to repair or endothelial modulation. Higher temporal resolution,
combined with live imaging or single-cell transcriptomics at shorter intervals, would
better capture the kinetics of injury-induced gene expression.

While sc(n)RNA-seq and spatial transcriptomics reveal transcript-level changes, they
do not directly confirm protein expression, localisation, or functional relevance. Post-
transcriptional regulation, translation efficiency, and post-translational modifications
may influence ANXA2, SERPINE1, and other candidate genes. Complementary
proteomics, immunostaining, and functional assays are therefore necessary to
validate whether transcript changes translate into biological effects.

Finally, although transcriptomic correlations strongly implicate ANXA2 and SERPINE 1
in endothelial injury responses, causality has not been established. Future studies
using CRISPR/Cas9-mediated anxa2a/b knockout or pharmacological inhibition of
SERPINE1 will be required to define their functional roles in neovascularisation and
cardiac regeneration in zebrafish and mammalian models. Mechanistic studies
examining downstream signalling pathways, ECM interactions, and crosstalk with
infammatory and fibroblast populations, as well as combinatorial interventions
targeting both ANXA2 and SERPINE1, may help optimise the balance between
angiogenesis, proteolytic activity, and scar stabilisation.

Taken together, my findings suggest that ANXA2 and SERPINE1 may form a
regulatory axis that coordinates fibrinolysis, ECM turnover, fibrin clearance, and
angiogenesis after Ml. ANXA2 promotes a proteolytic, pro-angiogenic environment,
while SERPINE1 acts as a counter-regulator to prevent excessive matrix degradation
and ensure scar stability. Tight temporal and spatial control of this axis is likely
essential for coordinating the extent and duration of neovascularisation and ensuring
balanced tissue repair after MI. Disruption of this balance may impair vascular
regeneration or lead to pathological fibrosis, highlighting both ANXA2 and SERPINE1
as promising therapeutic targets for improving cardiac regeneration while minimising
adverse fibrosis.

My informatic transcriptomic analyses identified ANXA2 as a developmentally
expressed gene that is reactivated in the adult heart after injury, suggesting it may play
a pivotal role in establishing an angiogenic, regenerative environment for the adult
injured mammalian heart. Based on the findings reported in this chapter, ANXA2 was
therefore prioritised for site-directed mutagenesis and functional analysis in zebrafish
to investigate its role in angiogenesis and cardiac regeneration.
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Chapter 4: Results — Reduced regenerative
capacity of anxa2a/b zebrafish crispants after
cardiac laser injury

4.1 Introduction

The Zebrafish (Danio rerio) was first introduced as a genetic model organism in the
1980s (Streisinger et al., 1981), and has since become a powerful and versatile model
system used to study cardiac development, disease, and drug discovery. Zebrafish
has several unique advantageous features over other mammalian models, including
strong genetic and physiological conservation with humans (~70% of human genes
have at least one zebrafish orthologue, compared to ~80% shared with mice), high
reproductive output, external fertilisation, optical transparency during early
development, and ease of genetic manipulation. These characteristics make zebrafish
an efficient model for forward and reverse large-scale genetic studies,
pharmacological and toxicological screening, and mechanistic investigation of
cardiovascular function (Angom and Nakka, 2024, Gonzalez-Rosa, 2022).

While mice remain the standard mammalian model for cardiovascular research, they
have several limitations in their applications. Their basal heart rate and
electrophysiological characteristics differ from those of humans, and in vivo studies
often require invasive imaging or experimental procedures that need animal sacrifice.
In addition, generating and maintaining transgenic mouse lines is both time consuming
and expensive. Zebrafish, by contrast, offer a cost-effective, high-throughput, and non-
invasive alternative for assessing cardiac development and function in vivo (Angom
and Nakka, 2024).

Structurally, the zebrafish heart shares key components with vertebrate: two chambers
(an atrium and a ventricle) operating within a single circulatory loop, with a vascular
network of arteries, veins and capillaries, and a lymphatic system. The zebrafish heart
is the first organ to develop during embryogenesis. By 24 hours post-fertilisation (hpf),
a linear cardiac tube, composed of an inner endocardial and an outer myocardial layer,
already shows cardiac contractions (Gonzalez-Rosa, 2022). The main cell types of
this early heart tube are atrial and ventricular cardiomyocytes, and endocardial cells
(Gonzalez-Rosa, 2022). The endocardial cells are a specific type of ECs, and the
endocardial cells lining the early heart tube bud from the same kdrl*/fli1* endothelial
progenitor cells that give rise to other ECs (Brown et al., 2016, Lawson and Weinstein,
2002, Capon et al., 2022, Gurung et al., 2024).

And by 3-5 days post fertilisation (dpf), the zebrafish heart becomes fully developed,
with an inflow tract, atrium, trabeculated ventricle, valves, an outflow tract ending in
the bulbus arteriosus, and epicardial covering has formed (Kemmler et al., 2021,
Brown et al., 2016). The coronary vessels form several weeks after fertilisation,
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originating from endocardial cells at the atrioventricular canal that sprout and grow
over the ventricular surface (Harrison et al., 2015). And the cardiac lymphatic vessels
develop subsequently during the juvenile and early adulthood stages, using pre-
existing coronary arteries as a scaffold to guide their expansion down the ventricle
(Harrison et al., 2019, Gancz et al., 2019).

Zebrafish have exceptional cardiac regenerative capacity. Even following surgical
removal of up to 20% of the ventricle, zebrafish can achieve complete structural and
functional regeneration within 30-60 days post-injury (Poss et al., 2002, Ross Stewart
et al., 2021). This regenerative response involves a coordinated interplay between
cardiomyocyte proliferation, neovascularisation, and extracellular matrix remodelling,
rather than forming permanent scar tissue like mammals. Therefore zebrafish is a
valuable model to uncover molecular and cellular mechanisms that could be
harnessed to therapeutically improve cardiac repair in humans post-MI (Asnani and
Peterson, 2014). Importantly, zebrafish embryos can survive without a functional
circulatory system for up to seven days through passive oxygen diffusion. This feature
makes zebrafish embryos an ideal model to study severe cardiovascular defects/injury
that would otherwise be lethal in other organisms (Bakkers, 2011, Gonzalez-Rosa,
2022).

Various methods of zebrafish cardiac injury have been developed, including
ventricular resection, cryoinjury, genetic ablation, hypoxia/reoxygenation, explant
culture, and laser injury (Ross Stewart et al., 2021). Among these, laser ablation in 3-
5 dpf zebrafish larvae (after hatching but before reaching the free-feeding stage) has
unique advantages over other cardiac injury system. Regeneration in zebrafish
embryos can be completed within 2 days post-injury (Matrone et al., 2013, Matrone et
al., 2014, Kaveh et al., 2020). Also, laser ablation is a technically precise method to
induce controlled cardiac damage, as well as avoiding additional ethical and regulatory
burdens under UK Home Office guidelines. When combined with advanced live in vivo
imaging approaches such as selective plane illumination microscopy (SPIM) (Taylor
et al., 2019a), this system enables quantitative tracking of cardiac morphogenesis,
cardiac cell dynamics, and reparative in real time (Angom and Nakka, 2024, Bowley
et al., 2022).

Before the discovery of the CRISPR-Cas9 system, genome editing in zebrafish mostly
relied on Zinc Finger Nucleases (ZFNs) and Transcription Activator-Like Effector
Nucleases (TALENs) (Doyon et al., 2008, Huang et al., 2011). While effective, both
ZFN and TALEN have several limitations. First, they are more complex, costly, and
labour-intensive to design and assemble. Second, they have lower targeting efficiency
and are unsuitable for multiplexing (simultaneous targeting of multiple genes at once),
with higher risk of off-target cleavage, which may lead to undesirable mutations. In
contrast, CRISPR/Cas9 offers a simpler, faster, and more precise system for
facilitating targeted mutations, allowing high-throughput screens, multiplexed gene
mutagenesis, and modelling of human disease mutations (Mushtaq et al., 2018, Li et
al., 2016).
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In this chapter, | investigated the role of ANXAZ2 in zebrafish embryonic development
and cardiac regeneration following laser injury. As previously discussed in chapter 3,
ANXAZ2 was selected as a lead candidate based on its developmental gene expression
and reactivation in the injured/diseased coronary vasculature across zebrafish, mice,
and humans. This expression pattern suggests a possible conserved role in
endothelial remodelling and repair. Based on the established roles of ANXAZ in
fibrinolysis, cytoskeleton organisation, cell migration and adhesion, and wound healing
(Dallacasagrande and Haijjar, 2020, Hajjar, 2015), | hypothesised that the loss of
anxaZa/b paralogues (representing the human homologue of ANXAZ2) would
compromise normal embryonic and cardiovascular development, and impair cardiac
regenerative capacity in zebrafish embryos.

To test this hypothesis, the zebrafish paralogues anxa2a and anxa2b were targeted
using CRISPR/Cas9-mediated genome editing to generate FO crispants in the double-
transgenic line Tg(fli1:eGFP)Y"'s | Tg(myl7:DsRed2-NLS)?), which enables
simultaneous visualisation of endothelial and myocardial structures. Crispants were
generated by microinjecting pre-assembled AR CRISPR dgRNA-Cas9
ribonucleoprotein  (dgRNP) complexes at the one cell stage. Although allelic
mosaicism can occur due to asymmetric editing of zygotic alleles, the use of crispants
allow rapid and efficient assessment of gene function in a single generation of
zebrafish (Daniel et al., 2023, Delbaere et al., 2020). This approach is ideal for
preliminary functional validation, testing proof-of-concept for knockout models, and
large-scale genetic analyses before committing to the generation of permanent mutant
lines (Keeley et al., 2025, Debaenst et al., 2025).

| first aimed to examine and quantify the embryonic morphological defects and specific
cardiovascular abnormalities in anxa2a/b crispants. In subsequent experiments, |
combined crispant model with high-resolution SPIM imaging and laser-induced
cardiac injury at 3 dpf to assess how the loss of anxa2a/b affects cardiac repair,
endothelial and cardiomyocyte repopulation, and ventricular restoration. Finally, to
understand the potential molecular mechanisms underlying the observed phenotypes
in anxaZ2a/b crispants, | aimed to analyse transcriptional profiles of key genes involved
in fibrinolysis, angiogenesis, and regeneration under both uninjured and injured
conditions. By integrating CRISPR/Cas9-mediated gene disruption with live in vivo
imaging and transcriptional profiling, this study provides functional and molecular
insights into how anxaZ2a/b contributes to cardiac development and repair, and how its
loss may disrupt angiogenic and regenerative processes in the larval zebrafish heart.
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4.2 CRISPR/Cas9-mediated genome editing of anxa2a/b in
zebrafish

CRISPR-Cas9-mediated knockdown of the zebrafish paralogues anxa2a and anxa2b
— homologues of human ANXA2 — was achieved using a pair of dgRNAs per
paralogous gene. One-cell stage Tg(fli1:eGFP)Y"9 | Tg(myl7:DsRed2-NLS)%?) embryos
were microinjected with AltR CRISPR dgRNA-Cas9 ribonucleoprotein (dgRNP)
complexes. Uninjected and cas9-only embryos served as controls.

Genomic DNA was isolated from zebrafish larvae, and mutagenesis was confirmed by
T7 Endonuclease | (T7E1) assay. Primers spanning different exons of anxa2a and
anxa2b were used to amplify target regions, and CRISPR—-Cas9-induced mutations
were detected by T7E1-mediated cleavage of mismatched heteroduplexes,
generating band fragments. Clear changes in banding pattern were observed in
anxaZ2a/b knockdown samples compared with uninjected controls (Figure 8).

At 3 dpf, brightfield imaging was used to assess developmental morphology across
anxaZ2ab crispants, uninjected controls, and Cas9-only controls. Both control groups
developed normally without visible abnormalities. In contrast, anxa2a/b crispants
displayed a range of developmental defects and were categorised as mild, moderate,
or severe. Table 16 describes the criteria used to classify distinct phenotypes of
crispants. Table 17 shows the proportion of larvae in each phenotypic group. Mild
crispants developed mostly normally but exhibited slightly reduced body length and
smaller eye diameter; moderate phenotypes displayed bent or curled tails, pericardial
oedema, and further size reductions; while severe crispants had extensive
malformations, such as failed hatching, loss of craniofacial structures, complete
absence of the tail, and severe body malformations.

To validate gene silencing, mMRNA was extracted from pools of 5 dpf embryos (between
20-30 per group) for RT-qPCR analysis. anxaZ2a/b crispants were analysed both as a
combined group (all phenotypes) and as separate pools based on phenotypic severity
(mild, moderate, severe). Relative quantification values (RQ; 222 were log,-
transformed, normalised to the housekeeping gene (b2m and rply7). Log,
transformation of RQ was used for symmetric comparison, where a Log, fold change
of 1 means a twofold increase, while a log2 fold change of -1 represents a twofold
reduction.

In the combined crispants group, expression of both anxa2a and anxa2b was
significantly reduced compared to uninjected controls (Log, fold change in anxa2a
expression = -0.58 + 0.23 versus 8.66e'2 + 0.10, P < 0.0001; Log, fold change in
anxa2b expression = -0.96 + 0.56 versus -1.77e'%+ 0.17, P < 0.0001, ordinary one-
way ANOVA with multiple comparisons). Cas9-only controls showed no change in
expression for both genes compared to uninjected controls (Log, fold change in
anxaZ2a expression = 0.03 + 0.35 versus 8.66e'2 + 0.10, P > 0.9999; Log, fold change
in anxa2b expression = -0.06 + 0.21 versus -1.77e%+ 0.17, P = 0.9994; ordinary one-
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way ANOVA with multiple comparisons). Both control groups developed normally
without visible abnormalities (Figure 8).

Phenotype-specific analysis confirmed consistent gene suppression across all
severity groups. Mild crispants exhibited reduced anxa2a/b expressions compared to
uninjected control (Log, fold change in anxa2a expression =-0.99 + 0.30 versus 8.66e
2+ 0.10, P < 0.0001; Log, fold change in anxa2b expression = -0.64 + 0.38 versus -
1.77e"2+ 0.17, P = 0.0201, ordinary one-way ANOVA with multiple comparisons).
Moderate crispants showed decreased anxaZ2a/b expressions compared to uninjected
control (Log, fold change in anxa2a expression = -0.73 + 0.05 versus 8.66e'? + 0.10,
P = 0.0004; Log, fold change in anxa2b expression = -1.60 + 0.16 versus -1.77e"+
0.17, P < 0.0001, ordinary one-way ANOVA with multiple comparisons). Severe
crispants similarly displayed lower anxaZ2a/b expressions compared to uninjected
control (Log, fold change in anxa2a expression = -1.03 + 0.46 versus 8.66e'? + 0.10,
P < 0.0001; Log, fold change in anxa2b expression = -1.22 + 0.20 versus -1.77e "%+
0.17, P = 0.001, ordinary one-way ANOVA with multiple comparisons) (Figure 8).
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Table 16. Classification criteria for analysis of the gross developmental
phenotype in anxa2a/b zebrafish crispants.

Category Normal

Normal
development
with no
abnormality

Mild Moderate

Slightly shorter Short body length
body length

Curved body/tail

Slightly small
eyes
Small eyes
Noninflated
swim bladder (at ynderdeveloped
5dpf) head
Pericardial
oedema

Small/noninflated
swim bladder (at

odpf)

Severe

Unhatched/chorion

Shorter body length

Curved body/tail

Smaller/lack of eyes

Underdeveloped head

Larger pericardial
oedema

Yolk sack oedema (at
5dpf)

Smaller/noninflated
swim bladder (at 5dpf)
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Table 17. The proportion of zebrafish larvae in each phenotypic category
(normal, mild, moderate, severe, and dead) at 3 and 5 days post-fertilisation

(dpf).

% normal % mild % moderate 9% severe % dead

3 dpf Uninjected 95.49 / 4.51 / /
control
(n=339) (n=16)
Cas9-only  90.00 / 5.83 417
controls
(n=108) (n=7) (n=5)
anxa2a/b / 51.44 26.98 19.78 1.8
crispants
(n=143) (n=75) (n=55) (n=95)
5 dpf Uninjected 95.49 / 4.51 / /
control
(n=339) (n=16)
Cas9-only  90.00 / 5.83 417
controls
(n=108) (n=7) (n=5)
anxaZ2a/b / 45.32 23.74 21.22 9.71
crispants
(n=126) (n=66) (n=59) (n=27)
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Figure 8. Generation of anxa2a/b knockdown in zebrafish using Alt-R CRISPR-
Cas9 method. (A) Electrophoresis gel showing PCR amplification product (top panel),
and digested T7E1 products (bottom panel) from individual larvae — showing
successful mutation (indicated by band fragments) of anxa2a and anxa2b. (B)
Validation of anxa2a and anxa2b knockdown at the mRNA level via qPCR. Log2(fold
change) relative to uninjected siblings. Scatter plots show mean with standard
deviation, points = 20-30 pooled larva. Cas9 only controls showed no difference
compared to uninjected controls. anxa2a/b crispants (all) included all phenotype
groups and showed a significant downregulation at the mRNA level compared to
uninjected siblings. anxa2a/b crispants with mild, moderate, severe phenotype all
showed reduced anxa2a and anxaZ2b expressions compared to uninjected control.
Only selected comparisons are shown on the graph for clarity; a full list of p-values is
provided in Table 18 and Table 19.
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Table 18. Summary of one-way ANOVA with multiple comparisons for anxa2a
qPCR validation data (related to Figure 8).

anxala

One-way ANOVA with multiple
comparisons test

95.00%

Cl of

diff.

Significant?

Adjusted
P Value

Uninjected siblings vs. Cas9 -0.3786 >0.9999
siblings 0.02546 | to

0.3277
Uninjected siblings vs. anxa2a/b | 0.5791 | 0.2766 | **** <0.0001
crispants (all) to

0.8815
Uninjected siblings vs. anxa2a/b 0.9916 | 0.6157 i <0.0001
crispants (mild) to 1.368
Uninjected siblings vs. anxa2a/b | 0.7257 | 0.2698 el 0.0004
crispants (moderate) to 1.182
Uninjected siblings vs. anxa2a/b | 1.028 0.4884 | **** <0.0001
crispants (severe) to 1.567
Cas9 siblings vs. anxa2a/b crispants | 0.6046 | 0.2398 el 0.0003
(all) to

0.9693
Cas9 siblings vs. anxa2a/b crispants | 1.017 0.5894 il <0.0001
(mild) to 1.445
Cas9 siblings vs. anxa2a/b crispants | 0.7512 | 0.2517 el 0.0009
(moderate) to 1.251
Cas9 siblings vs. anxa2a/b crispants | 1.053 0.4766 il <0.0001
(severe) to 1.630
anxa2a/b crispants (all) vs. anxa2a/b | 0.4126 | 0.02567 |* 0.0312
crispants (mild) to

0.7994
anxa2a/b crispants (all) vs. anxa2a/b A 0.1466 | -0.3183 |ns 0.9285
crispants (moderate) to

0.6116
anxa2a/b crispants (all) vs. anxa2a/b | 0.4488 | - ns 0.1589
crispants (severe) 0.09833
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to

0.9960
anxa2a/b crispants (mild) vs. -0.2659 -0.7818 |ns 0.6286
anxa2a/b crispants (moderate) to

0.2499
anxa2a/b crispants (mild) vs. | 0.03626  -0.5547 |ns >0.9999
anxa2a/b crispants (severe) to

0.6272
anxa2a/b crispants (moderate) vs. 0.3022 | -0.3426 |ns 0.7152
anxa2a/b crispants (severe) to

0.9470

Table 19. Summary of one-way ANOVA with multiple comparisons for anxa2b
qPCR validation data (related to Figure 8).

anxa2b

One-way ANOVA with multiple
comparisons test

95.00%
Cl of
diff.

Significant?

Adjusted
P Value

uninjected siblings vs. Cas9 siblings 0.05877 -0.4753 ns 0.9994
to
0.5929
uninjected siblings vs. anxa2a/b 0.9622 | 0.5049 | **** <0.0001
CRISPants (all) to 1.420
uninjected siblings vs. anxa2a/b 0.6398  0.07126 * 0.0201
crispants (mild) to 1.208
uninjected siblings vs. anxa2a/b 1.604 0.9146 | **** <0.0001
crispants (moderate) t0 2.294
uninjected siblings vs. anxa2a/b 1.217 0.4016 | ** 0.001
crispants (severe) t0 2.033
Cas9 siblings vs. anxa2a/b crispants  0.9035 | 0.3519 | *** 0.0003
(all) to 1.455
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Cas9 siblings vs. anxa2a/b crispants 0.5811

(mild)

Cas9 siblings vs. anxa2a/b crispants | 1.545

(moderate)

Cas9 siblings vs. anxa2a/b crispants 1.159

(severe)

anxa2a/b CRISPants (all)
anxa2a/b crispants (mild)

anxa2a/b CRISPants (all)
anxa2a/b crispants (moderate)

anxa2a/b CRISPants (all)
anxa2a/b crispants (severe)

anxa2a/b crispants (mild)
anxa2a/b crispants (moderate)

anxa2a/b crispants (mild)
anxa2a/b crispants (severe)

anxa2a/b crispants (moderate) vs.

anxa2a/b crispants (severe)

VS.

VS.

VS.

VS.

VS.

-0.3224

0.6419

0.2552

0.9643

0.5776

-0.3867

0.06574
to 1.228

0.7900
to 2.301

0.2865
to 2.031

-0.9075
to
0.2627

0.06132
to 1.345

-0.5722
to 1.083

0.1842
to 1.744

-0.3161
to 1.471

-1.362
to
0.5885

ns

*kkk

**

ns

ns

ns

ns

ns

0.0986

<0.0001

0.0041

0.561

0.0899

0.9345

0.0085

0.3878

0.833
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4.3 anxa2a/b knockdown impaired embryonic and
cardiovascular development

Quantitative analysis at 3 dpf confirmed these observations. Compared with uninjected
control, mild crispants showed significantly shorter body length (body length (mm) =
9.67 + 1.08 versus 10.70 £ 0.41, P < 0.0001, ordinary one-way ANOVA with multiple
comparisons) and smaller eyes (eye diameter (mm)=0.75+ 0.18 versus 0.93 + 0.04,
P < 0.0001, ordinary one-way ANOVA with multiple comparisons) (Figure 9). Moderate
crispants displayed further reductions in body length (body length (mm)=7.73 £ 1.78
versus 10.70 £ 0.41, P < 0.0001) and eye size (eye diameter (mm) = 0.58 + 0.16
versus 0.93 = 0.04, P<0.0001). While severe crispants exhibited most marked
reductions for both (body length (mm) = 5.96 + 1.24 versus 10.70 £ 0.41, P < 0.0001;
eye diameter (mm) = 0.54 £ 0.25 versus 0.93 £ 0.04, P < 0.0001; ordinary one-way
ANOVA with multiple comparisons).

No significant differences were observed between uninjected and Cas9-only controls
for both body length and eye diameter. Compared with Cas9-only control, mild
crispants showed no significant difference in body length, but had significantly smaller
eyes (eye diameter (mm)=0.75 £ 0.18 versus 0.91 + 0.04, P < 0.0001, ordinary one-
way ANOVA with multiple comparisons). Moderate crispants were significantly shorter
(body length (mm) = 7.73 £ 1.78 versus 10.34 + 0.20, P < 0.0001) with smaller eyes
(eye diameter (mm) = 0.58 + 0.16 versus 0.91 + 0.04, P<0.0001), compared to Cas9-
only control. Similarly, severe crispants showed the most pronounced differences for
both parameters compared to Cas9-only control (body length (mm) = 5.96 + 1.24
versus 10.34 £ 0.20, P <0.0001; eye diameter (mm) = 0.54 £ 0.25 versus 0.91 + 0.04,
P < 0.0001) (Table 20, Table 21).

By 5 dpf, additional developmental defects became evident. Mild crispants displayed
uninflated swim bladders, in contrast to the fully inflated swim bladders observed in
both control groups. Moderate and severe crispants developed worsening yolk sac
and pericardial oedema, with no improvement in craniofacial or posterior structures
(Figure 9). These findings indicate that anxa2a/b is required for normal zebrafish
embryonic development.

Vascular development was assessed at 3 dpf using fluorescent stereomicroscopy.
Controls displayed normal, well-organised vasculature, while mild crispants showed
disorganised vessel patterning, thinning or loss of intersegmental vessels (ISVs), and
reduced formation of parachordal vessels (PAVs) — developing lymphangioblasts — in
the trunk. Quantification revealed significantly fewer complete ISVs (number of
complete ISVs = 23.31 + 3.05 versus 27.83 + 1.36 versus 26.96 + 1.54, P < 0.0001)
and PAVs (number of parachordal vessels = 7.60 + 4.40 versus 15.26 + 7.25 versus
15.64 £ 4.91, P < 0.0001, ordinary one-way ANOVA with multiple comparisons) in mild
crispants compared with uninjected and Cas9-only controls (Figure 10). Moderate and
severe crispants exhibited more extensive vascular disruption; however, quantification
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in these groups was limited by pronounced spinal curvature and severe body
malformations.

In addition to vascular defects, mild anxa2a/b crispants exhibited impairments in
cardiovascular development by 5 dpf. This was assessed in double transgenic
To(fli1:eGFP)YY"S | Tg(myl7:DsRed2-NLS)? larvae, where endothelial and endocardial
cells were labelled with green fluorescence and cardiomyocyte nuclei with red
fluorescence, enabling simultaneous visualisation of vascular and myocardial
structures.

Zebrafish larvae were imaged via SPIM at 3 dpf, 4 and 5 dpf. SPIM z-stacks of the
ventricles were reconstructed in Imaris to generate 3D surface renderings for
quantitative analysis of cardiac development. This allowed precise measurement of
diastolic  ventricular volume and semi-automated counting of GFP*
endothelial/endocardial cells and DsRed* cardiomyocytes. By 5 dpf, mild crispants
exhibited a decline in cardiac endothelial cell number (GFP* endothelial cell counts =
86.81 + 13.13 versus 99.00 £ 12.66, P = 0.049, two-way ANOVA with multiple
comparisons) and diastolic ventricular volume (diastolic endocardial volume of
ventricle (um?®) = 8.60e° + 2.00e® versus 1.17e’ + 3.38e°, P = 0.0006) compared with
uninjected siblings (Figure 11). Cardiomyocyte counts did not show a statistically
significant change at this stage.
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Figure 9. anxa2a/b crispants showed impaired embryonic development at 3 and
5 days post-fertilisation (dpf). (A) Brightfield images showing the developmental
growth of anxa2a/b crispants compared to uninjected and Cas9 only controls at 3 and
5 dpf. There was no phenotypic difference between the two control groups. At 3 dpf,
crispants were grouped into 3 categories based on the severity of the developmental
defect: mild (mostly normal), moderate (bent/curved tail, small eyes, small head,
pericardial oedema), and severe (unhatched, full body malformation, missing tail,
small eyes, and pericardial oedema) — indicated by blue arrows. At 5 dpf, crispants
with mild phenotype had malformation in the swim bladder (uninflated), moderate and
severe phenotypes exhibited yolk sac and pericardial oedema, bent/missing tail, small
eyes, and head — indicated by orange arrows. Severe CRISPants were nonviable
beyond 5 dpf. (B) Body length and eye diameter were quantified at 3dpf. Each
datapoint represents individual larval zebrafish (n = 20-69); experimental repeat = 4.
anxaZ2a/b crispants had smaller eyes and shorter body length compared to uninjected
siblings. Cas9 only control showed no difference compared to uninjected control. Only
selected comparisons are shown on the graph for clarity. Only selected comparisons
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are shown on the graph for clarity; a full list of p-values is provided in Table 20 and
Table 21Error! Reference source not found..

Table 20. Summary of one-way ANOVA with multiple comparisons for body
length quantitative data (related to Figure 9).

Body length (mm) 95.00%  Significant? Adjusted

Cl of diff. P Value

One-way ANOVA with multiple
comparisons test

uninjected siblings vs. Cas9 control -0.4023 0.6855
to 1.132
uninjected siblings vs. anxa2a/b | 1.031 |0.4344 | **** <0.0001
crispants (mild) to 1.628
uninjected siblings vs. anxa2a/b 2971 2314 to **** <0.0001
crispants (moderate) 3.628
uninjected siblings vs. anxa2a/b|4.745 |3.907 to | **** <0.0001
crispants (severe) 5.5682
Cas9 control vs. anxa2a/b crispants 0.6662 | - ns 0.0822
(mild) 0.05057
to 1.383
Cas9 control vs. anxa2a/b crispants | 2.606 | 1.839 to | **** <0.0001
(moderate) 3.373
Cas9 control vs. anxa2a/b crispants 4.379 | 3.453 to | **** <0.0001
(severe) 5.306
anxa2a/b crispants (mild) vs. anxa2a/b | 1.94 1.343 to | **** <0.0001
crispants (moderate) 2.537
anxa2a/b crispants (mild) vs. anxa2a/b  3.713 | 2.922 to | **** <0.0001
crispants (severe) 4.504
anxa2a/b crispants (moderate) vs. | 1.774 | 0.9365 |**** <0.0001
anxa2a/b crispants (severe) to 2.611
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Table 21. Summary of one-way ANOVA with multiple comparisons for eye
diameter quantitative data (related to Figure 9).

Eye diameter (mm) 95.00%  Significant? Adjusted
Cl of diff. P Value

One-way ANOVA with multiple
comparisons test

uninjected siblings vs. Cas9 control 0.02433 -0.08110 ns 0.9692
to 0.1298

uninjected siblings vs. anxa2a/b | 0.188 0.1084 to @ **** <0.0001

crispants (mild) 0.2675

uninjected siblings vs. anxa2a/b 0.3532 @ 0.2629 to **** <0.0001

crispants (moderate) 0.4434

uninjected siblings vs. anxa2a/b  0.3981 | 0.2831 to  **** <0.0001

CRISPants (severe) 0.5131

Cas9 control vs. anxa2a/b crispants 0.1636  0.06715 | **** <0.0001

(mild) to 0.2601

Cas9 control vs. anxa2a/b crispants  0.3288 | 0.2234 to  **** <0.0001
(moderate) 0.4343

Cas9 control vs. anxa2a/b crispants 0.3738 | 0.2465 to **** <0.0001

(severe) 0.5011

anxa2a/b crispants (mild) vs. | 0.1652 @ 0.08563 | **** <0.0001

anxa2a/b crispants (moderate) to 0.2448

anxa2a/b crispants (mild) vs. 0.2102 0.1033 to **** <0.0001

anxa2a/b crispants (severe) 0.3170

anxa2a/b crispants (moderate) vs. 0.04497 -0.07005 @ ns 0.8188

anxa2a/b crispants (severe) to 0.1600
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Figure 10. anxa2a/b crispants showed impaired trunk vascular development at
3 days post-fertilisation (dpf). (A) Representative fluorescent images of
Tg(fli1:eGFP)Y"9 / Tg(myl7:DsRed2-NLS)”? zebrafish from uninjected control, Cas9
only control and anxaZ2a/b crispants. Uninjected and Cas9 control showed no vascular
abnormality in the trunk. anxaZ2a/b crispants were categorised into 3 groups based on
severity of malformation. anxa2a/b knockdown appeared to impair angiogenesis. Blue
arrow indicates defective caudal vein. Orange arrows show disorganised vessel
growth with missing/thinning vessels. (B) Vascular development of crispants with a
mild phenotype was quantified compared to uninjected and Cas9-only controls.
Vascular development was quantified by counting the total number of complete
intersegmental vessels (ISVs; segmental blood vessels along the trunk) and
parachordal vessels (PAVs; ventral vessels contributing to developing
lymphangioblasts). Mild crispants showed reduced numbers of both ISVs and PAVSs.
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Figure 11. anxa2a/b crispants showed impaired cardiovascular development at
5 days post-fertilisation (at 48 hours timepoint). (A) Representative fluorescent
images of Tg(fli1:eGFP)Y"9 / Tg(myl7:DsRed2-NLS)”? zebrafish from uninjured
uninjected control and anxaZ2a/b crispants with mild phenotype. Zebrafish larvae were
firstimaged when they reached 3 days post-fertilisation (0 hour), then at 24 hours and
48 hours. Green fluorescence = endothelial and endocardial cells. Red fluorescence
= cardiomyocytes. (B) SPIM-acquired z-stacks of zebrafish ventricles were 3D
surface-rendered via Imaris software to allow quantification of endothelial cell counts,
cardiomyocytes counts and ventricular volume. Each datapoint represents individual
larval zebrafish (n = 13-16); experimental repeat = 3. At 48 hours, anxaZ2a/b crispants
(mild) showed reduced cardiac endothelial cell numbers and smaller diastolic
ventricular volume compared to uninjected controls, indicating impaired
cardiovascular development.

4.4 A larval zebrafish cardiac laser injury and regeneration
model

The PALM laser system was used to induce a localised injury at the ventricular apex
of anesthetised 3 dpf wild type (WT) larvae (equivalent to uninjected siblings without
CRISPR-Cas9-induced mutagenesis). Live cardiac imaging was performed using
SPIM to assess structural and functional changes before and after injury. Laser-injured
hearts demonstrated decreased ventricular contractility, whereas uninjured controls
showed no significant changes in heart rate at any time point.

Quantitative analysis revealed that heart rate decreased significantly at 2 hours post-
injury (hpi) compared with baseline (0 hpi) (heart rate in bpm = 159.41 + 48.40 versus
200.74 £66.15, P = 0.0003, two-way repeated measures ANOVA with Tukey’s multiple
comparisons). Heart rate then increased significantly at 24 hpi relative to 2 hpi (heart
rate in bpm = 199.05 + 70.08 versus. 159.41 + 48.40, P = 0.0009) and further increased
at 48 hpi compared to 2 hpi (heartrate in bpm =231.38 + 63.78 versus 159.41 £ 48.40,
P < 0.0001) . By 48 hpi, heart rate exceeded baseline (0 hpi) levels (heartrate in bpm
=231.38 £ 63.78 versus 200.74 + 66.15, P = 0.0238). Larvae with a heart rate of 0 (n
= 5) were excluded from the analysis (Figure 12).

SPIM-acquired z-stacks were surface-rendered and quantified using Imaris software
(Bitplane). In healthy uninjured hearts, ECs within the endocardium showed a steady
growth between 3 and 5 dpf, as expected (Samsa et al., 2015, Kemmler et al., 2021,
Lowe et al., 2021). In contrast, laser injury caused a significant depletion in EC
numbers at 2 hpi compared with 0 hpi (GFP* endothelial cell counts = 62.00 + 28.27
versus 107.09 £ 29.46, P < 0.0001, two-way repeated measures ANOVA with Tukey’s
multiple comparisons). By 24 hpi, EC number had recovered to near-baseline levels
(GFP* endothelial cell counts = 106.95 + 49.73 versus 62.00 £ 28.27, P < 0.0001) and
were fully repopulated by 48 hpi (GFP* endothelial cell counts = 108.31 £ 34.18 versus
62.00 £ 28.27, P < 0.0001) (Figure 12).
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Quantification of diastolic endocardial ventricular surface volume revealed consistent
measurements over time in uninjured WT hearts between 3 and 5 dpf. In contrast,
laser-injured hearts exhibited a significant reduction in diastolic ventricular volume at
both 2 and 6 hpi compared with baseline (0 hr) (diastolic endocardial volume of
ventricle (um?3) at 2 hpi = 3.02e® + 2.37e® versus 7.29e° + 5.22e°, P < 0.0001; diastolic
endocardial volume of ventricle (um?3) at 6 hpi =2.79e° + 2.22e°® versus 7.29e° + 5.22¢8,
P = 0.0025; two-way repeated measures ANOVA with Tukey’s multiple comparisons).
Ventricular volume then progressively increased during regeneration, with significant
recovery evident by 24 hpi and further restoration by 48 hpi, compared to 2 hpi
(diastolic endocardial volume of ventricle (um?) at 24 hpi = 5.51e® + 3.12e° versus
3.02e% + 2.37e®, P = 0.0002; diastolic endocardial volume of ventricle (um?3) at 48 hpi
= 6.39e® + 3.63e° versus 3.02e6 + 2.37e6, P < 0.0001; two-way repeated measures
ANOVA with Tukey’s multiple comparisons). By 48 hpi, ventricular volume in injured
hearts approached levels comparable to uninjured controls, indicating structural
recovery of the ventricle following injury (Figure 12).

In summary, we established and optimised a larval zebrafish model of cardiac laser
injury and regeneration. The injury induced a transient impairment in cardiac function
and structure, characterised by reduced heart rate, decreased endothelial cell number,
and reduced ventricular volume. All parameters showed substantial recovery by 48 hpi,
demonstrating robust regenerative capacity in the larval zebrafish heart.
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Figure 12. A larval zebrafish model of cardiac injury and regeneration. (A)
Representative  brightfield and fluorescent images of Tg(fli1:eGFP)Y'9 /
Tg(myl7:DsRed2-NLS)") transgenic zebrafish, showing ventricles before and after
laser injury at 3 days post-fertilisation (dpf). Yellow * indicates the site of laser lesion.
Green fluorescence = endothelial and endocardial cells. Red fluorescence =
cardiomyocytes. (B) Quantification of heart rate in uninjured and injured wild-type (WT)
zebrafish larvae at 0, 2, 24 and 48 hours post-injury (hpi). Laser injury resulted in an
immediate reduction in heart rate in WT zebrafish larvae, compared to uninjured
controls. Heart rate was significantly decreased at 2 hours post-injury (hpi) relative to
baseline (0 hpi), followed by a significant increase at 24 hpi and 48 hpi. Individual
animals with heart rate of 0 (n = 5) were excluded from the analysis. Data represent
individual larvae (n = 34 — 38 per group). Statistical analysis was performed using two-
way repeated measures ANOVA analysis with Tukey’s multiple comparisons. (C,D)
SPIM-acquired z-stacks of zebrafish ventricles at Ohr, 2hr, 6hr, 24hr and 48hr were 3D
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surface-rendered via Imaris software to allow quantification of cell counts and
ventricular volume. Laser injury immediately resulted in a significant reduction in
cardiac endothelial cell counts and ventricular volume at 2hpi compared to uninjured
controls, followed by recovery by 24 — 48 hpi. Data represent individual larvae (n = 16
— 24 per group). Statistical analysis was performed using two-way repeated measures
ANOVA analysis with Tukey’s multiple comparisons.

4.5 anxa2a/b knockdown impaired regeneration following
cardiac laser injury

To determine whether anxa2a/b knockdown impaired cardiac regenerative capacity,
ventricular laser injuries were performed at 3 dpf in Tg(fli1:eGFPy" |/
Tg(myl7:DsRed2-NLS)?) larvae comprising uninjected WT siblings and anxa2a/b
crispants (mild and moderate phenotypes). In this transgenic background, endothelial
and endocardial cells expressed green fluorescence (GFP), while cardiomyocyte
nuclei expressed red fluorescence (mCherry). Longitudinal cardiac imaging at 0, 2, 24,
and 48 hours post-injury (hpi) was conducted using SPIM, with z-stacks surface-
rendered and quantified in Imaris.

Prior to injury (0 hpi), mild crispants already had reduced cardiomyocyte numbers
compared with WT siblings (mCherry* cardiomyocyte count = 60.50 + 19.88 versus
75.25 £ 18.43, P = 0.0416, two-way repeated measures ANOVA with Tukey’s multiple
comparisons, n = 24), with no significant difference in endothelial numbers and
ventricular size compared to controls (GFP* endothelial cell counts = 80.88 + 15.04
versus 90.63 + 11.81, P = 0.0638; diastolic endocardial volume of ventricle (um?3) =
7.56e%+ 1.74e® versus 8.92e% + 3.03e®, P = 0.0958). Moderate crispants showed more
severe baseline defects compared with WT siblings, including disrupted ventricular
architecture, reduced endothelial and cardiomyocyte counts, and decreased diastolic
ventricular volume (n = 24; GFP* endothelial cell counts = 52.67 + 16.84 versus 84.75
+ 12.59; mCherry* cardiomyocyte counts = 29.05 + 14.04 versus 60.3 + 20.39;
diastolic endocardial volume of ventricle (um?3) = 6.57e® + 1.84e® versus 1.02e’ +
3.03e% P < 0.0001, two-way repeated measures ANOVA with Tukey’'s multiple
comparisons) (Figure 13).

At 2 hpi, the injury was evident in all groups, characterised by ventricular contraction
and regional depletion of both ECs and cardiomyocytes. In mild crispants, EC and
cardiomyocyte number and ventricular volume were significantly reduced compared
to baseline (n = 24; GFP* endothelial cell counts = 34.67 + 13.93 versus 80.88 + 15.04;
mCherry* cardiomyocyte counts = 36.29 + 9.07 versus 60.50 + 19.88; diastolic
endocardial volume of ventricle (um3) = 3.21e% + 1.26e° versus 7.56e® + 1.74e®; P <
0.0001, two-way repeated measures ANOVA with Tukey’s multiple comparisons).
Moderate crispants also displayed significant losses of ECs, cardiomyocytes and
ventricular volume at 2 hpi versus 0 hpi (n = 21; GFP+ endothelial cell counts = 27.57
+ 12.07 versus 52.67 £ 16.84; mCherry* cardiomyocyte counts = 19.95 + 9.47 versus
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29.05 + 14.04; diastolic endocardial volume of ventricle (um?®) = 3.69e°® + 1.62e°® versus
6.57e® + 1.84e% P < 0.0001, two-way ANOVA with Tukey’s multiple comparisons)
(Figure 13).

WT siblings showed rapid regeneration, with full repopulation of ECs and
cardiomyocytes and restoration of ventricular morphology by 48 hpi, often exceeding
baseline values. In contrast, full regeneration was not achieved in anxaZ2a/b crispants.
Although mild crispants exhibited significant improvements between 2 and 48 hpi,
regeneration remained delayed and incomplete. At 48 hpi, they still demonstrated
partial endothelial and cardiomyocyte repopulation, reduced ventricular volume, and
localised contraction at the injury site compared with WT siblings (n = 24; GFP*
endothelial cell counts = 61.70 + 21.25 versus 89.00 + 20.11, P = 0.0002; mCherry*
cardiomyocyte count = 56.61 + 17.03 versus 83.25 + 14.06, P < 0.0001; diastolic
endocardial volume of ventricle (um3) = 6.19e® + 2.00e® versus 1.03e’ + 2.62e5, P <
0.0001; two-way ANOVA with Tukey’s multiple comparisons). In moderate crispants,
no regeneration was observed between 2 and 48 hpi, with persistently low endothelial
and cardiomyocyte counts and ventricular volumes, alongside distorted ventricular
morphology and myocardial thinning (n = 21; GFP+ endothelial cell counts = 34.71 £
19.21 versus 76.79 £ 13.01; mCherry+ cardiomyocyte count = 25.29 + 17.01 versus
72.47 + 13.34; diastolic endocardial volume of ventricle (um?3)=4.14e% + 2.49e versus
8.88e® + 2.00e’ P < 0.0001, two-way ANOVA with Tukey’s multiple comparisons)
(Figure 13).
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Figure 13. anxa2a/b knockdown impaired cardiac regeneration within the 48-
hour regenerative window in larval zebrafish. (A) Representative brightfield and
fluorescent images of Tg(fli1:eGFP)Y"9 / Tg(myl7:DsRed2-NLS)™) transgenic zebrafish
ventricles at 0, 2, 24, and 48 hours post-injury (hpi). Endothelial and endocardial cells
express GFP (green), and cardiomyocyte nuclei express DsRed2 (red). (B) At 2 hpi,
laser injury was evident as a region of endothelial cell loss at the ventricular apex
(vellow asterisks). By 48 hpi, anxaZ2a/b crispants with mild and moderate phenotypes
(5 days post-fertilisation) displayed regenerative deficits, including incomplete
endothelial repopulation, cardiomyocyte restoration, and ventricular volume recovery.
Mild crispants exhibited a persistently shrunken ventricular apex adjacent to the injury
site, whereas moderate crispants showed more severe abnormalities, characterised
by distorted ventricular morphology and reduced chamber size. Data represent
individual larvae (n = 20 — 24 per group). Statistical analysis was performed using two-
way repeated measures ANOVA with Tukey’s multiple comparisons. A mixed effects
analysis (type Ill) was performed to examine the effect of sample type (WT siblings
versus. crispants) and time on all parameters. There was a highly significant
interaction between sample type (WT siblings versus. crispants) and timepoint (P <
0.0001). Significant main effects were also observed for sample type (P < 0.0001) and
Timepoint (P < 0.0001).

4.6 Transcriptional alterations in fibrinolytic, angiogenic,
and regeneration-associated genes in anxa2a/b
crispants prior to cardiac injury

To determine whether anxa2a/b knockdown affected the basal transcriptional profile
of genes involved in fibrinolysis, angiogenesis, and cardiac regeneration in the
absence of injury, RT-gPCR was performed on pooled uninjured 5 dpf zebrafish larvae
(20-30 per group). The analysed genes included fibrinolytic genes — s7100a10a/b,
serpinel, tpa/plat, plasminogen (plg); angiogenic genes — tyrosine kinase with
immunoglobulin like and EGF like domains 1 (tie1), vegfab, cxcrda, cxcl12b; and
regeneration-associated genes — notch receptor 1 (notch1a/b), notch2, notchg3,
transforming growth factor beta 1 (tgfb7a), transforming growth factor beta 2 (tgfb2).

Relative quantification values (RQ; 224¢t) were log,-transformed and normalised to
the housekeeping gene beta-2 microglobulin (b2m) and ribosomal protein L7 (rpl7),
then compared across uninjected siblings and anxaZ2a/b crispants exhibiting mild or
moderate phenotypes. The log, transformation enabled symmetric interpretation of
expression changes, where a log, fold change of +1 indicates a twofold increase, and
—1 represents a twofold decrease.

As expected, both mild (Log, fold change in anxa2a expression = -0.84 + 0.45 versus
8.00e'? + 0.09, P < 0.0001; one-way ANOVA with Tukey’s multiple comparisons) and
moderate (Log, fold change in anxa2a expression = -0.85 + 0.28 versus 8.00e™"? +
0.09, P < 0.0001) crispants displayed a marked reduction in anxaZ2a transcript levels.
Similarly, anxa2b expression was significantly suppressed in mild (Log, fold change in
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anxa2b expression = -0.78 + 0.47 versus -1.63e'? + 0.09, P < 0.0001) and moderate
crispants (Log, fold change in anxa2b expression =-0.85 + 0.28 versus 8.00e'2 + 0.09,
P < 0.0001), validating efficient CRISPR/Cas9-mediated gene disruption. Within the
fibrinolytic pathways, expression of s700af10a and s7100a710b (orthologues of
mammalian S700A10) remained unchanged in mild crispants. In contrast, s700a10a
was significantly reduced in moderate crispants (Log, fold change in s700a10a
expression = -0.63 + 0.27 versus 6.17e'? + 0.18, P = 0.0145, one-way ANOVA with
Tukey’s multiple comparisons), while s700a10b expression remained unaffected.
Transcript levels of serpine1 and plat/tpa were unaffected by knockdown. By contrast,
plg expression was significantly reduced in moderate crispants, compared to
uninjected siblings (Log, fold change in plg expression = -0.59 + 0.28 versus 8.46e ™"
1 0.33, P = 0.0416) and mild crispants (Log, fold change in plg expression = -0.59 +
0.28 versus 0.23 + 0.58, P = 0.0062), suggesting partial disruption of plasminogen
availability or plasmin production in crispants with more severe phenotypes (Figure
14).

Genes associated with angiogenic signalling were particularly sensitive to anxaZ2a/b
deficiency. Expression of tie7 was significantly downregulated in moderate crispants,
compared with uninjected siblings (Log, fold change in tie1 expression =-1.05 £ 0.28
versus -2.26e™ + 0.16, P = 0.0013, one-way ANOVA with Tukey's multiple
comparisons). Similarly, vegfab was reduced in moderate crispants, compared to both
uninjected siblings (Log, fold change in vegfab expression = -0.62 + 0.28 versus -
2.37e™ +0.19, P =0.0121) and mild crispants (Log, fold change in vegfab expression
= -0.62 = 0.28 versus 0.20 = 0.48, P = 0.0063). In contrast, cxcr4a and cxcl12b
expression remained unchanged, indicating selective impairment of angiogenic
pathways. Analysis of regeneration-associated genes revealed no significant changes
in notch1a, notch1b, notch2, notch3, tgfb1a or tgfb2 (Figure 14).

Overall, CRISPR/Cas9-mediated anxaZ2a/b deficiency led to consistent suppression of
anxaZab transcripts and downregulation of key angiogenic genes such as tie1 and
vegfab, indicating that loss of anxaZ2a/b impairs endothelial signalling pathways critical
for vessel formation and maintenance, even in the absence of cardiac injury. In parallel,
expression reductions were also observed in co-regulatory and fibrinolytic genes, such
as s100a10a and plg, suggesting secondary effects on the plasminogen activation
system. This may establish a dysregulated pre-injury environment potentially
predisposing to impaired neovascularisation and regenerative responses. The altered
angiogenic signalling also supports a broader role for anxa2a/b in embryonic and
cardiovascular development beyond its known function in fibrinolysis.
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Figure 14. Relative mRNA expression of fibrinolytic, angiogenic, and
regenerative genes in uninjured 5 dpf anxa2a/b crispants. Box plots display log-
transformed relative quantification (RQ, 2"~AACt) of selected genes in uninjected
siblings and anxaZ2a/b crispants with mild or moderate phenotypes, normalised to a
housekeeping genes and expressed relative to uninjected controls. Horizontal bars
represent medians; boxes represent interquartile ranges (IQR); whiskers extend to
minimum and maximum values within 1.5% IQR. Knockdown efficiency was confirmed
by significant reductions in anxa2a and anxa2b. Moderate crispants additionally
showed decreased expression of s100a10a, plg, tie1, and vegfab, while serpinet,
plat/tpa, cxcrda, cxcl12b, tgfb1a/2, and pabpcia/b were unchanged across groups.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple
comparisons.

Page | 122



4.7 Transcriptional alterations in fibrinolytic, angiogenic,
and regeneration-associated genes in anxa2a/b
crispants following cardiac injury

To evaluate whether the loss of anxaZ2a/b alters transcriptional responses to cardiac
injury, RT-gPCR was performed at 48 hpi in uninjected WT siblings and anxaZ2a/b
crispants with mild or moderate phenotypes (Figure 15).

Consistent with pre-injury findings, anxa2a expression was significantly reduced in
both injured mild (Log, fold change in anxa2a expression = -0.70 + 0.26 versus. 4.50e"
" +0.05, P =0.0003) and moderate crispants (Log, fold change in anxa2a expression
= -1.30 + 0.35 versus. 4.50e" + 0.05, P < 0.0001, one-way ANOVA with Tukey’s
multiple comparisons), compared with WT. anxa2b was similarly downregulated in
both injured mild (Log, fold change in anxa2b expression = -0.55 + 0.32 versus. 0.11
1+ 0.31, P = 0.0290) and moderate crispants (Log, fold change in anxa2b expression
= -1.38 £ 0.51 versus. 0.11 £ 0.31, P = 0.0003). Suppression was more pronounced
in injured moderate compared to mild crispants for both anxa2a (Log, fold change in
anxaZ2a expression =-1.30 £ 0.35 versus. -0.70 £ 0.26, P = 0.0058) and anxa2b (Log,
fold change in anxa2b expression = -1.38 £ 0.51 versus. -0.55 + 0.32, P = 0.0230),
confirming progressive transcriptional impairment with increasing phenotype severity.

Within the fibrinolytic pathways, expression of anxa2a/b co-regulators, s700a10a and
s100a10b, were downregulated in moderate crispants following cardiac injury, while
expression of s700a10a/b remained unchanged in mild crispants. s7100a10a was
significantly reduced in moderate crispants, compared with WT (Log, fold change in
s100a10a expression = -1.01 + 0.46 versus. -8.00e™ + 0.23, P = 0.0002) and mild
crispants (Log, fold change in s7100a10a expression =-1.01 £ 0.46 versus. 0.05 + 0.05,
P = 0.0002, one-way ANOVA with Tukey’s multiple comparisons). Unlike pre-injury
expression, s7100a10b was also significantly decreased in 48hpi moderate crispants,
relative to WT (Log,, fold change in s700a10b expression =-0.48 £ 0.22 versus. -3.33e"
" +0.08, P =0.0023) and mild crispants (Log, fold change in s700a10b expression =
-0.48 £ 0.22 versus. -0.15 £ 0.20, P = 0.0370) (Figure 15). These findings indicate
injury-dependent dysregulation of s700a10a/b, with cumulative reductions observed
specifically in moderate crispants.

For analysis of fibrinolytic pathways, serpine1 expression remained unchanged,
whereas plg levels, previously reduced in uninjured moderate crispants, were restored
to control levels post-injury. Interestingly, plat/tpa, which was unaffected pre-injury,
became significantly upregulated following injury in both mild (Log, fold change in plat
expression = 0.26 + 0.06 versus. 0.00 £ 0.00, P = 0.0002, one-way ANOVA with
Tukey’s multiple comparisons) and moderate crispants (Log, fold change in plat
expression = 0.55 + 0.01 versus. 0.00 £ 0.00, P < 0.0001) compared with WT.
Furthermore, plat/tpa expression was higher in the moderate than mild phenotype
(Log, fold change in plat expression = 0.55 £ 0.01 versus. 0.26 + 0.06, P = 0.0002)
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(Figure 15). These results suggest that loss of anxa2a/b disrupts normal regulation of
fibrinolytic pathways in zebrafish larvae after cardiac injury. Importantly, the fibrinolytic
pathways may encompass both fibrinolysis and angiogenesis, since plasmin activation
can promote extracellular matrix modelling and endothelial migration (Liu and Hajjar,
2016a), which are crucial processes for neovascularisation and tissue regeneration.

Analysis of angiogenic gene expression revealed selective perturbations. Unlike the
pre-injury state, tie1 expression was unaltered across groups. However, vegfab
remained significantly reduced in injured moderate crispants, compared with WT (Log,
fold change in vegfab expression = -0.53 £ 0.19 versus. -0.08 £ 0.13, P =0.0147) and
mild crispants (Log, fold change in vegfab expression = -0.53 £ 0.19 versus. 0.13
0.24, P = 0.0015; one-way ANOVA with multiple comparisons). While cxcr4a was
unaffected post-injury, cxcl12b was exclusively downregulated post-injury in moderate
crispants, relative to WT (Log, fold change in cxcl12b expression =-1.29 £ 0.75 versus.
0.00 £ 0.00, P = 0.0063) and mild (Log, fold change in cxcl12b expression = -1.29 +
0.75 versus. 0.32 + 0.17, P = 0.0017) (Figure 15). This pattern suggests impaired
activation/regulation of key angiogenic signalling pathways in the absence of anxaZ2a/b.

Regeneration-associated genes showed further distinct changes following cardiac
injury. notch1a was significantly downregulated in 48hpi moderate crispants,
compared with WT (Log, fold change in notch1a expression = -1.18 + 0.34 versus.
0.06 £ 0.18, P <0.0001) and mild (Log, fold change in notch1a expression = -1.18 +
0.34 versus. 0.00 £ 0.27, P < 0.0001). Notably, notch3 was reduced following injury in
both mild (Log, fold change in notch3 expression = -0.26 + 0.15 versus. 0.03 + 0.10,
P =0.0162) and moderate crispants (Log, fold change in notch3 expression = -0.51
0.24 versus. 0.03 £ 0.10, P = 0.0005). Whereas notch1b, notch2, tgfb1a, and tgfb2
remained unaltered, suggesting targeted disruption of notch-mediated signalling in
anxaZ2a/b crispants post-injury (Figure 15).

These data demonstrate that anxa2a/b deficiency profoundly alters transcriptional
responses to cardiac injury, and the transcriptional profile is different to what was seen
in pre-injury conditions. In addition to persistent suppression of anxaZ2a/b, injury elicited
further dysregulation of anxa2a/b co-regulators (s700a10a/b), fibrinolytic mediators
(plat/tpa), angiogenic drivers (vegfab, cxcl12b), and regenerative effectors (notch1a
and notch3), highlighting the important role of anxa2a/b in coordinating downstream
endothelial and regenerative signalling.
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Figure 15. Relative mRNA expression of fibrinolytic, angiogenic, and
regenerative genes in anxa2a/b crispants following 48 hours post-injury (hpi).
Box plots show log-transformed relative quantification of mRNA expression levels for
selected fibrinolytic, angiogenic, and regeneration-associated genes in three groups:
uninjected siblings, anxa2a/b CRISPants with mild and moderate phenotypes. Data
are normalised to housekeeping genes b2m and rpl7 and expressed as log, fold
change relative to uninjected controls. Horizontal bars represent medians;, boxes
represent interquartile ranges (IQR); whiskers extend to minimum and maximum
values within 1.5% IQR. Statistical analysis was performed using one-way ANOVA with
Tukey’s multiple comparisons.

4.8 Discussion

The use of CRISP/Cas9 to generate first-generation (FO) mosaic mutant zebrafish
(referred as crispants), provides significant advantages over the generation of stable
knockout zebrafish lines. While the establishment of homozygous mutant lines
typically requires at least two generations of breeding (6-9 months), FO crispants can
be generated around 3 months, thereby accelerating functional genetic screening
(Debaenst et al., 2025). Previous studies have validated this approach: for instance,
crispants generated for the osteoporosis gene low-density lipoprotein receptor-related
protein 5 (Irp5) exhibited phenotypes and molecular signatures closely resembling
those of stable germline knockouts while showing higher survival rates (Bek et al.,
2021). Similarly, Watson et al, 2020 also reported strong phenotypic convergence
between FO crispants and homozygous germline mutants, despite crispants inherently
display mosaic phenotypes due to variable editing across individual cells (Watson et
al., 2020). Together, these findings support the utility of FO crispants as reliable models
for human disease biology, and powerful tool for reverse genetic screen of candidate
genes. Additionally, F1 and F2 generations (the offspring of FO crispants carrying
heritable CRISPR-induced mutations) were generated in the laboratory with the aim
of establishing stable anxa2a/b mutant lines (homozygous or heterozygous knockouts)
for future mechanistic and rescue studies. However, this work will be beyond the
timeframe of the current PhD project.

CRISPR/Cas9-mediated knockdown of paralogues anxa2a and anxa2b was
confirmed by T7E1 assays and validated by RT-qPCR, which showed efficient
mutagenesis at the targeted loci and transcript downregulation across crispants of
varying phenotypic severity (Figure 8). Transcript quantification was performed on
pooled larvae, since RNA yields from single larvae were insufficient for downstream
assays. While pooling does not capture the full mosaicism at the single-embryo level,
it improves statistical power and reduces stochastic variability. Crispants were grouped
into mild, moderate, and severe groups, enabling phenotype—genotype associations
to be drawn and revealing the gene dosage effects of anxaZ2a/b.
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A critical component of this experimental framework was the inclusion of uninjected
and Cas9-only controls which served to distinguish true gene-editing effects from
potential artefacts introduced by the microinjection procedure or Cas9 toxicity. Uribe-
Salazar et al (2022) reported that although Cas9 enzyme or mRNA injected without
gRNA did not induce random somatic mutations, the injection process alone altered
the expression of genes associated with stress responses, wound healing, and
cytoskeletal organisation (Uribe-Salazar et al., 2022). In this study, Cas9-only controls
did not show evidence of target gene suppression, confirming the specificity of the
designed dgRNAs while ruled out Cas9 toxicity or off-target effects. Uninjected and
Cas9-only controls also share identical phenotypes, supporting the absence of
procedural artefacts. This validation step was essential to ensure the accuracy and
interpretability of the results.

Knockdown of anxa2a/b consistently produced developmental abnormalities (Figure
9, Figure 10, Figure 11). The severity of phenotypic defects in crispants correlated
with the extent of craniofacial, posterior body, angiogenic, and cardiac abnormalities,
highlighting the essential role of anxa2a/b in coordinating systemic development,
vascular patterning, and cardiac growth. The variability in phenotypes likely reflects
the mosaic nature of CRISPR/Cas9 editing but also provided an opportunity to assess
gene dosage effects (Naert et al., 2020). Mild crispants displayed reduced body length
and eye size, whereas moderate and severe groups developed pericardial and yolk
sac oedema, craniofacial malformations, spinal curvature, and defective tail formation.
The progressive severity of defects suggests a dose-dependent requirement for
ANXA2, where partial loss disrupts organogenesis, and more extensive loss leads to
systemic developmental failure. Vascular analyses revealed clear impairment of
angiogenesis, characterised by thinning or loss of ISVs and reduced PAVs formation
at 3 dpf, indicating defects in both primary angiogenic sprouting and parachordal
lymphangioblasts development (Veloso et al., 2024). Moderate and severe
phenotypes were excluded from vascular quantification due to their pronounced
morphological deformities, which may result in an under-characterisation of the most
extreme angiogenic defects.

A double transgenic Tg(fli1:eGFP)"'9 | Tg(myl7:DsRed2-NLS)? larvae was used in this
study, in which endothelial and endocardial cells express green fluorescence (GFP)
and cardiomyocyte nuclei express red fluorescence (mCherry), allowing simultaneous
visualisation of vascular and myocardial structures. The developing heart consists of
a myocardial tube lined by an inner endothelial layer known as the endocardium
(Bussmann et al., 2007). The endocardial cells are a specialised subset of ECs that
originate from the same kdrl/fli1 *endothelial progenitor population giving rise to other
vascular ECs (Brown et al., 2016, Lawson and Weinstein, 2002, Capon et al., 2022,
Gurung et al., 2024). During early cardiac development, endocardial cells express key
endothelial markers such as FLK1, CD31, VE-cadherin (Gurung et al., 2024, Milgrom-
Hoffman et al., 2011). Hence, the endocardial cells observed in the larval ventricle are
regarded as progenitor ECs in this study.
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High-resolution SPIM imaging of double transgenic larvae further revealed that
uninjured anxaZ2a/b crispants exhibited significantly reduced ventricular endothelial
cell numbers and smaller diastolic volumes at 5 dpf, despite unchanged cardiomyocyte
counts (Figure 11). Given that angiocrine signalling of cardiac ECs (e.g. endocardial
cells, coronary ECs, and valve ECs) is essential for cardiac chamber ballooning,
trabeculation, compaction, valve formation and cardiomyocyte cellular maturation
during cardiac development (Kim et al., 2021, Rhee et al., 2021). The depletion of ECs
observed in anxaZ2a/b crispants may impair expansion of the ventricular chamber and
myocardial-endothelial cross talk, contributing to the observed ventricular growth
defects and impaired contractility (Rhee et al., 2021). Mechanistically, disruption of the
ANXA2-S100A10-tPA complex could inhibit vascular fibrinolysis and endothelial
migration, thereby compromising vascularisation of the developing heart (Liu and
Hajjar, 2016a).

The phenotypes observed in anxa2a/b crispants parallel those reported in ANXA2-
deficient models, underscoring a conserved requirement for ANXA2 in coordinating
morphogenesis, vascular homeostasis, and tissue repair. In humans, ANXAZ2
promotes embryo adhesion to endometrial epithelial cells by activating the
RhoA/ROCK pathway and inducing F-actin rearrangement, a process essential for
implantation (Garrido-Gémez et al., 2012). Consistently, ANXA2-null mice had
impaired stromal decidualisation and defective placental formation, leading to foetal
growth restriction, a hallmark of severe pre-eclampsia (Garrido-Gomez et al., 2020).
Beyond reproductive development, ANXA2 contributed to central nervous system
development in mice (Hamre et al.,, 1995, White et al., 2024), and was strongly
upregulated in astrocytes and neurons after spinal cord injury in rats, which suggests
an adaptive role in regulating biochemical and physiological responses to tissue
damage (Chen et al., 2017). Together, these studies emphasise the broad
developmental significance of ANXA2, in line with the craniofacial, angiogenic, and
cardiac defects we observed in zebrafish anxa2a/b crispants.

The vascular phenotypes in crispants are also consistent with those in ANXAZ2
knockout mice, which despite being viable and fertile, showed reduced body weight
by 13%, deposition of microvascular fibrin, defective clearance of arterial thrombi and
collagen | matrix remodelling, which all attributable to impaired tPA-dependent plasmin
generation at the EC surface (Ling et al., 2004). These mice exhibited compromised
angiogenic capacity, including diminished corneal and retinal neovascularisation (Ling
et al., 2004), mirroring the reduced ISV and PAV formation in zebrafish. Furthermore,
ANXA2 loss compromised blood-brain barrier (BBB) integrity, with knockout mice
displaying reduced endothelial junctional proteins and increased vascular leakage,
whereas recombinant ANXA2 rescued hypoxia- and cytokine- induced cerebral trans-
endothelial permeability in human brain ECs via F-actin, VE-cadherin, and roundabout
guidance receptor 4 (Robo4)-paxillin-ADP-ribosylation factor 6 (ARF6) signalling (Li et
al., 2019a). These findings reinforce the importance of ANXA2 in regulating vascular
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homeostasis, angiogenesis, and barrier function, processes that may also be
disrupted in zebrafish anxa2a/b crispants.

To assess regenerative capacity and the interplay between endothelial and myocardial
compartments during repair, a controlled and reproducible cardiac laser injury model
was established in larval zebrafish (Figure 12). Using the PALM laser system, focal
injury was induced at the ventricular apex of 3 dpf larvae, creating regional damage
while preserving overall embryo viability and structural integrity. This method
generated transient yet quantifiable impairments in heart rate, ventricular volume, and
both cardiomyocyte and EC numbers, all of which fully recovered within 48 hpi in WT
siblings. These findings highlight the remarkable regenerative potential of the larval
zebrafish heart and the suitability of this model for dissecting the impact of anxa2ab
deficiency on cardiac repair. Although the laser lesion resembles regional myocardial
damage caused by coronary artery ligation in mammals, it differs substantially from
mouse or rat injury models (Matrone et al., 2013). Furthermore, fundamental
differences in cardiac complexity between zebrafish and mammals limit direct
translational relevance (Matrone et al., 2014). Nevertheless, the larval zebrafish offers
unique advantages: at <5 dpf, larvae are optically transparent, genetically tractable,
and capable of a rapid regenerative response (Yashaswini et al., 2025), enabling
longitudinal live imaging at cellular resolution during cardiac development and
regeneration (Zhang et al., 2023a). The capacity to study hundreds of larvae within a
short period of time also provides strong statistical power and facilitates the
investigation of severe developmental cardiac defects that would otherwise be lethal
in mammalian models (Matrone et al., 2014).

Application of this model revealed that anxaZa/b knockdown disrupted multiple
aspects of cardiac regeneration within the normal 48-hour regenerative window
(Figure 13). In WT siblings, regeneration was rapid and efficient, with endothelial and
cardiomyocyte populations replenished within 48 hpi, accompanied by restoration of
ventricular morphology and function. By contrast, anxa2a/b crispants exhibited
persistent deficits in endothelial repopulation, cardiomyocyte restoration, ventricular
volume, and structural recovery. The severity of impairment correlated with baseline
phenotype, with mild crispants showing delayed and partial regeneration, and
moderate crispants displaying severe defects and distorted ventricular architecture.
These results indicate that ANXA2 is required not only for developmental angiogenesis
and cardiac morphogenesis, but also for orchestrating injury-induced cardiac
regeneration.

A key strength of the regeneration study lies in the inclusion both mild and moderate
anxa2a/b crispants. Because CRISPR/Cas9 mutagenesis in zebrafish produces
mosaic embryos with variable mutation burdens (Mehravar et al., 2019), stratifying by
severity allowed investigation of gene dosage effects. Mild crispants, which exhibited
relatively normal cardiac development at baseline, suggested that even partial loss of
ANXA2 impairs regenerative efficiency without grossly affecting cardiac
morphogenesis, while moderate crispants, with baseline structural defects consistent
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with near-complete loss of ANXA2 function, revealed how pre-existing developmental
defects predisposes to regenerative failure. Importantly, this experimental design
improves translational relevance, as it mirrors the clinical diversity in humans, where
variable ANXA2 activity may arise from genetic variation, comorbidities, or
environmental influences — thereby strengthening the applicability of these findings to
human cardiac repair.

Mechanistically, ANXA2 functions as a co-receptor with S100A10 for plasminogen and
tissue plasminogen activator, facilitating plasmin generation and vascular fibrinolysis
at the endothelial surface (Liu and Hajjar, 2016a). Plasmin subsequently activates a
proteolytic cascade involving matrix metalloproteinases, which are essential for fibrin
clearance, ECM remodelling, and endothelial sprouting—processes fundamental for
neovascularisation after cardiac injury (Ling et al., 2004). Loss of ANXA2 therefore
likely compromises ECM degradation and vessel invasion, explaining the impaired
endothelial recovery observed in injured crispants. In addition, phosphorylation of
ANXA2 at Tyr23 regulated actin dynamics, promoting cell scattering, branching
morphogenesis and EMT-related processes via cofilin-dependent cytoskeletal
remodelling (de Graauw et al.,, 2008). Disruption of these pathways in anxaZ2a/b
crispants may account for the distorted ventricular tissue architecture and incomplete
myocardial regeneration observed. Together, these findings highlight ANXA2 as a
central coordinator of myocardial-vascular repair, integrating fibrinolytic remodelling
with cytoskeletal reorganisation to restore cardiac structure and function following
injury.

In the boarder cardiovascular context, ANXA2 regulates vascular homeostasis and
thrombosis. A rat carotid artery thrombosis model showed that recombinant ANXA2
administration improved vessel patency without disturbing systemic coagulation. By
enhancing endothelial fibrinolytic activity, ANXA2 modulate the hypercoagulable state
of atherosclerosis (Ishii et al., 2001). Beyond its role in fibrinolysis, ANXA2 expression
was markedly increased in vascular neointima of carotid artery, where it mediated
vascular smooth muscle cell migration and proliferation, thereby facilitating
atherosclerotic plaque formation (Won et al., 2011). Similarly, in a mouse model of
atherosclerosis, ANXA2 was markedly upregulated in atherosclerotic plaques, where
its interaction with tenascin-c facilitated macrophage migration and VEGF expression
via Akt, NF-kB and ERK1/2 pathways (Wang et al., 2018).

In the setting of MI, ANXA2 appears to exert reparative functions. Overexpression of
ANXA2 promoted cardiac repair, improved ventricular function, and reduced infarct
size by enhancing neovascularisation via its interaction with integrin B3 on cardiac
microvascular ECs, and by modulating inflammation through YAP-dependent
polarisation of macrophages from a pro-inflammatory (M1) to a reparative (M2)
phenotype (Zhang et al., 2023b). Conversely, the protein ADAMS8, which is
overexpressed in macrophages during MI, binds to ANXA2 and causes
phosphorylation of mammalian target of rapamycin (mTOR), resulting in the
suppression of autophagy and angiogenesis, exacerbating inflammation and tissue
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injury (Ji et al., 2025). However, the deficiency of ADAMS facilitates cardiac repair by
hindering the binding and phosphorylation of ANXA2, and activating the ANXA2-
mToR-autophagy pathway, thereby enhancing the release of angiogenic factors and
reducing inflammation(Ji et al., 2025) . Together, these studies position ANXA2 as a
key regulator of vascular remodelling, fibrinolysis, and post-injury inflammatory
responses. In the larval zebrafish model, the impaired myocardial-vascular recovery
observed in injured anxaZ2a/b crispants likely reflects the loss of ANXAZ2'’s fibrinolytic,
pro-migratory, and remodelling functions, indicating its conserved role in cardiac repair
across species.

Beyond cardiovascular biology, ANXA2 contributes to tissue repair and regeneration
across multiple organ systems. ANXAZ2 is highly expressed in invasive tumour cells.
Invasive tumour cells rely on ANXA2 to repair membrane damage under shear stress,
enabling invasion and metastasis in zebrafish and mouse models; genetic inhibition of
ANXAZ2 disrupts this membrane repair, leading to cell death (Gounou et al., 2023). This
parallels our zebrafish data, where ANXA2 deficiency impaired endothelial and
cardiomyocyte dynamics during regeneration, suggesting a conserved role in
supporting cell migration, remodelling, and survival under mechanical stress.
Consistent with this, anxa2a and anxa2b were both upregulated during zebrafish
caudal fin regeneration, with anxa2b showing a stronger and earlier response.
Although anxaZ2a is more similar to human ANXAZ2, anxa2b appears more critical for
fin regeneration, highlighting differential gene-specific regulation during the process
(Saxena et al., 2016). Targeted CRISPR editing of these paralogues impaired caudal
fin regeneration, reflecting their importance in cell-cell communication and ECM
growth (Quoseena et al., 2020).

Additional studies further reinforce ANXAZ2’s role as a key repair hub across tissue. In
skeletal muscle, ANXA2 interacted with dysferlin in a calcium (Ca?*)-dependent
manner to mediate vesicle aggregation and fusion at sarcolemmal injury sites; its loss
impaired muscle membrane repair and contributed to muscular dystrophy (Lennon et
al., 2003, Bittel et al., 2020). Similarly, ANXA2 knockout mice exhibited impaired blood-
brain barrier development and elevated pro-inflammatory responses in macrophages
(Li et al., 2019a). Following traumatic brain injury (TBI), ANXA2 expression was
significantly upregulated at day three post-injury (Liu et al., 2019). The protective role
of ANXAZ2 in neurovascular integrity was demonstrated by studies in ANXA2 knockout
mice, which showed exacerbated neuroinflammation, neurovascular pro-inflammation,
and worsened long-term neurological outcomes following TBI, including sensory and
motor deficits, cognitive impairment and increased brain tissue loss (Liu et al., 2019).
These findings suggest that enhancing ANXA2 activity may represent a potential
therapeutic strategy to mitigate neuroinflammation and improve recovery following TBI.

Finally, our transcriptional analysis revealed that anxa2a/b knockdown induced broad
dysregulation of vascular and fibrinolytic gene expression even in the absence of injury
(Figure 14), suggesting that ANXA2 functions not merely as an injury-responsive
factor but as a fundamental regulator of endothelial homeostasis and developmental
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angiogenesis. As expected, anxaZa/b transcript levels were strongly reduced,
validating the CRISPR/Cas9 editing. Importantly, the suppression extended to
s100a10a in moderate crispants, consistent with studies showing that ANXAZ2
stabilises S100A10/p11, which is required for tyrosine phosphorylation and cell-
surface translocation of both proteins (Hedhli et al., 2012, He et al., 2008). Indeed,
S100A10/P11 expression was very low in the absence of ANXA2 both in vitro and in
vivo (He et al., 2008).

Within fibrinolytic pathways, moderate crispants exhibited selective reduction of
plasminogen (plg) transcripts, suggesting impaired plasmin availability or activation.
This mirrors findings in ANXA2 knockout mice, where loss of ANXA2 diminished
endothelial tPA-dependent plasmin generation, leading to defective thrombus
clearance and impaired matrix remodelling (Ling et al., 2004). Surprisingly, serpine1
and plat/tpa expression remained unaltered, indicating that the primary disruption lies
at the level of plasminogen regulation rather than its upstream activators or inhibitors.
These findings argue against a direct transcriptional link between ANXAZ2 and
SERPINE1. Indeed, sc(n)RNA-seq analysis of COVID-19 lungs revealed endothelial
downregulation of ANXA2 alongside with reduced PROCR (protein C receptor) and
THBD (thrombomodulin), which normally activate protein C and inhibit SERPINE1.
This is accompanied by endothelial upregulation of SERPINE1, resulting in fibrinolytic
shutdown and microvascular thrombosis (Lee et al., 2025). In our model, serpine1
remained stable despite anxa2a/b suppression, suggesting ANXA2 and SERPINE1
do not directly regulate each other at the transcriptional level. Instead, their reciprocal
expression balance appears essential for maintaining endothelial fibrinolytic
competence. Disruption of this balance could compromise effective plasmin
generation, ECM remodelling, and vascular repair. Notably, prior study reported that
complete ANXA2 deficiency in mice abolished tPA cofactor activity (He et al., 2008).

The most interesting pre-injury changes were observed in angiogenic signalling.
Downregulation of tie1 and vegfab in moderate crispants suggests that anxa2a/b is
required for endothelial growth and sprouting. TIE1, an endothelial angiopoietin
receptor that modulates cell adhesion, angiogenesis and vascular stability (Korhonen
et al., 2016), and VEGF-A, a master angiogenic regulator (Braile et al., 2020, Ferrara
et al., 2003, Leung et al., 1989), are both essential for vascular development. Their
suppression aligns with the defective ISV and PAV formation observed in crispants. In
contrast, cxcr4a and cxcl12b remained unchanged, suggesting that chemotactic
signalling via the CXCR4/CXCL12 axis remains intact and that ANXA2 exerts a more
selective role in growth factor-driven angiogenesis. The CXCR4/CXCI12 axis is
important for cardiovascular development: CXCR4 is the primary receptor for proper
arterial patterning, while CXCL12 acts as chemoattractant that promotes endothelial
recruitment and vascularisation (Ara et al., 2005, Kim et al., 2017). Importantly,
regeneration-associated transcriptional programmes (Notch1-3, TGFB isoforms,
PABPC1 paralogues) were all unaffected under basal conditions, suggesting that
ANXAZ2 deficiency alone does not prematurely activate or suppress regenerative gene
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networks in the absence of injury (Gao et al., 2021, Chablais and Jazwinska, 2012,
Shi, 2023). During zebrafish heart regeneration, Notch signalling is activated by
cardiac injury in either ventricular resection or cryoinjury models, leading to elevated
expressions of notch1a, notch1b, notch2, and notch3 (Minch et al., 2017). However,
excessive or ubiquitous activation of the Notch pathway also compromises zebrafish
cardiomyocyte proliferation and regeneration, indicating the exquisite sensitivity of
cardiomyocyte renewal to Notch signalling perturbations (Zhao et al., 2014).

At 48 hours post-injury (hpi), transcriptional dysregulation became more pronounced
and phenotype dependent (Figure 15). Both anxa2a and anxa2b remained
suppressed, with injured moderate crispants exhibiting stronger downregulation. This
suggests that injury reveals a functional requirement for anxa2a/b in transcriptional
activation during regeneration, and that this injury-induced activation is defective in
crispants. Failure to appropriately induce anxa2a/b would be predicted to impair
proteolytic matrix clearance and endothelial migration, thereby limiting
neovascularisation and tissue repair. Importantly, the enhanced suppression observed
in moderate phenotype is unlikely to be solely attributable to a reduced number of
anxaZ2a/b” cells, but instead reflects defective transcriptional induction following injury.
Thus, phenotype severity modulates the capacity to transcriptionally activate anxa2a/b
in response to injury, rather than simply reflecting baseline differences in anxa2a/b*
cell abundance.

Both s700a70a and s100a10b were further downregulated in moderate crispants,
reinforcing the requirement of the ANXA2/S100A10 complex in coordinating
endothelial and myocardial repair responses (Liu and Hajjar, 2016a, de Graauw et al.,
2008). Interestingly, plat/tpa was upregulated post-injury in both mild and moderate
crispants, while plg levels were restored in previously deficient moderate embryos.
This suggests an attempted compensatory response to promote fibrinolysis; however
effective plasmin generation, ECM remodelling and endothelial sprouting are likely
compromised in the absence of ANXA2, hence producing a maladaptive environment
for regeneration. Changes in angiogenic and regenerative signalling further support
this interpretation. In moderate crispants, vegfab and cxcl12b were downregulated,
consistent with defective endothelial repopulation in vivo (Figure 6). notch signalling
was selectively affected, with notch1a significantly reduced in moderate crispants, and
notch3 downregulated in both mild and moderate crispants, whereas other notch
isoforms remained unchanged. This selective disruption implies that ANXAZ2
deficiency specifically interferes with notch-mediated endothelial and cardiomyocyte
proliferation and cell-to-cell communication during heart regeneration (Zhao et al.,
2014, Munch et al., 2017). Specifically, the activation of notch signalling improves
cardiac function, minimizes myocardial fibrosis, suppresses cardiomyocytes apoptosis,
and improves neovascularisation and regeneration (Li et al., 2010, Li et al., 2021a).
Notch3 deficiency can cause ventricular hypertrophy and mild fibrosis, with impaired
coronary microvascular maturation and reduced cardiac recovery after myocardial
ischaemia (Del Gaudio etal., 2023, Tao etal., 2017). Moreover, pabpc1a and pabpc1b,
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unaffected pre-injury, were suppressed post-injury, implying that ANXA2 is necessary
not only for transcription regulation but also for sustaining translational capacity during
regeneration. Given the role of PABPC1 proteins in promoting mRNA stabilisation and
translation (Shi, 2023), their downregulation likely limit protein synthesis required for
angiogenesis and myocardial repair, compounding the regenerative deficits.

In summary, my findings demonstrate that anxa2a/b paralogues are important for
zebrafish embryogenesis, angiogenesis, and cardiac morphogenesis, with loss
leading to dose-dependent developmental abnormalities, impaired endothelial growth,
and compromised cardiac regeneration. Transcriptional profiling revealed that
anxa2a/b deficiency disrupts fibrinolysis (plg), angiogenic signalling (tie1, vegfab),
notch pathways (notch1a, notch3), and translational regulators (pabpc1a/b), creating
a maladaptive molecular environment that cannot be compensated by injury-induced
responses such as plat/tpa upregulation. Together, these molecular alterations offer a
plausible mechanistic context for the observed in vivo phenotypes of reduced
endothelial and cardiomyocyte repopulation, distorted ventricular architecture, and
regenerative impairment. These findings supports a role for ANXAZ2 in coordinating
cardiovascular development and injury-induced regenerative responses.

To further refine the mechanistic understanding of anxa2a/b function, future work could
employ paralogue-specific gene editing to distinguish their individual contributions to
cardiac repair (Saxena et al., 2016, Quoseena et al., 2020, Howe et al., 2013). Single-
embryo or single-cell transcriptomic profiling of injured hearts at early and late
regenerative phases could reveal downstream molecular pathways involved in
endothelial migration, ECM remodelling, and inflammatory resolution (Cao et al., 2017,
Honkoop et al., 2019). Complementary mRNA rescue or overexpression experiments
using paralogue-specific constructs or the human ANXA2 orthologue could determine
whether anxa2a or anxa2b can independently restore vascular and myocardial
regeneration, while also assessing evolutionary conservation of function (Trinh and
Stainier, 2004, Ablain and Zon, 2013). These approaches would provide mechanistic
and translational insights into how ANXA2 facilitates cardiac neovascularisation and
myocardial repair, with potential implications for therapeutic strategies in patients with
cardiovascular diseases.
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Chapter 5: Results — ANXA2 and SERPINE1 are
induced during endogenous nheovasculogenic
responses in human heart

5.1 Introduction

In Chapters 3 and 4, | used a multi-species multi-omics approach combining
sc(n)RNA-seq and spatial transcriptomics analyses, which identified ANXA2 and
SERPINET1 as potential key mediators of coronary neovascularisation after myocardial
injury. Both ANXA2 and SERPINE1 are dynamically regulated in cardiac ECs following
myocardial injury in mice, zebrafish, and humans. Furthermore, | undertook in vivo
functional studies using zebrafish anxa2a/b crispants which demonstrated that
anxaZa/b are required for normal cardiovascular development and suggested a direct
functional role in promoting cardiac regeneration following injury.

These findings highlighted ANXA2 and SERPINE1 as promising candidates in the
context of cardiac repair, and so the next step was to investigate protein-level
expression patterns and spatial localisation in the human heart after MI. This was
important to both confirm that transcriptomic changes are reflected at the protein level
in human hearts and to define the spatial localisation of ANXA2 and SERPINE1 —
which | postulated to be within the infarct border zone, where endogenous
neovascularisation is known to be most active.

To address this, | aimed to quantify protein-level expression of ANXA2 and SERPINE1
in human hearts. | performed double-immunofluorescence staining on tissue sections
from MI patients and non-diseased controls, followed by quantitative analysis of
protein expression, including in ECs, within the infarct border zone.

Based on my transcriptomic data and zebrafish in vivo functional data, | hypothesised
that ANXA2 is reactivated in ECs of the infarcted adult human heart to promote
neovascularisation, whereas SERPINE1 is also upregulated in ECs in the adult post-
MI human heart to regulate neovascularisation, likely in a concerted action with ANXAZ2,
and thus may be important in myocardial repair and remodelling.

This approach enables validation of the transcriptomic findings at the protein level and
provides insight into the spatial context in which ANXA2 and SERPINE1 are induced
during endogenous neovasculogenic responses in the adult human heart. Together,
these data will bridge the gap between experimental models and human pathology,
helping to evaluate the translational relevance of ANXA2 and SERPINE1 as potential
therapeutic targets for post-MI vascular and myocardial repair and regeneration.
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5.2 Co-localisation of ANXA2 and SERPINE1 with CD31+
cells in the infarct border zone of Mi

To compare protein expression between healthy and infarcted human hearts, five
regions of interests (ROIs) from each patient tissue section (n = 7) were selected,
focusing on the infarct border zone — a region known for active neovascularisation
following MI (Gu et al., 2006, Ma et al., 2025). Identification of ROls was undertaken
in Masson’s Trichrome stained sections, serially adjacent to those used for
immunofluorescence staining. Masson’s Trichrome staining is a histological method
used to selectively stain collagen, collagen fibres, fibrin, muscles, and erythrocytes
(Van De Vlekkert et al., 2020, Garvey, 1984). Masson’s Trichrome is particularly useful
for studying fibrosis in the heart, as the muscle appears as red or pink, and the
collagen fibres i.e. fibrosis stain blue. Immunofluorescence staining was performed for
ANXA2 or SERPINE1 in combination with CD31, a pan-endothelial marker, to quantify
expression in the coronary vasculature in patients with Ml compared to age- and sex-
matched healthy control hearts.

For ANXA2 immunostaining, the antibody was first optimised using rabbit 1gG isotype
control in human heart tissue (negative control) and confirmed using positive control
staining of human colon and liver sections. This showed specific staining of ANXA2 in
CD31+ ECs. In healthy control hearts, ANXA2 expression was minimal, as expected.
In contrast, ANXA2 expression was significantly upregulated in the infarct border zone
of MI patient tissue sections compared with healthy controls (% total ANXA2* cells =
73.37 £ 9.08 versus 55.57 + 8.37, P = 0.0025; unpaired t-test) (Figure 16). The total
proportion of CD31+ cells and the proportion of CD31+ cells of total ANXA2+ cells did
not change across groups.

There was also a significant increase in ANXA2 expression in total CD31+ coronary
ECs in Ml patients compared to controls (% ANXA2* CD31* EC = 77.10+ 12.13 versus
56.94 £ 9.20, P = 0.0018; unpaired t-test) (Figure 16). Notably, ANXA2 expression
was not confined to ECs but was also detected in other cell types within the infarct
border zone, including interstitial and perivascular fibrotic regions highlighted by
Masson’s Trichrome staining, suggestive of expression in fibroblasts, immune cells, or
other stromal populations associated with myocardial remodelling.

To validate SERPINE1 primary antibody staining, rabbit IgG and mouse 1gG kappa
isotype controls were employed as negative controls. Like ANXA2, total SERPINE1
expression was significantly increased in the infarct border zone of Ml patient tissue
sections compared to control hearts (% SERPINE1* cells =42.13 £ 15.12 versus 14.56
1 8.94, P = 0.0021; unpaired t-test) (Figure 17). The total proportion of CD31+ cells
and the proportion of CD31+ cells of total SERPINE1+ cells did not change across
groups.

SERPINE1 expression was also significantly increased in coronary ECs in Ml patients
compared to healthy subjects (% SERPINE1* CD31* EC = 32.7 + 11.7 versus 16.13
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1+ 7.3, P = 0.0098; unpaired t-test). SERPINE1 staining was also observed outside of
ECs, potentially in the vascular smooth muscle cells, inflammatory infiltrates, and
fibroblast /myofibroblast, populations, identified using Masson’s Trichrome (Figure 17).
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Figure 16. ANXA2 expression is upregulated in human cardiac tissues from
myocardial infarction (MI) patients. (A) Rabbit IgG isotype control and ANXA2
positive controls in human tissues. Left, representative low-power images of serial
sections from the healthy human heart (B) and from patients with acute Ml (C) stained
using Masson’s Trichrome. Right, representative images of human cardiac tissues
stained by immunofluorescence for ANXA2 (green) and CD31 (red) with nuclei
counterstain using DAPI (blue). The white boxes indicate the regions shown in the
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high-power images stained with ANXA2 and CD31. M| hearts showed elevated
ANXAZ2 expression in endothelial cells and in interstitial/perivascular fibrosis. (D, E)
Quantification of (i) total %ANXA2” cells, (i) % ANXAZ27 cells within total CD31*
population, (iiij) total %CD31+ cells, and (iv) %CD31 " cells within total ANXAZ2*
population across healthy controls and MI hearts. Total ANXA2 expression and
endothelial ANXA2 expression were significantly increased in M| compared with
controls, indicating reactivation of ANXAZ2 in the infarcted human heart. Data are

presented as mean £ SD.
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Figure 17. SERPINE1 expression is upregulated in human cardiac tissues from
MI patients. (A) Rabbit IgG isotype control and mouse IgG kappa isotype in human
tissues. Left, representative low-power images of serial sections from the healthy
human heart (B) and from patients with acute MI (C) stained using Masson’s
Trichrome. Right, representative images of human cardiac tissues stained by
immunofluorescence for SERPINE1 (green) and CD31 (red) with nuclei counterstain
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using DAPI (blue). The white boxes indicate the regions shown in the high-power
images stained with SERPINE1 and CD31. (D,E) Quantification of (i) total
%SERPINE1* cells, (i) % SERPINE1” cells within total CD31* population, (iij) total
%CD31+ cells, and (iv) %CD317 cells within total SERPINE1* population across
healthy controls and MI hearts. Total SERPINE1 expression and endothelial
SERPINE1 expression were significantly upregulated in Ml compared to controls,
indicating induction of SERPINE1 in the infarcted human heart. Data are presented as
mean % SD.

5.3 Co-localisation of ANXA2 with Vimentin+ cells in the
infarct border zone of Mi

As above, ANXA2 expression was not restricted to ECs but was also observed in other
cell types within regions of interstitial and perivascular fibrosis. To characterise these
non-endothelial ANXA2* cells, double immunofluorescence staining for ANXA2 and
Vimentin was performed in human cardiac tissues (n = 2-3). Vimentin, an intermediate
filament protein, is widely used as a marker of mesenchymal-derived cells, including
fibroblasts, myofibroblasts, endothelial, and hematopoietic cells (Parvanian et al.,
2023, Walker et al., 2019). Five ROIs were selected based on Masson’s Trichrome
staining, matching the same anatomical locations previously analysed for ANXAZ2 and
CD31 co-staining. This approach ensured consistent sampling of the infarct border
zone across analyses

As expected, there was minimal expression of Vimentin in healthy control hearts. In
contrast, Ml samples exhibited more extensive Vimentin* staining, particularly within
the interstitial and perivascular regions of the infarct border zone. The total Vimentin
expression appeared higher in Ml hearts compared with controls (total % Vimentin*
cells = 57.18 + 11.81 versus 6.49 = 0.11). The proportion of ANXA2* cells within the
total Vimentin* population appeared comparable between MI and control samples
(%ANXA2* cells within total Vimentin® population = 78.35 £ 7.53 versus 64.85 £ 2.48).
In contrast, the proportion of Vimentin* cells within the total ANXA2*" population
appeared greater in MI hearts compared with controls (%Vimentin* cells within total
ANXA2" population = 54.17 + 9.58 versus 7.04 + 0.04) (Figure 18).
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Figure 18. Co-expression of ANXA2 with Vimentin* cells in human myocardial
infarction (MIl). Representative images of Masson’s Trichrome staining (left), and co-
immunofluorescence for ANXA2 (green), Vimentin (red), and DAPI (blue) in healthy
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control hearts (A) and MI hearts (B). White boxes indicate regions of interest shown at
higher magnification on the right. In M| hearts, extensive Vimentin* staining was
observed in interstitial and perivascular regions of the infarct border zone, with notable
co-expression of ANXAZ2. (C) Descriptive quantification of (i) total % Vimentin * cells, (i)
%ANXAZ2” cells within total Vimentin * population, and (iii) % Vimentin * cells within total
ANXAZ2™ population across healthy controls and Ml hearts. Data are presented as
mean * SD. These data suggest an increased representation of Vimentin * cells within
the ANXA2” population in MI hearts, consistent with enrichment of ANXAZ2 in
mesenchymal-like cells (e.q. fibroblasts) following infarction.

5.4 ANXA2 gene expression across cardiac cell types in
control, ischaemic, and fibrotic zones.

Building on the findings from Chapter 3, where ANXA2 and SERPINE1 were identified
as differentially expressed in the ischaemic and fibrotic zones of human hearts
following MI, | next evaluated cell type-specific expression patterns in these zones
using the same Kuppe dataset. This cell type analysis was performed to complement
the immunofluorescence data and to determine the contribution of non-EC populations
to ANXA2 and SERPINE1 expression in control (uninjured), ischaemic (IZ; necrotic
myocardium), and fibrotic (FZ; late-stage post-Ml scar) regions. The border zone (BZ;
surrounding viable myocardium), and the remote zone (RZ; comprising unaffected
myocardium) were excluded because ANXA2 and SERPINE1 were only differentially
expressed in 1Z and FZ. Focusing on |Z and FZ therefore is most likely to capture the
cell populations directly involved in acute injury responses and scar formation, and
thus, are relevant for understanding the roles of ANXA2 and SERPINE1 in post-MI
repair.

Expression levels were assessed in two ways: i) the percentage of cells within each
cell type-specific cluster that expressed the target gene and ii) the average expression
level (log-transformed) in all cells in each cluster. Both EC and fibroblast clusters
demonstrated significantly higher expression of ANXAZ2 in the FZ compared to the IZ
(%ANXA2* ECs = 40.08 + 14.04 versus 17.57 + 10.81, P = 0.0046; %ANXAZ2*
fibroblasts = 43.77 + 14.89 versus 20.62 + 11.83, P = 0.0035; two-way ANOVA with
Tukey’s multiple comparisons) (Figure 19). Other cell types, including smooth muscle
myoblasts, pericytes, mast cells, and immune cells, showed no statistically significant
differences between different injury zones.

When analysing average expression (log-transformed), ANXA2 expression remained
relatively consistent across most cell types i.e. although the proportion of cells were
significantly increased in ECs and fibroblasts- the level of expression within these cells
was unchanged in response to MI. This was true for all cells except mast cells, which
exhibited a significant increase in average expression in the 1Z of MI patients
compared with controls (log average expression = 2.83 + 3.92 versus 0.51 £ 0.59, P
= 0.0028) despite the proportion of cells that expressed ANXA2 being unchanged.
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Interestingly, ANXA2 also showed a significantly higher level of expression in mast
cells in the 1Z compared to FZ (log average expression = 2.83 + 3.92 versus 0.92 +
0.58, P = 0.0164; two-way ANOVA with Tukey’s multiple comparisons) (Figure 19).
Other cell types, including ECs, smooth muscle myoblasts, pericytes, fibroblasts,
immature innate lymphoid cells, and cardiac myoblasts, showed no statistically
significant differences in expression levels of ANXAZ2 between injury zones.

Figure 19. Single-cell transcriptomic profiling of ANXA2 across cardiac cell
types in human control and myocardial infarction (Ml). (A) Percentage of cells
expressing ANXAZ2 across different cardiac cell populations in control, infarct zone (12),
and fibrotic zone (FZ) samples from human M| single-nucleus RNA-sequencing data
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(Kuppe et al., 2022). ANXA2 expression was enriched in endothelial cells and
fibroblasts within the FZ compared with IZ. (B) Average ANXAZ2 expression levels (log-
transformed) in the same cell populations show increased mast cell expression in IZ,
compared with control and FZ. Statistical analysis was performed using two-way
ANOVA with Tukey’s multiple comparisons.

5.5 SERPINE1 gene expression across cardiac cell types
in control, ischaemic, and fibrotic zones.

The proportion of SERPINE1-expressing cells was significantly higher in all cardiac
cell types in IZ regions of MI compared to control hearts, including in ECs, smooth
muscle myoblasts, pericytes, fibroblasts, immature innate lymphoid cells, mast cells,
and cardiac myoblasts. The largest change in the proportion of SERPINE1-expressing
cell populations in IZ compared to controls were fibroblasts (% SERPINE1* fibroblasts
=47.83 + 19.37 versus 4.40 + 4.37, P = 0.0005), pericytes (% SERPINE1" pericytes =
42.28 + 18.03 versus 1.62 + 1.41, P = 0.0013) and cardiac muscle myoblasts
(% SERPINE1" cardiac muscle myoblasts = 40.77 + 19.18 versus 0.58 + 0.27, P =
0.0014; two-way ANOVA multiple comparisons) (Figure 20).

Similarly, in the FZ of MI patient samples, the proportion of cells expressing SERPINE1
was significantly elevated compared to healthy controls in multiple cell types, including
ECs (% SERPINET* = 29.97 + 20.02 versus 2.29 + 1.84, P = 0.0481), smooth muscle
myoblasts (% SERPINE1* = 37.31 £+ 22.67 versus 2.16 + 1.88, P = 0.0085), pericytes
(% SERPINE1" = 35.40 + 23.93 versus 1.62 + 1.41, P = 0.0120), and fibroblasts
(% SERPINE1" = 43.95 + 29.59 versus 4.40 + 4.37, P = 0.0027; two-way ANOVA
multiple comparisons) (Figure 20).

.
.

My analyses of average expression levels of SERPINE1 in each cell type revealed a
trend toward higher SERPINE1 expression in most cell types in both I1Z and FZ
compared to healthy controls, although this did not reach statistical significance. The
exception was fibroblasts, where SERPINE1 average expression was significantly
higher in FZ compared to controls (log average expression = 23.98 + 30.68 versus
0.64 + 0.85, P = 0.0002) and also significantly higher in FZ compared to 1Z (log
transformed average expression = 23.98 + 30.68 versus 11.21 + 6.34, P = 0.0322;
two-way ANOVA multiple comparisons) (Figure 20).
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Figure 20. Single-cell transcriptomic profiling of SERPINE1 across cardiac cell
types in human control and myocardial infarction (MI). (A) Percentage of cells
expressing SERPINE1 across different cardiac cell populations in control, infarct zone
(1Z), and fibrotic zone (FZ) samples from human MI single-nucleus RNA-sequencing
data (Kuppe et al., 2022). SERPINE1 expression was enriched in all cardiac cell types
within the |1Z compared with control. SERPINE1 expression was elevated in endothelial
cells, smooth muscle myoblasts, pericytes, and fibroblasts within the FZ compared
with control. (B) Average SERPINE1 expression levels (log-transformed) in the same
cell populations show increased fibroblast expression in FZ, compared with control
and IZ. Statistical analysis was performed using two-way ANOVA with Tukey’s multiple
comparisons.
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5.6 Discussion

In this chapter, | validated the transcriptomic findings from Chapters 3 and 4 by
quantifying protein level expression of ANXA2 and SERPINE1 in the infarct border
region of patients with MI, compared to the healthy heart. The results presented here
provide supportive evidence that both ANXA2 and SERPINE1 were upregulated at the
protein level in the infarct border zone of human MI hearts, including within ECs of the
coronary vasculature, supporting their role in post-injury vascular and reparative
processes.

The significant upregulation of ANXA2 within coronary vasculature of Ml is consistent
with my central hypothesis that ANXAZ2 is a foetal endothelial gene reactivated after
injury in the adult human heart. While enriched in ECs, ANXA2 was also observed in
interstitial and perivascular fibrotic regions, suggesting expression in fibroblasts,
immune cells, or other stromal populations involved in myocardial remodelling (Figure
16). Cell type analysis using the Kuppe dataset was able to confirm this identify of
non-endothelial ANXA2* cell populations (Figure 19). Given the established role of
ANXAZ2 in plasmin generation, ECM remodelling, and angiogenesis; its upregulation
likely facilitates neovascularisation and cardiovascular repair after Ml (Liu and Hajjar,
2016b).

Double immunofluorescence staining of ANXA2 and Vimentin confirmed that many
non-endothelial ANXA2* cells were likely to be fibroblasts or myofibroblasts (Figure
18), which are critical mediators of wound healing and scar formation (Parvanian et
al., 2023, Walker et al., 2019). The proportion of Vimentin® cells within the ANXA2*
population significantly increased from 7% in controls to 54% in MI hearts, highlighting
that ANXA2 may contribute to ECM turnover and fibroblast activation. This was further
supported by cell type analysis using the Kuppe dataset, which further confirmed a
significant enrichment of ANXA2-expressing fibroblasts and ECs in the fibrotic zone in
patients with Ml compared to the healthy heart.

Interestingly, cell type analysis (Figure 19) also revealed a mast cell-specific increase
in ANXA2 expression within the 1Z in patients with MI. Cardiac mast cells are key
regulators of both the initiation and resolution of inflammation; following MlI, they
increase in density, rapidly degranulate, and release bioactive mediators that drive
cytokine cascades to promote early inflammatory healing (Shao et al., 2015). Mast
cells also secrete anti-inflammatory factors that facilitate resolution and transition
toward tissue repair, as well as growth factors, angiogenic mediators, and ECM
regulators that influence matrix remodelling, granulation tissue formation, and
neovascularisation (Jin et al., 2022, Frangogiannis, 2015). Mast cell-specific ANXA2
upregulation suggests a role in immune-driven processes after MI, possibly immune-
driven matrix remodelling and angiogenesis during early phase of inflammatory
healing (Jin et al.,, 2022). Functionally, ANXA2 is known to facilitate leukocyte
recruitment to site of inflammation, maintain VE-cadherin-mediated adherens junction
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integrity, and promote angiogenesis for tissue repair, although dysregulation can lead
to chronic inflammation (Dallacasagrande and Haijjar, 2020).

Previous studies of human heart failure support these observations. In human end-
stage heart failure, ANXA2 mRNA and protein levels were increased by 67% and 41%,
respectively (Song et al., 1998). And immunofluorescence studies revealed intense
ANXAZ2 staining in ECs, the adventitia of coronary arteries, and the interstitial space
between cardiomyocytes, but not in cardiomyocytes (Trouvé et al.,, 1999,
Benevolensky et al., 2000). This interstitial localisation, combined with the known roles
of ANXAZ2 in membrane trafficking and collagen binding, supports its involvement in
ECM organisation and fibrosis development (Camors et al., 2005).

ANXA2 functions as a Ca?*-dependent phospholipid-binding protein that regulates
cellular processes involving membrane and cytoskeleton dynamics. By binding to the
cell membranes, ANXA2 alters the membrane lipid rearrangements through
modification in cholesterol distribution and lipid compaction, which may lead to an
increase in order or disorder of the plasma membrane (Varyukhina et al., 2022,
Camors et al., 2005). ANXA2 exists either as a monomer or as a heterotetrametric
complex with S100A10, the latter reducing its calcium dependency and membrane
interactions (Madureira et al., 2011, Bharadwaj et al., 2013). The absence of ANXA2
in cardiomyocytes from both non-failing and failing hearts indicates that its myocardial
role likely does not involve direct regulation of cardiomyocyte Ca?* handling but rather
modulation of endothelial, stromal, and immune cell functions during injury and repair
(Camors et al., 2005).

Similar to ANXA2, immunofluorescence showed that SERPINE1 protein expression
was significantly upregulated in the infarct border zone of MI, specifically within ECs
in the coronary vasculature, highlighting its potential role in endothelial activation and
vascular regulation post-MI (Figure 17). Immunostaining and analyses of Masson’s
Trichrome-stained serial sections indicated that SERPINE1 expression was not
restricted to ECs, but expression also appeared to be within vascular smooth muscle
cells, infiltrating immune cells, fibroblasts, and myofibroblasts. This broad cellular
distribution suggests a multifaceted role for SERPINE1, perhaps in coordinating tissue
responses to injury. Previous studies in mice post-MI, showed that cardiomyocytes
and fibroblasts in the infarct border zone exhibited abundant SERPINE1 mRNA, with
additional expression observed in smooth muscle cells and perivascular mast cells
surrounding coronary arteries (Takeshita et al., 2004). Immunohistochemical analysis
further confirmed SERPINE1 antigen localisation within regions of interstitial fibrosis,
consistent with a contribution of SERPINE1 to post-MlI fibrotic remodelling and ECM
stabilisation (Takeshita et al., 2004).

Cell type analysis using the Kuppe dataset revealed widespread SERPI/NE1 induction
in the 1Z in patients with MI across multiple cell types, including smooth muscle
myoblasts, pericytes, fibroblasts, immature innate lymphoid cells, mast cells, and
cardiac myoblasts, confirming the identity of non-endothelial SERPINE1* cells
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observed in immunofluorescence staining (Figure 20). This pattern indicated that
SERPINE1 may coordinate a broad anti-fibrinolytic and tissue-stabilising response.
Fibroblasts were the most significant SERPINE1-expressing cells in |Z, followed by
pericytes and cardiac muscle myoblasts. In the FZ, the proportion of SERPINE1
expression shifted, with ECs, smooth muscle myoblasts, pericytes, and fibroblasts
showing significant upregulation compared to the healthy heart. However, only
fibroblasts displayed a significant increase in average SERPINE1 expression in the
FZ, suggesting that they serve as a major source of SERPINE1 during scar maturation.
This aligns with the known roles of SERPINE1 in promoting collagen deposition and
restricting matrix degradation, thereby contributing to ECM organisation and scar
stability (Tuan et al., 2003, Ghosh and Vaughan, 2012).

As the principal inhibitor of plasminogen activators (tPA/uPA), SERPINE1 regulates
fibrinolysis to maintain tissue homeostasis. During wound healing, elevated
SERPINE1 limits protease activity, supporting repair, whereas excessive SERPINE1
in pathological conditions decreases fibrin degradation, promotes collagen and ECM
accumulation, leading to fibrosis and persistent scarring (Ghosh and Vaughan, 2012,
Tuan et al., 2003, Shaikh et al., 2024). Interestingly, in certain cardiomyopathies,
SERPINE1 can also exert anti-fibrotic effects. In inflammatory-dilated cardiomyopathy
(DCMi), elevated SERPINE1 diminished cardiac fibrosis by inhibiting TGF-B and
myofibroblast activation, and correlates with a shift in macrophage populations from
classical M1 toward non-classical M2 phenotypes (Baumeier et al., 2021). This dual
functionality highlights SERPINE1 as a context-dependent regulator of ECM turnover,
fibrosis, and tissue repair.

A key strength of this study lies in the multi-modal approach combining protein-level
validation via immunofluorescence with single-nuclei transcriptomics and a cell type
expression analysis. This chapter provides a multi-level view of ANXA2 and
SERPINE1 regulation post-Mlin the human heart, linking protein-level localisation and
transcriptomic profiles, which strengthens confidence that observed mRNA
upregulation is translated into functional protein responses in human tissues. The use
of human MI samples further enhances the translational relevance of my findings.
Moreover, the combination of endothelial-specific quantification, Vimentin co-
localisation, and complementary bioinformatics analyses enables precise identification
of the cell types expressing ANXA2 and SERPINE1 and allows for a more robust
interpretation of their spatial distribution within the injured heart.

Several limitations should be considered. First, co-immunofluorescence with CD31
and target proteins was performed on a relatively small number of patient samples (n
= 7), which may limit the generalisability of the findings and reduce the ability to
capture inter-individual variation in Ml pathology, comorbidities, or treatment history.
Additionally, co-immunofluorescence analyses of Vimentin and ANXA2 were
conducted on only 2 — 3 samples per group, providing only descriptive observations
without sufficient statistical power. As a result, these data should be interpreted
cautiously, as they may not fully reflect the broader spectrum of cellular responses or
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pathological heterogeneity in human MI hearts. Future studies with larger patient
cohorts will be necessary to validate these observations and allow robust quantitative
comparisons. Second, although Vimentin is a widely recognised marker of
fibroblasts and of epithelial-mesenchymal transition, it lacks specificity for
fibroblasts/myofibroblasts as it also labels many stromal cells. Therefore, it would be
ideal to include co-immunostaining with a-smooth muscle actin (a-SMA) or platelet-
derived growth factor receptor alpha (PDGFRa) for a more precise and reliable
indicator of fibroblast/myofibroblasts. Third, the cell type expression data were derived
from the published Kuppe et al. (2022) dataset, which may not precisely match the
timepoints post-MI or the exact histological regions analysed in our tissue sections. As
it was not possible to get information of the timepoint post-MI for the human MI patients
used in the immunostaining and histology study.

Finally, although protein expression and spatial localisation were quantified, functional
validation using human cells was not performed, leaving the causal relationship
between ANXA2/SERPINE1 upregulation and processes such as neovascularisation
or ECM remodelling to be further established. However, this was already addressed
using my in vivo anxa2a/b crispants zebrafish model, which provided functional insight
into the role of ANXA2 in cardiovascular development and regeneration. Knockdown
of anxa2a/b impaired embryonic growth, cardiovascular development, and ventricular
recovery after laser-induced injury, with altered expression of angiogenic and
regeneration-associated genes at 48 hpi. These findings provide direct evidence that
ANXA2 contributes to injury-induced neovascularisation and functional cardiac
regeneration. Importantly, these findings complement the human immunofluorescence
and transcriptomic data by functionally demonstrating that ANXA2 is not merely a
marker of injury response but an active regulator of vascular and myocardial repair.
Nevertheless, additional mechanistic studies (such as cell type-specific knockdown or
rescue experiments) will be necessary to determine the distinct functions of
ANXA2/SERPINE1 in endothelial, fibroblast, and immune populations, and to
understand how these proteins coordinate the balance between tissue repair and
fibrosis in the injured human heart.

In conclusion, these results validated my multi-omics results presented from earlier
chapters and demonstrated ANXA2 and SERPINE1 were reactivated/re-expressed at
protein level in coronary ECs following MI. Their expression patterns, including
localisation to both vascular and interstitial compartments, support potential roles in
both endothelial activation and tissue remodelling post-MIl. These observations
suggest that ANXA2 and SERPINE1 may function as injury-response genes,
contributing to the coordination of neovascularisation, inflammatory signalling, and
reparative processes after injury. Together, the data revealed a dual role for these
proteins in Ml — mediating endothelial-dependent neovascularisation and potentially
modulating fibroblast-driven scar remodelling. This positions ANXA2 and SERPINE1
as promising candidates for future mechanistic studies and potential therapeutic
targeting to enhance post-MI repair.
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Chapter 6: Results — Reactivation of the foetal
endothelial gene PABPC1 in myocardial
infarction: implications for cardiac repair

6.1 Introduction

In Chapter 3, | highlighted how the application of scRNA-seq has transformed
cardiovascular research by providing unprecedented molecular insight into coronary
vessel development and vascular responses to ischaemic injury (Marin-Sedefo et al.,
2021). | also introduced our in-house meta-analysis of integrated sc(n)RNA-seq data
of coronary vascular ECs from both developing and adult mouse and human hearts,
spanning healthy and diseased states (Li et al., 2022b). This comprehensive multi-
species meta-analysis — referred to as CrescENDO — combined 18 independent
studies comprising 14,482 ECs (12,231 mouse and 2,251 human) (Table 1).
CrescENDO enabled us to characterise transcriptomic dynamics of coronary ECs
across development, healthy, and disease, and to identify species-conserved,
translationally relevant targets that may guide future strategies to enhance
neovascularisation and cardiac regeneration (Li et al., 2022b).

From this work, we identified 752 (60.8%) genes that were upregulated in pro-
regenerative (< postnatal day 7, P7) neonatal mouse coronary ECs but remained
dormant in non-regenerative adult mouse coronary ECs post-MI. Similarly, in humans,
seventeen differentially expressed genes (DEGs) were found to be highly expressed
in coronary ECs from foetal hearts and in patients with dilated cardiomyopathy-
induced heart failure (dHF), but expressed at low levels in ECs from uninjured adult
human hearts (Table 22, Figure 21). These findings suggest that developmentally
expressed genes or gene programmes can be reactivated under pathological
conditions, leading to the hypothesis that such reactivation may stimulate
developmental regenerative pathways and promote cardiac neovascularisation in the
post-ischaemic adult heart.

Among the candidates identified in CrescENDO (Table 22, Figure 21), PABPC1
(Poly(A)-binding protein cytoplasmic 1 or Polyadenylate-binding protein 1) emerged
as a novel and understudied candidate, with its role in coronary neovascularisation
post-MI yet to be defined. Therefore, | decided to further explore the role of PABPC1
post-MI in the adult human heart.

In previous chapters, | have focused on ANXA2 and SERPINE1, which regulate
fibrinolytic pathways and act through extracellular proteolysis and vascular
remodelling. By contrast, PABPC1 represents a mechanistically distinct candidate,
acting at the post-transcriptional level. PABPC1 is a well-established regulator of
MRNA stability, translation, and cellular stress responses (Mangus et al., 2003), but its
role in endothelial biology and cardiac regeneration remains poorly defined. Given its
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upregulation during development and re-expression in disease states identified
through CrescENDO, | aimed to investigate whether post-transcriptional regulation via
PABPC1 could contribute to vascular regeneration after myocardial injury.

In this chapter, | therefore investigated PABPC1 expression across complementary
scRNA-seq datasets, including the human Ml atlas published by Kuppe et al. (2022)
and regenerating zebrafish heart dataset published by Ma et al. (2021). To gain further
spatial and cellular resolution, | additionally integrated our in-house 10X Visium spatial
transcriptomics data and performed cardiac cell type-specific expression analyses
using the Kuppe dataset. Finally, | validated these transcriptomicfindings at the protein
level through immunofluorescence staining of human heart tissues (healthy and post-
MI).

Building on these analyses, | next turned to the anxa2a/b zebrafish crispants, a model
of impaired cardiac regeneration described in Chapter 4, to investigate whether the
expression of PABPC1 paralogues (pabpc1a and pabpcib) were influenced by
anxaZ2a/b deficiency during development and/or in regeneration i.e. following laser-
induced cardiac injury. Although the ANXA2-SERPINE1 axis has not previously been
directly linked to PABPC1, the reactivation of PABPC1 following myocardial injury
across species made it an intriguing candidate to explore in the context of anxa2a/b
loss. This allowed me to assess whether PABPC1 paralogues form part of the broader
translational and regenerative responses downstream of ANXAZ2.

Collectively, these studies build on the candidate gene framework established in
earlier chapters, positioning PABPC1 alongside ANXA2 and SERPINE1 as a
complementary regulator of vascular repair. By integrating cross-species
transcriptomics with analysis of pabpc1a/b mRNA expression in anxa2a/b crispants,
this work provides a foundation for uncovering molecular pathways that may be
harnessed to promote post-ischaemic neovascularisation and cardiac regeneration in
humans.

Table 22. Common upregulated DEGs in foetal and dHF adult heart endothelial
cells compared to the uninjured adult heart. This shows the top expressed foetal
genes, which have low expression in the healthy adult heart, but are re-activated
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(upregulated) in the injured adult heart, in dHF (heart failure caused by dilated
cardiomyopathy). DEGs are ranked according to both P values and the average log2
fold change, with a summary of known role in neovascularisation post-MI| (adapted
from Li et al, 2022b).

Comparison Gene log2 fold Known role in neovascularisation post-
change, MI
(dHF/foetal)
RPL39 0.35/2.61 n/a
(ribosomal
protein L39)
RPL11 0.36/1.91 n/a
(ribosomal
Common protein L11)
uprequlated PTMA 0.40/1.16 PTMA was identified as a key
DEGs (Prothymosin a) paracrine factor released from
between cardiomyocytes in a ZEB2 (zinc
healthy foetal finger E-box-binding homeobox 2)-
and dHF adult dependent manner, where PTMA
(vs. uninjured promotes angiogenesis and tissue
adult) repair following ischaemic injury
(Gladka et al., 2021).
Overexpression of PTMA and
TMSB4 (thymosin beta 4) promoted
cardiomyocytes proliferation and
preserved ejection fraction post-
ischaemic injury in mice (Gladka et
al., 2023).
RPS11 0.37/1.19 n/a
(ribosomal
protein S11)
FN1 0.25/2.23 Fibronectin is an extracellular

(fibronectin 1)

matrix protein expressed along
vertebrate endothelium-lined
vasculature and is essential for
embryonic cardiovascular
development in both fish and mice
(Astrof and Hynes, 2009).

Genetic inhibition of FN1
attenuated vasculogenesis and
cardiogenesis in mice post-Mi
(Konstandin et al., 2013).

Paralogues fn1 and fn1b were
deposited by injury-activated
epicardial cells and were necessary
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for zebrafish cardiomyocyte
proliferation and heart regeneration
(Wang et al., 2013b).

FN1 expression was upregulated in
the heart after myocardial
ischemia/reperfusion injury (I/R).
Pharmacological inhibition of FN1
attenuated |-R-induced cardiac
infarction, myocyte apoptosis,
inflammation, oxidative stress and
fibrosis through activation of the
AMP-LKB1-AMPK signalling
pathway (Zhang et al., 2021).

NAP1L1 0.37/0.93 NAP1L1 is upregulated in the

(Nucleosome hearts of patients with ischaemic

assembly protein cardiomyopathy and identified as a

1 like 1) dysregulated hub protein in
myocardial fibrosis post-myocardial
infarction. Overexpression  of
NAP1L1 promoted cardiac
fibroblasts proliferation, migration,
and differentiation into
myofibroblasts, leading to
enhanced myocardial fibrosis (Li et
al., 2023).

EFNB2 0.47/0.63 EphrinB2 plays an essential role in

(EphrinB2) cardiovascular development,
physiological and pathological
postnatal angiogenesis, and
cardiac remodelling after injuries
(Su et al., 2019)
EphrinB2  protected ischaemic
hearts post-myocardial infarction
from remodelling and dysfunction
through promoting cardiac
lymphangiogenesis (Bai et al.,
2024)

RPL10AP6 0.51/0.25 n/a

(ribosomal

protein L10a

pseudogene 6)

LTBP4 0.55/1.02 LTBP4 regulates TGFB activity and could

(latent protect against renal fibrosis by stimulating

transforming angiogenesis, suppressing inflammatory

growth factor gene expression, and  supporting

beta-binding mitochondrial structure in tubular epithelial

protein 4) cells (Su et al., 2021).

CCDC80 0.33/1.03 n/a
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(Coiled-coil
domain-
containing
protein 80)

SOX4
(SRY-box
transcription
factor 4)

1.08/0.63

n/a

EEF2

(eukaryotic
elongation factor
2)

0.61/1.01

n/a

HSPAS

(Heat Shock
Protein Family A
(Hsp70) Member
%)

0.40/0.86

n/a

FUS
(fused in
sarcoma)

0.76/0.77

n/a

PABPC1
(poly(A)-binding
protein 1,
cytoplasmic 1)

0.75/0.58

n/a

RTF1

(RTF1 homolog,
Paf1/RNA
polymerase I
complex
component)

0.27/0.43

n/a

TIMP2

(TIMP
metallopeptidase
inhibitor 2)

0.39/0.29

TIMP-2 inhibits angiogenic factor-
induced endothelial cell
proliferation in vitro and
angiogenesis in vivo (Seo et al.,
2003)

TIMP2  deficiency  significantly
exacerbated left ventricular dilation
and systolic dysfunction compared
to WT mice post-MI (Kandalam et
al., 2010).
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Figure 21. Dot plot generated from our coronary endothelial cell meta-atlas,
CrescENDO, illustrating the common upregulated DEGs (n=17) in foetal and
dHF/cHF adult heart ECs compared to the uninjured adult heart. Dot size
represents the percentage of ECs expressing target gene; colour indicates scaled
average expression level (z-score). Bar graphs generated from EnrichR enrichment
analysis (Kuleshov et al., 2016) show the common network / pathways shared
between the 17 foetal genes. VEGFA/ VEGFRZ2 signalling ranks the highest which
suggests angiogenic function. String network analysis shows potential functional links
between the 17 foetal genes. For example, PABPC1 is co-expressed with the following
proteins: EEF2, RPL11, RPS11, RPS12, HSPA5, FUS, and PTMA in humans,
suggesting potential protein-protein associations.
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6.2 PABPC1 as a novel candidate from CrescENDO and
comparative gene expression analysis across multi-
omics datasets

PABPC1 was first identified by the Brittan group as one of seventeen common DEGs
in ECs in the foetal heart and in adult heart failure caused by dHF compared with
uninjured adult hearts (Table 22, Figure 21) (Li et al., 2022b). PABPC1 stood out as
a candidate because it was consistently expressed at high levels in coronary ECs in
both foetal and diseased/injured adult hearts but was almost absent in uninjured adult
hearts. Given that its role in neovascularisation and cardiac repair has not been
explored, PABPC1 represented a novel and promising target for further investigation
in post-ischaemic vascular regeneration.

Using the coronary EC meta-atlas, CrescENDO, | examined further both the
expression levels of PABPC1 and the percentage of ECs expressing the gene. In
human foetal hearts, around 65% of coronary ECs exhibited strong PABPC1
expression, whereas expression was very low in uninjured adult hearts. A similar
pattern was observed in mice: around 52% of ECs expressed strong expression of
Pabpc1 in uninjured postnatal day 6 (P6) mouse hearts but became undetectable by
P10 (Figure 22). In adult mice following MI, expression re-activated: around 90% of
ECs upregulated Pabpc1 at 14 days post-MI. In patients, PABPC1 expression was
very low in cHF, but around 75% of ECs expressed high levels in dHF (Figure 22).

To extend these findings, | analysed the Kuppe et al. (2022) endothelial-specific
sc(n)RNA-seq dataset of the human heart after acute MI. This confirmed PABPC1
upregulation in acute MI, with the highest expression observed in approximately 18%
of ECs within the IZ, and the second highest in around 23% of ECs in the FZ (Figure
22). These results supported that PABPC1 is “re-expressed” in endothelial populations
following human MI.

Our in-house spatial transcriptomics dataset was then analysed to validate and
complement the sc(n)RNA-seq findings. Although the study included a limited number
of replicates (1-3 subjects per group; Table 3), which prevented robust quantification,
the results were consistent across individuals and aligned with the transcriptomic
analyses. Importantly, spatial transcriptomics provided additional localisation
information: PABPC1 was expressed at low levels in uninjured control hearts, but
expression increased in both acute and chronic M|l samples, with the highest levels
appeared to be localised in the infarct border zone (Figure 23). This spatial enrichment
is particularly relevant, as the border zone is the region most active in endogenous
neovascularisation.

Finally, to assess evolutionary conservation and complement these murine and human
datasets, | analysed pabpc1 expression in regenerating adult zebrafish hearts using
the endothelial-specific sScCRNA-seq dataset published by Ma et al. (2021). Temporal
endothelial pabpc? expression was examined after cardiac injury by ventricular
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resection (2, 7, and 14 days). Both zebrafish paralogues of PABPC1 (pabpc1a/b) were
upregulated following injury compared to uninjured hearts (day 0). pabcp1a was
strongly expressed in 80% of ECs at 14 days post-injury (dpi), while pabpc1b showed
peak expression in 20% of ECs at 7 dpi (Figure 24).

Taken together, these cross-species datasets, integrating both single-cell, single-
nuclei, and spatial transcriptomics data, demonstrated PABPC1 as a developmentally
expressed endothelial gene that is re-expressed after myocardial injury. These
findings provided a strong rationale for selecting PABPC1 as a novel candidate target
within the framework of my central hypothesis that reactivation of developmental
genes may promote neovascularisation and cardiac regeneration in the injured adult
heart.
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Figure 22. PABPC1, a foetal endothelial gene identified from CrescENDO, is
reactivated in endothelial cells after myocardial injury across species and multi-
omics datasets. PABPC1 was first identified as one of the top 17 differentially
expressed endothelial genes in CrescENDO, highly expressed during development,
and reactivated after myocardial injury. (A) Schematic overview of datasets analysed,
including the coronary EC meta-atlas CrescENDO (Li et al., 2022b) and the multi-omic
map of human heatrts after acute MI (Kuppe et al., 2022), covering foetal, adult healthy
and diseased hearts. (B) Dot plots showing PABPC1 endothelial expression across (i)
human foetal, adult, and heart failure (cHF, dHF), (ii) different myocardial zones post-
acute Ml (ischaemic, border, remote zone, fibrotic zone), (iii) neonatal mouse at P6
and P10, and (iv) adult mouse ECs at multiple time points post-MI. Dot size represents
the percentage of ECs expressing PABPC1; dot colour indicates scaled average
expression level (z-score).
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Figure 23. In-house spatial transcriptomic data showing sections of adult human
heart tissue from an uninjured (Ul), healthy control, patients presenting with
acute MI (aMl) and chronic Ml (cMl). Panel 1 shows H&E staining of the tissue
sections. Panel 2 highlights areas of healthy tissue (green), ischaemic damage (red),
and ischaemic border zones (blue). Expression levels of PABPC1 are shown as the
summed log-normalised counts (0-6). Each group included 1-3 subjects, and although
the limited number of replicates precludes formal quantification, PABPC1 expression
patterns were comparable across individuals, showing low expression in uninjured
control hearts and increased expression in acute and chronic Ml samples, with the
highest expression localised to the infarct border zone.
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Figure 24. Expression of PABPC1 paralogues (pabpc1a and pabpc1b) from
endothelial cell-specific adult zebrafish heart regeneration single cell
transcriptomics data (Ma et al., 2021). Dot plot showing the percentage of
expressing cells and average expression level of pabpc1a and pabpc1b in zebrafish
hearts at 2, 7, and 14 days post-injury (dpi) compared to uninjured controls. Dot size
represents the percentage of ECs expressing pabcpia/b; colour indicates scaled
average expression level (z-score).
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6.3 Biological functions and mechanisms of PABPC1 and
its potential implications in cardiovascular disease
research

Poly(A) binding protein cytoplasmic 1 (PABPC1), also known as Polyadenylate-
binding protein 1 (PABP1) acts as a multifunctional RNA-binding protein in the
cytoplasm with central roles in post-transcriptional gene regulation (Sawazaki et al.,
2018). PABPC1 plays a critical role in post-transcriptional gene regulations such as
transcription, transport, stability and translation through binding to the 3’ poly(A) tails
of mMRNAs (Mangus et al., 2003). The best characterised function of PABPC1 is
enhancement of translation by interacting with translation initiation factors at the 5’end
of mMRNA, promoting ribosome recruitment and hereby stimulating protein synthesis
(Smith et al., 2014). Importantly, PABPC1 is not confined to the cytoplasm; it shuttles
between the nucleus and cytoplasm, with RNA levels being a major determinant of its
nucleocytoplasmic localisation (Gray et al., 2015). Beyond its primary function in
translation, PABPC1 also regulates mRNA stability, trafficking, surveillance and
nonsense-mediated mMRNA decay, along with miRNA-induced translational repression
and mRNA-specific activation (Smith et al., 2014, Hosoda et al., 2006). The gene-
specific effects of PABPC1 are very poorly defined; it usually needs other partner
proteins/regulatory machinery e.g., eukaryotic initiation factor 4F (elF4F) proteins for
MRNA specific regulation (Zhai et al., 2023).

Emerging evidence suggests that PABPC1 is not only a regulator of mRNA dynamics
but also a determinant of vascular cell function. Knockdown of PABPC1 in human
arterial ECs led to upregulation of p16™K4a with induced p16™X4? dependent cellular
senescence, implicating PABPC1 as a suppressor of cellular senescence and
vascular ageing (Wu et al., 2021). In vascular smooth muscle cells (VSMCs), PABPC1
acts downstream of the long non-coding RNA (NONRATT011842), modulating VSMC
proliferation and migration in a hypertensive rat model (Tan et al., 2020). Knockdown
of PABPC1 significantly reduced rat VSMC proliferation and migration, whereas
overexpression had the opposite effect (Tan et al., 2020). Together, these studies
suggest that PABPC1 maintains vascular homeostasis and may influence pathological
vascular responses.

Alterations in PABPC1 expression and its function disrupts intra-tissue homeostasis
and could contribute to the development of various tumour tissues and cancers.
PABPC1 expression is highly elevated in various tumours and associated with
signalling pathways central to tumorigenesis, including Nfr2, Hippo, and PTEN
signalling (Qi et al., 2022). For example, in oesophageal squamous cell carcinoma,
PABPC1 overexpression promotes angiogenesis and malignant progression by
interacting with eukaryotic translation initiation factor 4G (elF4G) to regulate elF4G
IFI27 mRNA stability via exosomal miR-21-5p/CXCL10 (Zhang et al., 2022). Such
findings emphasise PABPC1 as a context-dependent regulator, capable of driving
proliferation and angiogenesis in disease states.
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The importance of PABPC1 in development is shown by animal and human studies.
Morpholino-mediated knockdown of PABPC1 in African clawed frog (Xenopus laevis)
resulted in anterior and posterior developmental defects, embryonic lethality and
impaired protein synthesis (Gorgoni et al., 2011). This highlights the critical role of
PABPC1 in embryonic development, likely through its role in mRNA-specific
translation regulation and/or mRNA decay. In children, pathogenic variants in the
PABP domain of PABPC1 can lead to global developmental delay, movement
coordination disorders, seizures, behavioural disorders, and mild facial dysmorphisms
(Meret et al., 2022). This is likely due to disrupted translation initiation and impaired
neurogenesis in cortical development. Additionally, the same study reported that
Pabpc1 knockdown in mouse embryo brains reduced neural progenitor cell
proliferation, further highlighting its necessity for neurogenesis (Meret et al., 2022).
These studies converge on the conclusion that PABPC17 is essential for early
development, largely through its role in translation regulation.

Inthe heart, PABPC1 has emerged as a key regulator of protein synthesis and growth.
Another study demonstrated a key role for PABPC1 in modulating protein synthesis
rates and hypertrophy in the heart. Chorghade et al found that PABPC1 is abundant
in neonatal cardiomyocytes, where protein synthesis is high, but becomes reduced or
silenced in adult cardiomyocytes, where protein synthesis is low due to limited cellular
turnover. In adults, PABPC1 expression is post-transcriptionally silenced through
poly(A) tail shortening of its mRNA, reducing translation of PABPC1 mRNA
(Chorghade et al., 2017). Remarkably, in models of cardiac hypertrophy — whether
induced by endurance exercise or disease — PABPC1 expression and its poly(A) tail
length are restored/enhanced, suggesting a critical role in cardiomyocyte proliferation
and growth (Chorghade et al., 2017). These findings raise the possibility that targeted
re-expression/overexpression of PABPC1 could potentially be beneficial to a failing
myocardium. Interestingly, while Chorghade et al. found that poly(A) tail shortening in
adult mouse hearts was cardiomyocyte-specific, its role in other cardiac cell types,
such as ECs and fibroblasts, remains unexplored. Since other cardiac cell types such
as ECs and fibroblasts, can proliferate during pathological hypertrophy and influence
the behaviour of cardiomyocytes (Gray and Gray, 2017). This raises the question of
PABPC1’s broader function in other cardiac cell types.

Transcriptomic studies have further linked PABPC1 to foetal gene reactivation in
cardiovascular disease. D’Antonio et al. (2022) revealed that the reactivation of foetal-
specific RNA-binding proteins, along with the accompanied re-expression of 1523
foetal-specific isoforms, has contributed to the transcriptome differences observed in
heart failure when compared to healthy adult heart. Unlike the more relaxed
transcriptional regulation seen in healthy adult cardiac tissue, foetal cardiac tissue
demands a more stringent transcriptional regulation (D'Antonio et al., 2022). Similarly,
during heart failure, there appears to be a return to this heightened level of
transcriptional regulation. In line with this, PABPC1 was differentially upregulated in
induced pluripotent stem cell-derived cardiovascular progenitor cells compared to
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adult heart or arterial tissue (D'Antonio et al., 2022). Our group’s multi-species meta-
analysis (CrescENDQO) confirmed this finding, identifying PABPC1 as a reactivated
foetal endothelial gene after myocardial injury. This positions PABPC1 as a candidate
regulator of regenerative programmes in the adult heart. Finally, emerging evidence
suggests RNA-binding PABPC1 might also have an interaction with NG6-
methyladenosine-single nucleotide polymorphisms that are associated with
cardiovascular diseases including atrial fibrillation, MI, and myocardial hypertrophy
(Huang et al., 2023).

Insummary, PABPC1 emerges as a multifunctional regulator at the crossroads of RNA
biology, development, and disease. Its canonical role in translation and mRNA
turnover extends into vascular biology, cellular senescence, and cancer progression,
emphasising its ability to influence cell proliferation, survival, and adaptation across
diverse contexts. In the cardiovascular system, PABPC1 has a dual identity: abundant
in the neonatal heart to support rapid growth, yet repressed in the adult myocardium
until reactivated during hypertrophy or injury. Importantly, its re-expression in ECs after
myocardial injury, as identified across multiple datasets, suggests a potential role in
neovascularisation and tissue repair. However, the role of PABPC1 in ischaemic heart
disease, especially in MI, remains largely unexplored. The precise mechanisms by
which PABPC1 contributes to endothelial function, angiogenesis, and post-injury
cardiac regeneration remain poorly defined. Its re-expression after myocardial injury,
together with its known functions in translation, vascular cell biology, and hypertrophy,
make it an intriguing target for future studies on neovascularisation and cardiac
regeneration.
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6.4 PABPC1 expression is induced during endogenous
neovasculogenic responses in human heart

To assess PABPC1 protein expression in the human heart, immunofluorescence
staining was performed on tissue sections from healthy controls and patients with M.
Five ROIs were analysed from each sample, focusing particularly on the infarct border
zone, a known site of active neovascularisation post-MI (Gu et al., 2006, Ma et al.,
2025). To avoid bias, adjacent sections stained with Masson’s Trichrome were used to
guide ROI selection and to confirm regions of infarct and scar formation. PABPCA1
expression in the coronary endothelium in patients with MI were quantified using
immunofluorescence staining for target protein combined with CD31 (a pan-
endothelial cell marker).

Antibody specificity was first verified. A rabbit IgG isotype control showed no signal in
human heart tissue, while positive control staining in mouse testes demonstrated the
expected cytoplasmic localisation of PABPC1 in spermatocytes and round spermatids,
consistent with previous reports (Kimura et al., 2009).

In healthy human hearts, PABPC1 expression appeared low, with some positive
staining detected in ECs and surrounding interstitial cells. By contrast, in Ml samples,
PABPC1 expression was markedly upregulated, particularly in the infarct border zone.
Quantitative analyses confirmed a significant increase in total PABPC1* cells in
patients with MI compared to healthy controls (%PABPC1" cells = 59.63 + 25.53
versus 31.50 £ 15.60, P=0.0492; unpaired t test) (Figure 25). Importantly, co-staining
with CD31 revealed that endothelial PABPC1 expression was also significantly higher
in patients with MI compared to controls (%PABPC1* CD31+ cells = 68.02 + 15.56
versus 37.90 £ 18.57, P=0.0128; unpaired t test) (Figure 25). The proportion of ECs
within the total PABPC1+ cell population was significantly higher in acute Ml (%CD31*
of total PABPC1+ cells = 51.40 + 4.50 versus 40.00 £ 8.53, P=0.0212; unpaired t test).
However, as per previous quantification of CD31" cell expression in Ml compared to
the healthy human heart, the overall proportion of CD31* ECs did not differ significantly
between groups (Figure 25).

Although PABPC1 was strongly upregulated in vascular endothelium, it was not
restricted to this cell type. PABPC1-positive staining was also observed in other cell
populations within the infarcted tissue, likely inflammatory cells, fibroblasts, and
myofibroblasts, as identified by their distinct morphology and distribution within
collagen-rich scar areas identified by Masson’s Trichrome staining (Figure 25).

Overall, these data demonstrate that PABPC1 protein expression is induced in the
human heart following MI, with a pronounced increase in ECs at the infarct border
zone. This supports transcriptomic findings of PABPC1 reactivation in injured
endothelium and highlights its potential involvement in  endogenous
neovascularisation and tissue repair processes.
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Figure 25. PABPC1 protein expression is induced in endothelial cells of the
human heart following myocardial infarction (MI). (A) Representative images
showing validation of antibody specificity: no signal in rabbit 1gG isotype control
(human heart, negative control) and strong cytoplasmic staining in mouse testis
(positive control). (B, C) Middle panels show representative images of Masson’s
Trichrome staining of healthy and Ml human heart tissue used to identify infarct and
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border zones. Right panels show immunofluorescence staining for PABPC1 (green),
endothelial marker CD31 (red), and nuclei (DAPI, blue) in healthy and MI hearts.
PABPC1 immunostaining was not restricted to endothelial cells in MI. Staining also
appeared to be in fibroblasts, myofibroblasts, and inflammatory cells within collagen-
rich infarct and scar regions, implying PABPC1 upregulation may represent a broader
injury-responsive program, potentially influencing fibroblast activation, extracellular
matrix deposition, and immune responses. (D) Quantification of (i) total %PABPC1*
cells, (ii) % PABPC1* cells within total CD31" population, (iii) total %CD31+ cells, and
(iv) %CD31* cells within total PABPC1* population across healthy controls and Ml
hearts. Total PABPC1+ cells and endothelial PABPC1 expression in Ml were
significantly higher compared to healthy controls. The proportion of endothelial cells
within the total PABPC1* cell population was significantly increased in Ml hearts
compared with controls.

6.5 PABPC1 gene expression across cardiac cell types in
control, ischaemic, and fibrotic zones.

To complement the immunofluorescence analysis and to determine the contribution of
non-EC populations to PABPC1 expression, | next examined PABPC1 expression
across multiple cardiac cell types using the Kuppe dataset. Because ECs are not the
only cell type activated during injury, it was important to evaluate whether other cardiac
and immune populations also contribute to PABPC1 expression. This cell type-specific
expression analysis compared control (uninjured) myocardium with the ischaemic
zone (1Z; necrotic myocardium) and fibrotic zone (FZ; late-stage scar). These regions
were selected to capture cell populations actively engaged in acute injury responses
and scar formation, thereby providing further insight into the potential roles of PABPC1
in post-MlI repair.

Expression levels were evaluated in two ways: i) the percentage of cells within each
cell type-specific cluster that expressed PABPC1 and ii) the average expression level
(log-transformed) in all cells in each cluster. Both immature innate lymphoid cell and
cardiac muscle myoblast clusters showed higher expression of PABPC1 in the FZ
compared to the 1Z (% PABPC1* immature innate lymphoid cells = 35.20 + 8.78 versus
15.91 £ 9.50, P = 0.0077; %PABPC1" cardiac muscle myoblast = 36.05 £ 9.82 versus
18.72 + 4.26, P = 0.0186; two-way ANOVA multiple comparisons). Notably, the
immature innate lymphoid cell cluster showed a significantly lower expression of
PABPC1 in the 1Z compared to control (% PABPC1* immature innate lymphoid cells =
15.91+ 9.50 versus 38.64 + 17.60, P = 0.0028, two-way ANOVA multiple comparisons)
(Figure 26). In contrast, other major cell types, including ECs, smooth muscle
myoblasts, pericytes, fibroblasts and mast cells, did not display significant differences
in the percentage of PABPC1-expressing cells across zones. This contrasts with the
original CrescENDO analysis, in which | identified PABPC1 as upregulated in ECs in
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dHF patients, and with my immunostaining results, which showed increased protein
level of PABPC1 in the coronary vasculature post-Ml.

When analysing average expression levels (log-transformed), no statistically
significant changes in PABPC1 expression were observed across any of the cardiac
cell types when comparing diseased regions i.e., between control, 1Z, and FZ. Thus,
while shifts in the percentage of PABPC1+ cells occurred in specific non-EC cell
clusters such as immature innate lymphoid cells and cardiac muscle myoblasts, the
average expression levels per cell did not substantially vary across myocardial zones
(Figure 26).
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Figure 26. Cell type—specific expression of PABPC1 in control, ischaemic (12),
and fibrotic (FZ) myocardial zones. Analysis of the Kuppe et al. single-cell dataset
was performed to assess PABPC1 expression across major cardiac cell populations.
(A) Percentage of PABPC1+ cells within each cell type cluster. A higher proportion of
PABPC1+ immature innate lymphoid cells and cardiac muscle myoblasts was
observed in the fibrotic zone compared to the ischaemic zone, while immature innate
lymphoid cells showed significantly reduced PABPC1 expression in the ischaemic
zone compared to controls. (B) Average expression intensity (log-transformed) of
PABPC1 across all cells within each cluster. No significant differences were detected
across myocardial zones, suggesting that the main change lies in the proportion of
PABPC1+ cells rather than in uniform upregulation across each population. Statistical
analysis was performed using two-way ANOVA with Tukey’s multiple comparisons.
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6.6 PABPC1 paralogues expression in anxa2a/b crispants
before and after cardiac laser injury

Given the consistent re-expression of PABPC1 following myocardial injury across
multiple species and datasets, | next investigated whether this translational regulator
was affected by the loss of anxa2a/b during heart regeneration, and as described in
Chapter 4, | examined their expression in anxa2a/b crispants at 48 hours post-injury
(hpi) out of curiosity. While the ANXA2-SERPINE1 axis has not previously been
directly linked to PABPC1, the emerging role of PABPC1 as a reactivated foetal gene
made it an interesting candidate to assess in this model.

RT-gPCR was performed using cDNA generated from pooled 5 dpf larvae (20-30 per
group), with expression normalised to housekeeping genes (b2m, rpl7) and relative
quantification calculated using the AACt method, presented as log, relative
quantification (RQ; 2-24Ct),

In uninjured zebrafish, the expression of pabpci1a and pabpc1b was unchanged in

both mild and moderate anxaZa/b crispants compared to WT controls (Figure 6).

However, this pattern shifted following laser-induced cardiac injury. At 48 hpi, pabpcia

expression was significantly downregulated in both mild (Log, fold change in pabpc7a
expression = -0.16 £ 0.07 versus 0.00 = 0.03, P = 0.0364) and moderate crispants

(Log; fold change in pabpc1a expression = -0.39 + 0.15 versus 0.00 £ 0.03, P = 0.0001;
one-way ANOVA multiple comparisons) compared to WT (Figure 6). Moreover,

pabpc1a levels were further reduced in moderate compared with mild crispants (Log,

fold change in pabpc1a expression =-0.39 + 0.15 versus -0.16 + 0.07, P = 0.0099),

consistent with a dose-dependent effect of anxa2ab deficiency. In contrast, pabpc1b

was specifically downregulated in moderate crispants only, compared with WT at 48hpi

(Log-, fold change in pabpc1b expression = -0.26 + 0.14 versus 0.01 £ 0.06, P =0.0131)
(Figure 27).

In summary, these data reveal that while PABPC1 paralogues (pabpcia/b) were
unaffected by anxaZ2a/b loss in uninjured hearts, their expression fails to be maintained
following injury in anxaZ2a/b crispants.
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Figure 27. PABPC1 paralogues (pabpc1a/b) expression in anxa2a/b crispants
before and after laser cardiac injury. QPCR analysis of pabpc1a (left) and pabpc1b
(right) in uninjured and injured (48 hours post-injury, hpi) zebrafish hearts. (A) In
uninjured hearts, pabpcia and pabpc1b expression was unchanged in both mild and
moderate anxaZ2a/b crispants compared with uninjured sibling controls. (B) Following
laser-induced cardiac injury, pabpcia expression was significantly reduced in both
mild and moderate crispants compared with wild-type (WT), with further suppression
in moderate compared to mild phenotypes. pabpc1b expression was specifically
downregulated in moderate crispants relative to WT. Data represent log . fold-change
in expression relative to controls. Statistical analysis was performed using one-way
ANOVA with Tukey’s multiple comparisons.
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6.7 Discussion

The data presented in this chapter demonstrate that PABPC1 is a developmentally
expressed gene that is reactivated in ECs following myocardial injury across multiple
species, supporting its candidacy as a regulator of post-ischaemic vascular
regeneration. PABPC1 was initially identified by the CrescENDO meta-analysis (Li et
al., 2022b) as one of seventeen DEGs expressed by ECs in the foetal human heart
and in patients with dHF, but not in patients cHF (Table 1, Table 22, Figure 21). The
heart failure samples used in this CrescENDO originated from Wang et al., 2020 and
included six male patients (range of ages was 21-52 years; median age 45.5 years),
with two patients progressing from cHF and four progressing from dHF (Wang et al.,
2020a). The same analysis showed that PABPC1 was not expressed in the healthy
adult human heart ECs. This suggests that PABPC1 may play a role in coronary
vascular development and becomes dormant in the adult healthy heart, but is
reactivated under pathological stress. Notably, the low expression of PABPC1 in cHF
and contrasting pronounced expression in dHF, may imply that PABPC1 re-expression
is dependent on the type and severity of cardiac pathology, potentially reflecting
differences in residual regenerative capacity or endothelial plasticity.

Cross-species analyses supported the potential role of Pabpc? during coronary
vascular developmental and its re-induction after adult injury (Figure 22). In mice,
Pabpc1 expression was high in neonatal coronary ECs at postnatal day 6 (P6) but
silenced by P10 and into adulthood (Li et al., 2022b), coinciding with a well-reported
loss of cardiac regenerative capacity by postnatal day 7 in this species (Porrello et al.,
2011, Haubner et al., 2012). Similar to the human heart endothelium, Pabpc1 was
reactivated in adult mouse ECs at 14 days post-MI.

Human MI sc(n)RNA-seq data (Kuppe et al., 2022) revealed an upregulation of
PABPC1 in ECs within the infarct and fibrotic zones, compared to the healthy human
heart. The cardiac samples used in the Kuppe dataset included four control donors
(range of ages was 44-61 years; median age 51 years; 75% male, 25% female), six
patients for FZ (range of ages was 58-74 years; median age 63 years; 83.3% male,
16.7% female), twelve patients for IZ (range of ages was 29-66 year; median age 48.5
years; 66.7% male, 33.3% female) (Figure 22).

Analysis of in-house spatial transcriptomics datasets from patients with Ml and healthy
heart controls showed PABPC1 expression was increased post-MI and was localised
to the infarct border zone in MI — the region most active in neovascularisation (Figure
23). These data support a functional relevance in post-ischaemic repair and provide
novel spatiotemporal context.

In regenerating adult zebrafish hearts (Ma et al., 2021), endothelial-specific scRNA-
seq revealed upregulation of both paralogues, pabpc1a and pabpc1b, after ventricular
apex amputation (Figure 24). The peak of pabpc7b expression was at day 7 post-
injury, this may coincide with the onset of the proliferative and angiogenic phase (7-14
days post-injury) of cardiac regeneration, which follows the initial acute inflammatory
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phase (1-3 days post-injury) (Lien et al., 2012, Kikuchi et al., 2010). This proliferative
and angiogenic phase is characterised by active cardiomyocyte proliferation,
endocardial activation, and neovascularisation (Lien et al., 2012, Ross Stewart et al.,
2021). In contrast, the peak of pabpcia expression at day 14 post-injury likely
corresponds to a stage when substantial regeneration has already occurred, with
active cardiomyocyte proliferation and vascular maturation, preceding the remodelling
and maturation phase (14-30 days post-injury) (Ross Stewart et al., 2021, Gonzalez-
Rosa et al., 2011). These temporal expression differences indicate potential
paralogue-specific contributions to distinct stages of zebrafish cardiac regeneration.

Mechanistically, PABPC1 is a central regulator of post-transcriptional gene expression,
enhancing translation through interactions with poly(A) tails and translation initiation
factors while also modulating mRNA stability and decay (Mangus et al., 2003, Smith
et al., 2014). Depletion of PABPC1 disrupts the abundance and stability of specific
MRNA populations, particularly those encoding proteins with regulatory or constitutive
functions, by impairing the ability to prevent deadenylation-independent mRNA decay
(Kajjo et al., 2022). This highlights a critical role for PABPC1 in maintaining
translational homeostasis and ensuring the sustained production of proteins essential
for cellular function and stress responses. Its re-expression in diseased/injured ECs is
therefore possibly crucial for stabilising mRNAs encoding proteins required for
endothelial activation, neovascularisation, and coordinated repair programs.

Supporting evidence further shows that PABPC1 suppresses endothelial senescence
(Wu et al., 2021) and regulates vascular smooth muscle proliferation and migration
(Tan et al., 2020), emphasising its importance in vascular adaptation. In the heart,
PABPC1 is abundant in neonatal cardiomyocytes but silenced in adulthood, only to be
reactivated during hypertrophy or stress where it restores protein synthesis capacity
(Chorghade et al., 2017). This developmental “switch” mirrors its post-injury
reactivation in the endothelium observed in this Chapter. By controlling mRNA stability
and translation efficiency, PABPC1 could coordinate the rapid production of pro-
angiogenic factors and stress-response proteins, complementing extracellular
pathways such as the ANXA2 in fibrinolysis and neovascularisation (Chorghade et al.,
2017). However, my cell type-specific analysis using the Kuppe et al, 2022 dataset did
not reveal any statistically significant expression of PABPC1 in cardiomyocytes from
MI patients. Thus, it is possible that PABPC1 may operate different mechanisms in
different diseased states.

Immunofluorescence analysis validated these transcriptomic findings and provided
protein-level confirmation that PABPC1 is re-expressed in the human heart after M,
with specific enrichment in coronary ECs of the infarct border zone (Figure 25). Total
PABPC1* cells, as well as CD31* PABPC1* cells were significantly higher in Ml
compared to healthy hearts. Importantly, the proportion of CD31" ECs within the
PABPC1* population increased without a corresponding increase of total EC numbers,
indicating selective upregulation within existing ECs rather than proliferation. This
suggests that PABPC1 could contribute to an endothelial activation programme
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triggered by myocardial injury, supporting pro-angiogenic and reparative responses in
the infarct border zone.

PABPC1 immunostaining was not restricted to ECs in M| (Figure 25). Staining also
appeared to be in fibroblasts, myofibroblasts, and inflammatory cells within collagen-
rich infarct and scar regions, implying PABPC1 upregulation may represent a broader
injury-responsive program, potentially influencing fibroblast activation, extracellular
matrix deposition, and immune responses. Complementary cell type-specific analysis
of the Kuppe dataset further revealed that the percentage of cells within each cluster
that expressed PABPC1 was significantly higher in immature innate lymphoid cells and
cardiac muscle myoblasts within the FZ compared to the IZ (Figure 26). This suggests
possible roles for PABPC1 in immune-mediated scar organisation, cytokine production,
and myogenic adaptation during post-MI response. Studies have shown that PABPC1
links poly(A)-tail length to translational efficiency in early stages of development, while
at later stages of development, its main function shifts toward protecting mRNAs and
maintaining their stability (Xiang and Bartel, 2021). My findings suggest that the re-
expression of PABPC1 in injured cardiac populations likely serves a similar context-
dependent function. In the acute injury phase, PABPC1 likely promotes rapid
translation of pro-angiogenic and stress-response mRNAs. And subsequently, it
stabilises mRNA to sustain protein synthesis to support vascular repair and scar
formation. This mechanism aligns with the temporal and cell type-specific induction
patterns observed across endothelial, immune, and myogenic populations in post-Mi
hearts.

Initially, | analysed the EC-specific snRNA-seq dataset from Kuppe et al., 2022, which
showed PABPC1 upregulation in ECs, with the highest expression in approximately
18% of cells in the IZ and the second highest in around 23% of cells in the FZ (Figure
22). However, a complementary cell type-specific analysis (Figure 26) comparing
major cardiac cell types across |Z, FZ, and control zones, revealed no statistically
significant difference in either the average log-transformed expression levels or the
percentage of PABPC1-expressing cells within endothelial clusters. In contrast,
immunofluorescence confirmed clear protein-level upregulation in the coronary
vasculature post-Ml in the human heart compared to the healthy heart. This
inconsistency may reflect differences in post-transcriptional regulation of PABPCA1,
where mRNA levels do not always correlate directly with protein levels, and averaging
across heterogeneous EC populations may mask subpopulation-specific increases.
These observations highlight the importance of integrating transcriptomic and protein-
level analyses to fully capture context-dependent regulation.

Functional investigation in anxaZ2a/b larval zebrafish crispants (< 5 dpf) revealed that
pabpcia and pabpc1b expression were largely unaffected at baseline (i.e. without
injury) (Figure 27), indicating that ANXAZ2 is not required for maintaining stable levels
of PABPC1 under normal, uninjured conditions. However, following laser-induced
cardiac injury, both paralogues were downregulated in a dose-dependent manner, with
pabpc1a more strongly affected and pabpc1b reduced only in moderate crispants
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(Figure 27). This suggests differential sensitivity of the paralogues to anxaZ2a/b
deficiency after injury. These findings indicate that injury-induced upregulation of
pabpcia/b requires intact anxa2a/b signalling. In the absence of ANXA2, the
translational program normally activated during regeneration fails to engage, likely
limiting neovascularisation and myocardial repair processes. Given the established
roles of PABPC1 in mRNA stabilisation, translational efficiency, and stress response
(Shi, 2023, Mangus et al., 2003), its downregulation in anxaZ2a/b crispants likely
reduces the capacity for rapid protein synthesis necessary for angiogenesis,
endothelial proliferation, and cardiomyocyte repopulation.

Together, these data suggest that ANXA2 functions beyond its well-characterised roles
in fibrinolysis, possibly acting as an upstream facilitator of translational regulation
during regenerative responses. The dose-dependent repression of PABPC1
paralogues in crispants positions them as downstream effectors of ANXA2-dependent
cardiac regeneration, providing a previously unrecognised mechanistic link between
endothelial signalling and translational control. Future studies could explore whether
targeted rescue of PABPC1 paralogues in anxaZ2a/b crispants — via mRNA delivery or
transgenic expression — can restore the regenerative deficit observed in crispants,
offering direct evidence that translational regulation is a critical component of ANXA2-
mediated neovascularisation and cardiac repair.

This study benefits from a cross-species and multi-modal datasets validation that
integrates human, mouse, and zebrafish data, combining with sc(n)RNA-seq, spatial
transcriptomics, and immunofluorescence. These complementary approaches provide
convincing evidence that PABPC1 is a conserved injury-responsive gene involved in
neovascularisation, which is validated at both RNA and protein levels.

The study of anxaZ2a/b crispants suggests a novel mechanistic association between
ANXAZ2 deficiency and PABPC1 downregulation following cardiac laser injury,
suggesting PABPC1 acts downstream of ANXA2 to promote neovascularisation and
cardiac regeneration. However, direct mechanistic evidence in human ECs is lacking.
Additional in vitro functional assays (such as PABPC1 gain- or -loss-of-function studies)
will help to validate the proposed ANXA2-PABPC1 regulatory axis, and to confirm
whether PABPC1 directly stimulates angiogenic or regenerative behaviours in ECs.

The transcriptomic analyses were based on both publicly available (Kuppe) and in-
house (CrescENDO) sc(n)RNA-seq datasets generated from small and
heterogeneous patient cohorts (n < 6 per sample group). This limited sample size may
reduce statistical power and generalisabilty of the findings, and increases
susceptibility to inter-patient variability, including differences in age, sex, and
underlying health conditions, all of which can influence endothelial transcriptional
states. Furthermore, sc(n)RNA-seq data only provides a snapshot of steady-state
MRNA levels, and may not accurately correspond to the dynamic changes in
translation or protein turnover. This is particularly relevant for PABPC1, given its
cytoplasmic localisation and role in post-translational regulation. In addition, clustering
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and averaging of expression across all endothelial populations may mask
subpopulation-specific regulation (e.g. arterial EC, venous EC, capillary EC) and
underrepresenting potentially meaningful heterogeneity in PABPC1 expression.

Immunofluorescence can provide qualitative and semi-quantitative evidence for
PABPC1 protein localisation within the coronary endothelial after MI. However, the
quantification is restricted to fixed tissue sections at static timepoints, preventing
assessment of the temporal expression patterns of PABPC1 during the post-Mi
response. Additionally, PABPC1 was only co-stained with endothelial marker CD31,
other lineage-specific markers (e.g. fibroblast, myofibroblast, or inflammatory cells)
were not included, limiting the ability to definitively assign PABPC1 expression to other
non-endothelial populations within the same region of interest.

In summary, the data presented in this chapter identify PABPC1 as a conserved, injury-
responsive translational regulator re-activated in diseased/injured coronary
endothelium across species following MI. PABPC1 likely functions as a downstream
effector of ANXA2, supporting neovascularisation by regulating protein translation and
synthesis, which are critical for myocardial repair. These findings establish PABPC1
as a key mediator of post-ischaemic vascular repair in the heart and provide a strong
rationale for future studies to investigate its downstream targets, temporal regulation,
cell-type specific functions, and interactions with well-known regenerative pathways,
with potential implications for enhancing cardiac regeneration post-MI in humans.
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Chapter 7: Investigation of the cardioprotective
properties of blue mussel-derived drug N2-01 in
collaboration with N2 Pharmaceuticals
(External Partner Organisation)

7.1 Introduction

This PhD project included an industrial collaboration with External Partner
Organisation (EPO) — N2 Pharmaceuticals, who developed a bioactive compound
extracted from blue mussel (Mytilus edulis) meat via enzyme-acid hydrolysis (for more
detail see Chapter 1.8).

Blue mussels are a sustainable marine resource rich in bioactive peptides with proven
antioxidant, anti-inflammatory, antithrombotic, and cardioprotective properties. Their
hydrolysates inhibit key metabolic enzymes, including pancreatic cholesterol esterase,
pancreatic lipase, and a-glucosidase (Lu et al., 2025, Wang et al., 2013a), suggesting
a potential role to modulate lipid and glucose metabolism, and reduce oxidative stress.
This means Mytilus edulis hydrolysates may serve as natural therapeutic for metabolic
and cardiovascular disorders.

Furthermore, Mytilus edulis hydrolysates have shown to improve endothelial function
across multiple disease models, including sepsis, preeclampsia, cancer, and kidney
failure. They exert anti-inflammatory and cytoprotective effects by suppressing pro-
inflammatory cytokine production, reducing ROS and NO generation, and inhibiting
apoptosis (Kim et al., 2016, Cheong et al., 2017, Suryaningtyas et al., 2021).
Additionally, Mytilus edulis derivatives protect ECs from oxidative injury and
thrombosis by inhibiting caspase-3 activation and apoptosis (Oh et al., 2019, Qiao et
al., 2018), Hence, this suggests Mytilus edulis hydrolysates may be effective in
protecting oxidative stress-mediated endothelial dysfunction or related cardiovascular
disease such as atherosclerosis.

Enzyme-assisted hydrolysates of Mytilus edulis have shown strong potential to
attenuate muscle atrophy in both in vitro and in vivo zebrafish models (Amarasiri et al.,
2023). Alcalase-assisted Mytilus edulis hydrolysate enhanced C2C12 myoblast
proliferation, increased myotube size and nuclear number, upregulated hypertrophy
markers, and suppressed levels of proteins responsible for muscle atrophy (Amarasiri
et al., 2023). In zebrafish, treatment with alcalase-assisted Mytilus edulis hydrolysate
improved locomotor performance and increased body weight, confirming its efficacy
in promoting muscle maintenance and growth in vivo (Amarasiri et al., 2023). Moreover,
mussel-derived peptides exhibited antioxidant and anti-inflammatory properties that
may protect against atherosclerosis by preventing oxidative modification of ox-LDL
cholesterol, and reducing vascular inflammation. Specifically, blue mussel alcalase
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hydrolysate inhibited ox-LDL-induced foam cell formation in macrophages by
modulating cholesterol influx and efflux pathways, while mitigating inflammation and
oxidative stress via inhibiting NF-kB and activating HO-1/Nrf2 signalling (Marasinghe
et al., 2023).

Dietary consumption of blue mussels was associated with cardiovascular benefits
including blood pressure reduction, particularly in Southeast and East Asian
populations (Je et al., 2005). In vivo studies showed that angiotensin I-converting
enzyme inhibitory peptides derived from fermented blue mussel sauce significantly
lowered blood pressure in spontaneously hypertensive rats, supporting potential
antihypertensive effects (Je et al., 2005, DAI et al., 2012). Additionally, continuous
subcutaneous administration of small doses (1.0 pl/hour) of N2-01 protected mice
against Lipopolysaccharide-D-Galactosamine-induced acute liver injury, achieving
100% survival rate by suppressing pro-inflammatory cytokines, regulating NO
production, and reducing VCAM-1 expression and vascular permeability (Starikova et
al., 2021).

N2-01 is currently registered in Russia as a veterinary medicine, with over 25,000
animals treated successfully for pathologies linked to endothelial dysfunction
(https://www.n2pharma.co.uk). This preclinical success suggests potential translation
for cardiovascular diseases related to endothelial dysfunction, including hypertension,
heart failure, and coronary artery disease. The vascular endothelium is central to
cardiovascular homeostasis, regulating vascular tone, permeability, and angiogenesis
(Galley and Webster, 2004, Sun et al., 2020). Endothelial dysfunction, characterised
by NO dysregulation, oxidative stress, inflammation, and apoptosis, contributes to the
progression of atherogenesis and hypertension, and heart failure (Premeret al., 2019).
Following MI, ischaemic injury triggers endothelial dysfunction, impeding
neovascularisation and cardiac recovery. This process is exacerbated by endoplasmic
reticulum (ER) stress, which promotes apoptosis and disrupts angiogenic signalling.
Recent findings identified endothelial protein arginine methyltransferase 7 (PRMT7)
as a key regulator of ER stress and apoptosis, essential for vascular homeostasis, EC
survival and cardiac recovery post-MI (Tran et al., 2025).

Previous sc(n)RNA-seq analyses from the Brittan group revealed upregulation of
genes associated with pathways regulating oxidative stress response and endothelial
permeability in coronary ECs at 7 days post-MI compared to healthy controls, (Li et al.,
2019b, Li et al., 2022b). These findings provided the foundation for this collaboration
with N2 Pharmaceuticals, aimed at exploring N2-01’s ability to restore endothelial
integrity and function following cardiac injury.

Given its multifunctional bioactivity and endothelial-protective properties, N2-01
represents a promising candidate for cardiovascular regeneration. However, the
cellular and molecular mechanisms underlying its protective effects remain poorly
understood. This study therefore investigates the effects of N2-01 on EC function and
cardiovascular development, using in vitro assays with human cardiac microvascular
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endothelial cells (HCMECs) and in vivo zebrafish models. Specifically, this chapter
examines whether N2-01 enhances endothelial proliferation and angiogenesis in vitro,
and whether it can rescue developmental and vascular defects in anxa2a/b zebrafish
crispants or promote cardiac regeneration following laser-induced myocardial injury.

It was hypothesised that N2-01 exerts cardioprotective and endothelial-preserving
effects by modulating pathways involved in oxidative stress, inflammation, and
angiogenesis. By integrating cell-based and zebrafish studies, this chapter aimed to
elucidate N2-01's mechanisms of action and provide preclinical insights into its
translational relevance for endothelial protection and cardiovascular regeneration.

7.2 N2-01 drug modulates endothelial behaviour by
suppressing cell proliferation while enhancing
angiogenic network formation

To investigate the functional effects of N2-01 on HCMECs under baseline conditions,
| first evaluated its ability to stimulate proliferation using an EdU incorporation assay.
HCMECs were cultured under two nutrient conditions: i) complete Endothelial Cell
Growth Medium MV2 (Basal MV2 Medium added with supplement growth kit) and ii)
Endothelial Cell Basal Medium MV2 containing 5% foetal bovine serum (FBS). This
approach allowed me to assess the influence of growth supplements on HCMEC
proliferation and determine the most appropriate medium for preparation of N2-01 for
use in later assays.

N2-01 was supplied in batches from N2 Pharmaceuticals, but the concentration details
were not made available. Hence cells were treated with N2-01 at dilutions of 1/3, 1/6,
and 1/12 (v/v)in cell culture medium. This is prepared by diluting the same volume of
N2-01 stock into culture medium to a constant final volume across all conditions. Thus,
all wells received equal volumes of medium, and the only variable was the relative
dilution of N2-01.

Two independent production batches of N2-01 (N2-01-014 and N2-01-015) were
tested. VEGF-165 (10 ng/ml), a well-established endothelial mitogen known to
stimulate cell proliferation and angiogenesis (Barr et al., 2015), was included as a
positive control. EAU incorporation per cell was quantified after 24 and 48 hours to
assess proliferation relative to untreated controls.

Cell proliferation was quantified by EdU incorporation and data were presented as fold
change relative to the untreated control, which was set to 1. Across three biological
and three technical HCMEC replicates, N2-01 treatment caused a dose-dependent
decrease in EdU incorporation at both 24- and 48-hours following N2-01 treatment
compared to control MV2 medium, indicating reduced cell proliferation. In nutrient-rich
complete MV2 medium with supplements, proliferation was significantly inhibited
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following treatment with 1/3 N2-01-014 at both 24 hours (Fold change of %EdU*
HCMECs = 0.38 + 0.27 vs 1.00, P = 0.0407) and 48 hours (Fold change of %EdU*
HCMECs = 0.40 = 0.02 vs 1.00, P = 0.0223; two-way ANOVA with multiple
comparisons) (Figure 28). The 1/3 N2-01-015 treatment also significantly reduced
proliferation at 24 hours (Fold change of %EdU* HCMECs = 0.40 £ 0.23 vs 1.00, P =
0.0234, two-way ANOVA with multiple comparisons), although the reduction at 48
hours was not significant. Despite a clear trend for increased proliferation, VEGF-165
treatment did not show any statistically significance in cell proliferation compared to
the complete MV2 control.

Under nutrient-limited conditions (5% FBS in basal medium MV2), the effects of N2-
01 were less pronounced (Figure 28). Only 1/3 N2-01-015 significantly reduced cell
proliferation at 48 hours (Fold change of %EdU* HCMECs = 0.43 + 0.171 vs 1.00, P
=0.0224, two-way ANOVA with Tukey’s multiple comparisons test). Other dilutions and
timepoints showed no significant changes, and again, VEGF-165 did not significantly
affect proliferation relative to the basal control.

To determine whether N2-01 influences angiogenic behaviour in HCMECs (two
biological replicates with three technical replicates), a Matrigel-based tube formation
assay was performed (Kubota et al., 1988, DeCicco-Skinner et al., 2014). HCMECs
were seeded on Matrigel matrix (growth factor reduced), and cell were treated with: i)
complete MV2 medium alone ii) complete MV2 medium supplemented with VEGF-165
i) complete MV2 Medium supplemented with 1/3 N2-01 (either N2-01-014 or N2-01-
015). Tubular network formation was quantified at 5- and 22-hours post-treatment
using phase-contrast microscopy.

After an initial 5 hours of treatment, HCMECs (n = 2, with 3 technical replicates) treated
with both N2-14 (number of tubules = 109.8 £ 15.79 vs 83.83 + 12.96) and N2-15
(number of tubules = 104.8 + 21.92 vs 83.83 £ 12.96) appeared to promote tubular
network formation compared to the control MV2 media alone group (Figure 29). In
contrast, VEGF-165 treatment did not seem to change the number of tubules
compared to control. This lack of effect is likely due to the presence of growth factors
already presented in the MV2 medium supplement kit (including epidermal growth
factor, basic fibroblast growth factor, insulin-like growth factor, and VEGF-165
(PromoCell Inc., 2025)). This means that additional VEGF-165 treatment at an
increased concentrations may not further promote endothelial cell proliferation or
tubule formation.

By 22 hours post-treatment, tubular structures had largely dissolved or disassembled
in all groups, this appeared particularly prominent in the N2-01 treated condition. Thus,
the 5-hour time point was considered optimal for quantifying the pro-angiogenic effect
of N2-01 (Figure 29).

In summary, N2-01 treatment resulted in a reduction of EC proliferation in HCMECs
as measured by EdU incorporation. In contrast, Matrigel-based tube formation assays
showed that N2-01 significantly enhanced tubule formation within 5 hours. These
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findings suggest that, although N2-01 suppressed EC proliferation, it may exert
additional and potentially more potent effects on endothelial function, such as cell
survival and migration, thereby promoting angiogenesis.

Figure 28. Higher concentration of N2-01 appears to inhibit coronary endothelial
cell proliferation following 24 hours of treatment. (A, B) Fold change of %EdU+
cells with three different doses of N2-01. HCMECs (n = 3, with three technical
replicates) were cultured in either endothelial cell growth media MV2 (A) or 5% FBS
(B) to compare the impact of the growth supplements supplied with the media, and to
assess the best media for dilution of N2-01. Two time points (24 hours vs 48 hours)
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were conducted. Treatment of N2-01 reduced proliferation assessed by EdU
incorporation assay, in a dose dependent manner. When diluted in MV2, 1/3 N2-014
significantly inhibited cell proliferation at 24 hours and 48 hours. Whereas 1/3 N2-015
diluted in MV2 only showed significant reduction in cell proliferation at 24 hours, but
not at 48 hours. When diluted in 5% FBS, only 1/3 N2-15 showed significant reduction
in cell proliferation at 48 hours. (C) Representative immunofluorescence images
showing EdU” nuclei (magenta) and total nuclei counterstained with DAPI (blue) in
control and 1/3 N2-01-treated HCMECs at 24 hours. N2-01-treated cells exhibited
visibly reduced EdU incorporation compared to control.

Figure 29. N2-01 promoted endothelial tubule network formation at 5 hours post-
treatment. (A) HCMECs (n = 2, with 3 technical replicates) were cultured in complete
Endothelial Cell Growth Medium MV2 on Matrigel matrix. Three 4X objective images
were taken per well and networks measured for each technical replicate. At 5 hours,
both batches of N2-01 appeared to promote network formation, compared to control.
(B) Representative images of network formation in HCMECs following 5 hours of N2-
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01 treatment. (C) Representative images of HCMECs following 22 hours of N2-01
treatment. In all groups, networks became dispersed at this timepoint.

7.3 N2-01 treatment resulted in delayed development and
early embryonic lethality in zebrafish

| previously observed non-vascular and vascular developmental defects in anxa2a/b
crispants in Chapter 4. Most anxaZ2a/b crispants developed smaller eyes and
shortened body length, pericardial oedema, curved body axis, and tail malformation.
Vascularly, anxa2a/b crispants exhibited a reduced number of complete
intersegmental and parachordal vessels in the trunk.

To investigate whether N2-01 could reverse or rescue these developmental
abnormalities, | treated zebrafish embryos with N2-01 immediately following CRISPR
dgRNPs microinjection at 1-cell stage. Embryos (n=15 per group) were exposed to a
1/3 dilution of N2-015 (3.33ml N2-01 in 6.67ml fish medium) and monitored for
morphological changes using brightfield stereomicroscopy at 1-day post-fertilisation
(dpf). This concentration was chosen based on its prior efficacy in in vitro assays.
Uninjected embryos with or without N2-01 treatment were used as controls.

Unexpectedly, for both uninjected controls and anxa2a/b crispants, treatment with 1/3
N2-01 resulted in a significant developmental delay compared to non-treated embryos,
and these embryos appeared to be stuck at the epiboly or early somite stage (Kimmel
et al., 1995). None of the embryos treated with this concentration survived beyond 2
dpf (Figure 30). To evaluate whether a lower concentration might improve survival, a
separate group of embryos at 2dpf was treated with a 1/6 dilution of N2-015. However,
even at this reduced concentration, embryos showed delayed development and failed
to survive beyond 3 dpf (Figure 30).

In summary, N2-01 exposure during early embryogenesis led to delayed development
and loss of viability of zebrafish embryos, suggesting potential developmental toxicity
at the tested concentrations.
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Figure 30. N2-01 treatment delays zebrafish embryonic development and
reduces survival. Representative brightfield images of zebrafish embryos at 1 day
post-fertilisation (dpf) following exposure to 1/3 N2-01 (3.33 mL N2-01 in 6.67 mL fish
medium) immediately after fertilisation, in either uninjured controls or embryos
microinjected with anxa2a/b dgRNPs at 1-cell stage. Control embryos without N2-01
treatment (top left) displayed normal developmental progression with well-formed
somites and tail extension, while anxa2a/b crispants (top right) exhibited growth
defects consistent with those described in earlier chapters. At 1 dpf both uninjected
and anxaZ2a/b crispant embryos treated with N2-01 showed delayed development and
abnormal morphology, appearing arrested at the epiboly or early somite stage. By
2dpf, all N2-01 treated embryos were non-viable.
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7.4 Discussion

There is increasing interest in marine-derived bioactive peptides as sustainable
sources of therapeutic compounds. Mussels represent a promising source due to their
abundance, environmental sustainability, and high nutritional value. Mussel-derived
peptides have demonstrated antioxidant, anti-inflammatory, antihypertensive,
immunomodulatory, and cardiovascular health-promoting properties, making them
valuable candidates for functional food, nutraceutical, and biomedical applications
(Suryaningtyas et al.,, 2025). Optimising extraction and purification strategies,
improving bioavailability, and expanding research into therapeutic mechanisms remain
key for fully realising their translational potential (Koodathil et al., 2025).

The findings presented in this chapter demonstrated that blue mussel-derived drug
N2-01 had distinct functional effects on HCMECs. Using an EdU incorporation assay,
N2-01 significantly suppressed endothelial proliferation in a dose-dependent manner,
particularly at the highest concentration tested (1/3 dilution) (Figure 28). Interestingly,
under nutrient-limited conditions (5% FBS in basal medium), this antiproliferative effect
was attenuated, suggesting that N2-01 activity may depend on growth factor
availability or modulation of growth factor-associated signalling pathways (Figure 28).

Despite its inhibitory effects on proliferation, N2-01 appeared to increase tubule
formation in a Matrigel-based angiogenesis assay at early timepoints (5 hours),
suggesting a pro-angiogenic or pro-migratory influence on ECs. However, by 22 hours,
the tubular networks had largely dissembled, indicating a loss of structuralstability and
possible onset of apoptosis. While VEGF-165 and MV2-only positive and negative
controls, respectively, also exhibited some structure disintegration over time, their
tubular structures appeared to remain more intact compared to those treated with N2-
01 (Figure 29).

The inclusion of VEGF-165 as a positive control helped confirm that some degree of
tubule dissemblance was expected in vitro; as it was previously reported that
endothelial tube formation typically peaks between 18-24 hours before regressing as
cells detach from the Matrigel and undergo apoptosis (Kelley et al., 2022). However,
the more pronounced and premature tubule disintegration observed with N2-01
treatment suggests that it may promote EC detachment and apoptosis, rather than
sustaining angiogenic activation, although further study of these mechanisms is
warranted. These contrasting effects imply that N2-01 may transiently activate cellular
processes associated with cytoskeletal rearrangement, cell adhesion, and migration,
but fails to maintain pro-survival or adhesion signalling necessary for network stability.

Mechanistically, these findings are consistent with previous report of N2-01 modulation
of NO signalling and vascular adhesion. NO is a key regulator of vascular tone,
permeability, and endothelial survival. Transient increases in NO levels can promote
cytoskeletal reorganisation and migration, which are important for repair and
angiogenesis, but it simultaneously inhibits cell proliferation (Walford and Loscalzo,
2003, Cooke and Losordo, 2002, Tousoulis et al., 2012). Additionally, previous
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research showed that Mytilus edulis hydrolysates possess anti-inflammatory
properties by inhibiting the activation of inflammatory signalling pathways, such as NF-
KB, and downregulating pro-inflammatory cytokines like TNF-a, IL-6, and IL-1(3 in cell
models such as RAW264.7 mouse macrophages, human umbilical vein endothelial
cells, and THP-1 human macrophages (Kim et al., 2016, Starikova et al., 2021, Liu et
al., 2017). N2-01 has also been associated with reduced expression of adhesion
molecules such as VCAM-1 (Starikova et al., 2021), which may alter cell-matrix
interactions and modulate the balance between endothelial quiescence and an
activated, migratory state. Therefore, my observed early promotion of tubule formation
followed by network disintegration may indicate that N2-01 initially stimulates
endothelial activation and migration, but may later fails to maintain cell-matrix
adhesion and/or survival signals required for vascular network stability and
maintenance.

A key strength of this study was the use of multiple N2-01 production batches and two
different EC culture media (complete MV2 media with supplement kit and 5% FBS in
basal MV2), providing a broader understanding of the drug’s biological effects and its
dependence on environmental context e.g. growth factors. The use of both
proliferation and angiogenesis assays allowed for functional comparison, revealing
that N2-01’s effects are not simply pro- or anti-angiogenic but depend on cellular
processes and the environmental context. These insights lay the groundwork for future
exploration of how N2-01 might modulate vascular behaviour in cardiovascular
regenerative settings.

However, several limitations should be acknowledged. First, these assays were
performed under baseline, non-injury conditions in cultured cells, which may not fully
capture the regenerative environment N2-01 is designed to modulate. Second,
evaluation of mechanistic markers of apoptosis or cytoskeletal remodelling, (e.g. Ki67,
cleaved caspase-3, and F-actin) (Nanev et al., 2024, De Silva et al., 2022) was not
possible due to time-constraints of this project. This limits our understanding of specific
cellular pathways that might have directly led to the observed results. Third, N2-01 is
an undefined and complex molecular mixture, making it difficult to directly link
observed phenotypic effects to specific biological or molecular mechanisms and
complicating mechanistic interpretation, reproducibility, and dose standardisation.
Fourth, although promising biological effects were observed in vitro, translation of N2-
01 to MI therapy would likely be challenging, as effective clinical application would
likely require targeted or local administration to the injured myocardium. Finally,
although the Matrigel tube formation assay is a useful model for assessing early-stage
angiogenesis, such as the initial sprouting a migration of ECs. However, this model
does not capture later, more complex processes of vessel maturation, lumen formation,
and functional perfusion (Irvin et al., 2014, Brown et al., 2023). Moreover, due to the
limited number of biological replicates available for N2-01 treatment in this assay (n =
2), the findings are necessarily descriptive and could not be subjected to statistical
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analysis. Therefore, more advanced models or further assays are needed to study the
complete, long-term development of functional blood vessels and effects of N2-01.

In zebrafish, early embryonic exposure to N2-01 caused severe developmental delay
and lethality, with embryos failing to progress beyond epiboly or early somite stages
and losing viability entirely (Figure 30). These findings suggest that N2-01 disrupts
key morphogenetic processes. Notably, this phenotype occurred in both uninjected
controls and anxa2a/b CRISPants, indicating that toxicity was independent of
anxaZ2a/b loss of function and contradicting the initial hypothesis that N2-01 might
rescue anxaZ2-deficient developmental defects.

The arrest during gastrulation and somitogenesis implies interference with
fundamental cellular pathways required for morphogenesis and organogenesis. As
N2-01 has been shown to modulate endothelial nitric oxide (NO) production and cell-
matrix interactions (Walford and Loscalzo, 2003, Cooke and Losordo, 2002, Tousoulis
et al., 2012). One plausible explanation is that early embryonic exposure to N2-01
disrupted NO-dependent signalling essential for embryonic patterning and vascular
development (Krause et al., 2011, Rajendran et al., 2022).

NO plays multifaceted and context-dependent roles in zebrafish embryogenesis,
regulating cardiovascular formation, neurogenesis, haematopoiesis, and organ
positioning (Locascio et al., 2023, Veerkamp et al., 2013, Li et al., 2014). During
zebrafish tail fin regeneration, NO synthase translocated to the nucleus and altered
the nuclear S-nitrosylated proteome, highlighting its role in regeneration-associated
signalling (Matrone et al., 2021). Acting as a “double-edged sword,” NO can exert
either pro-survival or pro-apoptotic effects depending on concentration and context. At
low or physiological levels, NO supports normal development by preventing apoptosis
via S-nitrosylation of caspases and induction of anti-apoptotic proteins. However,
excessive or dysregulated NO triggers oxidative stress, mitochondrial dysfunction, and
caspase- or p53-dependent apoptosis, leading to developmental arrest and cell death
(Chung et al., 2001, Zhang et al., 2025, Raghul Kannan et al., 2024). Given that N2-
01 modulates NO signalling, the observed developmental toxicity may stem from NO-
induced redox imbalance and cytotoxicity.

From a developmental toxicology perspective, these findings highlight the sensitivity
of early zebrafish embryos to N2-01. In contrast, N2-01 or Mytilus edulis hydrolysates
have been demonstrated to be safe and well-tolerated in rodent models (Azad et al.,
2023, Starikova et al., 2021, Wang et al., 2022). The concentrations used (1/3 and 1/6
dilutions) were based on effective doses in adult HCMECs assays but may have
exceeded tolerable thresholds for embryonic stages. A strength of this study is
inclusion of both anxa2a/b crispants and uninjected controls, allowing the
differentiation between general toxicity and genotype-specific effects. The consistent
developmental arrest and lethality across both groups confirms that N2-01
embryotoxicity is independent of ANXA2 knockdown. Early embryos are particularly
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sensitive to oxidative stress and metabolic imbalance, highlighting the importance of
optimising dose and exposure timing in future work.

Some limitations include narrow concentration range tested and lack of mechanistic
molecular analyses. Assessing markers of apoptosis, oxidative stress, and endothelial
differentiation markers (e.g. caspase-3, p53, foetal liver kinase 1, ETS variant
transcription factor 2, SRY-box transcription factor 17) could clarify the processes
disrupted by N2-01 (Meadows et al., 2011, Zhang et al., 2017, Aragon and Hirschi,
2022). Moreover, delayed administration of N2-01 at later developmental stages (e.qg.
post- 3 dpf) might reduce toxicity and sensitivity, revealing potential regenerative
effects of N2-01.

My initial hypothesis proposed that N2-01 exerts cardioprotective and endothelial-
preserving effects by modulating oxidative stress, inflammation, and angiogenic
pathways, thereby enhancing endothelial function and promoting cardiovascular
regeneration. The current findings partially support this hypothesis. In vitro, N2-01
promoted endothelial migration and early angiogenic organisation — processes
relevant to regenerative repair — but suppressed cell proliferation, likely due to NO-
mediated oxidative or apoptotic signalling. In contrast, despite the absence of toxicity
in previous rodent studies, zebrafish embryonic exposure to N2-01 exposure caused
developmental arrest and lethality, consistent with disruption of essential NO, vascular
adhesion pathways, or other essential developmental regulatory processes. Rather
than uniformly protective, N2-01 appears to exert a biphasic influence: transiently
activating endothelial remodelling at sublethal doses, while inducing oxidative or
apoptotic responses when signalling thresholds are exceeded. These results refine
the original hypothesis, indicating that the potential pro-regenerative effects of N2-01
may depend critically on dose, timing, and cellular context.

To move N2-01 towards therapeutic application, further experiments are needed to
determine the optimal concentration and temporal window at which N2-01 promotes
vascular regeneration without inducing cytotoxicity in vivo. These should be supported
by broader mechanistic and functional assays, such as evaluating oxidative stress,
apoptotic signalling, and endothelial adhesion.

Future pre-clinical in vivo studies should investigate whether N2-01 and its associated
gene targets enhance cardiac repair and functional recovery in infarcted hearts, for
example using endothelial cell-specific Confetti mouse models (Li et al., 2019b).
Parallel zebrafish studies could further assess how N2-01 influences cardiac
regeneration following laser-induced injury, including assessing its potential to restore
regenerative capacity in anxa2a/b crispant hearts. In addition, bulk RNA sequencing
could provide mechanical insight into the signalling pathways by which N2-01
modulates endothelial protection and cardiac regeneration.
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Chapter 8: General discussion

8.1 Summary of findings

Despite major advances in treatments, which have significantly improved short-term
survival rates, Ml remains a leading cause of death globally. The main challenges
surrounding Ml include high pre-hospital mortality, post-MI complications, limitations
in diagnosis and treatment, and the increased prevalence and global disparity of MI
(Salari et al., 2023, Farah and Barbagelata, 2017, Ojha and Dhamoon, 2023). Most
importantly the adult heart has a very limited capacity to regenerate. Current
treatments can only delay or prevent the progression to HF, but they cannot halt or
reverse cardiac fibrosis or restore the lost myocardium. Hence, the ultimate
therapeutic goal is to promote effective heart repair without the accumulation of scar
tissues (Cahill et al., 2017).

Complete heart regeneration cannot rely solely on cardiomyocyte proliferation; the
rapid reconstruction of a functional vasculature is equally important (Cochain et al.,
2013). However, the molecular mechanisms controlling post-injury neovascularisation
are not fully understood. There is growing evidence to suggest that reactivation of
genes involved in embryonic development may support tissue repair after injury
(Goldman and Poss, 2020). A better understanding of how these developmental
programmes are redeployed in the adult heart could reveal new therapeutic targets to
enhance cardiac regeneration.

This first aim of this thesis was to identify developmental genes reactivated in the
injured adult coronary vasculature that could regulate cardiovascular repair, then to
validate and compare the gene and protein expression of candidate genes in human
cardiac tissue from healthy and Ml hearts. Using a multi-species multi-omics approach
combining sc(n)RNA-seq and spatial transcriptomics data from zebrafish, mouse, and
human heart, | identified three promising endothelial genes (ANXA2, SERPINE1 and
PABPC1) that aligned with my central hypothesis that reactivation of developmental
genes in the adult coronary endothelium promotes neovascularisation and cardiac
regeneration following M.

ANXAZ2 was identified as an endothelial gene with expression during development that
is reactivated in the injured/diseased adult coronary vasculature. SERPINE1 was less
prominent as a developmentally expressed gene, but was highly upregulated in
coronary ECs and other cardiac cells post-injury. ANXA2 promotes plasmin generation
and ECM degradation, creating a proteolytic, pro-angiogenic environment
(Dallacasagrande and Hajjar, 2020), while SERPINE1 acts as a counter-regulator to
prevent excessive proteolysis and main scar stability (Sillen and Declerck, 2020). They
may form a regulatory axis that tightly coordinates fibrinolysis, ECM turnover, and
neovascularisation, to ensure a balanced tissue repair process after MI. Disrupting this
balance could impair vascular regeneration or promote pathological fibrosis. Thus,
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both ANXA2 and SERPINE1 represent promising therapeutic targets for improving
cardiac regeneration while minimising adverse remodelling. Given ANXAZ2's vital role
in this regulatory axis, it was prioritised for further functional validation.

The second aim of this thesis was to investigate ANXA2 further through CRISPR-
Cas9-mediated mutagenesis and functional analysis in zebrafish FO crispants,
exploring its role in embryogenesis and cardiac regeneration. My findings demonstrate
that anxa2a/b paralogues are important for zebrafish development, angiogenesis, and
cardiac morphogenesis. Loss of anxa2Za/b led to dose-dependent developmental
abnormalities such as smaller eyes, shorter body length, disrupted growth of
intersegmental and parachordal vessels, and compromised cardiac regeneration.
Transcriptional profiling via RT-qPCR revealed that anxa2a/b deficiency disrupts
fibrinolytic (plg), angiogenic (tie1, vegfab), notch (notch1a, notch3) signalling. This
suggests a failure to activate the molecular pathways required for tissue repair. These
molecular impairments may explain the observed in vivo phenotypes of anxaZ2a/b
crispants, which include reduced endothelial and cardiomyocyte repopulation,
distorted ventricular architecture, and poor regenerative outcome. However, serpine1
expression remained unaltered before and after injury despite anxa2a/b loss, which
suggests ANXA2 and SERPINE1 do not directly regulate each other at the
transcriptional level. ANXA2 does not act upstream of SERPINE1 but mainly act
upstream of a network of endothelial and regenerative signalling genes, so that the
loss of ANXA2 compromises repair responses. This establishes ANXA2's role as a
central regulator of cardiovascular development and injury-induced repair.

PABPC1 emerged as another interesting target. It was first identified by the Brittan
group as one of top seventeen common differentially expressed genes in ECs of the
foetal heart and in adult hearts with dHF, compared with uninjured adult hearts. With
a function distinct from ANXA2 and SERPINE1, PABPC1 acts through post-
transcriptional mechanisms to regulate mRNA stability, translation, and stress
responses (Smith et al., 2014). Based on its upregulation during development and re-
expression in disease states, | investigated whether post-transcriptional regulation via
PABPC1 contributes to vascular regeneration after myocardial injury. My results
suggest that ANXA2 functions beyond its well-characterised role in fibrinolysis,
potentially facilitating the activation of translational regulators such as PABPC1 during
tissue repair. Transcript analysis of 5 dpf anxa2a/b crispants after laser-induced
cardiac injury revealed a dose-dependent reduction in pabpc1a and pabpci1b
expression. This indicates that injury-induced upregulation of pabpcia/b requires
intact anxaZa/b signalling. Given the established roles of PABPC1 in mRNA
stabilisation, translational efficiency, and stress response (Shi, 2023, Mangus et al.,
2003), its downregulation in anxaZ2a/b crispants likely impairs process of protein
synthesis crucial for angiogenesis, endothelial proliferation, and cardiomyocyte
repopulation. My findings reveal a previously unrecognised ANXA2-PABPC1
regulatory axis crucial for bridging endothelial signalling and translational control in
neovascularisation and cardiac regeneration.
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To validate these multi-omics findings at the protein level using double
immunofluorescence staining of human heart tissue from MI patients and non-
diseased controls. All three targets (ANXA2, SERPINE1 and PABPC1) were
significantly upregulated in the coronary vasculature within the infarct border zone.
While their protein expressions were enriched in CD31" ECs, they were also present
in other cardiac cell types, likely to be immune cells, fibroblasts and myofibroblast in
the fibrotic region. Co-immunostaining with Vimentin confirmed many ANXA2* non-
ECs were fibroblasts or myofibroblast, supporting a broader role in ECM remodelling
and scar formation.

As a collaborative project with N2 Pharmaceuticals (EPO), | investigated the effects of
the drug N2-01 on endothelial function and anxa2a/b embryos, specifically testing its
potential to rescue developmental defects in vivo. My initial hypothesis was that N2-
01 would exert cardioprotective and endothelial-preserving effects by modulating
oxidative stress, inflammation, and angiogenic pathways, thus enhancing
cardiovascular regeneration. My results partially support this, showing that N2-01
modulated endothelial cell behaviour by enhancing endothelial migration and
angiogenic network formation in vitro, while inhibiting cell proliferation. Unexpectedly,
exposure during early zebrafish embryogenesis (< 2 dpf) caused delayed
development and loss of viability, suggesting potential embryonic toxicity and
sensitivity to the tested concentrations. These findings demonstrate that N2-01's
influence is biphasic: it can transiently activate endothelial remodelling at sublethal
doses but induces oxidative or apoptotic responses when signalling thresholds are
surpassed. This refines our original hypothesis, indicating that the potential pro-
regenerative effects of N2-01 are highly dependent on dose, timing, and cellular
context.

8.2 Clinical implications

By integrating multi-species multimodal omics data analyses, with functional in vivo
studies in zebrafish, and further protein level validations in human cardiac tissue, |
provide novel evidence of foetal gene reactivation in the adult coronary endothelium
to promote cardiac neovascularisation and repair following MI. My findings have
several important clinical and translational implications for improving cardiac
neovascularisation, repair, and improve post-MI| outcomes.

Using a multi-omics approach integrating human, mouse, and zebrafish datasets,
ANXAZ2 was identified as a developmentally regulated endothelial gene that is silenced
in adulthood and re-expressed following myocardial injury. This injury-induced re-
expression in ECs most likely to support both proteolytic clearance of fibrin deposits
and vascular sprouting which ultimately facilitate reperfusion and cardiac repair. (Liu
and Hajjar, 2016a, Dassah et al., 2009).
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Annexin A2 is a multifunctional repair protein that preserves cellular integrity by
coordinating plasma membrane repair and forming a complex with S100A10 to
facilitate ECM degradation, fibrinolysis, and angiogenesis, all of which are crucial for
effective cardiac healing (Kayejo et al., 2023). Clinically, the loss of ANXA2 function
increases cellular degeneration, contributing to muscular dystrophy and
cardiovascular disease (Kayejo et al., 2023). In the heart, ANXA2 binds to extracellular
collagen and promote cell-cell adhesion to support post-injury remodelling of the
myocardial interstitum and prevent perivascular fibrosis (Camors et al., 2005).
Therefore, making ANXA2 a promising therapeutic target for reducing excessive
fibrosis, resolving inflammation, and promoting cardiovascular repair.

Clinical insights into myocardial healing can be drawn from the historical use of
fibrinolytic therapies in Ml management (Baig and Bodle, 2025). Fibrinolytic agents
such as tPA, streptokinase, and tenecteplase promote thrombus dissolution and early
reperfusion, thereby limiting infarct size and supporting favourable remodelling
(Halvorsen and Huber, 2014, Johanson et al., 2009). However, these therapies has
been associated with increased risk of myocardial rupture compared with primary PCI,
highlighting that excessive or poorly regulated fibrinolysis may destabilise infarct repair
(Bueno et al., 2005). Together, these clinical insights highlight the importance of tightly
balancing fibrinolysis with ECM remodelling during cardiac healing. Possibly, ANXA2
and SERPINE1 may act as endogenous modulators by coordinating fibrinolysis, ECM
remodelling, and vascular growth to promote sufficient repair.

One potential therapeutic application could involve the delivery of recombinant ANXAZ2,
or small-molecule activators specifically activate ANXAZ2 or its associated signalling
pathway, maybe possible to stimulate controlled matrix remodelling and
neovascularisation in ischaemic tissue. Supporting this idea, adeno-associated virus-
mediated ANXA2 overexpression in mice post-MI improved left ventricular function,
increased microvessel density, and reduced infarct size (Zhang et al., 2023b). The
clinical challenge lies in its multifaceted nature and its involvement in other diseases
such as cancer. This is because ANXA2 is often overexpressed by cancer cells, which
hijacked its protective activity to promote their own survival and metastasis (Huang et
al., 2025, Li et al., 2021c). Therefore, understanding the optimal dose and timing of
ANXA2 delivery would be important to maximise benefits.

Future therapeutic strategies must focus on endothelial- or cardiac- specific gene
delivery methods to minimise unwanted adverse effects. This methods include:
engineering viral vectors that recognise and bind to specific cell receptors, equipping
vectors with tissue-specific promoters or enhancer sequences, or designing targeted
lipid nanoparticles (Katz et al., 2011, Liu et al., 2023). Some major barriers to
successful cardiac gene therapy include: inefficient gene transfer, host immune
responses, and a lack of durable transgene expression. These challenges are often a
result of the chosen vector, dose, and delivery method. Thus, achieving effective
therapy requires a careful balance between maximising gene transfer for efficacy and
minimising risks by staying within safe limits (Katz et al., 2011). To reduce toxicity and
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immunogenicity while enhancing therapeutic efficacy, future advancements will need
further improvements in tissue-specific delivery, potentially through chemical
modifications, bioconjugation, and the use of nanocarriers (Van Linthout et al., 2025).

Although this thesis initially proposed an ANXA2-SERPINE1 co-regulatory axis in
neovascularisation and cardiac repair, however my data show that serpinet
expression was unchanged in anxa2a/b zebrafish crispants, both before and after
cardiac laser injury. This suggests ANXA2 and SERPINE1 do not directly regulate
each other transcriptionally. Instead, my findings position ANXA2 as an upstream
modulator of multiple endothelial and regenerative signalling pathways, independent
of SERPINE1 and associated fibrinolytic pathway. Therapeutically, selective
enhancement of ANXA2 activity might promote cardiovascular repair without affecting
SERPINE1-dependent scar stability, thus achieving a balance between repair and
fibrosis limitation. This is supported by zebrafish studies that showed serpinet is an
early endocardial injury-response gene essential for regulating endocardial and
myocardial proliferation during heart regeneration (Minch et al., 2017). Therefor
balancing regeneration and fibrosis is key to promote beneficial remodelling
(angiogenesis, clearing of dead tissue) while preventing pathological remodelling
(excessive fibrosis, which leads to heart failure).

Broader insights into tissue regeneration can be gained by comparing the heart with
other organs. For example, liver regeneration involves both hepatocyte proliferation
and contributions from liver sinusoidal ECs, which provide critical angiocrine signals
to coordinate vascular reconstruction and tissue regrowth (Liu et al., 2016, Kostallari
and Shah, 2016). In contrast, the adult brain exhibits minimal regenerative capacity;
although vascular activation and neovascularisation occur after injury, these
responses are insufficient to restore tissue function (Yao et al., 2021, Vanacore et al.,
2024). These differences suggest that successful regeneration depends not only on
parenchymal progenitors but also on endothelial plasticity and the ability of ECs to re-
activate developmental signalling programs (Tombor and Dimmeler, 2022). ECs
exhibit tissue-specific adaptations from development that persist into adulthood. Brain
ECs guide neuronal differentiation and maintain a selective barrier to protect against
neurotoxicity, whereas heart ECs supply fatty acids to cardiomyocytes to support
continuous contraction (Jambusaria et al., 2020, Hennigs et al., 2021). It is therefore
possible that cardiac and brain ECs share intrinsic features that limit regenerative
capacity compared with liver ECs (Pasut et al., 2021). Understanding these organ-
specific differences may reveal conserved or divergent molecular checkpoints that
could be therapeutically exploited to enhance cardiac repair.

Finally, this thesis uncovers a previously unrecognised ANXA2-PABPC1 regulatory
axis that bridges endothelial signalling with translational control. The observed
downregulation of pabpc1a/b in anxa2a/b knockdown crispants implicates that ANXA2
acts upstream of PABPC1, to facilitates translational reprogramming required for
tissue repair. Given the known roles of PABPC1 in mRNA stabilisation, protein
synthesis, and cellular stress response (Sawazaki et al., 2018), my finding indicates
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that post-transcriptional regulation could be a novel layer of control in cardiovascular
regeneration. Clinically, targeting this axis could offer new strategies to stimulate
regenerative capacity by improving protein synthesis and cardiac cell survival after
ischemic injury.

8.3 Conclusion

This thesis provides robust evidence that reactivation of developmental genes in the
adult coronary endothelium critically drives neovascularisation and cardiac
regeneration. Through a multi-species, multi-omics approach, | identified ANXA2 and
PABPC1 as pivotal endothelial regulatory genes, alongside SERPINE1, which
together coordinate distinct but complementary process in heart repair. ANXA2
promotes fibrinolysis and neovascularisation, SERPINE1 preserves ECM integrity and
scar stability, and PABPC1 governs post-transcriptional control of protein synthesis
essential for vascular regeneration.

An antagonistic balance between ANXA2 and SERPINE1 is crucial for efficient cardiac
repair following injury. Disruption of this balance, caused by excess SERPINE1 or
reduced ANXA2, results in a pro-coagulant, anti-fibrinolytic, and anti-angiogenic
environment. This environment favours fibrosis and adverse remodelling, which can
drive the progression to HF. Targeting this regulatory axis may therefore offer a
promising therapeutic strategy for promoting cardiac regeneration and improving HF
patient outcomes.

Functional studies using anxa2a/b zebrafish crispants showed that ANXA2 is crucial
for embryonic development, angiogenesis, and injury-induced cardiac regeneration.
Importantly, ANXA2 modulates endothelial and regenerative networks independently
of SERPINE1 and the classical fibrinolytic pathway. The discovery of the ANXA2-
PABPC1 regulatory axis uncovers a novel link between endothelial signalling and
translational control, highlighting the critical role of post-transcriptional regulation in
cardiac regeneration. This discovery reveals a promising therapeutic avenue that
requires further research to dissect the mechanisms through which ANXA2 regulates
endothelial responses to injury and develop effective regenerative therapies.

Validation in human MI tissues confirmed the clinical relevance of these candidate
genes, with ANXA2, SERPINE1, and PABPC1 all significantly upregulated in the
infarct border zone. Their localisation to both vascular and interstitial compartments,
supports their involvement in both endothelial activation and tissue remodelling
following MI.

Furthermore, collaborative studies with N2-01 pharmaceuticals demonstrated that N2-
01 drug modulates endothelial behaviour by suppressing cell proliferation while
enhancing angiogenic network formation, in a dose-, timing-, and context- dependent
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manner, highlighting the complexity of endothelial responses to therapeutic
intervention.

Together, this work shed light on fundamental mechanisms that link developmental
reprogramming with cardiac regeneration. By identifying and studying novel
endothelial targets that orchestrate neovascularisation and cardiac repair, these
findings provide a foundation for developing regenerative therapies. These insights
could ultimately redefine the treatment of cardiovascular disease like Ml and HF,
bringing us closer to the long-standing goal of transforming MI from an irreversible
injury into a curable, regenerative condition.
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