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Abstract 

In this thesis I present the first functional analysis of tmem33 in multicellular 

organisms. I have determined the function of tmem33 and endothelial calcium 

oscillations during angiogenesis utilising developing zebrafish embryos. I show 

that tmem33 is required downstream of VEGF signalling during VEGF-mediated 

angiogenesis and functions to promote calcium oscillations within endothelial 

cells. Furthermore, tmem33 knockdown attenuates downstream signalling 

pathways including Dll4/Notch and ERK, indicating a requirement for calcium 

signalling in integrating VEGF signalling with Notch and MAP kinase signalling. 

 

Interestingly, tmem33 mutants are morphologically normal and homozygous 

viable, yet these displayed significantly reduced tmem33 mRNA expression, 

indicating induction of nonsense mediated decay. tmem33 mutants displayed 

protection from morpholino-induced angiogenesis and kidney defects, suggesting 

tmem33 mutants display compensation via transcriptional adaptation. To 

overcome this, I have developed a novel approach to achieve tissue specific loss-

of-function, using CRISPR interference to specifically abrogate tmem33 function 

in endothelial cells and the developing kidney. Using this approach, I find tmem33 

is required in endothelial cells for both normal angiogenesis and is required within 

the developing kidney for normal calcium oscillations and glomerular 

development. tmem33 is also required for endothelial migration during primary 

angiogenesis and formation of filopodia. Importantly, through analysis of tmem33 

function I identify novel functions for endothelial calcium oscillations in promoting 

formation of filopodia during endothelial migration, promoting VEGF-mediated 

endothelial proliferation and to link VEGF signalling with downstream Dll4/Notch 

and ERK signalling.  
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1 Introduction 

1.1 The endothelial cell and the clinical importance of angiogenesis. 

Developing and adult vertebrate organisms require a vascular system to supply 

nutrients and oxygen and remove waste products. The endothelial cell is a 

specialised epithelial cell which lines the inner lumens of vessels and is exposed 

to circulating haematopoietic cells and plasma (Eelen et al., 2018). During 

development, endothelial cells can migrate to form new vessels via a process 

known as angiogenesis, before becoming quiescent as vessels become patent. 

Endothelial cells lining the vessel lumen comprise a system known as the 

endothelium. This functions not only as a barrier between blood and respiring 

tissues, but is able to regulate oxygen transfer, as well as functions such as 

angiocrine factor secretion (Eelen et al., 2018; Rajendran et al., 2013).  

 

Endothelial dysfunction underlies many diseases, including atherosclerosis, 

diabetes and cancer. During atherosclerosis, fatty plaques build up underneath 

the endothelium (Tabas et al., 2015), and during cancer progression, tumours 

require a vascular network to grow and later metastasise (Yadav et al., 2015). 

Therefore, understanding how endothelial function is regulated may allow us to 

develop therapies to treat diseases where pathology either results from or causes 

aberrant endothelial function (Eelen et al., 2018; Rajendran et al., 2013).  

 

Understanding the pathways that regulate angiogenesis has implications for 

disease therapy. For example, anti-angiogenic therapies to treat cancer have 

targeted VEGF signalling, the master regulator of angiogenesis, to prevent 

tumour vascularisation (Yadav et al., 2015). However, most anti-angiogenic 
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treatments have been unsuccessful (Meadows and Hurwitz, 2012), suggesting a 

greater understanding of downstream intracellular signalling mechanisms 

regulating angiogenesis is required. Similarly, pro-angiogenic treatment to 

stimulate vascularisation in regions surrounding vascular occlusion may benefit 

patients suffering from arterial or microvascular disease. 

 

One such component of downstream signalling implicated in angiogenesis is 

calcium signalling. While it is established that calcium signalling is induced 

downstream of VEGF signalling (Fearnley et al., 2015; Oike et al., 1994; Vaca 

and Kunze, 1994; Zadeh et al., 2009), a greater understanding of the role of 

calcium signalling during angiogenesis is required. One class of highly 

characterised calcium channel is the transient receptor potential (TRP) channel 

family, suggesting they may be suitable candidates for manipulating endothelial 

calcium signalling in vivo and therapeutically. However, such a large number of 

TRP channels exist (18 in humans, 34 in zebrafish) that a degree of redundancy 

is likely to exist. Therefore, identifying other components of calcium signalling 

may be important to understand how calcium signalling regulates endothelial 

development and homeostasis. 

 

Previous work by Dr. Eric Honore in collaboration with Dr. Robert Wilkinson and 

Dr. Freek van Eeden identified several proteins, via pull-down assays, which 

interact with members of the TRP family of non-selective ion channels. The 

calcium channels PKD1 and PKD2 were used in this study. TMEM33 was one 

such protein. Therefore, I aim to use the zebrafish to characterise tmem33 

function and understand how calcium signalling regulates angiogenesis in vivo. 
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In this chapter I will discuss what is currently known about the gene tmem33, 

vascular and kidney development, calcium signalling and genome editing, as 

these areas pertain to the data I will present. 

 

1.2 Transmembrane Protein 33 (tmem33) 

Transmembrane protein 33 (tmem33), originally cloned as DB83 in rat liver 

samples (Nakadai et al., 1998), is a 3-pass transmembrane domain protein 

(Figure 1.1) localised to the ER membrane (Sakabe et al., 2015). Little is known 

about tmem33 function in vivo, and tmem33 function has not been examined in 

multicellular organisms.  

 

Much of the analysis of tmem33 has examined the orthologues in budding yeast, 

Saccharomyces cerevisiae and fission yeast, Saccharomyces pombe, 

Pom33/Per33 and Tts1, respectively (Floch et al., 2015; Zhang and Oliferenko, 

2014), or more recently cell culture (Chapman et al., 2015; Huang et al., 2016; 

Sakabe et al., 2015; Urade et al., 2014). While the majority of data suggests a 

function for tmem33 in the endoplasmic reticulum, it has been implicated in a 

variety of roles. In both yeast species, tmem33 is suggested to regulate the 

nuclear envelope and nuclear pore. tmem33 binds to nuclear pore complex 

proteins such as the nuclear import factor, Kap123 (Floch et al., 2015), and is 

implicated in the insertion of spindle bodies during mitosis in fission yeast (Zhang 

and Oliferenko, 2014). 
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Figure 1.1 ï TMEM33 protein structure. Tmem33 displays a three-transmembrane structure, 

with an extra-ER N-terminal tail, intra-ER C-terminal tail and two alternating intra- and extra-ER 

loops. 

 

In cell culture, tmem33 has been shown to be upregulated during ER stress, 

leading to induction of the unfolded protein response (UPR) (Sakabe et al., 2015). 

Furthermore, tmem33 has been linked to the ER-associated degradation (ERAD) 

pathway, in which it participates with the Cyclophilin C-mediated degradation of 

major histocompatibility complex class I (MHC I) molecules (Chapman et al., 

2015). tmem33 has also been implicated in cancer cell adhesion and invasion 

(Huang et al., 2016), and in regulation of ER tubule formation (Urade et al., 2014). 

tmem33 is differentially expressed in the melanocytes of east Asian populations, 

N 

C 
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compared to African populations, suggesting it may play a role in pigmentation 

changes in this population (Hider et al., 2013). 

 

Furthermore, tmem33 has been suggested to interact with reticulon binding 

proteins, suggesting tmem33 functions in regulating ER shape (Urade et al., 

2014). Interestingly, tmem33 has also been shown to interact with the ER stress-

sensor, PERK (Sakabe et al., 2015). PERK has recently been implicated in the 

resolution of store-operated calcium signalling (SOCE), via regulation of ER 

shape (van Vliet et al., 2017). These findings suggest that tmem33 may function 

during calcium signalling, via regulation of ER shape. 

 

No study, thus far, has implicated tmem33 in developmental processes in 

multicellular organisms. In this thesis, I determine the function of tmem33 in 

migrating endothelial cells during angiogenesis and establish the relationships 

between tmem33 and pathways controlling angiogenesis, including VEGF and 

Notch. 

 

1.3 Previous work relating to the project. 

Data from collaborators identified TMEM33 in interaction with PKD1/2  and further 

implicated interaction between TMEM33 and PKD2 via a series of experiments, 

including lipid bilayer reconstitution, in which the calcium channel activity of PKD2 

was enhanced by the presence of TMEM33, suggesting TMEM33 may function 

duting he regulation of calcium signalling. 
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Preliminary work undertaken by Dr. Robert Wilkinson prior to my arrival in the 

laboratory analysed tmem33 expression by in situ hybridisation. Ubiquitous 

tmem33 expression was observed during early zebrafish development, 

increasing between the 17 and 19 somite stages (Figure 1.2 A, B). By 25 hpf, 

tmem33 was more expressed within the developing kidney (Figure 1.2 C, white 

arrowhead) and somite boundaries at 25 hpf (black arrowhead). Sections of 25 

hpf embryos confirmed tmem33 expression within pronephric tubules (Figure 1.2 

D, black arrows) and the posterior cardinal vein (Figure 1.2 D, green arrowhead). 

By 30 hpf reduction in tmem33 expression was observed, although its expression 

was maintained within the pronephric duct (Figure 1.2 E, white arrowhead). By 

50 hpf, tmem33 expression was reduced within the pronephric duct and 

endothelium (Figure 1.2 F). 
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Figure 1.2 tmem33 displays enrichment of expression in the developing kidney and 

endothelium during zebrafish embryogenesis. (A-B) tmem33 displays ubiquitous expression 

at 17 and 19 somite stages. (C) tmem33 displays largely ubiquitous expression, with enrichment 

in the kidney (white arrowhead) and somite boundaries (black arrowhead) at 25 hpf. (D). Enriched 

tmem33 expression is seen in the pronephric tubules (black arrows) and in the PCV (green 

arrowhead) in a 25 hpf section (E) By 30 hpf, tmem33 expression diminishes , with some 

enrichment in the pronephric tubules (white arrowhead), floor plate (red arrowhead) and CVP 

(green arrowhead).  (F) By 50 hpf, no restricted expression is observed.  

Data courtesy of Dr. Robert Wilkinson. 

 

Next, splice blocking morpholinos were designed to induce mis-splicing of 

tmem33 pre-mRNA in transgenic zebrafish lines labelling endothelial cells to 

visualise the developing vasculature. Morpholino knockdown of tmem33 in 

endothelial transgenic reporter embryos was performed by Dr Robert Wilkinson 

prior to my arrival in the laboratory. For reference, all images of the vasculature 

нс ƘǇŦ 
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taken throughout this thesis are of the region dorsal to the yolk cell extension, 

beginning anterior to the cloaca; highlighted in the example below (Figure 1.3). 

 

 

Figure 1.3 A 28 hpf zebrafish embryo to illustrate imaging parameters. The red box indicates 

the location at which all images of vascular development throughout this thesis were captured. 

The box contains 15 somites located dorsal to the yolk cell extension. At the caudal end of the 

yolk cell extension lies the cloaca. Between the somites develop 14 pairs of intersegmental 

vessels, a selection of which were imaged during this study in each experiment. 

 

Following tmem33 morpholino knockdown, delayed SeA sprouting was observed 

in Tg(fli1a:eGFP)y1 transgenic embryos at 30 hpf (Figure 1.4 B, Bô). Migrating 

SeAs stalled around the level of the horizontal myoseptum in moprhants (Figure 

1.4 E), whereas control embryos displayed complete dorsal migration after which 

SeAs began to anastomose and form the dorsal longitudinal anastomotic vessel 

(DLAV) (Figure 1.4 A, Aô). Stalled SeAs are consistent with phenotypes observed 

following reduced VEGF signalling (Covassin et al., 2006). This suggests 

tmem33 knockdown may impair SeAs response to migratory VEGF signals or 
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that tmem33 may be responsible for modulation of cell biology in response to 

VEGF signals. 

 

By 53 hpf, tmem33 morphant SeAs displayed complete dorsal migration, 

However, tmem33 SeAs did not display normal, chevron-shaped development, 

as in controls (Figure 1.4 C, Cô, yellow arrowheads), instead branching aberrantly 

and resulting in discontinuous DLAV formation (Figure 1.4 D, Dô, yellow 

arrowheads). Furthermore, aberrantly migrating SeAs were frequently observed 

in tmem33 morphants (Figure 1.4 D, white arrowhead) and tmem33 morphants 

displayed an increase in abnormal DLAV formation (Figure 1.4 D, Dô).  

 

In addition, tmem33 morphants lacked lymphatic vasculature (Figure 1.4 D, Dô, 

red arrowheads; H, white asterisks). Lymphangiogenesis is dependent on vegfc 

signalling via flt4 (VEGF receptor 3), which enables lymphangioblasts to migrate 

from the posterior cardinal vein (PCV) to form parachordal lymphangioblasts, 

which align along the horizontal myoseptum (refer to figure). While control 

morphants developed a parachordal lymphangioblasts (Figure 1.4 C, Cô, red 

arrowheads), tmem33 morphants did not (Figure 1.4 B, Bô, red arrowheads). At 

later stages, tmem33 morphants failed to develop a thoracic duct (TD) (Figure 

1.4 E, F, white asterisks). The TD is formed from lymphangioblasts which migrate 

ventrally from the parachordal lymphangioblasts (Figure 1.4 E, white 

arrowheads). Since, tmem33 morphants did not develop parachordal 

lymphangioblasts, TD formation was restricted (Figure 1.4 F, white asterisks). 
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Figure 1.4 tmem33 morpholino knockdown impairs angiogenesis and lymphatic 

development. (A-Bô) tmem33 morphants display delayed migration of Tg(fli1a:eGFP)y1 positive 

SeAs, which stall at the horizontal myoseptum (B, Bô, white arrowheads), compared to control 

Tg(fli1a:eGFP)y1 embryos (A, Aô), which begin to anastomose by 30 hpf (yellow arrowheads). (C-

Dô) By 53 hpf, Tg(fli1a:eGFP)y1;Tg(-0.8flt1:enhRFP)hu5333 tmem33 morphant SeAs complete 

dorsal migration, but display incomplete DLAV formation (D, Dô, yellow arrowheads), misdirected 

migration (white arrowheads) and lack lymphatic vasculature (red arrowheads). At 53 hpf 

Tg(fli1a:eGFP)y1;Tg(-0.8flt1:enhRFP)hu5333 control embryos display secondary angiogenesis 

(C, Cô, yellow arrowheads) and parachordal lymphangioblasts (red arrowhead). (E-F) Thoracic 

duct formation is impaired in tmem33 morphants (white asterisks), compared to control embryos 

(white arrowheads).  

Data courtesy of Dr  Robert Wilkinson 

 

tmem33 is expressed in the developing kidney (Figure 1.2). To determine 

whether tmem33 functions during kidney development, tmem33 was knocked 

down in Tg(-26wt1b:eGFP)li1 embryos using morpholinos by Dr Freek van Eeden 

(Figure 1.5 A, B). tmem33 morphants displayed expanded glomeruli from 52 hpf 

onwards (Figure 1.5 C), similar to pkd2 morphants (Sun, 2004), suggesting 
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tmem33 may function during kidney development in addition to vascular 

development. Furthermore, data from my collaborator suggests TMEM33 

interacts with PKD family members (Eric Honore, data not shown), it is possible 

that TMEM33 and PKD may interact during kidney development. This will be 

addressed in Chapter 5. 

 

 

Figure 1.5 tmem33 morpholino knockdown induces glomerular expansion in zebrafish 

embryos. (A-B) tmem33 morphants display increased glomerular area (indicated by red arrow), 

when compared to control morphants (red arrow). (C) Glomerular area is significantly increased 

at both 52 hpf and 66 hpf in tmem33 morphants (One-way ANOVA ****p=<0.0001). 

Data courtesy of Dr Freek van Eeden. 

 

The work undertaken before I joined the lab suggested that tmem33 functions 

during vascular and kidney development, and is expressed within kidney cells. 

However it was not clear whether tmem33 is expressed in endothelial cells. 

Furthermore the precise mode of tmem33 function is not known from this 

analysis. Therefore more detailed analysis of the effect of loss-of tmem33 

function on endothelial cell biology is required. Previous work in other labs has 

suggested tmem33 functions during ER homeostasis (Chadrin et al., 2010; Floch 

et al., 2015; Sakabe et al., 2015; Urade et al., 2014). Since the ER functions as 

the primary calcium store, and tmem33 has been shown to interact with pkd1 and 
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pkd2 in vitro, Dr. Wilkinson generated zebrafish endothelial GCaMP (Nakai et al., 

2001) transgenic lines to quantify Ca2+ oscillations during angiogenesis in the 

presence and absence of tmem33 function. No current study has implicated 

tmem33 function in calcium signalling directly and no current study has analysed 

tmem33 function in multicellular organisms. 

 

1.4  Endothelial cell origins and vasculogenesis. 

Both blood and endothelium are derived from the mesoderm and it has been 

shown that fibroblast growth factor 2 (FGF2) and bone morphogenic protein 4 

(BMP4) are required for, initially, the specification of mesoderm, but later for 

differentiation to blood and endothelium (Nostro et al., 2008; Schier and Shen, 

2000). Furthermore, mutant embryos in which downstream BMP effector 

signalling is impaired display reduced vascular formation, such as Endoglin and 

Smad4/5 mutant mice (Mao et al., 2012; McAllister et al., 1994; Yang et al., 1999). 

 

During embryogenesis, the axial vessels form via vasculogenesis, in which free 

endothelial precursors (angioblasts) migrate to the midline and coalesce in the 

aorta-gonad-mesonephros (AGM) region (Brown et al., 2000). Prior to migration, 

both endothelial and haematopoietic cells arise in close proximity within the 

ventral mesoderm, along with pronephric (kidney) precursors (Gering, 2003; 

Perens et al., 2016). Furthermore, It has been suggested that both endothelial 

and haematopoietic cell types arise from a common precursor; the 

haemangioblast (Murray, 1932). Mouse embryonic stem cells cultured with VEGF 

induce two populations of cells expressing haematopoietic or endothelial markers 

(Choi et al., 1998). During early gastrulation, a subset of the posterior lateral 
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mesoderm (PLM) become haemangioblasts (Vogeli et al., 2006), with cloche 

being identified as the master regulator of this process (Liao et al., 1997; Stainier 

et al., 1995). cloche  was later identified as npas4l (Reischauer et al., 2016) and 

regulates both haematopoietic and angiogenic lineages and is expressed earlier 

than endothelial and haematopoietic markers such as etsrp/etv2 or scl/Tal1, 

respectively (Reischauer et al., 2016; Stainier et al., 1995). Interestingly, etsrp2 

has been shown to regulate angioblast migration to the midline (Sumanas and 

Lin, 2006). 

 

Initially, in both zebrafish and Xenopus embryos, haemangioblasts in the dorsal 

lateral plate mesoderm (DLP) express both endothelial and haematopoietic 

markers before  beginning migration to the embryonic midline (Bussmann et al., 

2007; Ciau-Uitz et al., 2010, 2013; Gering, 2003). However, a subset of specified 

angioblasts, expressing both scl, and fli1 (Gering et al., 1998; Thompson et al., 

1998), can be observed in the PLM of zebrafish at 12 hpf. By 10 somites (~14hpf), 

the primitive blood and endothelial lineages have completely diverged (Gering 

and Patient, 2005). Their migration requires sonic hedgehog (shh) (Gering & 

Patient, 2005).  In zebrafish, angioblasts expressing endothelial genes such as 

fli1a, kdr and etsrp, migrate from the lateral mesoderm to the midline, ventral to 

the notochord, where they coalesce and form the dorsal aorta (Figure 1.6) (Brown 

et al., 2000; Jin et al., 2005; Sumanas and Lin, 2006). Interestingly, angioblast 

migration is not ablated following vegfa or plcg1 knockdown, but reduced 

numbers of migratory angioblasts are observed. This suggests VEGF signalling 

may be dispensable for angioblast migration in zebrafish (Brown et al., 2000; Jin 

et al., 2005; Lawson and Weinstein, 2002; Lawson et al., 2002; Sumanas and 

Lin, 2006). Conversely, in Xenopus embryos, VEGF does influence angioblast 
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migration (Cleaver and Krieg, 1998). Despite being dispensable for zebrafish 

angioblast migration, VEGF upstream Hedgehog (Hh) signalling are required for 

arterial fate specification. 

 

 

Figure 1.6 ï Midline migration and vasculogenesis in zebrafish embryos. During 

vasculogenesis, angioblasts migrate medially from the lateral mesoderm to form two clusters of 

cells, which coalesce and from the dorsal aorta (red) and posterior cardinal vein (blue). This figure 

shows a cross-sectional view of the developing trunk of a zebrafish embryo. 

 

Once migration to the midline is complete, in zebrafish, the free angioblasts 

coalesce and lumenise to form the DA and PCV (Figure 1.6) (Jin et al., 2005). 

The mechanism by which angioblasts adopt an arterial or venous fate has been 

contested. It has been suggested that location within the PLM may play a role, 

with more medial progenitors giving rise to the DA, which forms first, and more 

lateral progenitors giving rise to the PCV shortly afterwards (Kohli et al., 2013). 

Interestingly, it has recently been shown that Notch signalling is activated in the 

PLM, and that cells in which Notch signalling is active give rise to the DA (Quillien 

et al., 2014). However, other research has also suggested a third mechanism in 

which ventral sprouting from the DA between 21-24 hpf gives rise to at least some 

cells of the PCV (Herbert et al., 2009). 
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Distinct differences in how Shh and VEGF signalling interact and regulate 

vasculogenesis exist between mouse and zebrafish models. In mice, Shh 

signalling induces vasculogenesis in a VEGF-dependent and -independent 

manner and does not regulate VEGF expression. Instead, Shh signalling directly 

induces Notch signalling via regulation of Dll4 expression (Coultas et al., 2010). 

Conversely, in zebrafish, Shh signalling is required for induction of VEGF 

signalling in somites. Loss of Shh signalling abrogates arterial differentiation, 

which can be rescued by addition of VEGF. Furthermore, VEGF is required 

downstream for arterial-venous differentiation, via Notch signalling induction 

(Lawson et al., 2002). Interestingly, however, shh signalling can bypass VEGF-

mediated arterial differentiation in zebrafish via calcitonin receptor-like A (clra). 

This indicates an complex relationship between VEGF and Shh signalling during 

DA formation (Wilkinson et al., 2012). 

 

Completion of DA and PCV formation concludes vasculogenesis, and 

subsequent blood vessels develop via angiogenesis. 

 

1.5 Angiogenesis. 

Angiogenesis is the process by which new vessels form from pre-existing 

vasculature, giving rise to the entire, essential vascular network. In zebrafish, 

angiogenesis begins around 22 hpf (Figure 1.7), with parallel pairs of segmental 

arteries (SeAs) sprouting from the dorsal aorta between somite boundaries 

(Isogai et al., 2001). Sprouting occurs asynchronously, with pairs of SeAs 

sprouting anterior to posterior. However, a degree of stochasticity is observed 

and occasionally posterior SeAs migrate prior to a more anterior pair (Isogai et 
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al., 2001). Once SeAs complete dorsal migration, endothelial cells migrate along 

the anterior-posterior axis of the zebrafish, and fuse to form two parallel dorsal 

longitudinal anastomotic vessels (DLAVs) (Isogai et al., 2001) (Figure 1.7). 

 

Following primary sprouting, secondary sprouting begins from 32 hpf. During 

secondary angiogenic sprouting, venous endothelial cells migrate from the 

posterior cardinal vein (PCV) and from venous intersegmental vessels (vISVs) 

via fusion with existing SeAs, which are now termed arterial intersegmental 

vessels (aISVs). While in many cases, aISVs and vISVs alternate along the body 

of the zebrafish, this is not always the case (Bussmann et al., 2010). Although 

the majority of secondary sprouting occurs dorsally, utilising VEGF signalling, the 

caudal vein plexus, located at the posterior of the zebrafish, migrates ventrally, 

via alternative signalling. Ventral migration of venous angioblasts is instead 

regulated by BMP signalling, working against the VEGF gradient driving dorsal 

migration (Wiley et al., 2011).  
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Figure 1.7 ï Zebrafish trunk angiogenesis. During primary sprouting angiogenesis, endothelial 

cells migrate dorsally beginning with rostral tip cells, before migrating along the anteroposterior 

axis and fusing during anastomosis. During secondary sprouting, endothelial cells migrate from 

the posterior cardinal vein to fuse with arterial ISVs (aISVs) to form venous ISVs (vISVs). 

 

 

vISV 
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1.5.1 Signalling pathways regulating angiogenesis.  

Primary sprouting angiogenesis is regulated by two main signalling pathways; 

VEGF and Notch (Figure 1.8). However, complex signalling regulating how the 

endothelial tip cells respond to VEGF signalling are also activated downstream 

of VEGF signalling, adding to the complexity of endothelial cell biology. Current 

understanding of these processes will be presented in this section. 

 

Figure 1.8 ï Key signalling regulating angiogenesis. During angiogenesis, VEGF signalling 

via VEGF receptors induces a downstream signalling cascade culminating in the expression of 

dll4 in tip cells, which induces Notch signalling in neighbouring cells. Notch signalling functions to 

inhibit the response to VEGF in stalk cells via transcriptional repression of VEGFR2. 

 

Primary sprouting angiogenesis is initiated in response to VEGF signalling, which 

is induced by Sonic Hedgehog (Shh) signalling (Lawson et al., 2002). VEGFA is 

the primary driver of arterial angiogenesis and two paralogues exist in zebrafish, 

vegfaa and vegfab (Bahary et al., 2007; Covassin et al., 2009; Lawson et al., 

2002; Nasevicius et al., 2000). vegfab is expressed at lower levels within 
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developing somatic tissues than vegfaa during zebrafish development and 

knockdown induces a milder phenotype compared to vegfaa knockdown (Bahary 

et al., 2007; Nasevicius et al., 2000). VEGFA bind to VEGF receptors on 

endothelial cells to induce sprouting and migration. Signalling of VEGFA via the 

receptor KDR induces primary angiogenic sprouting in most species (Terman et 

al., 1992; Zeng et al., 2001). However, in zebrafish, two KDR paralogues exist, 

kdr and kdrl (Bahary et al., 2007). kdrl is the dominant signalling receptor and is 

functionally conserved with KDR, but kdr and kdrl co-operate during primary 

angiogenesis  (Bahary et al., 2007; Covassin et al., 2006). Since VEGF receptors 

function as dimers, different combinations of homo- and heterodimers exist which 

respond differently to each VEGF ligand, creating a degree of redundancy 

between VEGF receptors (Koch and Claesson-Welsh, 2011; Nilsson et al., 2010). 

This is evident in zebrafish due to the fact that VEGFC influences both primary 

angiogenesis and lymphangiogenesis (Covassin et al., 2006; Le Guen et al., 

2014) and angiogenesis can occur in the absence of KDR via FLT4 in conditional 

mouse knockout models (Benedito et al., 2012). However, VEGFC/FLT4 

signalling may be suppressed by DLL4 signalling in aISVs (Hogan et al., 2009a). 

Therefore, context- and timing-dependent mechanisms exist by which migratory 

angiogenesis is co-ordinated. 

 

Phospholipase C gamma 1 (plcɔ1) signalling is induced downstream of VEGF 

receptor signalling and zebrafish plcɔ1 mutants display a loss of arterial 

sprouting, akin to pan-VEGF receptor inhibition (Covassin et al., 2006; Fong et 

al., 1999; Lawson et al., 2003). Indeed phosphorylation of plcɔ1 is induced by 

KDR and phosphorylated PLCG1 is important for downstream signalling, 

including MAP kinase signalling in cell culture (Takahashi and Shibuya, 1997; 
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Takahashi et al., 2001). Many studies demonstrate a requirement for both the 

Ras/Raf/MEK/ERK and PI3K/AKT signalling pathways in endothelial cells 

(Gerber et al., 1998; Graupera et al., 2008; Meadows et al., 2001; Serban et al., 

2008). Zebrafish studies show that ERK signalling downstream of VEGF 

signalling is required for vascular development (Shin et al., 2016), while loss of 

ERK1 and 2 impairs normal vascular development in mice (Selcher, 2001; 

Srinivasan et al., 2009). Further evidence exists for a role for MAP kinase 

signalling in endothelial cells, with increased ERK activity associated with 

vascularisation in mice (Deng et al., 2013a). Interestingly, reduced MEK 

signalling impairs angiogenesis in tumours (Mavria et al., 2006) and reduces 

mouse placental angiogenesis, leading to embryonic death (Giroux et al., 1999). 

Tight control of the Ras/Raf/MEK/ERK pathway is required with context-specific 

regulation of Akt/PI3K signalling regulating this pathway (Hellesoy and Lorens, 

2015). Furthermore, negative feedback of Ras/Raf/MEK/ERK via Angiopoietin-

like 4 has been implicated (Yang et al., 2008). Taken together, these findings 

suggest a complex interaction between signalling pathways downstream of 

VEGF signalling (Figure 1.9). 
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Figure 1.9 ï Intracellular signalling during angiogenesis. Downstream of VEGF signalling, a 

signalling cascade including PLCG1, calcium signalling and ERK signalling induces the 

expression of dll4 in tip cells. DLL4 expression on tip cells induces Notch signalling in stalk cells, 

leading to the upregulation of Notch-responsive genes. 
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Transduction of VEGF signalling culminates in downstream Notch signalling, via 

upregulation of dll4 expression (Hellström et al., 2007) (Figure 1.9). Endothelial 

cells in which dll4 is upregulated begin to migrate to form a new vessel; these are 

termed the ñtip cellò of the angiogenic sprout. Neighbouring cells, which express 

notch more highly than dll4 have traditionally been thought to follow the tip cell 

and form the remainder of the angiogenic sprout (termed ñstalkò or ñphalanxò 

cells) (Herbert and Stainier, 2011). However, recent data suggests tip and stalk 

cell fate may not be fixed and that relative distribution of VEGF receptors is 

important to establish tip-and stalk cell fate following asymmetric cell division of  

tip cells (Costa et al., 2016). Furthermore, while mouse studies have shown tip 

cells do not proliferate during angiogenesis (Gerhardt et al., 2003), this is not true 

in zebrafish, in which tip cells proliferate more frequently than stalk cells (Costa 

et al., 2016). Conditional mouse Raf1 mutants, in which ERK1 signalling is 

activated, display increased expression of Notch signalling components, 

including Dll4 (Deng et al., 2013b, 2013a). This suggests that Notch signalling via 

induction of dll4 expression occurs downstream of ERK signalling, implying a 

direct pathway from VEGF signalling to Notch signalling via PLCG1 signalling 

and the Ras/Raf/MEK/ERK pathway. DLL4 haploinsufficiency impairs vascular 

development in mouse embryos (Duarte et al., 2004), with increased vascular 

branching (Suchting et al., 2007). Following upregulation of dll4 signalling, Notch 

signalling is induced in neighbouring endothelial cells via lateral inhibition. 

Neighbouring Notch-expressing cells join the sprout as stalk cells (Siekmann and 

Lawson, 2007). Notch signalling limits the response to VEGF by upregulation of 

the decoy VEGF receptor, flt1 (VEGFR1) (Krueger et al., 2011), and suppression 

of Notch signalling results in increased angiogenic sprouting, in vitro (Sainson et 

al., 2005) and in vivo (Hellström et al., 2007; Leslie et al., 2007; Siekmann and 
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Lawson, 2007; Suchting et al., 2007; [CSL STYLE ERROR: reference with no 

printed form.]). At later stages, blood flow inhibits endothelial Notch signalling by 

downregulation of dll4 (Watson et al., 2013). Furthermore, maintenance of stalk 

cell fate is regulated independently of VEGF and Notch signalling, via H2.0 

homeobox-like 1, suggesting an additional level of control may exist to regulate 

cell fate during angiogenesis (Herbert et al., 2012). 

 

1.5.2 Lymphangiogenesis. 

Lymphatic angiogenesis begins from 2 dpf in zebrafish. Sprouting ECs destined 

to become lymphatic vasculature are termed lymphatic endothelial cells (LECs). 

LECs migrate simultaneously with secondary angiogenic sprouts which become 

vISVs (Bussmann et al., 2010; Hogan et al., 2009b; Isogai et al., 2001). LECs 

migrate to the horizontal myoseptum, before migrating laterally forming the 

parachordal chain. After this, they migrate ventrally and seed the lymphatic 

vasculature, including the thoracic duct. Embryos deficient in VEGFC/FLT4 

signalling display impaired lymphatic development in zebrafish (Hogan et al., 

2009b; Villefranc et al., 2013; Yaniv et al., 2006). 

 

It is likely that conserved signals regulate venous endothelial cell and LEC 

migration from venous progenitors. That lymphatic endothelial cells are derived 

from a subpopulation of Prox1+ venous cells was first proposed in mice (Sathish 

Srinivasan and Oliver, 2011). Indeed, prox1 is expressed in LECs in zebrafish, 

both in the parachordal lymphangioblasts and the PCV before dorsal migration 

(Koltowska et al., 2015; Shin et al., 2017). In zebrafish, two paralogues of prox1 

exist, prox1a and prox1b. While prox1a labels LECs in zebrafish (Dunworth et al., 
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2014), prox1b does not (Tao et al., 2011). However, mutations in neither prox1a 

nor prox1b impair vascular development, while double mutants display only minor 

defects (van Impel et al., 2014; Tao et al., 2011). This suggests a divergent role 

for Prox1 in zebrafish compared to mice, in which Prox1 is essential for lymphatic 

formation (Yang et al., 2012). 

 

Little is currently known about signalling pathways involved in lymphangiogenesis 

downstream of VEGFC/FLT4. In common with aISVs, ERK signalling is essential 

for lymphatic formation in zebrafish (Shin et al., 2016, 2017). Furthermore, ERK 

signalling has been implicated in lymphatic fate specification in vitro (Deng et al., 

2013b), suggesting signalling downstream of FLT4 may share commonalities 

between angiogenesis and lymphangiogenesis. 

 

1.5.3 Regulation of the actin cytoskeleton and calcium signalling during 

angiogenesis. 

Angiogenesis requires endothelial cells to undergo rapid and transient changes 

in cell biology and morphology during migration without losing structural integrity 

(Kapustina et al., 2013). The actin cytoskeleton maintains cellular structure while 

sensing the environment into which cells migrate (Pollard and Cooper, 2009). 

Rearrangement of the actin cytoskeleton into cellular projections such as 

filopodia and lamellipodia enables the cell to change morphology, migrate 

mechanically and sense the environment (Chhabra and Higgs, 2007). 

Furthermore, the actin cytoskeleton maintains focal adhesions and adherens 

junctions for cell-cell contact during migration (Bayless and Johnson, 2011). 
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Filopodia are present on many migrating tissue types, during development, 

including the well-characterised Drosophila tracheal tubes (Myat et al., 2005; 

Ribeiro et al., 2002). The importance of filopodia during retinal angiogenesis in 

mice has been demonstrated (Gerhardt et al., 2003; Sawamiphak et al., 2010). 

Visualisation of F-actin in vivo is possible due to the LifeACT motif, which binds 

F-actin (Riedl et al., 2008). LifeACT-fluorophore fusions have been used in 

mouse and zebrafish to observe filopodial behaviour during development and 

angiogenesis (Fraccaroli et al., 2012; Phng et al., 2013; Riedl et al., 2010). While 

evidence exists to suggest VEGF signalling stimulates production of filopodia 

during angiogenesis in mouse (Gerhardt et al., 2003) and cell culture (Morales-

ruiz et al., 2014), zebrafish studies suggest filopodia are dispensable during 

primary angiogenesis (Phng et al., 2013). Interestingly, inhibition of filopodia 

formation via Latrunculin B treatment did not ablate angiogenesis but caused 

angiogenic delays, suggesting filopodial loss reduces the rate of angiogenic 

migration. However, chemical inhibition may not entirely ablate F-actin structures 

required for migration (Phng et al., 2013). Furthermore, loss of cdh5 in zebrafish 

resulted in impaired cytoskeleton formation during angiogenesis, suggesting 

cdh5 may function as an anchor point for the cytoskeleton of migrating stalk cells 

(Sauteur et al., 2014). 

 

It has long been established that a calcium-dependent element of actin 

cytoskeletal organisation exists, via calcium-dependent regulation of actin 

modifying proteins (Ikebuchi and Waismanj, 1990; Sakurai et al., 1991; Young et 

al., 1994). In cell culture, calcium influx regulates organisation of the actin 

cytoskeleton of immune cells via store-operated calcium entry (SOCE) (Hartzell 

et al., 2016), and calcium efflux from the ER regulates actin cytoskeleton-
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mediated ER translocation during calcium signalling (van Vliet et al., 2017). 

Furthermore, calcium signalling is essential during actin cytoskeletal 

rearrangements in neural cell migration (Martini and Valdeolmillos, 2010). In 

cancer cells, the calcium channel TRPM2 regulates the actin cytoskeleton in 

response to H2O2 by increasing intracellular Ca2+ and Mg2+ (Li et al., 2016). 

Furthermore, a ñcalcium-mediated actin resetò has been suggested, wherein a 

burst of intracellular calcium is induced immediately prior to cytoskeletal 

rearrangement (Wales et al., 2016), while ñcalcium flickersò have been observed 

at the leading edge of migrating fibroblasts (Wei et al., 2009). 

 

Endothelial cells are generally thought to be non-excitable and as such utilise 

store-operated calcium entry (SOCE) as their primary means to maintain Ca2+ 

levels in the ER after influx  (Oike et al., 1994; Vaca and Kunze, 1994). Calcium 

signalling is VEGF-dependent in cultured ECs (Fearnley et al., 2015; Hamdollah 

Zadeh, 2008) and induction of Ca2+ oscillations downstream of VEGF in vivo has 

been demonstrated during flow-independent angiogenesis in zebrafish during the 

timeframe of this thesis (Yokota et al., 2015). Endothelial cells replenish ER 

calcium stores after signalling primarily via the calcium release-activated calcium 

(CRAC) channel, comprised of STIM1 (Jones et al., 2005; Roos et al., 2005) and 

ORAI1 (Cheng et al., 2011; Feske et al., 2006; Vig, 2006). SOCE relies on 

modulation of the actin cytoskeleton, which requires calcium-dependent proteins 

for motility (van Vliet et al., 2017). Furthermore, protein kinase signalling is 

calcium-dependent, and functions upstream of the MEK-ERK signalling pathway 

in ECs (Hollenbach et al., 2013; Wong and Jin, 2005). Calcium signalling will be 

discussed in greater detail in section 1.7. 
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1.6  Kidney development in zebrafish 

The kidney is the site at which the vascular system comes into contact with the 

urinary tract. In the kidney, blood is filtered, resulting in the removal of waste 

products and maintenance of essential ions (Drummond and Davidson, 2016). 

The kidney provides a second function in zebrafish as the site of adult 

haematopoiesis, analogous to bone marrow in mammals (Drummond and 

Davidson, 2016). 

 

In the zebrafish, the kidney develops from cells within the ventrolateral 

mesoderm, overlapping with regions giving rise to blood and endothelial cells 

(Kimmel et al., 1990). BMP signalling is important for the determination of the 

kidney- and blood-forming ventrolateral mesoderm. Embryos lacking swirl 

(BMP2) display a loss of ventral tissues including blood and pronephros 

(Kishimoto et al., 1997). During embryogenesis, the ventrolateral mesoderm 

gives rise to the intermediate mesoderm (IM) and lateral mesoderm (LM). The 

nephrogenic component of this region is determined by expression of factors 

such as hnf1ba, pax2a, pax8, and lhx1a (Bedell et al., 2012a; Naylor et al., 2013; 

Pfeffer et al., 1998; Swanhart et al., 2010) and is found adjacent to the blood-

forming region (Kimmel et al., 1990). Furthermore, loss of wnt8a reduces the pool 

of renal progenitors during zebrafish kidney development (Naylor et al., 2017). 

 

Kidney progenitor cells form within the IM, as a pair of lateral stripes of cells from 

around the 2-somite stage. The IM is flanked by the lateral mesoderm, which 

gives rise to blood and endothelial cells (Perens et al., 2016). Interestingly, hand2 

has been shown to promote both kidney and endothelial progenitor development 
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in zebrafish (Perens et al., 2016). However, other evidence exists of antagonistic 

genetic interaction between the IM and LM. For example, Odd skipped related 1 

(Osr1) is widely expressed in the developing mesoderm before becoming 

restricted to renal progenitors in mice (Mugford et al., 2008) while zebrafish osr1 

morphants display reduced pronephric but expanded vascular marker expression 

and increased venous development (Mudumana et al., 2008). Furthermore, scl 

and lmo2 overexpression reduces pax2 but promotes blood and endothelial 

marker expression in zebrafish (Gering, 2003; Gering et al., 1998). Such findings 

indicate an antagonistic interaction between these two developing domains. The 

IM gives rise to the pronephric tubules, which form bilaterally, while blood and 

endothelial precursors migrate medially to form the vascular system (Brown et 

al., 2000; Jin, 2005; Sumanas and Lin, 2006). Collective cell migration drives the 

development of different domains within the developing kidney, including 

glomeruli (Naylor et al., 2016; Vasilyev et al., 2009). 

 

From 40-48 hpf, endothelial cells begin to invade the glomerulus (Drummond and 

Davidson, 2016). During this time, podocytes within the glomerulus express 

VEGFA to promote angiogenesis (Eremina et al., 2003; Veron et al., 2010a, 

2010b). Loss of function of several genes known to function during kidney 

development induces an expanded glomerulus, including pkd1a, pkd1b, pkd2 

and wt1b, while wt1a knockdown causes a failure to form glomeruli (Mangos et 

al., 2010; Perner et al., 2007; Sun, 2004). Such expanded glomerular phenotypes 

usually develop after 40 hpf and loss of both pkd1a and pkd2 has been 

associated with vascular developmental defects (Coxam et al., 2014; Heckel et 

al., 2015). Interestingly, an interaction between pkd2 and trpv4 has been 

suggested both in epithelial cells of the renal collecting duct and in endocardial 
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cells, suggesting conserved functions for calcium channels in both renal and 

endothelial/endocardial cells may exist (Heckel et al., 2015; Zhang et al., 2013). 

 

1.7 The Regulation of intracellular Calcium levels and Calcium Signalling 

The calcium ion (Ca2+) is a second messenger in many evolutionarily conserved 

signalling pathways. Calcium levels are tightly regulated and maintained within 

the cell, where it is largely stored in the endoplasmic reticulum (ER) at 

concentrations of around 100 mM (Putney, 2010). Ca2+ perpetually cycles out of 

the ER into the cytoplasm, where concentrations rarely exceed 10 nM under 

normal conditions and back into the ER again, through a series of channels and 

pumps on the membrane of the ER. Ca2+ is also stored in mitochondria, and Ca2+ 

release from the ER results in mitochondrial Ca2+ entry (Giacomello et al., 2010). 

Resting mitochondrial Ca2+ concentration is 100 nM but may reach 100 mM 

during calcium signalling (Pozzan et al., 2000). 

 

Small changes in intracellular Ca2+ concentration can trigger downstream 

signalling events. To initiate calcium signalling, extracellular signalling molecules 

bind targets on the plasma membrane, such as receptor tyrosine kinases (Katz 

et al., 2012) and G-coupled protein receptors (GPCRs) (Lopez-ilasaca, 1998), 

which then activate phospholipase C proteins (PLCs) (Ji et al., 1997; Katz et al., 

2012; Lopez-ilasaca, 1998) (Figure 1.10). PLCs catalyse formation of inositol 1, 

4, 5- triphosphate (IP3) from phosphatidylinositol 4,5-bisphosphate (PIP2) (Noh et 

al., 1995). During calcium signalling, IP3 binds to IP3 receptors (IP3Rs) located on 

the ER membrane to induce calcium release from the ER (Bootman, 2012) 

(Figure 1.10). Furthermore, IP3 receptor activity can be modulated by 
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phosphorylation via non-receptor tyrosine kinases (Jayaraman et al., 1996). 

Another ER membrane calcium receptor is the ryanodine receptor (RyR), 

commonly found in excitable cell types such as skeletal muscle, which functions 

in voltage-gated calcium entry via coupling with the Caveolin-3 (Cav-3) voltage 

gated calcium channel (Whiteley et al., 2012). 

 

As Ca2+ is exported from the ER during calcium signalling, calcium stores in the 

ER must be replenished. ATPase pumps, along with sarco-endoplasmic reticular 

Ca2+ ATPases (SERCAs) (MacLennan et al., 1985)  actively transport calcium 

ions back into the ER. ATPases on the plasma membrane are known as plasma 

membrane Ca2+ pumps (PMCAs). PMCAs actively pump excess Ca2+ out of the 

cell into the extracellular matrix (Verma et al., 1988).  

 

It is becoming increasingly clear that mitochondria play an important role during 

calcium signalling (Pozzan et al., 2000). It has long been known that mitochondria 

interact with the ER and take up Ca2+ ions through ñCa2+ hot spotsò (Giacomello 

et al., 2010; Rizzuto et al., 1998), while more recent studies implicate 

mitochondria in regulation of SOCE (Glitsch et al., 2002; Naghdi et al., 2010). 

Recently, the mitochondrial calcium uniporter (MCU) has been studied, with 

mutant zebrafish displaying impaired cell migration during early gastrulation 

(Prudent et al., 2013). Furthermore, MCU knockdown in cell culture reduces 

intracellular [Ca2+], cell polarity, and cell migration, while impairing focal 

adhesions and F-actin, producing more cortical F-actin with increase focal 

adhesion number (Prudent et al., 2016). 
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Figure 1.10 An overview of calcium signalling mechanisms. Ca2+ ions are stored in the 

endoplasmic reticulum (ER) from which they are released into the cytosol via the IP3 receptor. To 

replenish cellular calcium in non-excitable cells, flow responsive calcium channel complexes (eg 

TRP channels) and the calcium release-activated calcium (CRAC) channel comprised of ORAI 

and STIM proteins are utilised. 

 

Ca2+ trafficking between ER storage, mitochondrial storage and the cytosol 

induces intracellular calcium oscillations (Pozzan et al., 2000). It has been 

hypothesised that intracellular calcium oscillations are induced by intracellular 

Ca2+ load or concentration (Sneyd et al., 2004). Testing of this hypothesis showed 

that inhibition of calcium influx into cells after, but not prior to, the onset of calcium 

signalling halted Ca2+ oscillations (Sneyd et al., 2004). These were rescued by 

induction of ER calcium efflux, suggesting the interplay between calcium load and 

ER membrane flux dictates whether calcium oscillations occur (Sneyd et al., 

2004). Furthermore, IP3 recognition by IP3R may induce calcium influx from 

external sources as well as regulating ER calcium efflux (van Rossum et al., 

2004). 
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The process of calcium signalling differs considerably between cell types. 

Excitable cells, such as neural and muscle tissue, respond to and generate 

electrical signals. When excitable cells undergo calcium signalling, a change in 

membrane potential occurs, initiating activation of a signalling cascade, often 

through voltage-operated calcium channels (VOCs) (Turner et al., 2011).  

 

The ER membrane contains proteins that sense changes in ER Ca2+ 

concentration. One such is stromal interaction molecule 1 (STIM1), an ER 

membrane-spanning protein, which has a sensory C-terminal tail embedded in 

the ER lumen (Figure 1.11) (Jones et al., 2005). While ER calcium levels are 

normal, the C-terminal tail interacts with calcium ions. Upon calcium release from 

the ER, Ca2+ concentration decreases, freeing the luminal N-terminal tail of 

STIM1 (Jones et al., 2005). STIM1 then undergoes a conformational change (Ma 

et al., 2015). STIM1 forms pairs of homodimers that interact with ORAI1 in the 

plasma membrane (Feske et al., 2006; Vig, 2006). The complex formed by ORAI1 

and STIM1 is known as the calcium release-activated calcium (CRAC) channel 

(Figure 1.11), which is a calcium-selective ion channel (Jones et al., 2005; Li et 

al., 2011; Liou et al., 2007; Roos et al., 2005). The CRAC channel links the ER 

to the cell surface membrane to facilitate Ca2+ influx (Soboloff et al., 2012). 

Interaction between ORAI1 and STIM1 has been confirmed, with the cytoplasmic 

c-terminal tails of both ORAI1 and STIM1 essential for this interaction (Li et al., 

2007; Zhou et al., 2010). 
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For calcium influx to occur via the CRAC channel, the ER must translocate to the 

PM, utilising both intracellular free Ca2+ ions and regulation of the actin 

cytoskeleton (van Vliet et al., 2017), resulting in formation of an ER-PM 

microdomain (Cao et al., 2015). Ca2+ ions travel through the CRAC channel from 

the extracellular space into the ER, restoring the ER Ca2+ concentration. Calcium-

dependent negative feedback regulation of the CRAC channel complex has been 

suggested, both via a rise in intracellular Ca2+ concentration and a calmodulin-

dependent mechanism (Li et al., 2017; Zweifach and Lewis, 1995), suggesting 

normalisation of Ca2+ levels is required for resolution of SOCE via the CRAC 

channel. 
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Figure 1.11 ï Store operated calcium entry via STIM and ORAI proteins. STIM proteins in the 

ER membrane sense when calcium stores become depleted during calcium signalling, dimerise 

and form a complex with ORAI proteins on the cell membrane to form the calcium release-

activated calcium (CRAC) channel.  

 

1.8  TRP channels 

Calcium signalling occurs via selective channels found both on the ER and cell 

membrane. One family of channels is the transient receptor potential (TRP) 

channels. The first TRP channel was identified in Drosophila, termed trp. trp 

mutant Drosophila showed only a transient reaction to light, behaving as if blind 

(Cosens and Manning, 1969). trp was later characterised as a membrane protein 

(Montell and Rubin, 1989). Trp mutant Drosophila also showed a defect in 

calcium influx. The TRP superfamily consists of seven subfamilies. TRP channels 

are expressed widely, but some are enriched in specific tissues (Graham et al., 

2013; Von Niederh??usern et al., 2013; Zhang et al., 2013).  

 

The protein structures of the trp superfamily show topology which resembles 

voltage-gated ion channels, such as those involved with K+, Na+ and Ca2+ influx 

and efflux. Such channels are porous, with several membrane-spanning domains 

coalescing to form the pore (Moiseenkova-Bell and Wensel, 2011)(Moiseenkova-

Bell and Wensel, 2011)(Moiseenkova-Bell and Wensel, 2011) trp channels 

consist of around six membrane spanning domains, although this varies 

depending on subfamily. The membrane spanning domains form a pore 

(Moiseenkova-Bell and Wensel, 2009). TRP proteins form homotetramers, with 

each monomer contributing two membrane-spanning domains to the channel 

pore. Recent findings, however, suggest TRP channels can function as pairs of 
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homodimers (Köttgen et al., 2008; Zhang et al., 2013) or even with three different 

TRPs contributing to a single channel. Indeed trpc1, trpv4 and trpp2 can form a 

heteromeric channel, however the combination in which they act remains unclear 

(Du et al., 2014).  

 

In vivo function of TRP channels remains largely unclear, with most studies taking 

place in cell culture. TRPs play a role in endothelial permeability, whereby VEGF 

signalling increases vascular permeability through activation of trpc1-dependent 

plasmalemmal Ca2+ entry, which is inhibited by the action of angiopoietin-1 (ang-

1) (Jho et al., 2005). TRP channels are also implicated in flow sensing through 

formation of heterotetrameric channels (Du et al., 2014). The role of trpc channels 

in angiogenesis have been well-documented, with roles in VEGF-mediated 

vascular permeability described, in particular for TRPC6 (Ge et al., 2009; Pocock 

et al., 2004). Trpc6 has been implicated as a regulator of VEGF-mediated calcium 

signalling in endothelial cell lines (Brock et al., 1991; Zadeh et al., 2009), while it 

has been suggested that trpc1 is essential for angiogenesis in zebrafish (Yu et 

al., 2010).  

 

Many studies have analysed the functions of the trp channels TRPP2/PKD2, 

TRPV4 and TRPV1 and have attempted to understand how these channels 

interact (Graham et al., 2013; Köttgen et al., 2008; Ma et al., 2013; Zhang et al., 

2013). Several roles for both trpv1 and trpv4 have been suggested. Roles for 

trpv1 have been suggested in motility, utilising its calcium channel function in 

actin cytoskeletal projections in both keratinocytes (Graham et al., 2013) and in 

heat-induced locomotion (Gau et al., 2013). Trpv4 has been implicated in a 
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sensory role, sensing flow and osmolarity (Wu et al., 2007).  trpp2, also known 

as pkd2, is one of the two genes mutated in autosomal dominant polycystic 

kidney disease; the other being pkd1. trpp2 has also been proposed to act as a 

heteromeric flow- and pressure-sensing channel with other trp proteins (Du et al., 

2014; Sharif-Naeini et al., 2009; Zhang et al., 2013).  

 

1.9 Developments in genome editing. 

The ability to manipulate a geneôs expression or function is essential in 

understanding itôs function. New advances in loss-of-function techniques and 

genome editing have contributed to my ability to perform genetic functional 

analysis. Since my work applies a number of these approaches, I will here 

summarise the different methods available. 

 

1.9.1 Forward genetics and mutagenesis screens. 

Forward genetic approaches rely on blind induction of phenotypes, without prior 

knowledge of which gene is mutated. Classically, this is applied in human 

inherited diseases, in which a family is identified with a particular phenotype but 

the causative mutation is not known. To understand developmental pathways, 

mutagenesis screens were first performed in invertebrates such as C. elegans 

and D. melanogaster (Brenner, 1974; Nusslein-Volhard and Wieschaus, 1980). 

Later, this approach was applied to vertebrates, initially the zebrafish and more 

recently mouse (Driever et al., 1996; Horner and Caspary, 2011). The zebrafish 

has inherent advantages over mammalian models, including the large numbers 

of progeny, and external fertilisation and development, making it highly suitable 

for forward genetics screens (Chakrabarti et al., 1983; Grunwald et al., 1988; 
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Streisinger et al., 1986). Forward genetic screens using zebrafish were 

conducted at the Max Planck Institute, Tübingen, and Harvard Medical School, 

Boston (MA), in the 1990s (Driever et al., 1996; Haffter et al., 1996; Mullins et al., 

1994). Mutants generated by these screens have been used to study 

development of a range of tissues, including the brain and cardiovascular 

systems (DY et al., 1996; J et al., 1997; Neuhauss et al., 1996; Schier et al., 1996; 

Solnica-Krezel et al., 1996; Whitfield et al., 1995). 

 

When a forward genetics approach produces a phenotype, the mutated gene is 

not known. Typically, positional cloning is utilised to identify the genetic locus. To 

position the mutation, maps of microsatellite markers, or simple sequence length 

polymorphisms (SSLPs), were developed, and later a radiation map of SSLPs 

was developed, leading to accurate identification of SSLP markers, mapped to 

the zebrafish genome (Geisler et al., 1999; Knapik et al., 1996, 1998; Shimoda 

et al., 1999). By PCR amplification and sequence comparison, the precise 

locations of mutations could then be determined. However, the limitations of 

positional cloning meant that the master regulator of haematopoiesis and 

angiogenesis, cloche, remained unidentified for over 20 years (Reischauer et al., 

2016; Stainier et al., 1995). Despite this limitation, forward genetics screens 

represent an unbiased method to analyse gene function, which have led to better 

understanding of genes required for a number of biological processes. However, 

with the advent of comprehensive genome sequencing (Sanger and Coulson, 

1975) it is now more common to first identify a gene and then attempt to target it 

specifically, via reverse genetic strategies. 
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1.9.2 Reverse genetic approaches ï morpholino knockdown. 

Contrary to forward genetics, reverse genetics aims to discern gene function 

through a targeted inactivation of a known gene. Armed with the sequence of the 

target gene, reagents are designed to reduce or abolish gene function. Reverse 

genetic approaches include gene knockdown, for example by morpholino or 

RNAi, and targeted mutagenesis via zinc finger or TALE nucleases or, more 

recently, the CRISPR/Cas9 endonuclease system. 

 

The zebrafish has been widely used for reverse genetics studies, in particular, 

transient knockdown via antisense morpholino oligonucleotides. Morpholinos 

(MOs) target mRNA and induce improper translation via blocking translation 

initiation or pre-mRNA splicing (Bill et al., 2009). Morpholinos were first tested in 

vivo in Xenopus, before the first study in zebrafish, in which ubiquitous EGFP was 

knocked down, along with reproduction of known mutant phenotypes, including 

no tail and one-eyed pinhead (Heasman et al., 2000; Nasevicius and Ekker, 

2000). 

 

Recently, however, morpholinos have come under scrutiny, due to concerns 

regarding off-target effects (Schulte-Merker and Stainier, 2014), and difficulty in 

interpreting results (Stainier et al., 2017). Many morphant phenotypes require co-

injection with p53 morpholinos to offset non-specific induction of this pathway 

(Robu et al., 2007) and many morphant phenotypes cannot be recapitulated in 
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loss-of-function mutants (Kok et al 2015). Subsequently, however, a recent study 

has shown mutants without such phenotypes can be protected from morpholino-

induced phenotypes, suggesting compensatory pathways induced by the 

mutation, that are not activated in morphants (Rossi et al 2015). However, the 

mechanism by which this occurs is poorly understood (El-Brolosy and Stainier, 

2017) and will be further discussed in section 1.8. 

 

1.9.3 Reverse genetic approaches ï targeted mutagenesis via Zinc Finger 

nucleases and TALENs. 

It is now possible to induce stable mutations in target genes via site-directed 

mutagenesis. Two commonly utilised methods are zinc finger nucleases (ZFNs) 

(Kim et al., 1996) and transcription activator-like effector nucleases (TALENs) 

(Cermak et al., 2011a). ZFNs utilise sequential arrays of zinc finger DNA binding 

domains specific to a particular nucleotide triplet, to which a FokI restriction 

enzyme is bound. ZFNs function in pairs, flanking a FokI restriction site, with one 

of each pair binding opposing strands of DNA to induce a double strand break 

(reviewed in Urnov et al., 2010). Likewise, TALENs function in a pair, designed 

to target specific nucleotide sequences. TALENs were derived from naturally 

occurring TALE repeats encoded by Xanthomonas bacteria species, which 

function to regulate transcription in plant cells by binding specific nucleotides. 

TALENs are comprised of a series of TALE repeats, which recognise different 

nucleotides fused to a FokI restriction enzyme to induce double strand DNA 

breaks (reviewed in Joung and Sander, 2013).  
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Zebrafish mutant lines have been generated successfully using both approaches. 

For example, kdr, brachyury and golden (Nacre) mutations were generated using 

ZFNs (Doyon et al., 2008; Meng et al., 2008) while the cdh5 mutant line was 

generated via TALEN-mediated mutagenesis  (Bedell et al., 2012b). 

 

1.9.4 Reverse genetic approaches ï the CRISPR/Cas9 endonuclease 

system and recent adaptations. 

More recently, the CRISPR/Cas9 (clustered regularly interspaced short 

palindromic repeats/CRISPR-associated protein) system has become the 

technique of choice owing to its simplicity, rapidity and efficacy (Chira et al., 

2017). CRISPR/Cas9 utilises guide RNAs (gRNAs), which target specific regions 

of the genome, in combination with the Cas9 endonuclease. The gRNA-Cas9 

complex functions to induce a double strand break at the specified locus, leading 

to DNA repair by error-prone non-homologous end joining (NHEJ) (Chira et al., 

2017; Kim et al., 2017). 

 

CRISPR/Cas9 was first identified as an adaptive immune mechanism in archaea 

and bacteria, as a protection against pathogenic genetic material (Kim et al., 

2017), which is cleaved by Cas proteins, most commonly Cas9, a type-II 

CRISPR-associated protein from Streptococcus pyogenes (Mali et al., 2013). 

Endogenous Cas9 utilises a duplex of two RNAs: crRNAs and tracrRNAs. 

tracrRNAs bind to both the sequence-specific crRNA and the Cas protein to form 

a functional complex, which cleaves genetic material in a sequence-specific 

manner (Wang et al., 2016).  
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In order to adapt this system for laboratory use, the Cas9 enzyme was isolated 

and the binding sequence for the crRNAs and tracrRNAs were identified. Later, 

strategies simplified the system by fusing the crRNA and tracrRNA into a single 

guide RNA (sgRNA), making in-house transcription of sgRNAs possible for large-

scale screens (Clontech, 2016; Gilbert et al., 2014). For simplicity, all variants of 

guide RNAs (crRNAs, tracrRNAs and sgRNAs) will be hereafter referred to as 

ñgRNAsò, unless direct comparisons are being made between the function of the 

variants. 

 

To induce double strand breaks, gRNA-Cas9 complexes must bind to both the 

target DNA and gRNAs which guide it to a specific target region. gRNAs contain 

two key regions: the specific DNA binding region, and the Cas9 binding region 

(Josephs et al., 2015; Shibata et al., 2017). The Cas9 binding region is comprised 

of stem-loops which anchor the gRNA into the Cas9 protein. Cas9 is predicted to 

have a bilobed structure, with a nuclease lobe and a recognition lobe. The lobes 

contain nuclease and gRNA target recognition domains (Josephs et al., 2015; 

Shibata et al., 2017). The Cas9 protein recognises and envelops the DNA-gRNA 

complex, before cleaving the DNA, resulting in double-stranded breaks (Ran et 

al., 2013). 

 

Recent modifications to Cas9 endonuclease have extended its utility, including 

development of the dCas9 (deactivated Cas9) protein (Gilbert et al., 2013; Larson 

et al., 2014; Qi et al., 2013). Although dCas9 retains its ability to recognise gRNA-

DNA complexes, mutations in the endonuclease domain prevent dCas9 from 
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cleaving DNA. Therefore, dCas9 blocks transcription through steric hindrance, 

termed CRISPR interference (CRISPRi) (Qi et al., 2013) (Figure 1.12). 

 

Other modifications to the dCas9 protein aim to increase the level of 

transcriptional control available. To increase transcriptional repression dCas9-

KRAB (Krüppel-associated box) fusions have been developed (Gilbert et al., 

2013, 2014; Qi et al., 2013). Furthermore, a recent publication has similarly 

utilised a dCas9-eng (engrailed) fusion during zebrafish development to disrupt 

BMP function (Mouillesseaux et al., 2016). dCas9 fusion enzymes can effectively 

repress enhancers, suggesting tissue-specific control of gene expression may be 

possible (Kearns et al., 2015). Conversely, activation of transcription via 

activating modifications to dCas9 have been explored, termed CRISPRa, initially 

with modest transcriptional upregulation (Gilbert et al., 2013). CRISPRa utilises 

dCas9 fused to transcriptional activation domains such as VP64 or P65 (Gilbert 

et al., 2013). However, recent studies have sought to increase the effectiveness 

of CRISPRa by producing new dCas9 fusions which incorporate elements of 

various transcriptional activation domains (Gilbert et al., 2014; Horlbeck et al., 

2016; Lin et al., 2015). Furthermore, a modified version of the Cas9 enzyme has 

been utilised to induce targeted mutagenesis of single DNA base pairs (Gaudelli 

et al., 2017; Zhang et al., 2017), so called base-editing, allowing determination of 

precise functions of amino acids and reproduction of disease-causing mutations. 
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Figure 1.12 ï Genetic manipulation by CRISPR-mediated knockout and CRISPR 

interference. Active Cas9 enzyme is directed to a specific genomic site by a gRNA, which it 

cleaves via endonuclease function. dCas9 lacks endonuclease function but binds DNA. dCas9 

therefore functions to inhibit transcription sterically. 

 

1.10 The phenomenon of genetic compensation. 

TALEN and CRISPR mutagenesis has greatly facilitated production of zebrafish 

mutant lines. Consistently, however, many such mutants do not display 

phenotypes previously observed using genetic knockdown. Recent studies have 

suggested stable zebrafish mutants may undergo genetic compensation via 

transcriptional adaptation, wherein the effects of a deleterious mutation can be 

bypassed by transcriptional upregulation of an independent gene that functions 
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in place of the mutated gene (Rossi et al., 2015). This phenomenon is not limited 

to zebrafish, however, with reports of aphenotypic mutants in both mouse and 

Arabidopsis (Bouché and Bouchez, 2001; White et al., 2013). Recent studies 

suggest that nonsense-mediated decay (NMD) of incomplete mRNA transcripts 

can induce compensatory machinery and that knockdown of NMD components 

can increase phenotypic severity (Schuermann et al., 2015). Furthermore, 

upstream open reading frames, mRNA surveillance pathways and RNA binding 

proteins, among others, are potential mechanisms by which compensatory 

machinery may act to rescue the effects of a mutation (El-Brolosy and Stainier, 

2017). 

 

1.11 Thesis Aims and hypotheses 

In this introduction, I have highlighted key elements of the current literature 

relating to this thesis, ranging from angiogenesis to current genetic tools used in 

manipulation of gene expression, in addition to current knowledge regarding 

tmem33 and the work undertaken previously to analyse tmem33 function in 

zebrafish by Dr Robert Wilkinson and Dr Freek van Eeden.  

 

In this thesis, I aim to expand upon the preliminary work undertaken and 

determine the role of endothelial calcium signalling during angiogenesis in vivo 

and to identify epistasis between known regulators of endothelial cell biology and 

calcium signalling, such as VEGF and Notch signalling. Furthermore, I aim to 

understand the function of tmem33 during vascular development (see Figure 1.13 

for a visual hypothesis). 
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I therefore hypothesise that: 

1. tmem33 is expressed specifically within endothelial and kidney cells during 

development. 

2. tmem33 is required for normal endothelial and kidney development. 

3. tmem33 regulates endothelial cell biology, including calcium signalling and 

actin cytoskeleton dynamics. 

4. tmem33 functions to regulate endothelial cell biology downstream of 

VEGF during VEGF-mediated angiogenesis, by modulating downstream 

signalling pathways including Notch signalling. 

5. tmem33 interacts with pkd2 during renal development. 
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Figure 1.13 A summary of proposed tmem33 interactions and integration within the 

endothelial signalling pathway hierarchy.   
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2 Materials and Methods 

 

2.1 Materials. 

In this section, I list the materials used throughout the study.  In section 2.2, I 

provide detailed protocols describing the techniques used. 

2.1.1 Zebrafish maintenance and husbandry. 

All experiments were conducted on Home Office Project Licence 70/8588 held by 

Professor Tim Chico. Adult zebrafish were maintained at 28.0±1.0ºC and pH 

7.5±0.5; and subjected to a light/dark cycle of 14 hours of light and 10 hours of 

darkness. Adult zebrafish were fed a diet of artemia and food pellets. 

 

When mating zebrafish, a marble box was placed in tanks to harvest progeny, or 

individual pairs were mated, separated by a divider, to ensure accurate timing of 

fertilisation and intercrossing of specific lines of zebrafish, such as two different 

transgenic lines. The wild type lines used in this study were as follows: AB, 

London Wild Type (LWT), Tupfel long fin (TL) and Nacre. 

 

2.1.1.1. Transgenic zebrafish lines. 

The following transgenic lines were obtained from other groups: 

Tg(fli1a:EGFP)y1 (Bussmann et al., 2010), Tg(-0.8flt1:enhRFP)hu5333 (Lawson 

et al., 2002), Tg(-26wt1b:EGFP)li1 (Bollig et al., 2009), Tg(flk1:EGFP-NLS)zf109 

(Blum et al., 2008), Tg(kdrl:HRAS-mCherry-CAAX)s916  (Chi et al., 2008) and 

Tg(CSLBS:Venus)qmc61 (Gray et al., 2013). 
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Other transgenic lines were generated during or prior to this study within the 

University of Sheffield. These include: Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392, 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393, Tg(fli1a:LifeACT-mClover)sh467, 

Tg(fli1a:AC-TagRFP)sh511, Tg(PHD3:eGFP)i144, Tg(fli1a:DsRedEx2)sh495, 

Tg(fli1a:dCas9,cryaa:CFP)sh512 and Tg(enpep:gff)ubs3;Tg(uas:GCaMP7a). 

The transgenics I generated are described in more detail below. 

Table 2.1 Transgenic lines characterised in this study 

Transgenic line Expression pattern/function 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392, 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393 

Endothelial GCaMP expression 
enabling real-time visualisation of 
calcium signalling dynamics 
during angiogenesis. 

Tg(fli1a:LifeACT-mClover)sh467 Endothelially-expressed green 
fluorophore which localises to 
filamentous actin, to visualise 
actin cytoskeleton dynamics 

Tg(fli1a:AC-TagRFP)sh511 Endothelially-expressed red 
fluorophore which localises to 
filamentous actin, to visualise 
actin cytoskeletal/filopodia 
dynamics 

Tg(fli1a:DsRedEx2)sh495 Cytoplasmic red fluorophore 
expressed in endothelial cells 

Tg(enpep:gff)ubs3;Tg(uas:GCaMP7a) GCaMP expressed in developing 
pronephric tubules, enabling real-
time visualisation of calcium 
signalling dynamics during kidney 
development. 

Tg(fli1a:dCas9,cryaa:CFP)sh512 Endothelially-restricted dCas9 to 
enable endothelial-specific 
knockdown. 

 

2.1.1.2. Generation of the endothelial F-actin reporter line Tg(fli1a:LifeACT-

mClover)sh467. 

LifeACT is a 17 amino acid peptide which can be inserted upstream of a 

fluorophore sequence to induce the fluorophore to bind to F-actin (Riedl et al., 
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2008). The fli1a:lifeACT-mClover transgene was generated by PCR amplification 

of the mClover transgene utilising primers which introduced appropriate 

restriction enzyme sites and the LifeACT sequence. This was cloned into a middle 

entry vector and Gateway® cloning performed in combination with a 5ô entry 

vector containing the fli1a promoter and a 3ô entry vector containing a polyA 

sequence (Kwan et al., 2007; Villefranc et al., 2007). The Tg(fli1a:LifeACT-

mClover)sh467 transgenic line was generated by injection of the fli1a:LifeACT-

mClover transgene into wild type embryos. Embryos were screened for 

endothelial mClover expression and raised until adulthood as potential transgenic 

line founders. Potential founders were outcrossed and progeny were screened 

for expression of the fli1a:LifeACT-mClover transgene. Once a founder had been 

identified, a tank of outcrossed embryos was raised to form the Tg(fli1a:LifeACT-

mClover)sh467 transgenic line. 

 

To characterise reporter expression in the Tg(fli1a:LifeACT-mClover)sh467line, 

time-lapse microscopy using light-sheet microscopy was performed. 

Tg(fli1a:LifeACT-mClover)sh467embryos were imaged at 30 hpf and 120 hpf 

(Figure 2.1 A, B) and endothelial expression of the transgene was confirmed. To 

determine how effectively embryos labelled endothelial F-actin dynamics and 

filopodial extensions, embryos were imaged during angiogenesis from 22-30hpf. 

Clear cellular extensions were observed (Figure 2.1 C, white arrowheads), 

confirming that the reporter allows visualisation of filopodia. 
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Figure 2.1 Tg(fli1a:LifeACT-mClover)sh467 labels probable F-Actin structures within 

endothelial cells. Tg(fli1a:LifeACT-mClover)sh467 embryo displaying endothelial mClover 

fluorescence at 30hpf (A) 120 hpf (B) and 28hpf (C). White arrowheads indicate filopodia in C. 
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2.1.1.3. Generation of the endothelial F-actin reporter line Tg(fli1a:AC-

TagRFP)sh511. 

The calcium reporter transgenic lines Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 

and Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393 express GCaMP7a, which 

fluoresces following stimulation with 488nm wavelength. Since my actin reporter 

Tg(fli1a:LifeACT-mClover)sh467 fluoresces similarly it was not possible to image 

actin dynamics and calcium signalling simultaneously. Therefore, I deemed it 

necessary to generate an F-actin reporter line which utilised a fluorphore which 

fluoresced at a different wavelength, in order to distinguish structures. Recent 

studies have engineered antibodies from the Camelidae family, which contain a 

short monomeric heavy-chain fragment, termed nanobodies (Dmitriev et al., 

2016; Panza et al., 2015). As with conventional antibodies, nanobodies bind to 

specific antigens. It is possible to fuse a fluorophore to nanobodies, termed 

chromobodies. Since chromobodies are turned over rapidly, they may act as real-

time markers of intracellular dynamics. Therefore, I generated a novel transgenic 

line, that labeled F-actin utilising the TagRFP chromobody. 

 

Tg(fli1a:AC-TagRFP)sh511 transgenic fish were generated by co-injection of the 

fli1a:AC-TagRFP transgene with Tol2 mRNA into 1-cell stage embryos. Embryos 

were raised and a transgenic line was established as described in section 2.1.2.2.  

At 30 hpf, Tg(fli1a:AC-TagRFP)sh511 transgenic embryos display TagRFP 

fluorescence throughout the endothelium (Figure 2.2 A), which is maintained until 

120 hpf (Figure 2.2 B). Higher magnification images of the line during 

angiogenesis show increased TagRFP fluorescence in cell membranes, at 

probably at apical cell boundaries between two cells, making this a useful marker 

for determining cell-cell boundaries (Figure 2.2 C, arrowheads). However, it is 
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difficult to observe filopodial extensions using this line (Figure 2.2 C). It was 

therefore necessary to study actin and calcium dynamics independently. 
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Figure 2.2 Tg(fli1a:AC-TagRFP)sh511 labels F-Actin-like structures in endothelial cells. (A) 

30 hpf Tg(fli1a:AC-TagRFP)sh511 embryo displaying endothelial Chromobody-TagRFP 

fluorescence. (B) 120 hpf Tg(fli1a:AC-TagRFP)sh511 embryo displaying endothelial 

Chromobody-TagRFP fluorescence. (C) 26 hpf Tg(fli1a:AC-TagRFP)sh511 embryo displaying 

endothelial Chromobody-TagRFP fluorescence in migrating segmental arteries. White 

arrowheads indicate regions of high actin density, in regions likely to be cell boundaries. 
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2.1.1.4. Generation of the endothelial endoplasmic reticulum reporter line 

Tg(fli1a:DsRedEx2)sh495. 

Tmem33 is predicted to localise to the ER membrane (Sakabe et al., 2015). To 

confirm this, full length tmem33 mRNA fused to GFP was generated. To show 

ER localisation in ECs, the Tg(fli1a:DsRedEx2)sh495transgenic line was 

generated. KDEL motifs cause proteins to be shuttled into the ER (Munro and 

Pelham, 1987), conferring enriched fluorophore expression within the ER to cells 

expressing the transgene. Tg(fli1a:DsRedEx2)sh495embryos display clear 

endothelial fluorescence at day 1 through until day 5, but no obvious ER 

enrichment of expression in images taken at 20x magnification (Figure 2.3 A, C, 

D). When observing the retina at 32x magnification and imaging the retina, 

nuclear exclusion (Figure 2.3 B, white arrowhead) could be observed. However, 

no clear ER localisation was observed, suggesting this line does not sufficiently 

label the ER in endothelial cells. Therefore, this line will be renamed 

Tg(fli1a:DsRedEx2)sh495. 
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Figure 2.3 Tg(fli1a:DsRedEx2)sh495 embryos display endothelial DsRed protein and 

apparent nuclear exclusion. (A-D) Tg(fli1a:DsRedEx2)sh495 embryos display endothelial 

fluorescence. Epression is observed in developing blood vessels from the first embryonic day (A), 

through to the fourth and fifth embryonic days (C, D). At higher magnifications, nuclear exclusion 

of DsRed protein can be observed. This example uses the retinal vasculature at 2 dpf (B, white 

arrowhead). 

 

2.1.1.5. Mutant zebrafish lines. 

During this study, I used two mutant zebrafish lines: tmem33sh443 and vhlhu2117.  

This tmem33sh443 zebrafish line consists of a 2bp deletion within the coding 

sequence of exon 3, causing a frameshift and leading to a premature truncation 

in exon 4 (Figure 3.13). This is predicted to be a loss of function as it is located 
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within the conserved transmembrane domains. The vhlhu2117 mutation has been 

described previously (Rooijen et al., 2009).  

 

2.1.1.6. E3 medium. 

Zebrafish larvae were maintained until day 5.2 in E3 medium. E3 medium is 

composed of 5 mM NaCl, 0.17 mM KCl, 0.33 mM MgSO4 and 0.33 mM CaCl2. 

Methylene blue is added as an anti-fungal agent. 

 

2.1.1.7. Calcium-free Ringerôs Solution. 

For calcium chelation experiments, zebrafish larvae were treated in Ca2+-free 

Ringerôs solution so that Ca2+ chelation did not occur within the medium before 

chelating agents could diffuse into the embryo. Ca2+-free Ringerôs solution is 

composed of 100 mM NaCl, 2mM KCl, 1mM EGTA, 1mM MgCl2, 5M HEPES. 

 

2.1.2 Morpholinos. 

In this study, three morpholinos were used; two targeting tmem33 and one 

targeting pkd2. The tmem33 morpholinos were designed to bind downstream of 

exon 3 and upstream of exon 4 to induce improper splicing and retention of exon 

3-4. The pkd2 morpholino targets the ATG sequence to inhibit translation. 
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Table 2.2 Morpholinos used in study. 

tmem33-

sp2b 

AATTGCTAACACAGACATGACAA 

tmem33-sp3 TTATAGGAGAACATGACTCACCCAA 

pkd2 AGGACGAACGCGACTGGAGCTCATC 

 

2.1.3 CRISPR/CRISPRi. 

During this study, CRISPR interference was used for genetic knockdown. Guide 

RNAs (gRNAs) were first tested using active Cas9 protein for ability to drive Cas9 

endonuclease function. 

 

2.1.3.1. Cas9 endonuclease variants. 

All gRNAs were tested using the commercially available active Cas9 protein 

(Sigma-Aldrich). Functional gRNAs were then tested using dCas9. The dCas9 

plasmid is zebrafish codon-optimised and was a kind gift from the Stainier lab 

(Rossi et al., 2015). 

 

2.1.3.2. Guide RNAs used for CRISPR experiments. 

The following gRNAs were employed during this study: 

Table 2.3 List of gRNAs 

tmem33 5ôUTR AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACGAGGTCGGCTGGCTCAGCTGACCCTATAGTGAGTC
GTATTACGC 
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tmem33 ex1 AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACTCCTCCTCCTCCTCAGGCTGGGGCTATAGTGAGTCG
TATTACGC 

tmem33 5ôUTR ctrl AAAGCACCGACTCGGTGCCACTGAGGTCGGCTGGCTC
AGCTGACCCTATAGTGAGTCGTATTACGC 

tmem33 ex1 ctrl AAAGCACCGACTCGGTGCCACTCCTCCTCCTCCTCAG
GCTGGGGCTATAGTGAGTCGTATTACGC 

vhl-gRNA-1 AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACGTATCCGGCTGATCAGAGACCTATAGTGAGTCGTAT
TACGC 

vhl-gRNA-1 ctrl AAAGCACCGACTCGGTGCCACAAACGTATCCGGCTGA
TCAGAGACCTATAGTGAGTCGTATTACGC 

trpv4 5ôUTR 1 AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACAAATGTAAAACCCGAGCTCAACCCTATAGTGAGTCG
TATTACGC 

trpv4 5ôUTR 2 AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACAGTTAAAGCAATGACTGACCAACCCTATAGTGAGTC
GTATTACGC 

trpv4 ex1 AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACCGACCAGAAGCAGAACATGCACCCTATAGTGAGTC
GTATTACGC 

trpv4 6TM 5ô AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACGAGGCCTTAAACTCACTGGAACCCTATAGTGAGTCG
TATTACGC 

trpv4 6TM 3ô AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAAC
GGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAA
ACGACCATCTGCCCTGATAAGGACCCTATAGTGAGTCG
TATTACGC 

 

2.1.4 Primers and probes used in study. 

Genotyping primers were used to select for mutants and to determine whether 

gRNAs coupled with Cas9 were sufficient to cause DNA double strand breaks. 

The following primers were used: 

Table 2.4 List of genotyping primers. 

tmem33 ex3F GCCTCAAGCTGCTGCTAACTT 
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tmem33 ex3R AACTCCTACCCCATCACAA 

tmem33 ex8F CACATCATCTGGCGGTTTCC 
 

tmem33 ex8R TCACAGAGCTGCGCATCTTA  

tmem33 gRNA F TTTGTGCAATCCAGAGGTCG 
 

tmem33 gRNA R TGCGCATAATAACATAGTCAAA 

vhl F TAAGGGCTTAGCGCATGTTC 

vhl R CTATCTACGCGTTTAACTCG 

trpv4 5ôUTR 1 F AATAGCAAGTCAGACGGGG 
 

trpv4 5ôUTR 1 R AGAGCGTGTGAACAGACAGA 
 

trpv4 5ôUTR 2 F CTCTTGCAGACCCTCAGACA 
 

trpv4 5ôUTR 2 R GGTGGTGAGGAGACAGACAA 
 

trpv4 ex1 F AGAGGCAGCAGATGGAGATC 
 

trpv4 ex1 R  GGAACCTAATCCGCATGTTCT 
 

trpv4 6TM 5ô F TACTCTGTGTTGGTGCTGGT 
 

trpv4 6TM 5ô R TGGATCATGATGCTGTAAGT 
 

trpv4 6TM 3ô F CATTAGTGTCGCTGTTGA 
 

trpv4 6TM 3ô R TGTAGGTGACCAGCAGAATG 

 

The following primers were used to generate probes for in situ hybridisation: 

Table 2.5 List of primers used to generate in situ hybridisation probes. 

dCas9 ISH F AATTAACCCTCACTAAAGGCCCTAAGAAGTATGGAGGCT 
 

dCas9 ISH R TAATACGACTCACTATAGGGGCTGAGACAGGTCAATCCTT 

trpa1a ISH F AATTAACCCTCACTAAAGGTGCAAAGGCCATTCTCCACT 
 

trpa1a ISH R TAATACGACTCACTATAGGGGTTGGTGACCTCCCTCCTTG 
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trpa1b ISH F AATTAACCCTCACTAAAGGCCAGTCTGCTGCACTATGCT 

trpa1b ISH R TAATACGACTCACTATAGGGCAAACAGCGTGGCTCTATGC 

trpm1a ISH F AATTAACCCTCACTAAAGGGGAGGTCATATCAACAAGGCC 

trpm1a ISH R TAATACGACTCACTATAGGGGGAGGTCATATCAACAAGGCC 

trpm1b ISH F AATTAACCCTCACTAAAGGTGGTGAAGGAATGGCAGCTA 

trpm1b ISH R TAATACGACTCACTATAGGG TGGTGAAGGAATGGCAGCTA 

trpm2 ISH F AATTAACCCTCACTAAAGGACCAGAACCAAGACACAGGAC 

trpm2 ISH R TAATACGACTCACTATAGGG ACCAGAACCAAGACACAGGAC 

trpm3 ISH F AATTAACCCTCACTAAAGGGCTGCTCATCTCTGTTCACG 

trpm3 ISH R TAATACGACTCACTATAGGGGCTGCTCATCTCTGTTCACG 

trpm4a ISH F AATTAACCCTCACTAAAGGTCTGGGGAAGTGGAAGCATT 

trpm4a ISH R TAATACGACTCACTATAGGG TCTGGGGAAGTGGAAGCATT 

trpm4b ISH F AATTAACCCTCACTAAAGGCACAAAGAGCTGGGTCCCAAA 

trpm4b ISH R TAATACGACTCACTATAGGGCACAAAGAGCTGGGTCCCAAA 

trpm4c ISH F AATTAACCCTCACTAAAGGCAAACTGGAAGCAACGACCA 

trpm4c ISH R TAATACGACTCACTATAGGGCAAACTGGAAGCAACGACCA 

trpm5 ISH F AATTAACCCTCACTAAAGGGTGGTGGGATTGTCATGCAG 

trpm5 ISH R TAATACGACTCACTATAGGGGTGGTGGGATTGTCATGCAG 

trpm6 ISH F AATTAACCCTCACTAAAGGTGCGTCTTTCCTGTGACTCT 

trpm6 ISH R TAATACGACTCACTATAGGG TGCGTCTTTCCTGTGACTCT 

trpm7 ISH F AATTAACCCTCACTAAAGGGCACAACCAGATCACACGTG 

trpm7 ISH R TAATACGACTCACTATAGGGGCACAACCAGATCACACGTG 

trpml1a ISH F AATTAACCCTCACTAAAGGTTAAATCGCTGACATGGCCG 

trpml1a ISH R TAATACGACTCACTATAGGGTTCACTGACACTCGGGTCTC 

trpml1b ISH F AATTAACCCTCACTAAAGGTTCACAGACCCTCAGCTCAG 
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trpml1b ISH R TAATACGACTCACTATAGGGCCAGACACATTGGGGTCTCT 

trpml2 ISH F AATTAACCCTCACTAAAGGAGTACAGAACCCGACGACAG 

trpml2 ISH R TAATACGACTCACTATAGGGAGCTGGAGAATCGCTGAAGT 

trpp1a ISH F AATTAACCCTCACTAAAGGGCGTCCATGGAGTTTCGTAC 

trpp1a ISH R TAATACGACTCACTATAGGGCACTGGCGATGTGGAAGATG 

trpp1b ISH F AATTAACCCTCACTAAAGGAAGATGGTGGGAATCCTGCA 

trpp1b ISH R TAATACGACTCACTATAGGGCTTCCTCCATCCAGTGCAGA 

trpp2 ISH F AATTAACCCTCACTAAAGGCGTATCCCAACTTTGAGCCG 

trpp2 ISH R TAATACGACTCACTATAGGGGACGATGCTGCCAATTGAGT 

trpv1 ISH F AATTAACCCTCACTAAAGGAAGAGGAGAGGACAAAGGCC 

trpv1 ISH R TAATACGACTCACTATAGGGGATGTCTGCAGCCCATAAGC 

trpv4 ISH F AATTAACCCTCACTAAAGGGCACTTCTCAACCTGCACAA 

trpv4 ISH R TAATACGACTCACTATAGGGGCCAACATCTCATGCCGATT 

trpv6 ISH F AATTAACCCTCACTAAAGGCTCCAGGGTCGATGAACACT 

trpv6 ISH R TAATACGACTCACTATAGGGAGAGCTCGTCACGTTCTTGA 

 

All forward primers contain T3 promoter sequences and all reverse primers 

contain T7 promoter sequences. Plasmids containing in situ hybridisation probes 

for trpc1, trpc2a, trpc2b, trpc3, trpc4a, trpc4b, trpc5a, trpc5b, trpc6a, trpc6b, 

trpc7a and trpc7b were kindly donated by the Neuhauss lab (Von Niederh??usern 

et al., 2013). Probes for vegfaa, kdr, flt1, kdrl, flt4 and cdh5 were already available 

in the lab. 
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The following primers were used during cloning to generate novel transgenic 

lines: 

Table 2.6 List of primers used during cloning. 

LifeAct-CloverF 

(EcoRI) 

GAATTCATGGGCGTGGCCGACTTGATCAAGAAGTTCGAGT

CCATCTCCAAGGAGGAGGGGGATCCACCGGTCGCCACCA

TGGTGAGCAAGGGCGAG 

Clover R (XhoI) CTCGAGTTACTTGTACAGCTCGTCC 

LACloverattB1F 

 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCGTG

GCCGACTTG 

LACloverattB2R 

 

GGGGACCACTTTGTACAAGAAAGCTGGTCTTACTTGTACAG

CTCGTCC 

Actinvhh-attb1R 

 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTCAG

GTGCAGCTGG 

Tagrfp-attb2R GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAATTAAGTT

TGTGCCC 

Full-length 

tmem33F 

(BamHI) 

GGATCCATGGCAGACACCGAGCAAAG 
 

Full-length 

tmem33 R 

(XhoI) 

CTCGAGTTAGACGCCGGTTGGAGCGA 
 

  

Restriction enzyme sites within primers are underlined in sequence. 
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The following Taqman probes were used in the study: 

Table 2.7 List of Taqman probes. 

Probe 

name 

Probe number Custom probe  target sequence/exons targeted 

ef1a Dr03432748_m1 Exons 1-2 

flt1 Dr03109249_m1 Exons 12-13 

Kdr Dr03116242_m1 Exons 15-16 

flt4 Dr03138049_m1 Exons 6-7 

Kdrl Dr03432904_m1 Exons 9-10 

tmem33 Dr03140164_m1   Exons 3-4 

p53 Dr03112089_m1 Exons 9-10 

notch1a Dr03112160_m1 Location 2620 

notch1b Dr03086775_m1 Exons 32-33 

notch3 Dr03432941_g1 Exons 11-12 

Nrarpa Dr03125445_s1 Exon 1 

dll4 Dr03428646_m1 Exons 8-9 

jag1a Dr03093489_m1 Exons 25-26 

jag1b Dr03080071_m1 
 

Exons 24-25 

her6 Dr03176397_s1 Exon 1 

her9 Dr03112436_g1 Exons 3-4 

her12 Dr03133031_m1 Exons 1-2 

hey1 Dr03438956_g1 Exons 4-5 
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hey2  GGAATGAAGTTTGAGACCTCCATTCGACGGCTCGGGGCG

TGTTTTCTATTTTTTTTTTACGGTGGGTGTTCCCGAAGCAG

GACGTGGGCGTGAATGTGAGACTGAGGCTCCAGCGGTT

CGTGGGAAAGGCGCTCAGAGAGTTTTTGGTGTCTGTACC

TGCGCGCACTGCATCATGAAGCGGCCCTGTGAGGACAG

CACGTCCGACAGCGACATGGATGAAACCATTGATGTGGG

CAGCGAGAATAACTACTCTGGCCAAAGCAATGGTTCATTT

ATAAGATGTGGCTCACCTACAACGACATCCCAAGTCATG

GCCAGAAAGAAGCGGAGAGG 

 

2.1.5 Generation of tmem33 full length mRNA and tmem33-gfp fused 

mRNA 

To determine the subcellular localisation of tmem33 in zebrafish, the full length 

cDNA sequence of tmem33 was cloned. Primers were designed to incorporate 

the entire tmem33 processed mRNA transcript (See supplementary primer table 

2.5) and RT-PCR was performed on extracted RNA from 24 hpf zebrafish 

embryos. 

 

Once sequenced, the amplified tmem33 cDNA sequence was found to contain a 

single base pair change from the reference sequence. The sequence was 

amplified twice more, using RNA obtained from different wild type strains each 

time. Each amplification contained the same base pair change, suggesting this is 

likely to be a sequence variant in the zebrafish stocks at the University of 

Sheffield. 
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The base pair change was identified as a C->T change (Not shown), which 

altered the amino acid sequence from a phenylalanine codon to a serine codon 

(Figure 2.4 A). The sequence change occurs in the less conserved looped 

regions between transmembrane domains and was predicted to have a neutral 

effect on protein structure (Figure 2.4 B). The full length tmem33 was cloned into 

the pGEM-T easy vector, for rescue assays and then recombined into pCs2-

mtGFP, using the Gateway® system, which fuses GFP to the transcript, for 

subcellular localisation assays. Given that provean analysis suggested a no 

change to function, I decided against site-directed mutagenesis. 

 

Figure 2.4 Generation of full-length tmem33 mRNA. (A) A nucleotide sequence change of C-

>T resulted in an amino acid alteration from phenylalanine to serine. Amino acid change is 

highlighted in red. (B) Provean protein structure analysis predicts that the change is neutral with 

regard to protein function. 
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2.1.6 List of chemical inhibitors. 

Table 2.8 List of chemical inhibitors 

Chemical Supplier Function 

Thapsigargin AbCam 
(ab120286) 

SERCa-ATPase inhibitor ï induces 
calcium release from ER 

2-APB Tocris (1224) IP3 receptor inhibitor ï impairs 
calcium release from ER 

DAPT Sigma-Aldrich 
(D4952) 

Gamma secretase inhibitor- impairs 
Notch signalling 

AV951 Selleckchem 
(S1207) 

VEGF receptor inhibitor  

Latrunculin B Sigma-Aldrich 
(L5288-1MG) 

Actin depolymerising agent ï 
prevents formation of F-actin 

SKF96365 Tocris (1147) Store-operated calcium entry inhibitor 

TRPV4 
Antagonist III 

Glaxo Smith-
Kline (GSK205) 

Blocks TRPV4 function. 

 

 

2.1.7 Buffers and solutions. 

Standard buffers and solutions were used throughout the study, the compositions 

of which are listed here: 

Table 2.9 List of Buffers/Solutions 

Buffer/Solution Composition 

0.03% PTU 0.03g of 1-phenyl 2-thiourea per 100ml of dH2O 

10x BSA  0.1g Bovine Serum Albumin per 10ml of dH2 

20x SSC  3M NaCl; 0.3M Sodium Citrate 

4% PFA  2g paraformaldehyde per 50ml 1xPBS 

50x TAE  2M Tris-acetate; 50mM EDTA 
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BCL III 0.1mM Tris-HCL (pH9.5); 0.1mM NaCl; 50mM 

MgCl2; 0.1% Tween20  

Hybe +/+  50% Formamide; 5xSSC; 9.2mM Citric acid; 

0.1%  

Tween20; 0.5mg/ml tRNA; 50mg/ml Heparin  

Hybe -/-  50% Formamide; 5xSSC; 9.2mM Citric acid; 

0.1%  

Tween20  

Maleic Acid Buffer (MAB) pH7.5 0.1M Maleic acid; 0.15M NaCl (pH 

adjusted with NaOH)  

Maleic Acid Buffer Block  2% Roche Blocking Reagent in Maleic Acid 

Buffer 

Phosphate Buffered Saline 

(PBS) 

150mM Phosophate buffer; 0.85% NaCl RT 

PBS Tween (PBSTw) 1xPBS; 0.1% Tween20 RT  

Proteinase K  10mg/ml of proteinase K in glycerol  

PSI broth 4mM MgSO4; 10mM KCl; LB medium up to 250ml 

TBF1 buffer (pH 5.8) 100mM RbCl; 50mM MnCl2; 30mM potassium 

acetate; 20mM CaCl2; 15% Glycerol 

TBF2 buffer (pH 8.0) 10mM MOPS; 10mM RbCl; 75mM CaCl2; 15% 

Glycerol  

Tricaine (MS222)  

 

pH7-7.5 4g Tricaine methanesulfonate in 1L 

dH2O ( pH adjusted with NaOH) 

Tris Buffered Saline (TBS) Tris/HCL ph 7.5 

TBS-Block TBS; 10% goat serum; 1% BSA 

TBS-Triton  X-100  TBS; 0.025% Triton X-100 RT 
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2.2 Methodology. 

In this section, I describe the methodology of the techniques used in detail. For 

details on reagents used, please see section 2.1. 

 

2.2.1 Molecular biology. 

2.2.1.1. PCR. 

PCR was utilised during this study to amplify gene products during cloning, 

genotyping, in situ hybridisation probe synthesis and gRNA synthesis. PCRs 

were performed to manufacturerôs specifications using 2x ReddyMix (Thermo 

Scientific) or Phusion High-Fidelity DNA Polymerase (New England BioLabs). 

See primer tables above for lists of primers in PCR (Table 2.4; Table 2.5; Table 

2.6). 

 

2.2.1.2. RT-PCR. 

RT-PCR was performed during the amplification of in situ hybridisation probes 

and generation of full length mRNAs. RT-PCR was performed using the 

SuperScript® III One-Step RT-PCR System with Platinum® Taq DNA 

Polymerase (Thermo Fisher), according to manufacturerôs guidelines. A list of 

primers used in RT-PCR is included in this section (Table 2.7). 

 

2.2.1.3. Gel electrophoresis. 

1 or 3% agarose gels were made by adding the specified amount of agarose 

powder to 1% TAE buffer. 05.mg/ml ethidium bromide was added for visualisation 
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of gel bands. Samples were loaded in 1x loading buffer alongside suitable DNA 

markers (100bp/1kb DNA ladders, NEB). Gel electrophoresis was performed at 

120V, until gels were resolved.  

 

2.2.1.4. Gel extraction and PCR purification. 

Gel extraction was performed on selected bands on resolved gels. Selected 

bands were excised using a clean scalpel and transferred to a 2ml tube. A 

QIAquick® Gel Extraction Kit (QIAGEN) was used to extract samples in agarose 

gels and when no gel was necessary, a PCR QIAquick® Purification Kit 

(QIAGEN) was used to purify PCR samples. Both protocols were performed as 

per manufacturer guidelines. 

 

2.2.1.5. Restriction enzyme DNA digestion. 

All restriction enzymes used were obtained from New England Biolabs (NEB). 

For each 1mg of DNA digested, 10 units of enzyme were used alongside a 1x 

dilution of the specified buffer, using dH2O, up to a total volume of 20-100 µl as 

appropriate. 

 

2.2.1.6. DNA ligation. 

DNA ligations were set up in a 1:3 (vector:insert) ratio in a 10 µl total reaction 

volume, using 3 units of T4 DNA ligase (NEB) and a 1x dilution of T4 ligase buffer. 

Ligations were performed at 4ºC overnight. 
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2.2.1.7. Generation of competent E. coli cells. 

100 ml of LB medium was inoculated with E. coli and incubated, shaking, at 37°C 

until OD578nm reaches a value of 0.5. Inoculated LB was then centrifuged at 

4500 rpm and 4°C for 10 minutes. Pellets were resuspended in 30 ml TBF1 buffer 

and incubated on ice for 90 minutes. Cells were centrifuged for 10 minutes at 

4500 rpm and 4°C and resuspended in 3ml TBF2 buffer. 125 µl aliquots were 

made and snap frozen using liquid nitrogen. Frozen aliquots were stored at -80°C. 

 

2.2.1.8. Transformation. 

Competent E. coli cells were thawed on ice for 10 minutes before addition of 2-5 

µl of ligation mix. The reaction mix was incubated on ice for 30 minutes followed 

by a 30 second heat shock a 42 ºC. The reaction mix was again incubated on ice 

for 5 minutes, at which point 950 µl of LB broth was added and the mix was 

incubated at 37 ºC for 1 hour, shaking. The culture was plated out onto LB plates 

containing the appropriate antibiotic and incubated at 37 ºC overnight. Single 

colonies were then picked and grown in LB broth containing the appropriate 

antibiotic. For minipreps, a volume of 6 ml was used per colony and midipreps 

were grown in 100 ml LB broth. 

 

Plasmid DNA was isolated from cultures using a QIAprep Spin Mini Kit (QIAGEN) 

for minipreps, or using a NucleoBond® Xtra Midi Kit (Machery-Nagel) for 

midipreps, as per manufacturer guidelines. 
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2.2.1.9. Gateway® Cloning. 

GatewayÈ cloning reactions were set up using three entry vectors (5ô entry, 

middle entry and 3ô entry vectors), and a destination vector. All entry clones were 

diluted to 10 fmoles and destination vectors were diluted to 20 fmoles, prior to 

addition to a reaction mix. Reaction mixes were set up to contain 1 µl of each of 

the three entry vectors and destination vector. LR ClonaseÊ was then removed 

from storage at -20°C and thawed on ice for 2 minutes, then vortexed twice for 2 

seconds. 2 µl was added to the reaction mix and the total volume was made up 

to 10 µl by addition of dH2O. The reaction was incubated at 25°C for 16 hours 

before 1 µl of proteinase K was added and incubated at 37°C to stop reaction. 

 

2.2.1.10. gDNA extraction from whole embryos. 

To obtain genomic DNA (gDNA) from whole embryos, anaesthetised embryos 

were individually selected and placed in 0.2 ml microcentrifuge tubes containing 

20 µl 50mM NaOH, which was then heated to9 5°C for 10 minutes and cooled to 

12°C. The reaction was stopped by addition of 0.5 µl Tris-HCl pH9.5. 

 

2.2.1.11. gDNA extraction from fin biopsy. 

To obtain gDNA from fin biopsies, adult zebrafish were anaesthetised in 100 ml 

aquarium water containing 4.2 ml tricaine. A small section of the caudal fin (less 

than one third) was removed using clean scissors and placed in a 0.2 ml 

microcentrifuge tube containing 50 µl 50mM NaOH. Once fin clips had been taken 

from the required number of fish, the samples were then heated to 95°C for 10 
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minutes and cooled to 12°C. The reaction was stopped by addition of 0.5 µl Tris-

HCl pH9.5. 

 

2.2.1.12. Whole embryo RNA extraction. 

Embryos were selected and anaesthetised. 100 embryos were used for making 

RNA stocks for developmental time points and 20 embryos were used for qRT-

PCR analysis. Embryos were homogenised embryos in 1 ml Trizol® solution and 

0.2 ml chloroform was added before mixing for 15 seconds. Samples were 

incubated at room temperature for 5 minutes and centrifuged for 10 minutes at 

12,000xg and 4°C. The upper aqueous phase was removed and 0.5 ml 

isopropanol was added and mixed. Samples were incubated for 10 minutes at 

room temperature and centrifuged again for 10 minutes at 12,000xg and 4°C. 

Samples were washed with 0.5 ml 75% ethanol and centrifuged for 5 minutes at 

7,500xg and 4°C. Pellets were then resuspended in 100 µl for RNA stocks and 

20 µl for qRT-PCR. 

 

2.2.1.13. cDNA preparation from whole embryo RNA. 

Concentrations of RNA samples were established using a NanoDropÊ 1000 

spectophotomoter (Thermo ScientificÊ). To obtain cDNA, VERSOÊ kits were 

used, in which 4 µl 5X buffer, 2 µl RNA primer, 1 µl RT enhancer, 1 µl enzyme 

mix and 3 µl dH2O were added to 2.5 µl of RNA diluted to 500ng/reaction. 

Samples were then incubated at 42°C for 30 minutes followed by 95°C for 15 

minutes. 40 µl water was then added to each reaction to make 5 ng/µl.  
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2.2.1.14. qRT-PCR. 

qRT-PCR was set up using cDNA obtained from whole embryo RNA for required 

experimental conditions. A 384 well plate was set up, with 1 µl cDNA, 10 µl 

TaqMan PCR Master Mix, 8 µl dH2O and 1 µl primer per well. Samples were run 

using an Applied Bioystems 7900 Real-Time PCR machine and analysed using 

Applied Bioystems SDS 2.4  and SDS RQ Manager software. Expression data 

was exported to Excel and analysed in GraphPad Prism 

 

 

2.2.2. Small molecule inhibition. 

Small molecules were used to inhibit gene function or pathways. All small 

molecule inhibition occurred via immersion of zebrafish embryos in E3 medium 

(unless otherwise stated) containing the molecule in solution. The following 

concentrations and incubation times were used. 

Thapsigargin 5 µM 30 minutes 

2-APB 100 µM 2 hours 

BAPTA-AM 500 µM 3-6 hours 

DAPT 100 µM 12 hours 

AV951 0.5 µM 1 hour 

Latrunculin B 397 µM 1 hour 

SKF96365 50 µM 3 hours 

TRPV4 Antagonist III 100 µM 3-5 hours 
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2.2.3. Genetic Manipulation. 

2.2.3.1. Morpholino knockdown. 

Morpholino knockdown was performed by microinjection into 1-cell stage 

zebrafish embryos. All morpholinos were injected at 2ng/embryo. Morpholinos 

used are listed in Table 2.3. This study utilises novel tmem33 morpholinos and a 

previously published pkd2 morpholino  (Sun, 2004). All morpholinos were 

synthesised by Gene Tools LLC. 

 

2.2.3.2. TALEN generation of tmem33sh443. 

The mutant zebrafish line, tmem33sh443, was generated prior to my joining the lab  

by Dr. Robert Wilkinson. TALENs were designed against to target an EcoNI site 

at the following sequence 5ô- cttcctggcccaggctt-3ô. TALENs were assembled 

using the Golden Gate TALEN and TAL Effector Kit (Addgene, MA, USA) 

(Cermak et al., Voytas, Nuc. Acids Res 2011) to generate the pTmem33Tal1L&R 

plasmids, which were transcribed and injected into zebrafish embryos. To 

genotype, gDNA was extracted from individual embryos which was analysed by 

PCR amplification of the TALEN target region, subject to EcoNI dgestion. Adult 

founders were identified by fin clip in the same way. 

 

2.2.3.3. CRISPR mutagenesis and screening of gRNAs. 

To perform CRISPR mutagenesis, gRNAs were first designed to the coding 

sequence of genes, targeting a restriction enzyme to enable identification of 

mutant embryos via PCR (see 2.1.1.1) and restriction digest of extracted DNA 

(see 2.2.1.5). gRNAs were generated by in vitro transcription using a T7 
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MEGAshortscriptÊ Kit. Cas9 protein was obtained from Sigma-Aldrich and an 

injection mix of gRNA and Cas9 protein was prepared, using 1 ng of gRNA and 

200pg of Cas9 protein per nl. 1 nl was injected into single-cell stage embryos, 

which were raised until 1dpf. DNA was extracted from potential mutants (see 

2.2.1.10) and PCR using specific primers was performed. Following this, PCR 

products were digested with specific restriction endonucleases to determine 

whether a mutation had been produced. 

 

2.2.3.4. CRISPR interference. 

CRISPR interference gRNAs and dCas9 were generated by in vitro transcription 

using a T7 MEGAshortscriptÊ Kit and a T3 mMESSAGE mMACHINEÊ Kit 

(Invitrogen), respectively, following the manufacturerôs guidelines. CRISPR 

interference was performed by microinjection of gRNAs and dCas9 into 1-cell 

stage zebrafish embryos. dCas9 was injected at 250-500 pg/embryo and gRNAs 

were injected at 500-1000 pg/embryo. For gRNA sequences, see Table 2.3. 

 

2.2.3.5. Transient tissue-specific CRISPR interference. 

Transient tissue-specific CRISPR interference utilised gRNAs synthesised as in 

CRSPR interference (described above). gRNAs were injected into 1-cell stage 

zebrafish embryos at 500-1000 pg/embryo alongside Tol2 mRNA at 50-100 

pg/embryo and plasmid DNA at 25-50 pg/embryo. The plasmids used were either 

fli1a:dCas9;cryaa:CFP or enpep:dCas9;cryaa:CFP. 
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2.2.3.6. Stable tissue-specific CRISPR interference. 

For CRISPR interference in stable dCas9-expressing embryos, gRNAs were 

microinjected into 1-cell stage zebrafish embryos at 500-1000 pg/embryo, when 

using gRNAs transcribed in the lab (see CRISPR interference) or at 50 pg/embryo 

when using commercial tracrRNA and crRNAs (Sigma-Aldrich). 

 

2.2.4 Hybridisation and Immunohistochemistry. 

2.2.4.1. In situ hybridisation probe synthesis. 

RNA probes for in situ hybridisation were generated by in vitro transcription. 

Probes were transcribed from either linearised plasmids or directly from amplified 

PCR products. 1 µg of linearised plasmid or PCR product was used along with 2 

µl DIG-UTP labelling mix, 4 µl 5x transcription buffer, 0.5 µl RNAse inhibitor and 

1 µl of appropriate polymerase. The reaction was made up to 20 µl with dH2O. 

 

This reaction was incubated at 37°C for two hours before addition of 1 µl of DNase 

I, incubated at 37°C for 15 minutes, which is stopped by the addition of 1 µl of 

EDTA. 80 µl of deionised water was added to the reaction and vortexed, which 

was precipitated by addition of 33 µl of 10M NH4Ac and 350 µl of ice cold ethanol 

and incubating at least 2 hours at -20°C. Following this, the reaction was 

centrifuged for 30 minutes at 4°C before removal of supernatant which was 

washed with 70% ethanol, centrifuged for 15 minutes at 4°C. The pellet was 

resuspended in 20 µl deionised water and stored at -20°C. 

 

 



 90 

2.2.4.2. Chromometric in situ hybridisation. 

Prior to in situ hybridisation, embryos were selected at different time points and 

under different conditions (mutants, morphants, etc.) and fixed in 4% PFA in PBS 

at 4°C overnight. Fixed embryos were then dehydrated sequentially into 

methanol. 

 

To begin the in situ hybridisation, embryos stored in methanol were rehydrated 

sequentially into PBS Tween, followed by 4 x 5 minute washes in PBS Tween is 

required. Following this, embryos were washed in 50% PBS Tween: 50% 

Hybe+/+ solution for 5 minutes and pre-hybridised in Hybe +/+ solution for 1 hour 

at 65°C. Hybe+/+ was replaced with Hybe+/+ solution containing 1:200 dilution 

of the required probe and left overnight at 65°C.  

 

The next day, the probe was removed and replaced in storage at -20°C. Embryos 

were sequentially washed from 100% Hybe-/- to 0.2X SSC at 65°C, using 10-15 

minute wash steps. Embryos were then sequentially washed from 0.2XSSC into 

100% MAB at room temperature in 5 minute washes. Embryos were washed into 

blocking reagent in MAB for one hour at room temperature, rocking, before being 

replaced by blocking solution (Roche 11096176001) in MAB containing 2% anti-

DIG antibody overnight at 4°C.  

 

Embryos were removed from 4°C incubation and incubated at room temperature 

for one hour, rocking. They were then washed in MAB Tween for 8 x 15 minutes; 

equilibrated with developing buffer, BCLIII, for 3 x 5 minutes at room temperature. 
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To stain, this was replaced with 50% BCLIII: 50% BM Purple for as long as 

required. To stop reaction, embryos were refixed in PFA for 20 minutes at room 

temperature, washed 3 x 5 minutes in PBS tween and transferred into 80% 

glycerol for storage.  

 

2.2.4.3. Fluorescent in situ hybridisation with antibody co-stain. 

Fluorescent in situ hybridisation to detect gene expression alongside co-staining 

for fluorescent proteins was performed to determine co-expression of genes. The 

in situ was performed as in colorimetric in situ until addition of antibodies in MAB 

blocking solution, at which point anti-DIG POD (Roche 1 207 733) at 1:500 

dilution and the primary antibody (anti-GFP (Torrey Pines Biolabs), 1:1000 

dilution) were added and rocked overnight at 4°C. 

 

The next day embryos were washed for 7 x 15 minutes in MAB Tween and once 

in PBS Tween in the dark. 100 l of Fluorescein tyramide (Cy3) were added and 

incubated for 30 minutes. Embryos were briefly washed into PBS Tween and then 

washed in PBS Tween for 4 x 30 minutes. Embryos were washed into TNT 

solution and stained for 3 hours in the dark, before being washed into Slowfade® 

Antifade solution (Thermo Fisher S2828) for long term storage. 

 

2.2.4.4. Immunohistochemistry. 

Before beginning immunohistochemistry, embryos were fixed and dehydrated 

sequentially into methanol, then quenched using 3% H2O2 and stored in 

methanol. To begin staining, embryos were rehydrated into PBS Tween and 
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permeabilised by incubating in dH2O on ice for 45 minutes and then TBSTw/1% 

TritonX100 on ice for 30minutes. Embryos were washed in Citrate buffer and 

heated to 98ºC for 20 minutes and then cooled. Embryos were then washed into 

PBS Tween five times before washing into blocking solution  

(PBSTw/0.5%TritonX100/10%DMSO/1%goat serum/5%BSA). Finally, embryos 

were washed in blocking solution containing primary rabbit antibody against 

phospho-protein and 1/500 mouse anti-GFP antibody (Santa Cruz, sc-9996) and 

left overnight. 

 

Samples were washed in PBS Tween five times and then washed in blocking 

solution containing 1/1000 anti-rabbit IgG-HRP and 1/500 anti-mouse IgG-

Alexa488 at 4ºC for O/N. 

 

Samples were washed in PBS Tween five times and then washed in PBS once. 

Samples were then washed into 1/50 Tyramide-Cy3 in 1x amplification diluent for 

three hours in the dark. Samples were finally washed in TBSTw/0.1%TritonX100 

overnight to wash out background staining and stored in 4% PFA in PBS prior to 

imaging. 

 

2.2.5 Microscopy. 

2.2.5.1. Light microscopy. 

Standard light microscopy was used when analysing in situ hybridisation 

samples. Embryos were imaged using a Leica M165 FC microscope and 

analysed using LASv4.3 software. 
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2.2.5.2. Fluorescent microscopy. 

For image acquisition, embryos were first anaesthetised in E3 medium containing 

tricaine. Imaging and analysis of samples using fluorescence was performed 

using two microscopes during this study, a Leica M165 FC microscope, on which 

samples were analysed using LASv4.3 software and a Zeiss AXIO Zoom V16, on 

which samples were analysed using Zen Blue software. 

 

2.2.5.3. Confocal Microscopy. 

For confocal microscopy, embryos were anaesthetised using tricaine and 

mounted in 1% agarose, over which E3 medium containing tricaine was placed, 

to ensure samples remained anaesthetised. Still images were taken using an 

Ultraview VOX confocal spinning disc system (Perkin Elmer) and Zeiss LSM880 

with Airyscan. Images were analysed using Volocity®V5.3.2 or ZEN software 

(Zeiss). 

 

2.2.5.4. Light sheet microscopy. 

For light sheet microscopy, anaesthetised embryos were immobilised using 1 % 

agarose. Embryos were mounted in a glass capillary and held in place by 

agarose. Embryos were suspended in the imaging chamber by protrusion of the 

agarose cylinder from the capillary. The chamber contained a mixture of E3 and 

tricaine, to ensure embryos remained anaesthetised throughout the imaging 

process. A Z.1 Light Sheet (Zeiss) was used for image acquisition and images 

were processed using ZEN Black software (Zeiss). 
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2.2.6 Quantification and statistical analysis. 

2.2.6.1. Quantification of aberrant vascular development. 

Aberrant vascular development was quantified at two stages during development; 

at 30 hpf and 53 hpf. At 30 hpf, aberrant vascular development was defined as 

intersegmental vessels which displayed migrational delay compared to others 

within the same embryo. At 53 hpf, aberrant vascular development was defined 

as either delayed/stalled intersegmental vessels, gaps/maldeveloped sections in 

dorsal longitudinal anastomotic vessel development or formation of collateral 

vessels. In both cases, the number of abnormalities was quantified and number 

per embryo was determined. 

 

2.2.6.2. Quantification of calcium oscillations. 

In order to determine the frequency of endothelial calcium oscillations, 5-10 

minute time-lapse movies of endothelial cells in both Tg(fi1a:gff)ubs3; 

Tg(uas:GCaMP7a)sh392 and Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393 

embryos were acquired, using light sheet microscopy. The number of calcium 

peaks in endothelial tip cells was counted and divided by the length of the time-

lapse and again by the number of tip cells present in the time-lapse. A ratio of 

calcium oscillations per minute, per tip cell was obtained. 

 

To obtain the frequency of pronephric calcium signalling oscillations, the entire 

pronephric tubule was imaged over the course of 8 hours. Regions of recurrently 

oscillating cells were observed and counted and the absolute number of 
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oscillations observed during the timecourse was quantified. A ratio was obtained 

as in endothelial calcium signalling measurement. 

2.2.6.3. Quantification of filopodia. 

Images of endothelial filopodia were obtained using light-sheet microscopy, 

taking high-resolution images of Tg(fli1a:LifeACT-mClover)sh467 embryos. 

Endothelial filopodia numbers and lengths were quantified using Fiji (ImageJ). 

The number of cellular extensions was determined and the length in µm was 

measured. 

 

2.2.6.4. Quantification of glomerular area. 

Images of glomeruli in Tg(-26wt1b:EGFP)li1 were obtained using standard 

fluorescent microscopy. Embryos were anaesthetised in E3 medium containing 

tricaine and mounted in methylcellulose so that they could be imaged dorsally. 

Images captured were then used to quantify glomerular area on Fiji (ImageJ) by 

measuring around the glomerulus and comparing morphants to controls. 

 

2.2.6.5. Statistical analysis. 

All statistical analysis employed two-tailed tests and are described in figure 

legends. All data were subjected to DôAgustinoôs normaility test before performing 

statistical analysis. Parametric tests, such as independent t-tests, were perfomed 

on data found to be parametric and non-parametric equivalents (Mann-Whitney 

U-tests) were performed on non-parametric data. All error bars display the mean 

and standard deviation except for qPCR error bars, which display the mean and 

standard error of the mean. Each experiment was repeated at least three times, 
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though not all data is necessarily shown. P values, unless exact value is listed, 

are as follows: *=<0.05, **=<0.01, ***=<0.001, ****=<0.0001. F-values, t-values 

and degrees of freedom are listed in individual figure legends. Statistical analysis 

was performed using GraphPad Prism.  

Power calculations were perform a priori using a ɓ-value of 0.8 to determine 

necessary group sizes. 

 

2.2.6.6. Scale Bars. 

Scale bars have been included in figures, where appropriate. The following scales 

have been used: 100 µm, where four or more segmental arteries or 

intersegmental vessels have been shown; 5 µm, where either one or two 

segmental arteries are shown; 1 µm, where subcellular localisation is shown; 200 

µm where kidney glomeruli are measured; 50 µm, where pronephric tubules are 

shown. 
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3 Tmem33 is a novel regulator of endothelial and kidney calcium 

signalling during angiogenesis and kidney development  

 

3.1  Introduction 

Data from my collaborator Eric Honoré indicated TMEM33 interacts with PKD1 in 

mice and can increase the likelihood that PKD2 functions as a calcium channel 

in a lipid bilayer reconstitution assay. This suggests tmem33 may regulate 

calcium signalling. The role of TMEM33 during blood vessel formation or indeed 

during embryonic development generally remains unknown.  

 

Currently very little is understood regarding tmem33 function. Previous studies 

have taken place using yeast cells or human cell culture and have implicated 

tmem33 function in a variety of processes linked to endoplasmic reticulum 

homeostasis, including interaction with the unfolded protein response, regulation 

of endoplasmic reticulum morphology and regulation of the actin cytoskeleton 

and nuclear pore during cell division (Floch et al., 2015; Sakabe et al., 2015; 

Urade et al., 2014; Zhang and Oliferenko, 2014; Zhang et al., 2010). Here I 

present the first characterisation of tmem33 function during angiogenesis and the 

first characterisation of tmem33 function in a multicellular organism. I utilise 

morpholino knockdown to show that tmem33 is required for endothelial calcium 

signalling and the regulation of endothelial F-actin, which supports previous data 

from the lab indicating that tmem33 knockdown impairs angiogenic migration. 

Together, these data show that tmem33 does indeed regulate angiogenesis in 

zebrafish. 
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3.2  TMEM33 displays amino acid conservation from teleost fish to 

mammals. 

Human studies predict that TMEM33 protein has a 3-transmembrane structure 

and resides in the ER membrane (Sakabe et al., 2015) (Figure 3.1 A). I performed 

protein sequence analysis to determine similarities in TMEM33 sequence 

throughout evolution. Regions of conserved sequence may suggest regions of 

functional importance. I observed conservation at the amino acid level, from 

teleost fish through to amphibians, birds and mammals (Figure 3.1B). The three 

predicted transmembrane domains within TMEM33 comprise 21 amino acids 

each (Sakabe et al., 2015) (Figure 3.1 B, blue boxes). Stretches of approximately 

20 hydrophobic amino acids anchor the transmembrane domains in the ER 

membrane by forming alpha helices (reviewed in De Marothy and Elofsson, 

2015). In each of the three predicted transmembrane domains of TMEM33, 17 of 

the 21 (81%) amino acids are hydrophobic, suggesting these regions are likely to 

form transmembrane domains (Figure 3.1 B). 

 

The conserved predicted transmembrane domains display the greatest amino 

acid homology, particularly the third transmembrane domain, wherein the 

mammalian and teleost sequences are identical (Figure 3.1 B). The first and 

second transmembrane domains differ by six and two amino acids, respectively. 

The high degree of conservation between predicted transmembrane domains 

suggests they are important for Tmem33 function. 
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Figure 3.1 Protein alignment of TMEM33 across species shows conservation of 

transmembrane domains. (A) TMEM33 predicted protein structure, with an N-terminal and C-

terminal tails located on either side of the membrane. (B) TMEM33 protein sequence alignments 

demonstrate a high degree of conservation between teleost fish, medaka (O. latipes) and 

zebrafish (D. rerio), amphibians (X. tropicalis), birds (G. gallus), mice (M. musculus) and humans 

(H. sapiens). Blue boxes indicate transmembrane domains. 
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3.2 tmem33 mRNA is expressed in the developing kidney and vasculature. 

Previous work by Dr. Robert Wilkinson had shown that tmem33 was expressed 

in the developing kidney (Figure 1.2). I observed that tmem33 expression was 

ubiquitous consistent with earlier experiments (see Figure 1.2), but its expression 

was enriched within the pronephric tubule (Figure 3.2 B, yellow arrowhead). 

Developing SeAs labelled by fli1a:eGFP fluorescence (Figure 3.2 A, white 

arrowheads) displayed colocalisation of expression with tmem33 (Figure 3.2 A-

C, white arrowheads), suggesting tmem33 is expressed in endothelial cells. 

 

Figure 3.2 tmem33 is expressed in the endothelium during zebrafish embryonic 

development. (A-C) 27 hpf Tg(fli1a:EGFP)y1 embryo stained using an anti-GFP antibody. GFP 

is expressed in developing blood vessels (white arrowheads). Fluorescent tyramide in situ 

hybridisation has been performed for tmem33 expression, which is observed in developing blood 

vessels (white arrowheads) and in the developing kidney (yellow arrowhead). 

 

3.3  tmem33-eGFP mRNA localises to the endoplasmic reticulum and 

nuclear pore within zebrafish endothelial cells. 

TMEM33 protein has been shown to localise to the ER membrane in MCF-7 and 

HeLa cells (Chadrin et al., 2010; Floch et al., 2015; Sakabe et al., 2015). I 

therefore overexpressed tmem33-eGFP mRNA (See Chapter 2.1.5) in 

Tg(fli1a:DsRedEx2) (See Chapter 2.2.1.4) to determine the subcellular 

localisation of tmem33 in zebrafish ECs. 
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Following injection of tmem33-eGFP, the reporter was expressed in locations 

strongly suggestive of the ER (Figure 3.3 A-C, white arrowheads) and nuclear 

envelope (Figure 3.3 A-C, blue arrowheads). When co-expressed in an 

endothelial reporter that expresses DsRed, this pattern of expression was 

observed in both non-endothelial (ds-Red -ve) (Figure 3.3 A-C) and endothelial 

(ds-Red +ve) cells (Figure 3.3 D-F). These data therefore suggest zebrafish 

tmem33 localises to the ER membrane and nuclear envelope, as in other systems 

(Chadrin et al., 2010; Floch et al., 2015; Sakabe et al., 2015).  

 

Figure 3.3 tmem33-eGFP appears to be expressed in the ER and nuclear envelope. (A-C) 

tmem33-gfp localised to the ER (white arrowheads) and nuclear envelope (blue arrowheads) in 

non-endothelial cells at 24 hpf in Tg(fli1aDsRedEx2) embryos. (D-F) Tg(fli1aDsRedEx2) positive 

endothelial cells displayed tmem33-gfp expression in the nuclear envelope (blue arrowheads) 

and ER (white arrowheads). 
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3.4 Tg(fli1a:gff)ubs3;Tg(uas-GCaMP7a)sh392 is a genetically encoded 

calcium indicator (GECI), allowing visualisation of calcium signalling in 

endothelial cells in real-time and modulation of calcium signalling 

induces changes in Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 

fluorescence levels. 

tmem33 localises to the endoplasmic reticulum (Figure 3.3). The ER is the main 

site of intracellular Ca2+ storage, via which calcium signalling occurs (Bootman et 

al., 2002a). I hypothesised that tmem33 may regulate calcium signalling during 

angiogenesis. The Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 and 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393 lines generated by Dr. Wilkinson utilise 

a modified version of the Gal4-UAS system (Brand and Perrimon, 1993). The 

GCaMP7a module is a circularly permuted modified GFP, which makes use of 

calmodulin (CaM) and M13 molecules (Nakai et al., 2001). Under normal cellular 

conditions, the Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 and 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393 lines fluoresce with low-level 

endothelial GCaMP, which increases in fluorescence intensity transiently in the 

presence of Ca2+ ions. During my work a similar transgenic line was published 

and shown to function in the same manner (Yokota et al., 2015). 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos displayed greater GCaMp7a 

fluorescence intensity than Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh393 embryos, 

and were therefore used (unless otherwise stated) in this thesis. I observed 

transient changes in GCaMP fluorophore fluorescence in real time during 

angiogenesis, similarly to those reported  previously (Yokota et al., 2015), which 

I termed calcium oscillations. 
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To determine whether the Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 transgenic 

line reports changes in cytosolic Ca2+ concentration within endothelial cells, I 

treated Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos with small molecule 

modulators of calcium signalling. Thapsigargin, a SERCA ATPase pump inhibitor 

(Jones, 1994), was used to induce calcium release from the ER, and 2-

aminoethoxydiphenly borate (2-APB) was used to reduce calcium release from 

the ER. 2-APB blocks IP3 receptors and inhibits TRP channel family members 

(Bootman et al., 2002b; Diver et al., 2001). 

 

Thapsigargin increased GCaMP fluorescence levels in 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos (Figure 3.4 B, D), indicating 

an increase in cytosolic Ca2+ concentration. However, Thapsigargin induces Ca2+ 

release from the ER while simultaneously blocking uptake and this reduced EC 

calcium oscillations (Figure 3.4 E). 2-APB treatment decreased both overall 

fluorescence levels (Figure 3.4 C, D) and the number of calcium oscillations 

(Figure 3.4 E). Furthermore, while 2-APB treatment reduced calcium oscillations, 

it also reduced the intensity change per oscillation, suggesting that fewer calcium 

ions were released from the ER compared to controls (Figure 3.4 F). These data 

suggest that Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 transgenic embryos 

accurately report fluctuations in endothelial calcium signalling induced by small 

molecule modulators of calcium signalling.  
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Figure 3.4 Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 fluorescence can be modulated by 

modulating calcium signalling. (A) Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos display 

EC GCaMP7a fluorescence. (B) Thapsigargin treatment increased EC GCaMP7a fluorescence 

in Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos. (C) 2-APB decreased GCaMP7a 

fluorescence in Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos. (D) 2-APB and Thapsigargin 

modulated GCaMP7a fluorescence in endothelial cells, with 2-APB reducing GCaMP7a 

fluorescence and Thapsigargin increasing fluorescence (One-way ANOVA **p=<0.01). (E) 2-APB 

and Thapsigargin negatively modulated Ca2+ oscillation frequency in endothelial cells (One-way 

ANOVA with post-hoc Dunnettôs test *p=<0.05, **p=<0.01). (F) 2-APB treatment reduced the 

mean change in GCAMP fluorescence per oscillation per embryo (unpaired t-test, ***p=<0.001). 
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3.5  VEGF signalling is required for endothelial calcium oscillations. 

VEGF signalling induces downstream calcium oscillations (Yokota et al., 2015; 

Zadeh et al., 2009) and Notch signalling (Siekmann and Lawson, 2007; Williams 

et al., 2005) in tip cells during angiogenesis. I therefore examined the effect of 

modulating VEGF and Notch signalling on calcium signalling. Tivozanib (AV-951) 

is a VEGF inhibitor which antagonises the receptor tyrosine kinase activity of all 

VEGF receptors (Kang et al., 2013). I treated 26hpf embryos with AV951 or 

control and quantified GCaMP fluorescence in 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos. AV951 caused a cessation 

of angiogenesis within 30 minutes of treatment, causing SeAs to halt mid-

migration (Figure 3.5 C). Furthermore I observed a reduction of calcium 

oscillations (Figure 3.5 C, D). DAPT (N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-

phenylglycine t-butyl ester) is a ɔ-secretase inhibitor, which inhibits Notch 

signalling (Geling et al., 2002). DAPT treatment did not disrupt primary sprouting 

angiogenesis but caused an increase in both frequency and amplitude of calcium 

oscillations (Figure 3.5 E, F, I). Similarly, overexpression of vegf-165 mRNA 

increased calcium oscillation frequency (Figure 3.5 G, H, J). 

 

These data suggest that calcium oscillations during SeA formation are dependent 

on VEGF signalling. Consistent with this, inhibition of Notch signalling, which 

normally antagonises VEGF signalling within angiogenic tip cells (Hellström et 

al., 2007; Suchting et al., 2007), increased calcium oscillation frequency (Figure 

3.5). 
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Figure 3.5. Modulation of VEGF and Notch signalling modify frequency of endothelial Ca2+ 

oscillations. (A) Intensity projection over time are shown. Control 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos display changes in GCaMP7a fluorescence 

intensity over time in ECs. Scale bars 50 µm. (B) Change in fluorescence plotted against time in 

n=4 EC tip cells in control embryos. Coloured traces correspond to arrowheads in (A). (C) 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos treated with 500nM AV951 treatment 

abrogates Ca2+ oscillations in EC tip cells in representative 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryo. Scale bars 50 µm. (D) Change in GCaMP7a 

fluorescence intensity over time in in n=4 EC tip cells in representative AV951-treated embryo. 

Coloured traces correspond to arrowheads in (C). (E) DAPT treatment increases GCaMP7a 

fluorescence intensity over time and induces ectopic Ca2+ oscillations in stalk cells. Scale bars 50 

µm. (F) Change in GCaMP7a fluorescence  over time in n=4 EC tip cells in representative DAPT-

treated embryo. Coloured traces correspond to arrowheads in (E). (G) Overexpression of vegfa165 

mRNA (400pg) increases GCaMP7a fluorescence intensity and ectopic Ca2+ oscillations in stalk 

cells and the DA in Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos. Scale bars 50 µm. (H) 

Change in fluorescence over time in n=4 EC tip cells in representative following vegfa165 

overexpression. Coloured traces correspond to arrowheads in (G). (I) Frequency of Ca2+ 

oscillations per sprout per minute is significantly decreased by AV951 treatment and significantly 

increased by DAPT treatment (One-Way ANOVA with post-hoc Dunnettôs test, *p=<0.05, 

**p=<0.01). (J) Overexpression of vegfa165 significantly increases Ca2+ oscillation frequency per 

sprout per minute (unpaired t-test, *p=<0.05). 
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3.6 tmem33 morphants display impaired angiogenesis and reduced 

endothelial calcium oscillations. 

Since Dr. Robert Wilkinson had previously undertaken experiments which 

showed that tmem33 knockdown impaired vascular development (Figure 1.4), I 

sought to quantify this. Therefore, I repeated the experiment and analysed SeA 

length at 30 hpf and the percentage of anastomosis within the DLAV at 53 hpf. I 

observed a significant reduction in SeA length in morphants compared to controls 

at 30 hpf (Figure 3.6 A) and a significant reduction in DLAV anastomosis, 

indicating impaired angiogenesis, at 53 hpf (Figure 3.6 B). 

 

tmem33 morphants display reduced angiogenesis (Figure 1.4; Figure 3.6). 

Calcium signalling functions downstream of VEGF signalling in vitro (Oike et al., 

1994; Vaca and Kunze, 1994; Zadeh et al., 2009) and during angiogenesis in 

zebrafish (Figure 3.5) (Yokota et al., 2015) and tmem33 is localised to the ER 

(Figure 3.3) (Sakabe et al., 2015). I therefore knocked down tmem33 using 

morpholinos in Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos and 

quantified calcium oscillations. Control embryos displayed transient regions of 

increased GCAMP intensity over the course of the time-lapse which were 

reduced in tmem33 morphants (Figure 3.7 A-D). I quantified the number of 

calcium oscillations and observed significantly reduced calcium transient 

frequency in tmem33 morphants (Figure 3.7 E). Collectively, these observations 

indicate that tmem33 knockdown reduces calcium oscillations within endothelial 

cells, suggesting tmem33 may promote endothelial calcium signalling through 

regulation of ER calcium efflux. 
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Figure 3.6. tmem33 knockdown impairs EC migration. (A) tmem33 morphants display 

significantly reduced SeA length at 30 hpf (t-test ****p=<0.0001. n=3 repeats, 30 embryos total) 

and (B) significantly reduced DLAV continuity at 53 hpf (unpaired t-test ****p=<0.0001. n=3 

repeats, 27 embryos total). 
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Figure 3.7. tmem33 knockdown reduces Ca2+ oscillations in endothelial tip cells. (A-D) 

tmem33 morphants display reduced endothelial Ca2+ oscillations. Intensity projections show Ca2+ 

oscillations in both control and tmem33 morphants, highlighting intensity over duration of the time-

lapse. Change in fluorescence over 500s for four SeAs, peak colours correspond to equivalent 

arrowheads.  (E) tmem33 morphants display a significant reduction in Ca2+ oscillations when 

compared to control morphants (unpaired t-test, ****p=<0.0001). 
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3.6.1 Thapsigargin-mediated elevations in cytosolic Ca2+ are reduced in 

tmem33 morphants  

Incubation with Thapsigargin increases cytosolic Ca2+ concentration in zebrafish 

ECs (Figure 3.5). To determine whether reduced calcium signalling observed in 

tmem33 morphants was due to reduced calcium efflux from the ER, I treated 

tmem33 morphants with Thapsigargin and quantified GCaMP7a fluorescence. In 

control embryos, Thapsigargin treatment increased displayed a trend towards an 

increase in GCaMP7a fluorescence intensity in tip cells, but this was not 

statistically significant (Figure 3.8 A, C). However, Thapsigargin treated controls 

displayed significantly greater EC tip cell fluorescence intensity compared to 

tmem33 morphants treated with Thapsigargin (Figure 3.8 B, C). This indicates 

that cytosolic Ca2+ accumulation did not occur following tmem33 knockdown, 

suggesting tmem33 may promote ER Ca2+ release.  
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Figure 3.8 tmem33 morphants do not display Thapsigargin-mediated increases in 

cytosolic Ca2+. (A-B) tmem33 knockdown reduces Thapsigargin-mediated Ca2+ intensity 

increase. Intensity projection showing 5µM Thapsigargin-treated control and tmem33 morphant 

embryos. Treatment increases GCaMP7a fluorescence in SeAs (white arrowheads) and the DA 

(green arrowhead) in uninjected controls, but not in morphants. (C) Thapsigargin increases SeA 

GCaMP7a fluorescence in controls compared to tmem33 morphants (One-way ANOVA with post 

hoc Tukey's comparison test **p=<0.01). 

 

3.7 tmem33 morphants display reduced pronephric calcium signalling. 

tmem33 is expressed in both the developing vasculature and the developing 

kidney (Figure 1.2; Figure 3.4) and tmem33 knockdown induces abnormal 

glomerular development (Figure 1.5). I therefore examined whether tmem33 is 

required for calcium oscillations in the developing kidney. 

 

To analyse kidney calcium oscillations, the entire pronephric tubule was imaged 

over 8 hours. I measured the total number of calcium oscillations and observed 
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regions in which recurrent calcium oscillations occurred, similar to previous 

analysis (Aylin Metzner, PhD Thesis, 2016).  I knocked tmem33 down in 

Tg(enpep:gff)ubs3;Tg(uas:GCaMP7a) embryos (Aylin Metzner, PhD Thesis, 

2016), where GCaMP7a is driven by a kidney specific promoter (Seiler and Pack, 

2011) and observed that pronephric GCaMP7a fluorescence was significantly 

reduced in tmem33 morphants (Figure 3.9 A, B). Calcium oscillations in the 

Kidney were less frequent than in the developing SeAs (Aylin Metzner, PhD 

Thesis, 2016). tmem33 morphants displayed reduced oscillation frequency per 

hour (Figure 3.9 C) and a reduction in the number of clusters of cells which 

displayed recurrent oscillations (Figure 3.9 D), suggesting that tmem33 is 

required for calcium oscillations in both endothelial and kidney cells. 
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Figure 3.9 tmem33 knockdown by morpholino reduces calcium signalling within the 

developing kidney. (A-B) Maximum projection over time, displaying regions of calcium 

signalling. Regions of the highest levels of calcium signalling are represented in white-green, 

while lower level calcium signalling are shown in dark blue. tmem33 morphants display reduced 

GCaMP fluorescence throughout the pronephric tubules (red box) compared to controls. (C-D) 

Both pronephric calcium signalling oscillation frequency per embryo and number of recurrently 

oscillating regions are significantly reduced in tmem33 morphants, compared to controls 

(unpaired t-tests **p=<0.01, ****p=<0.0001). 
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3.8 Development of an endothelial F-actin reporter line to quantify filopodia 

dynamics during angiogenesis. 

tmem33 morphants display angiogenic delays (Figure 1.4; Figure 3.6) and 

reduced calcium signalling, which has been shown to regulate the actin 

cytoskeleton in vitro  in Jurkar T-cells and murine embryonic fibroblast cells 

(Hartzell et al., 2016; van Vliet et al., 2017). Therefore, impaired angiogenesis 

following tmem33 knockdown could be due to abnormal filopodia formation. To 

quantify F-actin dynamics during angiogenesis I generated an endothelial F-actin 

reporter line, Tg(fli1a:LifeACT-mClover)sh467 (chapter 2.1.2). I performed an 

intercross of Tg(fli1a:DsRedEx2)sh511 and Tg(fli1a:LifeACT-mClover)sh467 

transgenic lines (see Chapter 2.1.2)  and observed distinct fluorophore 

expression within endothelial cells. Tg(fli1a:LifeACT-mClover)sh467 labels F-

actin, while Tg(fli1a:DsRedEx2)sh511 is cytoplasmic. In double positive 

transgenic embryos, endothelial F-actin was observed at 488nm emission 

wavelength (Figure 3.10 A, C, white arrowheads), while, no filopodial extensions 

could be observed at 561nm emission wavelength, (Figure 3.10 B, white 

arrowheads). Tg(fli1a:DsRedEx2)sh511 positive endothelial cells displayed 

nuclear and plasma membrane exclusion (Figure 3.10 B, C, blue arrowheads), 

when compared to the fli1a:lifeACT-mClover transgene (Figure 3.10 C). This 

suggests increased regions of fluorescence in Tg(fli1a:lifeACT-mClover)sh467 

embryos are likely to be F-actin dense regions of the cell and not cytoplasm. 

 

I next performed time-lapse imaging of Tg(fli1a:LifeACT-mclover)sh467 embryos 

over 12 hours, during SeA formation. I observed numerous filopodia and F-Actin 

rich foci per SeA during the first 6 hours of development, corresponding to 

between 24 and 30 hpf (Figure 3.10 D-F). Beginning at around 30 hpf, 
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lumenisation of the sprouting SeA and DLAV occurs and filopodia activity began 

to decrease, suggesting filopodial activity is important during EC migration but 

less so once vessels lumenise (Figure 3.10 G-I), suggesting a reduced 

requirement for filopodia at this time point. 
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Figure 3.10 Tg(fli1a:LifeACT-mClover)sh467;Tg(fli1a:DsRedEx2)sh511 embryos display 

spatially distinct fluorophores and Tg(fli1a:LifeACT-mClover)sh467 highlights endothelial 

filopodia. (A-C) An intercross of Tg(fli1a:LifeACT-mClover)sh467 and Tg(fli1a:-DsRedEx2) 

embryos reveals spatially distinct expression. The LifeACT-mClover transgene is restricted to F-

actin positive regions of ECs, including filopodia (white arrowheads), while the DsRedEx2 

transgene displays cytoplasmic restriction, with possible nuclear exclusion (blue arrowheads). (D-

I) A 12 hour time-lapse with embryos imaged from 27hpf to 39 hpf. Maximum projection over time, 

displaying regions of increased F-actin density. Regions of the highest levels of F-actin density 

are shown in orange (and indicated by white arrowheads), while regions of low F-actin density 

are in light blue. Endothelial cells display a greater density of F-actin before the onset of flow and 

before lumenisation begins. 
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3.9 Latrunculin B inhibits formation of endothelial filopodia but does not 

alter endothelial calcium oscillation frequency. 

I next treated Tg(fli1a:lifeACT-mClover)sh467 embryos with 397nM Latrunculin 

B, which binds G-actin and prevents F-actin polymerisation (Phng et al., 2013), 

for 5 hours beginning at 24 hpf. Latrunculin B treatment delayed SeA sprouting 

in Tg(fli1a:lifeACT-mClover)sh467 embryos and altered endothelial cell 

morphology, with SeAs displaying aberrant tip cell morphology (Figure 3.11 B), 

by 29 hpf. ECs treated with Latrunculin B displayed no detectable filopodia or 

cortical F-actin. Instead, intense transient foci were detected, suggesting an 

inability of F-actin to properly polymerise into filaments (Figure 3.11 B, C). In 

contrast, filopodia extended from all ECs in control embryos (Figure 3.11 A, C).  

This is consistent with published data (Phng et al., 2013).  

 

Regulation of calcium signalling and the actin cytoskeleton is tightly linked; 

cytosolic free Ca2+ ions are essential for actin cytoskeletal remodelling which is 

required to translocate the ER to the plasma membrane to resolve store operated 

calcium entry (van Vliet et al., 2017). Therefore, I examined whether F-actin 

polymerisation modified calcium oscillations. I treated Tg(fi1a:gff)ubs3; 

Tg(uas:GCaMP7a)sh392 embryos with 397 nM Latrunculin B for 5 hours 

beginning at 23 hpf and observed no significant alteration in frequency of calcium 

oscillations by 28 hpf (Figure 3.11 D, E, F). This indicates that, while calcium 

signalling is essential for actin cytoskeleton remodelling (Hartzell et al., 2016; van 

Vliet et al., 2017), the presence of an active actin cytoskeleton is not essential for 

calcium oscillations in ECs. This is consistent with observations in mouse 

neuronal cell explants (Martini and Valdeolmillos, 2010). 
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Figure 3.11 Endothelial Ca2+oscillations within tip cells are not disrupted following loss of 

filopodia. (A-B) Latrunculin B treatment reduces endothelial filopodia number in 

Tg(fli1a:LifeACT-mClover)sh467 embryos (black arrowheads). (C) Latrunculin B treated 

Tg(fli1a:lifeact-mClover)sh467 embryos display significant reductions of filopodia number per SeA 

(unpaired t-test ****p=<0.0001). (D-F) Frequency of Ca2+ oscillations are not significantly altered 

by Latrunculin B treatment in Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos (Mann-Whitney 

U-test, non-significant.).  

 

3.10 tmem33 knockdown inhibits endothelial filopodia formation. 

Filopodia are present on many migratory cell types, including angiogenic 

endothelial cells (Gerhardt et al., 2003), yet, upon ablation of filopodia, endothelial 
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migration still occurs, albeit slower (Phng et al., 2013). tmem33 knockdown 

delays angiogenesis (Figure 1.4), which may be due to impaired filopodia 

formation. I therefore next analysed filopodia formation in Tg(fli1a:lifeACT-

mClover)sh467 positive embryos following tmem33 knockdown using 

morpholinos and analysed delayed endothelial tip cells, since these are indicative 

of tmem33 knockdown (Figure 1.4). Endothelial tip cells with abnormal 

morphology (as previously observed in Figure 1.4) displayed reduced mClover 

fluorescence, in comparison to controls (Figure 3.12 A, B, black arrowheads) 

suggesting tmem33 knockdown reduces F-actin formation. Furthermore, similar 

to treatment with Latrunculin B (Figure 3.11), tmem33 knockdown significant 

reduced both length of cellular extensions observed per tip cell (Figure 3.11 C) 

and number of filopodia per tip cell (Figure 3.11 D). This suggests that tmem33 

knockdown inhibits formation of endothelial filopodia which may be responsible 

for reduced endothelial migration in tmem33 morphants.  
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Figure 3.12 tmem33 knockdown by morpholino reduces endothelial filopodia activity. (A-

B) tmem33 morphants display delayed migration of SeAs which extend fewer filopodia, compared 

to controls (black arrowheads. (C) tmem33 morphants display significantly fewer filopodia per 

SeA compared to controls. Measurements taken from n=4 SeAs from n=13 embryos in each case. 

Mann-Whitney U test, ****p=<0.0001). (D) tmem33 morphants display reduced filopodia length 

compared to controls, measurements taken from n=4 SeAs from n=13 embryos. Mann-Whitney 

U test,*** p=<0.0005). 
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3.11 tmem33sh443 mutants exhibit nonsense mediated decay but normal 

angiogenesis. 

Since morpholino knockdown is transient and may induce off target effects (Kok 

et al., 2015; Robu et al., 2007), I next examined vascular development in a 

tmem33 stable mutant. The tmem33sh443 allele was generated via TALEN 

mutagenesis by Dr. Robert Wilkinson (see methods)  (Cermak et al., 2011b) and 

contains a 2bp deletion in exon 3 (Figure 3.13 A). The mutation is predicted to 

cause a frameshift from exon 3, leading to a premature stop codon in exon 4. 

Exons 3-5 contain the sequence which makes up the conserved 3-

transmembrane domain (Figure 3.13 B). therefore, this mutation is predicted to 

cause loss of two of the three conserved transmembrane domains. 

 

Nonsense mediated decay (NMD) occurs when a functional transcript is not 

viable and NMD is activated by RNA surveillance mechanisms within the ER 

which detect improperly formed mRNA transcripts (reviewed in Lykke-Andersen 

and Jensen, 2015). Recent analysis has suggested that NMD occurs most 

effectively when a mutation causes a premature termination codon (PTC) at least 

350 bp downstream of the start codon and upstream of the last 50 bp of the 

penultimate exon (Lindeboom et al., 2016). Furthermore, it has been reported 

that truncated sequences at least 20-24 nt from exon-exon mRNA boundaries 

retain binding of exon-exon junction proteins, which contribute to recognition of 

NMD on such transcripts (Le Hir et al., 2001). tmem33sh443 occurs within the third 

exon, 74 nt away from the nearest exon-exon junction, suggesting NMD could be 

induced. To examine this possiblity, in situ hybridisation for tmem33 was 

performed in mutant and wild type embryos. Wild type embryos displayed 

tmem33 expression as described earlier (Figure 3.13 C), while expression of 
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tmem33 was greatly reduced in tmem33sh443 mutants (Figure 3.13 D). I quantified 

tmem33 expression by qPCR and found this was significantly reduced in 

heterozygotes and abrogated in homozygous tmem33 sh443 mutants (Figure 3.13 

E). Colectively, these data indicate that the tmem33sh443 mutant allele is likely to 

represent a loss-of-function or null and activates NMD.  

 

To examine angiogenesis in tmem33sh443 mutants these were crossed with 

Tg(fli1a:EGFP) transgenics and the effect of the mutation on vascular 

development assessed as in the morphants. Despite the evidence suggesting the 

tmem33sh443 mutation induces a loss-of-function, I found no difference in 

angiogenesis between controls or tmem33sh443 mutants at 52 hpf (Figure 3.13 F, 

G). In addition, homozygous tmem33sh443 mutants are viable and survive to 

adulthood, suggesting vascular patterning and maintenance is not affected at 

later stages. 
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Figure 3.13 tmem33sh443 mutants are predicted loss of function and display nonsense-

mediated decay but normal angiogenesis.  (A) tmem33sh443 consists of a 2 bp deletion within 

exon 3, deleting a guanine and a cytosine. (B) The mutation leads to a frameshift, resulting in a 

premature stop codon in exon 4, within the first ER-lumenal loop of TMEM33. The predicted 

protein loses the final two conserved transmembrane domains.  (C-E) Both tmem33sh443 

heterozygous and homozygous mutants display a significant reduction in tmem33 expression, as 

visualised by in situ hybridisation and qRT-PCR gene expression analyses (One-way ANOVA 

with post-hoc Dunnetôs test ****p=<0.001). (F, G) tmem33sh443 mutants display no difference in 

segmental artery or lymphatic vasculature by 52 hpf, compared to controls. 

 

3.12 tmem33 sh448 mutants are protected from the effects of tmem33 

morpholinos 

The discrepancy between the vascular defects observed in tmem33 morphants 

and the normal vascular development of tmem33sh443 mutants raised the 

possibility that the tmem33sh443 mutation induces genetic compensation as 

described previously (Rossi et al., 2015). This possibility can be assessed by 
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examining the effect of morpholino knockdown in the mutant background. I 

therefore injected tmem33 morpholinos into embryos generated from a 

tmem33sh448/+ incross and examined the effect on vascular development. tmem33 

morphants were observed for evidence of vascular defects at 50 hpf and 

subsequently genotyped for the tmem33sh443 mutation. Morphants were ranked 

into three categories: no phenotype (Figure 3.14 B), mild phenotype (<3 vascular 

branching defects) (Figure 3.14 C) and severe phenotype (>3 branching defects) 

(Figure 3.14 D). Vascular branching defects were defined as stunted SeAs, 

incomplete anastomosis or misbranched vessels. Homozygous tmem33sh443 

mutants displayed significantly fewer vascular defects than either wild type or 

heterozygotes injected with the tmem33 morpholino (Figure 3.14 A). This 

indicates that the tmem33443 mutation probably induces genetic compensation 

which partially protects against the morphant phenotype. 

 

Having shown that tmem33 mutants display protection from angiogenic defects, 

a similar experiment was performed using a Tg(-26wt1b:eGFP)li1;tmem33sh448+/- 

heterozygous incross, to determine whether tmem33sh443 mutants were protected 

from the effects of tmem33 morpholino knockdown on glomerular size. As 

expected, the tmem33 morpholino induced abnormally large glomeruli (Figure 

3.14 F) in 67% of wildtype and 63% of heterozygous tmem33sh443 mutant 

embryos. However, homozygous tmem33sh443 mutants were partially protected 

against this effect (Figure 3.14 E), with significantly fewer embryos developing 

expanded glomeruli (Figure 3.14 G). 
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Figure 3.14 tmem33sh443 mutants are partially protected from morpholino-induced 

angiogenic and glomerular defects. (A) Tg(fli1a:eGFP)y1; tmem33sh443/+ heterozygous incross 

injected with tmem33 morpholinos, blindly ranked for phenotype and retrospectively genotyped. 

tmem33sh443 embryos display protection from morphant phenotype (2-way ANOVA using Tukeyôs 

multiple corrections: **p=0.005; *p=0.05; F=4.435 DF=4. 3 technical repeats, tmem33+/+ n=42, 

tmem33+/- n=67, tmem33-/- n=41) (B) Representative Tg(fli1a:eGFP)y1; tmem33sh443/+ embryo 

displaying normal angiogenesis. (C) Representative Tg(fli1a:eGFP)y1; tmem33sh443/+ embryo 

displaying mild angiogenic defects (<3 discontinuous DLAV, SeA misbranching events). (D) 

Representative Tg(fli1a:eGFP)y1; tmem33sh443/+ embryo displaying severe angiogenic defects 

(n=>3 discontinuous DLAV, SeA misbranching events). (E) Representative Tg(-26wt1b:eGFP)li1 

embryo displaying normal pronephric development. (F) Representative Tg(-26wt1b:eGFP)li1 

embryo displaying distended glomeruli. (G) tmem33sh443/+ Tg(-26wt1b:eGFP)li1 heterozygous 

incross injected with tmem33 morpholinos, blindly ranked for phenotype and retrospectively 

genotyped (2-way ANOVA, Sidakôs multiple corrections ****p=<0.0001; F=81.78 DF=2. 3 

technical repeats, tmem33+/+ n=31 tmem33+/- n=48, tmem33-/- n=27). 
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3.13 Discussion 

3.13.1 Overview 

In this chapter, I have identified novel functions for tmem33. No previous work 

has examined the role of tmem33 in any multicellular organism in vivo but my 

data shows it plays central roles in actin cytoskeleton organisation and calcium 

signalling. 

I therefore suggest that tmem33 may function to regulate calcium efflux from the 

ER which is important for normal F-actin mobilisation, including filopodia 

formation (Figure 3.15). 

 

Figure 3.15 tmem33 functions to regulate calcium efflux from the ER, which is essential for 

normal F-actin mobilisation, including filipodia formation. 
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3.13.2 tmem33 is expressed ubiquitously early in development, and is 

expressed in both pronephros and endothelial cells later in 

development, probably localising to the ER 

When I examined expression of tmem33 during embryonic development, this was 

ubiquitous at early stages, although more restricted in later stages particularly to 

the pronephros. I found evidence that tmem33 is co-expressed with vascular 

reporters, confirming that it is expressed in endothelial cells as well as other cell 

types. However, expression of tmem33 is clearly not endothelial or kidney-

specific, yet the only phenotypes I observed in tmem33 morphants were vascular 

and renal. I did not observe any evidence of abnormalities of body plan, or brain 

development even though tmem33 was expressed in these regions. Phenotypes 

were only observed during kidney and vascular development; regions in which 

tmem33 expression is enriched. However, the exact reason for tmem33 

knockdown affecting these organs preferentially is unknown. 

 

I found that tmem33 appears to localise to the endoplasmic reticulum and nuclear 

membrane in both endothelial and non-endothelial cells (Figure 3.4). This is 

compatible with a role in ER homeostasis, as has been reported in other studies 

in cell culture and yeast, including during cell division (Sakabe et al., 2015; Zhang 

and Oliferenko, 2014; Zhang et al., 2010). This localisation places it in the correct 

subcellular organelle to influence calcium release and signalling (Berridge et al., 

2003). Interestingly, however, while current studies have implicated tmem33 in 

regulation of ER homeostasis, no study has, thus far, directly linked tmem33 

function to the regulation of calcium signalling. In this thesis, I showed tmem33 
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functions during calcium signalling in endothelial and kidney cells, which has 

previously not been described. 

 

3.13.3 tmem33 knockdown impairs angiogenesis  

tmem33 morphants display a pronounced impairment of angiogenesis. The 

phenotype observed is similar to loss-of-function VEGF signalling phenotypes 

previously described. For example, morpholino knockdown of vegfab impairs, but 

does not abolish angiogenesis in the trunk, head and subintestinal vein (SIV) 

(Bahary et al., 2007). Moreover, kdr morphants display mild trunk angiogenic 

defects by 4 dpf, indicating a small loss of VEGF response, while angiogenesis 

is abrogated in kdr/kdrl double morphants by 28 hpf (Bahary et al., 2007).  kdrl 

zebrafish mutants also fail to develop normal vasculature (Covassin et al., 2006, 

2009; Habeck et al., 2002). tmem33 morphants display impaired angiogenic 

migration and reduced secondary angiogenesis (Figure 1.4), suggesting kdr/kdrl 

function is not impaired. Furthermore, I observed no ectopic angiogenesis, which 

would suggest a downregulation of ftl1, but not other receptors (Krueger et al., 

2011). Tmem33 knockdown also impairs lymphatic vascular development  

(Figure 1.4),  which requires vegfc/flt4 signalling (Le Guen et al., 2014; Joukov et 

al., 1996). Therefore, the tmem33 morphant phenotype suggests an impaired 

overall response to VEGF signalling, as opposed to differential regulation of 

VEGF receptors. Interestingly, plcg1 mutants display a complete loss of 

angiogenesis (Covassin et al., 2006, 2009; Wilkinson et al., 2012). Plcg1 

functions downstream of VEGF signalling to regulate angiogenesis, including the 

induction of calcium signalling (Jones et al., 2005b; Lawson et al., 2003). 

 



 130 

Consistent with the suggestion that tmem33 morphants display a mild loss-of 

VEGF signalling phentoype, I showed a requirement for VEGF signalling during 

sprouting angiogenesis. Tivozanb/AV951, which acts as a  pan-VEGF receptor 

inhibitor (Nakamura et al., 2006), significantly reduced angiogenesis (Figure 3.5) 

and produced a more severe phenotype than tmem33 morphants. 

 

3.13.4 The role of calcium signalling in angiogenesis and angiogenic 

signalling pathways  

In this chapter I characterise a novel transgenic line 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 which expresses a genetically 

encoded calcium indicator specifically in endothelial cells. Consistent with other 

work published during my PhD (Yokota et al., 2015), this reveals alterations in 

endothelial calcium levels during embryonic vascular development. During 

normal sprouting angiogenesis, endothelial cells displayed periodic oscillations in 

calcium levels, but VEGF inhibition completely abolished these (Figure 3.5). 

Conversely, Notch inhibition appeared to increase the number and amplitude of 

such oscillations above baseline, confirming that calcium reporter levels are a 

surrogate of VEGF signalling in vivo (Figure 3.5). Previous studies have also 

shown that calcium signalling is induced downstream of VEGF signalling (Oike et 

al., 1994; Vaca and Kunze, 1994; Yokota et al., 2015; Zadeh et al., 2009), 

suggesting it may play an important role during angiogenesis. Furthermore, 

calcium signalling is induced downstream of plcg1 signalling (Jones et al., 

2005b), which is known to be important during angiogenesis in zebrafish 

(Covassin et al., 2009; Lawson et al., 2003). Phosphorylated PLCG1 has been 

shown to be required for MAP kinase signalling in endothelial cells (Takahashi 
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and Shibuya, 1997; Takahashi et al., 2001), which suggests that both MAP kinase 

signalling and calcium signalling function downstream of PLCG1.  

 

Interestingly, tmem33 morphants lack lymphatic vasculature, which forms during 

secondary angiogenic sprouting, primarily as a result of vegfc/flt4 signalling (Le 

Guen et al., 2014; Joukov et al., 1996). This suggests that tmem33-mediated 

calcium signalling may be required during secondary angiogenesis as well as 

primary angiogenesis. However, no study to date has shown a requirement for 

calcium signalling in lymphatic endothelial cells during development in vivo. 

However calcium signalling, including SOCE, has been studied in lymphatic cell 

culture (Choi et al., 2017; Outeda et al., 2012). It may, therefore, be interesting to 

study tmem33 function in  calcium signalling during lymphatic development by 

generating a prox1a-driven GCaMP7a transgenic line (Dunworth et al., 2014). 

 

3.13.5 tmem33 knockdown impairs calcium signalling and actin 

cytoskeleton regulation. 

My data implicate tmem33 in regulation of calcium signalling in endothelial cells, 

therefore identifying a novel component of calcium signalling. Furthermore, 

tmem33 knockdown induces aberrant angiogenesis, including delayed SeA 

migration and defective anastomosis (Figure 1.9), suggesting tmem33-mediated 

calcium signalling is required for normal angiogenesis.  

 

Calcium signalling in endothelial cells, which are non-excitable, primarily occurs 

via store operated calcium entry (SOCE). SOCE utilises, at least in part, the 
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CRAC channel STIM (Jones et al., 2005a; Roos et al., 2005; Zhou et al., 2013, 

Feske et al., 2006; Vig et al., 2006a; Zhou et al., 2010). Recently, signalling via 

the CRAC channel has been shown to regulate changes in actin cytoskeleton 

organisation in T-cells (Hartzell et al., 2016) while a calcium-dependent 

mechanism has been proposed for organisation of actin during cell migration in 

zebrafish neural explants (Martini and Valdeolmillos, 2010). Similarly, calcium-

dependent re-organisation of cellular actin has been reported, in which 

cytoskeletal rearrangement is required to allow SOCE to occur, by bringing the 

ER into contact with the plasma membrane (van Vliet et al., 2017). I have shown 

that tmem33 knockdown reduces both calcium signalling and actin cytoskeleton 

organisation in endothelial cells (Figure 3.7; Figure 3.12). Given that endothelial 

cells are non-excitable and therefore utilise SOCE (Oike et al., 1994; Vaca and 

Kunze, 1994), it is possible that reduced calcium signalling observed in tmem33 

morphants impairs the cells ability to regulate actin cytoskeletal dynamics which 

are required for the ER-PM contact essential for SOCE to take place. This, in 

turn, would reduce EC Ca2+ replenishment essential for rapid reorganisation of 

the actin cytoskeleton. Alternatively, tmem33 may directly regulate actin 

cytoskeletal rearrangement by interacting with genes such as filamin a (van Vliet 

et al., 2017). In order to test this, filamin a could be overexpressed in tmem33 

morphants to determine whether actin cytoskeleton function could be restored. 

 

Filopodia project from the cell during migration through cytoskeletal 

rearrangement. Filopodia are F-actin rich, yet have been shown to be 

dispensable during migration (Gerhardt et al., 2003; Phng et al., 2013). Both 

blebbing and lamellipodia are also utilised by migratory cell types (reviewed in 

Ridley, 2011). While lamellipodia also utilise F-actin, blebs do not. Since tmem33 
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morphants appear to be unable to properly regulate F-actin polymerisation 

(Figure 3.12), ECs may instead undergo membrane blebbing to migrate in these 

embryos (Ridley, 2011).  

 

3.13.6 tmem33 is required for normal calcium signalling in both developing 

endothelial and kidney cells, suggesting a wider function than just 

during VEGF-mediated calcium signalling. 

tmem33 knockdown reduces GCaMP oscillation frequency in both endothelial 

cells and kidney cells (Figure 3.7; Figure 3.9). While endothelial calcium signalling 

appears to rely mainly on VEGF signalling (Figure 3.5) (Oike et al., 1994; Vaca 

and Kunze, 1994; Yokota et al., 2015), renal calcium signalling appears to be 

regulated by purinogenic signalling, though this has mostly been studied within 

the context of autosomal dominant polycystic kidney disease (ADPKD) (reviewed 

in Chebib et al., 2015). Wnt5a signalling has also been suggested to regulate 

calcium signalling via regulation of calmodulin/calcineurin in diabetic mice (Ando 

et al., 2016). VEGF signalling in the kidney has been studied in the contexts of 

glomerular capillary development (reviewed in Robert and Abrahamson, 2001) 

and disease (reviewed in Schrijvers et al., 2004), suggesting VEGF does not 

function in pronephric tubule development.  

 

Since I observed reduced pronephric calcium signalling in tmem33 morphants 

(Figure 3.7), this suggests that tmem33 may function as a general regulator of 

calcium signalling. Furthermore, since Thapsigargin treatment was not sufficient 

to rescue tmem33-mediated reductions in cytosolic Ca2+ (Figure 3.8), this may 

suggest that tmem33 functions to regulate ER calcium homeostasis. However, 
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since endothelial calcium signalling is ablated in the absence of VEGF signalling 

(Figure 3.5), tmem33 is likely to function downstream of VEGF signalling within 

the context of angiogenesis. 

 

3.13.7 tmem33 mutants appear to display genetic compensation. 

Concerns regarding the use of morpholino knockdown as an approach to study 

gene function have arisen, particularly in light of CRISPR/Cas9 and TALEN 

technology and their relatively straight-forward practice (Kok et al., 2014; Schulte-

Merker and Stainier, 2014). Indeed, before even TALENs were available, 

misinterpretation of morpholinos phenotypes was abundant; common off-target 

effects, such as an expanded hindbrain were cited as phenotypes. However, 

often these could not be reproduced (Eisen and Smith, 2008). Recently, 

morpholinos were shown to be capable of causing severe off-target phenotypes, 

even in genes in which the target locus had been deleted and the suggested 

proportion of genes in which morpholino phenotypes translated into mutant 

phenotypes was low (Kok et al., 2014). Recently a study involving an egfl7 mutant 

line with no phenotype was conducted, in which mutants exhibited reduced 

morphant phenotype compared to wild type or heterozygous embryos. In this 

study, genetic compensation was suggested to occur in the egfl7 mutants, 

negating the effects of genetic knockdown. Indeed, emilin2 was found to be 

upregulated and was able to rescue the morphant phenotype (Rossi et al., 2015). 

Furthermore, genetic compensation via transcriptional adaptation has been 

suggested due to the frequency in which either compensation is found, or the 

frequency of disparity between knockdown and knockout phenotypes, though the 

mechanism by which this acts as yet remains unclear (El-Brolosy and Stainier, 

2017). 
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I sought to address whether tmem33 mutants may display compensation, and so 

conducted a similar series of experiments. tmem33 morpholino knockdown 

induces endothelial and renal developmental defects, yet tmem33sh443 mutants 

do not display any phenotypes, despite displaying a reduction in tmem33 

expression (Figure 3.13). I found that injection of the morpholino into tmem33sh443 

mutants does induce a phenotype in significantly fewer embryos than wild type 

or heterozygous mutants (Figure 3.14), suggesting that, although tmem33 

morpholinos may induce some off-target effects, mutants are protected from 

morpholino-induced phenotypes. This does not, however, confirm that tmem33 

mutants display compensation, and only suggests it may be the case. tmem33 

embryos display a significant reduction in tmem33 expression (Figure 3.13) which 

may suggest that NMD takes place, since a prematurely truncated protein is 

predicted to be produced (reviewed in Lykke-Andersen and Jensen, 2015). 

Interestingly, a recent study has suggested a link between NMD and genetic 

compensation, whereby knockdown of components of the NMD machinery 

induced a phenotype in a greater number of embryos (Schuermann et al., 2015). 

Given the recent studies in which knockdown and knockout have been compared 

(Kok et al., 2015; Rossi et al., 2015), I suggest that tmem33sh443 mutants display 

genetic compensation. I show that expression of the tmem33 mRNA transcript is 

reduced, suggesting that the transcript may undergo nonsense-mediated decay. 

However, the tmem33 in situ probe used targets the entire mRNA transcript, and 

might not be able to properly target a truncated mRNA transcript. Furthermore, 

the tmem33 Taqman probe may not also bind well to a truncated transcript, given 

that it targets exons 3-4. This may suggest that the methods employed herein are 

not entirely appropriate. Therefore, a shorter in situ probe and a custom-designed 
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Taqman probe may be necessary to confirm these findings. Furthermore, 

alternative knockdown approaches may be necessary to determine whether the 

morphant or mutant phenotype is representative of loss of tmem33. To entirely 

conclude that genetic compensation occurs in tmem33sh443 mutants, a whole 

genome RNA-seq would need to be performed to identify genes upregulated in 

tmem33sh443 mutants. 

 

However, despite the fact that tmem33 mutants display nonsense mediated 

decay of tmem33 transcripts they do not display abnormal angiogenesis, 

although my data suggest this may be due to genetic compensation. 

Furthermore, phenotypes observed in tmem33 morphants and tmem33sh443 

mutants do not correlate. Therefore alternative approaches are required to 

address this. I further explore this in chapter IV, in which I develop tissue-specific 

CRISPR interference to study tmem33 function conditionally.  
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4 Development of a strategy for conditional knockdown of genes via 

CRISPR interference to validate and extend functional analysis of 

tmem33 

 

4.1 Introduction 

In this chapter, I describe the optimisation of CRISPR interference and 

development of tissue-specific CRISPR interference as a means to knock down 

gene expression globally or tissue-specifically in zebrafish embryos. Using these 

techniques, I am able to verify the tmem33 morphant phenotype established in 

Chapter 3. Furthermore, I establish a cell-specific requirement for tmem33 during 

endothelial and renal development. I also characterise tmem33 function in 

greater detail and  show that tmem33 is required for cytosolic calcium oscillations 

in response to Vegfa in a series of epistasis experiments. I show that tmem33-

mediated endothelial calcium signalling is required for normal downstream 

responses to VEGF signalling including ERK phosphorylation and Notch 

signalling, implicating a novel function for tmem33 during angiogenesis. This 

suggests that tmem33-mediated calcium oscillations regulate signalling 

pathways downstream of VEGF signalling and promote angiogenesis.  

 

4.1.1 VHL and Hypoxia-induced angiogenesis. 

In conditions in which oxygen levels are low, the hypoxia signalling pathway is 

induced. This is regulated by several genes, including hypoxia-inducible factors 

(HIFs),  VHL protein (pVHL) and regulators of pVHL including prolyl hydroxylase 

enzymes (PHDs). Under normoxia, the hypoxia signalling pathway is inactivated. 

PHD proteins hydroxylate HIF-1Ŭ on two conserved proline residues in an 
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oxygen-dependent manner, targeting HIF-1Ŭ for proteasomal degradation (Ivan 

et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Maxwell et al., 1997; Yu 

et al., 2001). Additionally, the Factor Inhibiting HIF-1Ŭ (FIH) hydroxylates a 

conserved asparagine residue on HIF-1Ŭ, preventing HIF-1Ŭ from binding p300, 

which is necessary for downstream transcriptional activation during hypoxia 

(Lando et al., 2002). Proteasomal degradation of HIF-1Ŭ prevents formation of 

the HIF-1Ŭ-HIF-1ɓ complex required for hypoxic signalling. 

 

PHD and FIH post-translationally modify HIF-1Ŭ in an O2-dependent manner 

(Hewitson et al., 2002; McNeill et al., 2002). Therefore, during hypoxia, 

insufficient levels of O2 impair proteasomal targeting. HIF-1Ŭ is therefore free to 

bind HIF-1ɓ (Jiang et al., 1996), which together translocate to the nucleus, 

wherein the HIF-1Ŭ-HIF-1ɓ complex binds p300 and other co-factors required to 

activate transcription of downstream HIF-responsive genes via the HIF-

responsive element (Arany et al., 1996; Ema, 1999; Freedman et al., 2002; 

J.Kallio et al., 1998; Kimura et al., 2000, 2001). Transcriptionally activated genes 

include VEGF, PHD3 and erythropoietin (EPO) (Jiang et al., 1996; Kimura et al., 

2000; Pescador et al., 2005). Increased VEGF signalling induces ectopic 

angiogenesis, which is required during tumour angiogenesis for vascularisation 

of the tumour (Maxwell et al., 1997). Furthermore, genes associated with the 

regulation of oxygen transport such as EPO are upregulated (Jiang et al., 1996). 

Interestingly, PHD3 is upregulated, indicating negative feedback regulation of 

HIF-1Ŭ. 
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Hypoxia-induced angiogenesis has primarily been studied in vitro (DelNero et al., 

2016; Maxwell et al., 1997; Rofstad and Danielsen, 1998; Shweiki et al., 1992). 

However, recent studies used zebrafish to study von Hippel-Lindau disease 

(Rooijen et al., 2009; van Rooijen et al., 2010; Santhakumar et al., 2012). 

Zebrafish vhl mutants display upregulation of PHD3 (Santhakumar et al., 2012), 

ectopic angiogenesis (Rooijen et al., 2009) and poor kidney filtration associated 

with clear cell renal cell carcinoma (Noonan et al., 2016). 

 

4.2 Development of vhl-phd3 pathway as a novel test-bed for CRISPRi.  

Since CRISPR interference was a new technique in zebrafish, it was necessary 

to first optimise the technique for application on tmem33. I therefore employed 

the Von Hippel-Lindau gene (vhl ) as a positive control to optimise CRISPR 

interference, due to the ease of identifying successful knockdown using an 

established transgenic reporter of hypoxic signalling, Tg(phd3:egfp), which 

expresses GFP under the control of the phd3 promoter (Santhakumar et al., 

2012; van Rooijen et al., 2009). Loss of VHL protein (pVHL) induces activation of 

the hypoxia pathway (Santhakumar et al., 2012; van Rooijen et al., 2009) and 

previous studies have shown an induction of phd3:egfp fluorescence using vhl 

morpholino knockdown (Santhakumar et al., 2012; van Rooijen et al., 2009). The 

von-Hippel Lindau protein (pVHL) regulates the physiological response to 

hypoxia. In normoxic conditions, it binds to the hypoxia inducible factor-1 alpha 

subunit (HIF-1 Ŭ), ubiquitinating it and tagging it for degradation. In hypoxic 

conditions, pVHL does not bind HIF-1 Ŭ, which then forms a complex with HIF-1 

ɓ and activates target gene expression.  
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A vhl gRNA (designed by Dr. Freek van Eeden and hereafter termed vhl-gRNA-

1) targets exon 1 of vhl. Injection of vhl-gRNA-1 alongside the Cas9 edonuclease 

results in mutagenesis within the coding region of vhl. Vhl-gRNA-1 was targeted 

to a region which contains the sequence for the restriction enzyme, BslI. Co-

injection of vhl-gRNA-1 and Cas9 inducces genomic mutation at high efficiency, 

which is tested for by performing a PCR amplification of the surrounding genomic 

region and performing restriction digestion using BslI (data not shown). If BslI 

does not cut the DNA, a mutation has taken place. While CRISPRi gRNA design 

guidelines in zebrafish were unclear, it has been suggested that gRNAs designed 

less than 400 bp downstream of the transcriptional start site function the most 

effectively, in vitro (Mohr et al., 2016; Radzisheuskaya et al., 2016). The target 

sequence for vhl-gRNA-1 resided within the first exon and was fewer than 350bp 

downstream of the transcriptional start site (Figure 4.1 A). I therefore tested vhl-

gRNA-1 for use in CRISPR interference. 
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Figure 4.1. Schematic representation of vhl gRNA superimposed on vhl genomic sequence (A) vhl-gRNA-1 targets the first exon of vhl. Text highlighted in red 

represents untranslated regions, blue represents exons, grey represents introns and green highlights the vhl-GNRA-1 binding site. (B) vhl-gRNA-1 sequence. Green 

highlighted text represents the vhl target sequence (Target sequence: CGTATCCGGCTGATCAGAGAC). 
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4.1.1. Using vhl loss-of-function to optimise CRISPRi. 

To begin utilising CRISPRi as a technique for global gene knockdown, I first 

established the effective, non-toxic concentration of both gRNA and dCas9. I 

injected dCas9 into embryos from 250pg/nl through to 1ng/nl and determined the 

proportion of embryonic lethality (Figure 4.2 A). At 250pg/nl over 80% of embryos 

survived, while the number of embryos which survived dropped at each 

successive dose tested. Therefore, 250pg/nl was selected as the optimal 

concentration, which is similar to concentrations used previously (Rossi et al., 

2015). Next, the vhl gRNA was injected alone into wild type embryos. Around 

60% of embryos survived at 500pg/nl, 1ng/nl and 1.5ng/nl (Figure 4.2 B). I 

therefore selected 1ng/nl of gRNA.  

 

Figure 4.2 Embryonic survival is reduced at by injection of high concentrations of dCas9 

or gRNA. (A) Injection of dCas9 mRNA alone causes a dose-dependent increase in embryo 

death from 250pg/nl to 1ng/nl. (B) Injection of vhl-gRNA-1 alone also causes a dose-dependent 

increase in embryo death from 500pg/nl to 2ng/nl. 
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4.1.2. vhl CRISPRi efficiently activates hypoxic signalling  

Having established non-lethal concentrations of gRNA and dCas9 mRNA, I 

sought to ensure that dCas9 was catalytically inactive and therefore did not 

induce double strand breaks at these doses. CRISPRi knockdown using dCas9 

and vhl-gRNA-1 was performed alongside mutagenesis using active Cas9, which 

destroys a BslI restriction site. Amplification of the vhl target region by PCR 

followed by digestion with BslI confirmed that dCas9 is unable to cause DNA 

double strand breaks and functions as described previously (Rossi et al., 2015) 

(Figure 4.3).  

 

Figure 4.3 vhl-gRNA-1 induces double strand breaks when co-injected with active Cas9, 

but not with dCas9. vhl-gRNA-1 targets a BslI restriction enzyme site. Co-injection of vhl-gRNA-

1 with active Cas9 endonuclease mutates the restriction site. Co-injection with dCas9 does not 

destroy the restriction site, confirming that dCas9 does not induce double strand DNA breaks in 

zebrafish embryos. 
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I employed Tg(phd3:eGFP) larvae to determine the efficacy of vhl knockdown by 

CRISPRi compared to de novo mutation of vhl  by co-injection of vhl-gRNA1 with 

Cas9 protein. Ubiquitous activation of GFP was observed in Tg(phd3:eGFP) 

embryos following co-injection of vhl-gRNA1 with either dCas9 mRNA or Cas9 

protein (Figure 4.4 A-C). Embryos displayed varying levels of GFP fluorescence 

and were broadly grouped into three categories: GFP high, GFP low and GFP 

negative (Figure 4.4 A-C). I quantified the frequency of GFP negative, GFP low 

and GFP high embryos in uninjected controls, embryos injected with vhl gRNA1 

(hereafter, embryos in which CRISPRi has been performed will be termed 

ñcrispantsò, while injected mutagenized embryos will be termed ñde novoò 

mutants.) and dCas9 and embryos injected with vhl gRNA1 and Cas9 protein 

between embryonic days 1-3 (Figure 4.4 D-F). While a small number of embryos 

(<5%) showed increased GFP expression in uninjected controls, in both CRISPR 

knockout and CRISPRi knockdown more than half of injected embryos which 

carried the Tg(phd3:eGFP) transgene displayed increased GFP expression 

between days1-3 (Figure 4.4 D-F). However, compared to vhlgRNa + Cas9 

protein, for which the proportion of GFP high and GFP low embryos remained 

consistent throughout the three days analysed, CRISPRi embryos displayed an 

increase in the proportion of embryos which displayed high levels of GFP 

fluoresence between day 1 and day 2 (Figure 4.4 D, E), and this began to 

decrease from day 3 to day 5 (Figure 4.4, F-G). This suggests CRISPRi acts 

transiently before gRNAs degrade, or become too diffuse through subsequent 

rounds of cell division to effectively knockdown gene expression. 
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Figure 4.4 vhl CRISPRi knockdown transiently activates phd3:eGFP expression. (A-C) CRISPRi knockdown of vhl increases GFP fluorescence in Tg(phd3:GFP) 

embryos. Examples are shown at 48 hpf and reflect GFP negative (A), GFP low (B) and GFP high (C) categories. All three examples were taken from embryos 

following CRISPRi knockdown and comparable embryos were observed using CRISPR-Cas9 de novo mutagenesis. (D-F) Activation of fluorescent phd3:GFP reporter  

increases in efficiency between 24 and 48 hpf, but begins to decrease in efficiency between 48 hpf and 120 hpf. CRISPR/Cas9 de novo knockout remains consistent 

for all five days.  
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4.3 Knockdown of vhl induces angiogenic branching defects and kidney 

filtration defects 

Vhlhu2117 mutants display excessive angiogenesis from 3 dpf onwards, due to 

increased VEGF signalling (van Rooijen et al., 2010), which can be rescued by 

inhibiting blood flow (Watson et al., 2013). Recent observations in vhl mutant 

embryos described kidney filtration defects (Noonan et al., 2016). Having 

established activation of the phd3:eGFP reporter, I next examined whether well 

established vhl loss of function phenotypes were induced by CRISPRi. To 

determine whether vhl knockdown could induce increased angiogenesis as 

observed in vhlhu2117 mutants (van Rooijen et al., 2010), I performed vhl CRISPRi 

in Tg(fli1a:EGFP)y1 embryos alongside both vhl mutagenesis using Cas9 protein 

and observation of mutants from a Tg(fli1a:EGFP)y1;vhlhu2117/+ heterozygous 

incross. 

 

Tg(fli1a:EGFP)y1;vhlhu2117/+ embryos were observed at 5 dpf and imaged above 

the cloaca. While vhl mutants clearly displayed clear excessive angiogenesis 

around the DLAV, compared to controls (Figure 4.5 A, B, E), the phenotype was 

less pronounced in both de novo vhl mutants and in vhl CRISPRi knockdown 

(Figure 4.5 C, D, E). vhl CRISPRi moderately induced ectopic angiogenesis at 

the site at which ISVs form the DLAV and which was more pronounced in de novo 

mutants. Proportionally, fewer embryos displayed a phenotype using CRISPRi 

(Figure 4.5 E), in keeping with indications that CRISPRi efficiency decreases 

beyond 3 dpf (Figure 4.4). 
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Figure 4.5 vhl CRISPRi knockdown indices mild ectopic angiogenesis at 120 hpf. (A-D) vhl 

CRISPRi knockdown causes ectopic angiogenesis around the DLAV (D), which is less 

pronounced than both vhl mutants (D) and de novo vhl mutants (C). (E) Compared to controls, 

both de novo mutants and CRISPRi knockdown embryos display more embryos with mild or 

severe phenotypes. Black represents no phenotype, dark grey represents a mild phenotype and 

light grey represents a severe phenotype. 

 

In vhl mutants, impaired kidney filtration has been demonstrated using the 

lipophilic fluorescent dye, BODIPY 493/503, to quantify lipid density within the 

pronephric tubules. Vhl mutants display increased pronephric lipid density 

compared to controls, as indicated by increased BODIPY fluorescence (Noonan 
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et al., 2016). I applied this approach to vhl CRISPRi, using vhl mutants and 

uninjected embryos as controls. 

 

Fluorescence was measured in each embryo and groups were compared. Both 

vhlhu2117 mutants and vhl CRISPRi showed significant increases in mean 

fluorescence intensity (Figure 4.6 B-D), compared to uninjected controls (Figure 

4.6 A, D). Mean pronephric fluorescence intensity was greater in vhlhu2117 

mutants, indicating increased Vhl function vhl CRISPRi embryos than in vhlhu2117 

mutants, as previously shown (Figure 4.4; Figure 4.5). Taken together these data 

indicate that CRISPRi reliably inhibits gene function in zebrafish embryos. 

 

Figure 4.6 vhl CRISPRi knockdown induces kidney filtration defects comparable with vhl 

mutants. (A-D) vhl CRISPRi knockdown causes kidney filtration defects comparable to 

vhlhu2117/hu2117 mutants. Both mutants and knockdown embryos display significantly increased 

fluorescence intensity compared to controls. Yellow boxes indicate region of interest which was 

quantified. 
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4.4 Development of tissue-specific CRISPRi as a tool to conditionally 

modulate gene expression. 

Conditional gene knockout has recently been achieved in zebrafish using tissue 

specific expression of active Cas9 (Ablain et al., 2015). However, this approach 

generates highly mosaic embryos harbouring distinct mutations, harmful or 

otherwise, in different cells of the embryo. I therefore hypothesised that by 

utilising a similar approach and expressing dCas9 under the control of tissue 

specific promoters, I could, achieve tissue-specific knockdown. Since knockdown 

of vhl or tmem33 induce abnormal kidney and vascular development, I generated 

transgenic constructs to drive dCas9 expression from under the control of the 

endothelial specific fli1a (Villefranc et al., 2007) and kidney specific enpep (Seiler 

and Pack, 2011) promoters. I hypothesised that by using this approach, I would 

be able to determine whether the observed vascular and kidney phenotypes in 

vhl and tmem33 knockdown arise due to loss of gene function within those 

tissues. 

 

Initial attempts to label dCas9 by fusion to a fluorophore were unsuccessful and 

reduced knockdown efficacy or low fluorescence were encountered (data not 

shown). Therefore I employed a dominant marker for transgenesis. Since 

endothelial cells and kidney cells were under study I selected, cryaa:CFP to allow 

visualisation of transgene integration since this labels the lens with CFP (Durdu 

et al., 2014; Zou et al., 2015) (Figure 4.7). 
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Figure 4.7 Schematic representation of tissue-specific CRISPRi constructs. (A) Construct 

to drive dCas9 expression in endothelial cells under the control of the fli1a promoter. (B) Construct 

to drive dCas9 expression in kidney cells under the control of the enpep promoter. In each 

construct the cryaa promoter drives CFP in the eye as a positive control for transgenesis. 

 

4.4.1 Developing kidney specific gene knockdown by CRISPRi: vhl is 

required in a tissue specific manner for normal kidney function 

To determine whether my enpep:dCas9 construct facilitated transient knockdown 

of vhl within the kidney, I exploited the Tg(phd3:GFP) transgenic reporter. 

Embryos were injected with the enpep:dCas9 construct alongside Tol2 

transposase mRNA to facilitate transgenesis, and vhl-gRNA-1 or a control gRNA. 

Control gRNA was designed using the targeting sequence for vhl-gRNA-1, but 

lacked the Cas9 binding element of the RNA (see Table 2.3). Embryos injected 

with the enpep:dCas9 plasmid and vhl-gRNA-1 displayed clear upregulation of 

GFP in the pronephric tubules (Figure 4.8 B, D white arrowheads) and developing 

glomeruli (Figure 4.8 D red arrowheads). GFP expression was also observed in 

the neural tube, suggesting the promoter is not entirely specific to the kidney 

(Figure 4.8 B blue arrowhead). However, the clearest upregulation of phd3:GFP 

occurred in the kidney, suggesting the kidney was the tissue in which vhl 

knockdown was most effective. 
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Figure 4.8 Tissue-specific knockdown of vhl by CRISPRi increases GFP in the kidney of 

Tg(phd3:GFP) embryos. (A-D) Kidney-specific vhl CRISPRi upregulates phd3:gfp 

fluoresecence in the pronephros (blue arrowheads) and developing glomeruli (red arrowheads). 

Embryos also display ectopic upregulation of phd3:gfp, particularly in neural tissues (blue 

arrowhead). 

 

Having shown that it was possible to upregulate GFP in a kidney-specific manner 

via CRISPRi in Tg(phd3:GFP) embryos, I applied kidney-specific CRISPRi 

knockdown to examine whether the kidney filtration defect observed in both vhl 

mutants and following global knockdown of vhl by CRISPRi occured cell 

autonomously. Fertilised eggs were injected with the enpep:dCas9 plasmid and 

vhl-gRNA-1 before incubation with BODIPY 493/503 dye. Embryos displayed a 

dose-dependent increase in BODIPY fluorescence (Figure 4.9 A-C), with 

embryos injected with 2nl of 25pg/nl plasmid, 250pg/nl Tol2 and 1ng/nl vhl-gRNA-
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1 displaying significantly greater fluorescence than controls, while 1nl injections 

were not sufficient to cause a significant increase in fluorescence (Figure 4.9 D). 

 

Figure 4.9 Kidney-specific knockdown of vhl by CRISPRi is sufficient to induce kidney 

filtration defects observed following global knockdown of vhl by CRISPRi. (A-D) Kidney-

specific vhl CRISPRi induces a dosage dependent increase in BODIPY 493/503 fluorescence 

intensity, with the highest dose being significant. 

 

4.5 Knockdown of tmem33 using CRISPR interference reduces tmem33 

mRNA expression and induces vascular and kidney defects.  

I established CRISPRi and tissue-specific CRISPRi as an effective means of 

knockdown, using vhl as a test bed. I next sought to apply the same approaches 

to tmem33, to determine whether CRISPRi knockdown could recapitulate the 

vascular and kidney abnormalities induced by morpholino knockdown. Guide 
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RNAs were designed to target tmem33 before and after the translation start site 

to enable them to be used in tandem. One guide targeted the 5ôUTR, while the 

second targeted the coding sequence just downstream of the translation start site 

(Figure 4.10). 

 

Figure 4.10 Guide RNA design for tmem33.  tmem33 exon 1-3 are shown in blue for coding 

sequence and red for untranslated regions. Grey represents intronic DNA and green represents 

gRNA target sequences. 

 

To confirm that the gRNAs designed for tmem33 functioned as expected, I 

injected embryos with dCas9 and tmem33 gRNAs. These were then fixed and in 

situ hybridisation for tmem33 mRNA was performed. Embryos subject to tmem33 

CRISPRi displayed a reduction in staining for tmem33, suggesting CRISPRi 

reduces transcription and the gRNAs function as expected (Figure 4.11). 

Although embryos displayed a reduction in mRNA (Figure 4.11 B), a complete 

loss of mRNA was not observed, indicating a reduction, but not abrogation of 

expression. This was present in roughly 60% of embryos, which is comparable to 
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the proportion of embryos displaying vhl knockdown, shown previously (Figure 

4.4). Knockdown of tmem33 by CRISPRi was confirmed by qPCR  and a mean 

knockdown of around 70% observed, indicating this was a robust procedure to  

knockdown tmem33 expression (Figure  4.13 C). 

 

Recent studies have suggested that morpholino knockdown causes off-target 

effects, including the upregulation of p53 expression (Kok et al., 2014; Rossi et 

al., 2015). To determine whether tmem33 knockdown by both morpholino and 

CRISPRi induce p53, I performed qRT-PCR on batches of embryos in which 

tmem33 had been knocked down by either morpholino or CRISPRi. While 

tmem33 morphants displayed a significant increase in p53 expression, tmem33 

crispants did not (Figure 4.11 D), indicating that tmem33 CRISPRi induces fewer 

off-target effects than morpholinos.  

 

I next analysed the effects of tmem33 CRISPRi knockdown on endothelial and 

kidney development. tmem33 was knocked down in Tg(fli1a:AC-TagRFP)sh511 

embryos. Injected embryos were analysed at 52 hpf, to determine whether DLAV 

formation was compromised. Embryos displayed vascular branching defects 

including poorly developed ISVs and DLAV malformations (Figure 4.11 E-G), 

recapitulating the morpholino phenotype observed previously (Figure 1.2). 

tmem33 morphants develop glomerular distension from 52 hpf onwards (Figure 

3.9). Furthermore, comparably to morphant kidney phenotypes, tmem33 

crispants displayed glomerular expansion at 52 hpf (Figure 4.11 H-J). 

These data indicate that CRISPRi knockdown of tmem33 is sufficient to induce 

development of glomerular and vascular defects, similarly to morpholino 
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knockdown, while at the same time, tmem33 knockdown does not induce p53 

upregulation, suggesting fewer off-target effects take place. 

 

 

Figure 4.11  tmem33 CRISPRi recapitulates tmem33 morpholino phenotypes (A-B) tmem33 

CRISPRi injected embryos display reduced tmem33 expression by in situ hybridisation (black 

arrowhead indicates developing pronephros). (C) tmem33 expression is significantly reduced 

following CRISPRi (unpaired t-test *p=<0.05). (D) Induction of p53 expression is reduced in 

tmem33 crispants in comparison to tmem33 morphants (one-way ANOVA **p=<0.01). (E-G) 

tmem33 CRISPRi injected Tg(fli1a:AC-TagRFP)sh511 embryos display angiogenic defects (white 

arrowheads) at 52 hpf, compared to controls (mild phenotype = <3 angiogenic defects; severe ²3 

angiogenic defects; unpaired t-test  ****p=<0.0001). (H-J) tmem33 CRISPRi increases glomerular 

size similar in tmem33 crispants (white arrowheads) in Tg(-26wt1b:eGFP)li1 embryos (unpaired 

t-test ****P=<0.0001).  
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4.6 tmem33 overexpression rescues tmem33 crispant phenotype. 

To confirm that the vascular phenotype observed in tmem33 crispants was due 

to loss of tmem33 function, I simultaneously overexpressed tmem33 in tmem33 

crispants to determine whether it was able to rescue the CRISPRi phenotype. 

While tmem33 knockdown alone significantly increased angiogenic 

abnormalities, overexpression of tmem33 alone did not (Figure 4.12, B, C, E). 

Furthermore, simultaneous knockdown and overexpression did not significantly 

increase the frequency of angiogenic defects, compared to controls (Figure 4.12 

A, E). Significantly fewer angiogenesis defects were observed in simultaneous 

knockdown and overexpression compared to knockdown alone (Figure 4.12 D, 

E). Collectively this demonstrates that aberrant angiogenesis observed following 

tmem33 knockdown is not due to off-target effects, but loss of tmem33 function.  
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Figure 4.12 tmem33 CRISPRi-induced defects can be rescued by overexpression of full-

length tmem33 mRNA (A-D) tmem33 CRISPRi-induced angiogenic defects (C) are reduced 

when full-length tmem33 mRNA is simultaneously overexpressed (D) (white arrowheads). 

tmem33 overexpression alone is not sufficient to cause angiogenic defects (B). (E) Angiogenic 

defects observed in tmem33 overexpression and simultaneous overexpression and knockdown 

are not significantly increased compared to controls, while tmem33 knockdown alone is 

significantly increased. (One-way ANOVA with post-hoc Dunnettôs test, *p=<0.05). 

 

 

 



 158 

4.7 tmem33 knockdown by CRISPRi attenuates endothelial calcium 

oscillations. 

I next performed tmem33 CRISPRi knockdown on 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos to determine whether 

CRISPRi was sufficient to impair calcium signalling, as observed in morpholino 

knockdown. tmem33 crispants displayed reduced endothelial calcium 

oscillations, with fewer regions of intensity observed in sprouting SeAs  compared 

to controls (Figure 4.13 A, C). This correlated with observed changes in 

fluorescence over time and the overall frequency of calcium oscillations (Figure 

4.13 B, D, E). Therefore tmem33 CRISPRi is sufficient to recapitulate reduced 

calcium oscillations induced by morpholino knockdown. These data further 

indicate that tmem33 is required for endothelial calcium signalling during 

sprouting angiogenesis. 
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Figure 4.13 tmem33 CRISPRi reduces endothelial calcium signalling frequency. (A-D) (A, 

C) Maximum projection over time, displaying regions of increased calcium signalling. Regions of 

the highest levels of calcium signalling are in yellow, while regions of low calcium signalling are 

in dark blue. tmem33 crispants display reduced calcium signalling in endothelial tip cells 

(arrowheads). (B, D) Intensity trace peak colours correspond to coloured arrowheads in (A) and 

(C). (D) tmem33 crispants display a significant decrease in calcium oscillation frequency per 

embryo overall (unpaired t-test, ***p=<0.001). 
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4.8 tmem33 knockdown by CRISPRi reduces endothelial filopodia 

dynamics and number 

tmem33 morphants display delayed angiogenesis and reduced endothelial 

filopodia numbers (Figure 1.8 and Figure 3.12). To determine whether endothelial  

malformations observed in tmem33 crispants were due to reduced F-actin 

dynamics, and whether crispants fully recapitulate the morphant phenotype, I 

performed tmem33 CRISPRi in Tg(fli1a:LifeACT-mClover)sh467 embryos. 

tmem33 crispants displayed reduced endothelial filopodia compared to controls 

(Figure 4.14 A-B, black arrowheads, C). Furthermore, filopodial length was 

significantly reduced, indicating a reduction in F-actin-dependent cellular 

extensions (Figure 4.14 D). These data confirm that tmem33 is required for 

endothelial filopodia formation, as previously observed following morpholino 

knockdown. 
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Figure 4.14 tmem33 CRISPRi reduces endothelial filopodia numbers during sprouting 

angiogenesis (A-B) tmem33 CRISPRi causes angiogenic delays and a reduction in endothelial 

filopodia in Tg(fli1a:LifeACT-mClover)sh467 embryos (black arrowheads). (C-D) Significantly 

fewer filopodia are observed and observed cellular extensions are reduced in length (unpaired t-

tests, **p=<0.01, *8*p=<0.001). 
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4.9 Transient knockdown of tmem33 by tissue-specific CRISPRi can 

uncouple kidney and vascular defects. 

I next sought to determine whether tmem33 is required specifically in endothelium 

and kidney during development. I therefore performed transient tissue-specific 

knockdown in endothelial and kidney cells using constructs driving dCas9 

expression under the control of the fli1a and enpep promoters, respectively 

(Figure 4.7). An intercross of Tg(fli1a:AC-TagRFP)sh511 and Tg(-

26wt1b:eGFP)li1 lines was performed and progeny with RFP positive vasculature 

and GFP positive kidney were injected with plasmids driving dCas9 within 

endothelial or kidney cells (Figure 4.7) alongside either control gRNA or tmem33 

gRNAs. Embryos were imaged at 55 hpf. 

 

While embryos injected with tmem33 control gRNAs were morphologically normal 

(Figure 4.15 A, C, E, G), endothelial-specific tmem33 knockdown induced 

angiogenic patterning defects but not glomerular expansion (Figure 4.15 B, F) 

and kidney-specific knockdown caused glomerular expansion, but not vascular 

malformations (Figure 4.15 D, H). When vascular abnormality was quantified, 

transient tmem33 EC-specific knockdown induced a significant number of mild or 

severe vascular defects (Figure 4.15 I). Conversely, transient tmem33 kidney-

specific knockdown displayed expanded glomeruli (Figure 4.15 J).  These data 

indicate that tmem33 is required within endothelial cells for normal angiogenesis 

and kidney cells for normal pronephric development  
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Figure 4.15 Transient tissue-specific tmem33 CRISPRi induces defects during 

angiogenesis and kidney development independently at 55 hpf (A-H) (A, C, E, G) Transient 

endothelial and kidney dCas9 expression does not cause vascular or glomerular defects when 

co-injected with control gRNAs. (B, F) Endothelial-specific tmem33 knockdown induces vascular 

defects, but not kidney defects. (D, H) Kidney-specific tmem33 knockdown causes glomerular 

expansion but does not affect vascular patterning. (I) Only endothelial-specific tmem33 

knockdown induces vascular defects (Two-way ANOVA ****p=<0.0001). (J) Only kidney-specific 

tmem33 knockdown causes glomerular expansion (One-way ANOVA with post-hoc Dunnettôs test 

****p=<0.0001). 

 

4.10 Transient knockdown of tmem33 using tissue specific CRISPRi is 

comparable to global tmem33 knockdown by morpholinos or global 

CRISPRi. 

To determine whether tissue-specific knockdown was as effective as global 

knockdown, I compared phenotypes induced by transient knockdown to both 

I J 
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global tmem33 CRISPRi and global knockdown via morpholinos. Again, an 

intercross of Tg(fli1a:AC-TagRFP)sh511 and Tg(-26wt1b:eGFP)li1 lines was 

performed  to differentially label the developing vasculature and kidney and 

embryos were injected with either global control CRISPRi, tmem33 morpholinos, 

global tmem33 CRISPRi, EC-specific tmem33 CRISPRi or kidney-specific 

tmem33 CRISPRi. At 55 hpf, frequency of abnormal vascular branching events 

and glomerular area were quantified. 

 

Knockdown of tmem33 by morpholino induced both the greatest number of 

vascular defects and the greatest increase in glomerular area, while global 

CRISPRi and tissue specific CRISPRi induced comparable vascular defects and 

glomerular expansion (Figure 4.16 A-B). The greater phenotypic severity of 

morphants may in part be due to the increased off-target effects of morpholinos 

in comparison to CRISPRi (Figure 4.11). These data suggest that tissue-specific 

knockdown is comparable to global knockdown with regards to efficacy and 

reinforces my data indicating that the vascular and kidney phenotypes induced 

by global tmem33 knockdown are caused by loss-of-function of tmem33 in these 

tissues. 
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Figure 4.16 Transient tissue-specific tmem33 CRISPRi induces both vascular and kidney 

developmental defects comparable to global knockdown. (A) Global knockdown by 

morpholino and CRISPRi, as well as endothelial-specific tmem33 knockdown induce vascular 

defects, while control CRISPRi and kidney-specific CRISPRi do not (Two-way ANOVA 

****p=<0.0001). (B) Global knockdown by morpholino and CRISPRi, as well as kidney-specific 

tmem33 knockdown induce glomerular expansion, while control CRISPRi and endothelial-specific 

CRISPRi do not (One-way ANOVA ****p=<0.0001). 

 

4.11 Generation of a stable Tg(fli1a:dCas9,cryaa:CFP)sh512 transgenic 

zebrafish line 

Transient tissue-specific knockdown can be used to determine whether a gene is 

required during development in a tissue-specific manner. However, transient 

knockdown relies on mosaic integration of plasmids into the host embryo 

genome. If transgene integration occurs after the single-cell stage, embryos 

mosaically express transgenes, leading to the possibility that neighbouring cells 

may not express the same transgene, or express it at the same level. Therefore, 

to overcome this variability and control the level of dCas9 expression, I raised 

cryaa:CFP+ embryos injected with the fli1a:dCas9;cryaa:CFP plasmid to 

adulthood. Embryos were raised in Tg(kdrl:HRAS-mCherry-CAAX)s916  and 

Tg(fli1a:EGFP)y1 transgenic backgrounds to label the developing endothelium 
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with different fluorphores, in addition to a non-transgenic background to facilitate 

intercrosses with other transgenic reporters. 

 

Following the establishment of transgenic lines expressing the fli1:dCas9 

transgene, I screened the F1 progeny using in situ hybridisation to determine 

whether dCas9 was expressed specifically in endothelial cells. An outcross was 

performed and embryos were selected according to the presence or absence of 

cryaa:CFP fluorescence. Founders were identified whose progeny expressed 

dCas9 in endothelial cells, in both SeAs (Figure 4.17 A, black arrowheads) and 

the dorsal aorta (Figure 4.17 A, red arrowhead). At this time point, cryaa is not 

expressed, meaning selection by eye colour is impossible. However, around 50% 

of embryos selected displayed endothelial enrichment, suggesting a single copy 

was transmitted. At 50 hpf, expression within the endothelium was maintained in 

cryaa:CFP+ embryos (Figure 4.17 C), but not in cryaa:CFP- embryos (Figure 4.17 

B), confirming that the presence of cryaa:CFP fluorescence is an indicator of 

fli1a:dCas9 expression. This transgenic line was designated 

Tg(fli1a:dcas9;cyraa:CFP)sh512. 
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Figure 4.17 Tg(fli1a:dCas9,cryaa:CFP)sh512embryos express dCas9 in endothelial cells. 

(A) dCas9 expressed is enriched in endothelial cells in Tg(fli1a:dCas9,cryaa:CFP)sh512embryos 

at 26 hpf in the dorsal aorta (red arrowhead) and SeAs (black arrowheads). (B) In 50 hpf 

Tg(fli1a:dCas9;cryaa:CFP)sh512, cryaa:CFP- embryos, no expression is observed in the dorsal 

aorta or ISVs. However trapping is observed in the notochord (blue arrowhead). (C) dCas9 

expressed is enriched in endothelial cells in Tg(fli1a:dCas9;cryaa:CFP)sh512, CFP+, embryos at 

50 hpf in the dorsal aorta (red arrowhead) and ISVs (black arrowheads). Trapping in the notochord 

is observed at this stage (blue arrowhead). 

 

4.12 Endothelial specific dll4 knockdown by CRISPRi in stable 

Tg(fli1a:dcas9;craa:CFP)sh512 transgenics induces aberrant DLAV 

patterning. 

Having identified stable dCas9 expression in Tg(fli1a:dCas9,cryaa:CFP)sh512 

embryos, I next sought to perform EC-specific dll4 knockdown, since the dll4 loss 

of function phenotype is well-characterised in zebrafish and this would serve as 

a positive control as to whether the transgenic functions as expected (Suchting 

et al., 2007; [CSL STYLE ERROR: reference with no printed form.]). I performed 

EC-specific dll4 knockdown by CRISPRi in an intercross between 

Tg(fli1a:dCas9,cryaa:CFP)sh512 and Tg(flia1:EGFP)y1 transgenic lines and 

raised embryos until 3 dpf to analyse vascularisation around the DLAV. At 48 hpf, 

I separated cryaa:CFP+ and cryaa:CFP- embryos. I observed an increased DLAV 

diameter in cryaa:CFP+ embryos at 3 dpf (Figure 4.18 B, white arrowheads), 

whereas cryaa:CFP- embryos did not display this (Figure 4.18 A, white 
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arrowheads). I measured the diameter of the DLAV at the widest point and found 

that cryaa:CFP+  embryos displayed a significant increase in DLAV diameter 

compared to cryaa:CFP- embryos (Figure 4.18 C). 

 

 

Figure 4.18 Tissue-specific dll4 CRISPRi increases DLAV vascularisation (A-B) dll4 EC-

specific crispants display increased vascularisation around the DLAV from 3 dpf (white 

arrowheads), indicating increased angiogenesis. (C) DLAV area is significantly increased in dll4 

EC-specific crispants (unpaired t-test, ***p=<0.001). 

 

4.13 Endothelial specific knockdown of tmem33 by CRISPRi in stable 

Tg(fli1a:dcas9;craa:CFP)sh512 transgenics induces vascular branching 

defects but not glomerular expansion. 

To determine whether sufficient knockdown could be performed in stable 

Tg(fli1a:dcas9,cyraa:CFP)sh512 transgenic zebrafish, I injected tmem33 gRNAs 

into Tg(fli1a:dcas9,cyraa:CFP);Tg(fli1a:EGFP)y1 embryos. Embryos did not 

display cryaa:CFP expression by 30 hpf since this promoter is active from 48hpf. 

Therefore embryos were selected blindly and ISV length was quantified, before 

separating the fish to determine genotype by cryaa:CFP fluorescence 

retrospectively after 48 hpf. tmem33 crispants displayed significantly reduced 

SeA length (Figure 4.19, white arrowheads, C), indicating reduced EC migration 

compared to controls, in which more SeAs had completed dorsal migration 
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(Figure 4.19 A-B, yellow arrowheads; C). At 53 hpf, embryos were selected for 

the presence or absence of cryaa:CFP fluorescence. cryaa:CFP- embryos 

displayed no angiogenic defects and had completed DLAV anastomosis, with a 

continuous DLAV (Figure 4.19 D, yellow arrowhead). Cryaa:CFP- embryos also 

displayed normal development of parachordal lymphangioblasts (Figure 4.19 D, 

red arrowhead). In contrast, cryaa:CFP+ embryos displayed incomplete 

anastomosis (Figure 4.19 E, yellow arrowhead), misbranched ISVs (Figure 4.19 

E, white arrowhead) and an absence of parachordal lymphangioblasts (Figure 

4.19 E, red arrowhead), as previously demonstrated in tmem33 morphants 

(Figure 1.9). Quantification of total DLAV length revealed a significant reduction 

in CFP+ embryos (Figure 4.19 F). Next, to determine whether knockdown 

occurred within non-endothelial cells in  Tg(fli1a:dCas9,cryaa:CFP)sh512 

embryos, I injected tmem33 gRNAs into progeny from an intercross of 

Tg(fli1a:dCas9,cryaa:CFP)sh512 x Tg(-26wt1b:EGFP)li1 zebrafish to label the 

developing kidney. Embryos were raised to 55 hpf and selected for the presence 

or absence of cryaa:CFP expression. Glomeruli were imaged and quantified and 

no significant difference in glomerular area was observed between cryaa:CFP+ 

or cryaa:CFP- embryos (Figure 4.19 G-I), indicating that tmem33 knockdown 

within Tg(fli1a:dCas9,cryaa:CFP)sh512 embryos is sufficient only to induce 

vascular defects. Collectively this demonstrates that generation of stable 

transgenic lines in which dCas9 expression is driven under control of tissue type-

specific promoters is a viable method by which to conditionally abrogate gene 

function.  
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Figure 4.19 Tissue-specific tmem33 CRISPRi induces vascular developmental defects but 

not glomerular expansion. (A-B) tmem33 crispants display more delayed SeAs (white 

arrowheads) than SeAs beginning anastomosis (yellow arrowheads) than control embryos. (C) 

tmem33 crispant mean SeA length is significantly lower than controls (unpaired t-test 

***p=<0.001). (D-E) tmem33 crispants display impaired anastomosis (yellow arrowheads), 

collateral vessel formation (white arrowheads) and a lack of lymphatic vasculature (red 

arrowhead). (F) tmem33 crispant percentage DLAV anastomosis is significantly lower than 

controls (unpaired t-test *p=<0.05). (G-H) EC-specific tmem33 does not induce an increase in 

glomerular area in cryaa:CFP+ or cryaa:CFP- embryos. (I) No significant difference in tmem33 

crispant glomerular area is observed between CFP+ and CFP- embryos (unpaired t-test P, non-

significant). 
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4.14 tmem33 functions downstream of VEGF signalling during 

angiogenesis. 

To determine whether tmem33 may function downstream of VEGF signalling 

during angiogenesis, I first asked whether tmem33 knockdown could suppress 

vegfa-mediated calcium signalling in developing SeAs. Calcium signalling is 

known to be activated downstream of VEGF signalling both in cell culture and in 

vivo (Yokota et al., 2015; Zadeh et al., 2009). Tmem33 localises to the ER (Figure 

3.3) and I have demonstrated that knockdown of tmem33 disrupts endothelial 

calcium signalling (Figure 3.7, Figure 4.13), suggesting tmem33 promotes 

endothelium calcium oscillations during angiogenesis. Furthermore, I have 

shown that overexpression of vegf165 mRNA increases calcium oscillation 

frequency (Figure 3.5). I therefore selected calcium signalling frequency as a 

metric to establish epistasis between VEGF signalling and tmem33. 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos were injected with vegf165 

mRNA, tmem33 CRISPRi or both vegf165 mRNA and tmem33 CRISPRi 

simultaneously and imaged at 26 hpf continuously for five minutes to quantify 

calcium signalling frequency. Embryos injected with vegf165 mRNA alone 

displayed an increase in calcium signalling frequency, compared to controls 

(Figure 4.20 A, B, I) and increased calcium signalling in stalk and dorsal aorta 

cells (Figure 4.20 B, white arrowheads), which do not display high levels of 

calcium signalling in control embryos (Figure 4.20 A). As previously shown 

(Figure 3.7; Figure 4.13), tmem33 knockdown reduced calcium signalling 

frequency (Figure 4.20 C, I) and reduced overall GCaMP fluorescence (Figure 

4.20 C). Overexpression of vegf165 mRNA in the presence of tmem33 knockdown 

by CRISPRi reduced calcium oscillations similar to tmem33 knockdown alone 

(Figure 4.20 C, D, I). These data suggest Tmem33 functions downstream of 
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VEGF signalling  and promotes VEGF-mediated calcium oscillations during 

angiogenesis. 

 

I next asked whether tmem33 knockdown could suppress vegfa-mediated 

proliferation of ECs within developing ISVs. Since VEGF functions as a mitogen, 

increased VEGF signalling increases EC proliferation. To determine whether 

Tmem33 functions downstream of VEGF signalling during EC proliferation in 

angiogenesis, I injected Tg(flk1:EGFP-NLS)zf109;Tg(kdrl:HRAS-mCherry-

CAAX)s916  embryos which label endothelial membrane with RFP and 

endothelial nuclei with GFP, with vegf165 mRNA, tmem33 morpholinos or both 

vegf165 mRNA and tmem33 morpholinos simultaneously. Embryos were imaged 

at 55 hpf and the mean number of ECs was quantified in 10 pairs of ISVs along 

the yolk cell extension. Control embryos displayed an average of 3 ECs per ISV 

(Figure 4.20 E, J), while embryos injected with vegf165 mRNA alone displayed a 

significant increase, to an average of 3.5 ECs per ISV (Figure 4.20 F, J). 

However, tmem33 knockdown in the presence or absence of vegf165 mRNA 

overexpression reduced EC numbers to an average of 2.5 ECs per ISV (Figure 

4.20 G, H, J), suggesting tmem33 functions downstream of VEGF signalling 

during EC proliferation. Furthermore, these data suggest that tmem33 mediates 

the effect of VEGF during EC proliferation within forming ISVs. 
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Figure 4.20 tmem33 functions downstream of VEGF during endothelial proliferation and 

the regulation of calcium signalling. (A-D) Overexpression of vegf165 mRNA causes increased 

endothelial calcium signalling, including ectopic stalk cell calcium signalling (B, white 

arrowheads), while tmem33 knockdown reduces endothelial calcium signalling (C). Reduced 

calcium signalling is also observed following simultaneous tmem33 knockdown and vegf165 

overexpression (D). (E-H) Overexpression of vegf165 mRNA increases ISV EC number (F, white 

numbers), while both tmem33 knockdown and simultaneous tmem33 knockdown and vegf165 

overexpression reduce EC number (G, H). (I) vegf165 overexpression causes a significant increase 

in calcium oscillation frequency compared to controls, while both simultaneous tmem33 

knockdown and simultaneous tmem33 knockdown and vegf165 overexpression significantly 

reduce calcium oscillation frequency (One-way ANOVA with Holm-Sidakôs corrections *p=<0.05). 

(J) EC number is significantly increased by vegf165 overexpression and significantly decreased by 

both simultaneous tmem33 knockdown and simultaneous tmem33 knockdown and vegf165 

overexpression significantly (One-way ANOVA with Holm-Sidakôs corrections *p=<0.05, 

**p=<0.01, ***p=<0.001). 

 

To determine whether tmem33 knockdown affects transcription of the VEGF 

signalling machinery, I analysed expression of the four zebrafish VEGF receptors 



 174 

vegfr1/flt1, vegfr2/kdr, vegfr3/flt4 and vegfr4/kdrl  by in situ hybridisation on both 

control embryos and embryos in which tmem33 had been knocked down by 

CRISPRi. No obvious difference was observed in expression of mflt1, sflt1, kdr 

or kdrl, suggesting that expression of these receptors are not affected by tmem33 

knockdown (Figure 4.21 A-F, I, J). However, flt4 displayed a clear reduction in 

staining (Figure 4.21 G, H), suggesting that tmem33 knockdown reduces flt4 

transcription. To further confirm that flt4 transcription, but not transcription of other 

VEGF receptors, was reduced following tmem33 knockdown, I performed qRT-

PCR on tmem33 morphants and crispants. Only flt4 displayed a significant 

reduction in transcription, when knocked down by morpholino, but not CRISPRi 

(Figure 4.21 K). These data suggest that tmem33 knockdown reduce expression 

of flt4. Since flt4 is essential for development of lymphatic vasculature (Joukov et 

al., 1996), this may explain why tmem33 knockdown inhibits formation of 

lymphatic vessels in zebrafish. Furthermore, flt4 is dispensable for SeA formation 

and therefore unlikely to account for primary angiogenic defects observed (Hogan 

et al., 2009). 
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Figure 4.21 tmem33 CRISPRi reduces expression of flt4, but not other VEGF receptors. (A-

J) In situ hybridisation shows that flt4 expression is downregulated within the PCV following 

tmem33 CRISPRi knockdown (H), but no other gene displays any clear change in expression 

compared to controls. (K) tmem33 knockdown does not significantly alter flt1, kdr or kdrl mRNA 

expression levels. However, flt4 expression is significantly reduced following tmem33 morpholino 

knockdown, but interestingly not by CRISPRi (Two-way ANOVA *P=<0.05). Numbers indicate 

proportion of embryos which displayed expression pattern. 



 176 

4.15 tmem33 promotes Notch signalling during angiogenesis 

Given that tmem33 mediates the response to VEGF and VEGF induces Notch 

signalling during angiogenesis (Phng and Gerhardt, 2009), I sought to determine 

epistasis between tmem33 and Notch signalling. I employed the 

Tg(CSLBS:Venus)qmc61 reporter, which accurately reports Notch signalling 

using expression Venus fluorescent protein driven by concatemers of  a binding 

site of the Notch target, CSL (Gray et al., 2013).  

 

At 28 hpf, no difference in the expression of Venus was observed in the notochord 

(Figure 4.22 A, B blue asterisk), neural tube (Figure 4.22 A, B blue arrowhead) 

and dorsal aorta (Figure 4.22 A, B red arrowhead) of control or tmem33 

morphants. This was verified by measuring mean pixel intensity of dorsal aortas, 

normalised to the yolk cell extension background fluorescence (Figure 4.22 C).  

However, by 48 hpf, reduced Venus expression in endothelial cells of tmem33 

morphants were observed compared to controls, both in the dorsal aorta (Figure 

4.22 D, E red arrowhead) and ISVs (Figure 4.22 D, E white arrowheads). 

Furthermore, reduced Venus expression was observed in the notochord and 

neural tube (Figure 4.22 D, E blue asterisk and blue arrowheads, respectively) of 

tmem33 morphants. This was also verified by quantification of mean aortic pixel 

intensity (Figure 4.22 F) 

 

To verify observed changes in Notch reporter fluorescence I assayed expression 

of components of Notch signalling using qPCR following tmem33 knockdown. I 

found that expression of multiple Notch ligands (notch1a, notch1b and notch3), 

receptors (dll4) and targets (hey1, hey2 and her12) were reduced by tmem33 
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knockdown using morpholino or CRISPRi (Figure 4.22 G-H). No significant 

difference in expression of Notch signalling components was observed at 26 hpf 

between control and tmem33 knockdown embryos (Figure 4.22 G-H), consistent 

with Notch reporter data (Figure 4.22 A-C). However, in accordance with 

observations in the Notch reporter, (Figure 4.22 D-F), components of Notch 

signalling were reduced at 48 hpf, via both CRISPRi and morpholino knockdown. 

This showed that tmem33 knockdown impaired expression of Notch signalling 

genes known to regulate angiogenesis, such as dll4, by 48 hpf (Suchting et al., 

2007; [CSL STYLE ERROR: reference with no printed form.]) (Figure 4.22 G-H). 

These data suggest that tmem33 promotes induction of Notch signalling in 

endothelial cells. 
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Figure 4.22 tmem33 knockdown reduces Notch signalling in the endothelium (A-B) At 28 

hpf, CSL:Venus fluorescence is observed in the neural tube (blue arrowhead), notochord (blue 

asterisk) and dorsal aortal (red arrowhead) in both control and tmem33 morphants. (C) Mean 

normalised aortic pixel intensity is not significantly affected  at 28 hpf (unpaired t-test, ns=non 

significant). (D-E) At 48 hpf, fluorescence is observed in the neural tube (blue arrowhead), 

notochord (blue asterisk), ISVs (white arrowheads) and dorsal aortal (red arrowhead) in control 

morphants. In tmem33 morphant, fluorescence is reduced in the dorsal aorta (red arrowhead) 

and ISVs (white arrowhead). (F) Mean normalised aortic pixel intensity is significantly reduced at 

48 hpf (unpaired t-test, *p=<0.05) (G-H) At 28 hpf, vasculature-enriched genes do not display 

significant changes in expression levels following tmem33 knockdown, either by CRISPRi or 

morpholino, but do display significantly decreased expression by 48 hpf (Two-way ANOVA 

*p=<0.05.  

 

4.16 tmem33 promotes endothelial MAPK/ERK signalling during 

angiogenesis 

The MAP Kinase signalling cascade is activated downstream of VEGF signalling 

(Deng et al., 2013b; Hong et al., 2006; Murakami et al., 2011; Shin et al., 2016) 

and regulates many aspects of EC physiology during angiogenesis, including EC 

proliferation and migration (McMullen et al., 2005; Meadows et al., 2001). ERK 

signalling induces expression of dll4 and flt4 in ECs (Shin et al., 2016). Since 

tmem33 functions downstream of VEGF and promotes Notch signalling, I 

examined whether induction of ERK was dependent upon tmem33 function. I 

knocked down tmem33 in Tg(fli1a:EGFP)y1 embryos using by CRISPRi and 

quantified phosphorylated ERK activity using whole-mount immunofluorescence. 

tmem33 crispants displayed reduced endothelial pERK staining (Figure 4.23 A). 

ECs displayed a significant reduction in normalised pERK fluorescence, 

indicating that MAP kinase signalling is reduced in ECs tmem33 knockdown 
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(Figure 4.23 B). This suggests that at least a partial requirement for calcium 

signalling exists upstream of ERK signalling. 

 

 

Figure 4.23 tmem33 CRISPRi reduces endothelial ERK phosphorylation. (A) tmem33 

CRISPRi knockdown reduces vascular pERK staining in Tg(fli1a:eGFP)y1 embryos. Top panels 

display fli1a:EGFP in green and pERK in grey. Middle panels display pERK in grey alone and 

bottom panels display pERK staining intensity using a lookup table in which regions of the highest 

levels intensity are yellow, while regions of low intensity are dark blue. (B) tmem33 CRISPRi 

significantly reduces normalised vascular pERK fluorescence intensity compared to controls 

(unpaired t-test **p=<0.01). 

 

4.17 Both flt4 and dll4 function downstream of calcium signalling 

Transcription of flt4 is upregulated downstream of ERK signalling (Shin et al., 

2016). Tmem33 knockdown reduces both endothelial calcium oscillations and 
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ERK phosphorylation (Figure 3.7; Figure 4.13; Figure 4.23). To exclude that flt4 

functions during primary sprouting angiogenesis, flt4 was knocked down in 

Tg(fi1a:gff)ubs3;Tg(uas:GCaMP7a)sh392 embryos. Time-lapse imaging was 

performed for 5 minutes and the frequency of calcium oscillations was quantified. 

 

I measured calcium oscillation frequency, averaged over 4 independent tip cells 

per embryo (Figure 4.24 A-B). I found that flt4 knockdown did not induce a 

significant change in calcium oscillation frequency (Figure 4.24 C). These data 

therefore suggest that flt4 does not function downstream of VEGF in calcium 

signalling during primary sprouting angiogenesis. This is consistent with data 

suggesting endothelial cells in which high levels of Notch signalling are present 

downregulate flt4 (Siekmann and Lawson, 2007).  

 

Figure 4.24 flt4 knockdown does not significantly affect calcium oscillation frequency. (A-

C) Control embryos display normal endothelial GCaMP7a fluorescence (A). Morpholino 

knockdown of flt4 (B) does not cause a significant change in calcium oscillation frequency 

(unpaired t-test, non-significant) (C). 

 

 

 
























































































































