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1 Abstract 

 
Epithelioid hemangioendothelioma (EHE) is a rare sarcoma of the endothelial cells lining the blood 

vessels. 90% of cases show a translocation resulting in the TAZ-CAMTA1 fusion protein, and 10% 

have a translocation resulting in the YAP1-TFE3 fusion. Although EHE is rare, it is driven by 

constitutively activated YAP/TAZ signalling. Hippo is a vital pathway involved in many cancers, 

hence any breakthroughs here may also have significant implications for other cancers. As there are no 

specific treatments for EHE, there is a great need for in vivo models. 

 

I aimed to create a TAZ-CAMTA1 and a YAP1-TFE3 zebrafish model to further characterise EHE. I 

initially created a TAZ-CAMTA1 model but found that although TAZ/CAMTA1 target genes were 

induced, expression levels of the oncogene were low, and unexpectedly, transcription stopped early in 

CAMTA1, exon 15. In an attempt to promote tumour formation in this line, CDKN2 mutations were 

induced in this background, as these are the most common secondary mutations in EHE disease. 

However, few tumours arose from this additional mutation. One potential issue was that the TAZ- 

CAMTA1 gene is extremely long, which may impair high levels of expression. Therefore, a much 

shorter YAP1-TFE3 model was created to overcome these issues. However, there were also problems 

with this as it was found, unexpectedly, that YAP1-TFE3 expression levels appeared to be reduced 

upon activation. In addition, I generated an alternative version of TAZ-CAMTA1 to attempt to 

address the poor expression encountered during this work, but this did not appear to solve these 

issues. However, this was not conclusive, as RNAseq was not performed on these transgenics. It can 

be concluded that the expression of these transgenes is surprisingly difficult, and the use of 

xenotransplants may be the way forward to create a preclinical model to test potential disease-

modifying drugs, for treatment of EHE. 
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2 Introduction 

 
2.1 Molecular basis of EHE disease 

Epithelioid hemangioendothelioma (EHE) is an extremely rare soft tissue sarcoma of the endothelial 

cells lining the blood vessels (Sardaro et al., 2014). EHE prevalence is estimated to be around one in 

one million (Lau et al., 2011). It is most common in liver, lung, and bone (Sardaro et al., 2014), and is 

unusual as it can be indolent for years, or conversely highly active. Also, unusually, the course of the 

disease is unpredictable, with widespread disease unlinked to life expectancy. Most diagnoses are in 

middle age (Deyrup et al., 2008), and there is no standard treatment, owing to the rarity of the disease 

(Sardaro et al., 2014). EHE was characterised in 1982, when Weiss and Enzinger noted a vascular 

tumour of bone and soft tissue which exhibited features between hemangioma and angiosarcoma, 

naming it epithelioid hemangioendothelioma (Weiss and Enzinger, 1982). 

 

A major breakthrough occurred in 2011, when it was discovered that specific gene fusions were 

present in EHE tumours (Errani et al., 2011, Tanas et al., 2011). It was found that 90% of cases show 

a translocation to create the Transcriptional co-activator with a PDZ-motif (TAZ)-Calmodulin binding 

transcription activator 1 (CAMTA1) fusion protein (Flucke et al., 2014), with 45% of EHE cases 

having this as a sole genetic aberration (Seavey et al., 2021). TAZ is officially known as WW 

Domain-containing Transcription Regulator Protein 1 (WWTR1), but it will be referred to as TAZ 

from hereon. The TAZ-CAMTA1 (TC) fusion gene is the result of a t(1;3)(p36;q25) translocation 

(Errani et al., 2011, Mendlick et al., 2001), with the N-terminus of TAZ bound to the C-terminus of 

CAMTA1 (Tanas et al., 2016). The Transcription enhanced associated domain (TEAD), containing a 

DNA binding domain, is bound to a 14-3-3 protein binding motif, bound to the majority of the WW 

domain (from TAZ), fused to a section of CAMTA1. CAMTA1 consists of the transactivation domain 

(TAD), transcription factor immunoglobulin (TIG) domain, ankyrin repeats, IQ (calmodulin-binding) 

domains, and nuclear localisation signal (NLS) (Tanas et al., 2016) (Fig. 1A). TC is comprised of 

exons 2/3/4 from TAZ, fused in frame to exon 8/9 from CAMTA1 (Tanas et al., 2011(Errani et al., 

2011). In atypical cases, TAZ-MAML2 or TAZ-ACTL6A gene fusions have also been found in 

cardiac EHE (Suurmeijer et al., 2020). 
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Subsequently, it was found that the remaining 10% derive from a Yes-associated Protein (YAP)- 

Transcription Factor binding to IGHM enhancer 3 (TFE3) fusion gene (Antonescu et al., 2013). 

YAP1-TFE3 consists of the TEAD-binding domain (TBD) from YAP1, and a transactivation domain 

(TAD), a basic helix loop helix (bHLH), and a leucine zipper (LZ) from TFE3 (Antonescu et al., 2013) 

(Fig. 1B). YAP1-TFE3 (YT) consists of exon 1 from YAP1, and exon 4-10 from TFE3 (Antonescu et 

al., 2013). It has been shown that the nuclear localisation of YAP1-TFE3 occurs via an NLS from 

TFE3 (Szulzewsky et al., 2020). In atypical cases, other YAP1 fusions have also been found, such as 

YAP1-MAMLD1, YAP1-SS18, and YAP1-FAM118B, YAP1-MAML2, but these cause cancers such 

as Supratentorial ependymoma, Cervical squamous cell carcinoma/Endocervical adenocarcinoma, and 

NF2-wild type meningioma/porocarcinoma, and not EHE (Pajtler et al., 2015, Pajtler et al., 2019, Hu 

et al., 2018) (Szulzewsky et al., 2021). Also, patients with YT fusion gene have been shown to have an 

 
 

Fig. 1: TAZ-CAMTA1 and YAP1-TFE3 structure 

A) TAZ-CAMTA1 structure. The TAZ section comprises a TEAD binding domain (TBD), 14-3-3, 

and a WW domain. This fuses to the CAMTA1 section, which comprises a transactivation domain 

(TAD), transcription factor immunoglobulin (TIG), IQ and nuclear localisation signal (NLS) 

domains. 

B) YAP1-TFE3 structure. The YAP1 section comprises TBD. This fuses to the TFE3 section, 

which comprises a TAD, bHLH (basic helix loop helix), and LZ (leucine zipper) domain. 
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improved, 5-year survival rate (86%) than patients with TC (59%) (Rosenbaum et al., 2020). 

Therefore, Hippo signalling is a crucial pathway in EHE disease, as YAP and TAZ fusions have been 

found to cause EHE (Antonescu et al., 2013, Errani et al., 2011, Tanas et al., 2011), and YAP1 and 

TAZ are both transcriptional coactivators of the Hippo pathway, which is a tumour suppressor that 

also controls tissue growth in vertebrates (Dong et al., 2007, Wu et al., 2003, Varelas, 2014). 

 

 

2.2 EHE morphology 

EHE is usually characterised by strands, or nests of epithelioid cells, along with an eosinophilic 

cytoplasm and cytoplasmic vacuoles, in a myxohaline stroma (connective tissue) (Fig. 2, A&B). YAP- 

TFE3 EHE shows elements involved in blood vessel formation, however TC EHE does not 

(Stacchiotti et al., 2021a).
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2.3 Current EHE treatment 

 
Currently, EHE has no standard treatment (Sardaro et al., 2014). For EHE in soft tissue, surgery is the 

favourable treatment (Stacchiotti et al., 2021a). Radiotherapy is occasionally used, as EHE is 

radiotherapy sensitive, but using this as a treatment for EHE disease has not been well studied 

(Stacchiotti et al., 2021a). Thalidomide (Soape et al., 2015), interferon (Moon et al., 2009, 

Radzikowska et al., 2008), mTOR inhibitors (Soape et al., 2015, Engel et al., 2020, Riou et al., 2012, 

Cohen et al., 2012, Bagan et al., 2006), and multi-tyrosine kinase/VEGF inhibitors (Shiba et al., 2018, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: EHE morphology 

A: H&E staining of TAZ-CAMTA1 EHE (nuclei in purple, epithelioid cells arranged in strands in pink) 

B: CAMTA1 Ab staining of TAZ-CAMTA1 

EHE (nuclei in brown) 

C: H&E staining of YAP1-TFE3 EHE (nuclei in purple)  D: TFE3 Ab staining of YAP1-TFE3 EHE 

(nuclei in brown) 

Taken from Stacchiotti et al., 2021a Copyright © 2021 The Author(s) CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
doi: 10.1016/j.esmoop.2021.100170 
(No modifications made.) 

https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016%2Fj.esmoop.2021.100170
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Saada et al., 2014, Kollar et al., 2017, Chevreau et al., 2013, Agulnik et al., 2013, Yousaf et al., 2015, 

Zheng et al., 2017), have all been used to some clinical effect for systemic treatment in EHE disease 

(Stacchiotti et al., 2021a). Liver transplant is used as a treatment for hepatic EHE, but disease has been 

shown to recur in some cases: out of 59 patients, 23.7% had recurrent disease, after a follow-up with a 

mean of 49 months (Lerut et al., 2007) (Rosenberg and Agulnik, 2018). 

 

More recently the MEK inhibitor, Trametinib, has also been used in a phase II clinical trial: this 

showed that there was a median of 10.4 months for progression-free survival, and EHE-related pain 

decreased upon treatment (after 4 weeks, in patients also using opiates) (Schuetze et al., 2024). In a 

study with Sirolimus (mTOR inhibitor), there was stable disease in 75.7% patients. Patients were 

followed up at a 41.5 month median, with the median progression-free survival at 13 months, and 

median overall survival at 18.8 months (Stacchiotti et al., 2021b). 

 

In addition, a patient-derived xenograft (PDX) model was created, which recapitulated the original 

tumour histologically, with TC gene fusion existence, and overall transcriptomic profile. This model 

was used to test drugs such as Doxorubicin and Sirolimus. Sirolimus gave 69-81% inhibition of 

tumour volume, in relation to drug dose (Stacchiotti et al., 2023). 

TEAD inhibitors are also another avenue of possible treatment, with NCT04857372, NCT05228015, 

and NCT04665206 all currently being used in clinical trials for solid tumours (EHE inclusive) 

(Stacchiotti et al., 2023). 

 

 

2.4 Hippo pathway 

 
The identified protein fusions underlying EHE point to the Hippo pathway as a major driver (Tanas et 

al., 2011, Antonescu et al., 2013, Errani et al., 2011). The Hippo pathway is a serine/threonine kinase 

pathway, which regulates tissue growth via the control of cell proliferation, and apoptosis, and was 

discovered in a Drosophila genetic screen (Harvey and Tapon, 2007, Pan, 2010, Halder and Johnson, 

2011, Yu et al., 2015b, Zheng and Pan, 2019, Wu et al., 2003). Loss of Hippo results in an overgrowth 

phenotype (Wu et al., 2003). In mammalian cell culture, contact inhibition occurs when cells cease 

proliferating on contact with other cells, forming a monolayer (Eagle and Levine, 1967). Hippo has 

been shown to control this (Zhao et al., 2007, Zhao et al., 2008, Aragona et al., 2013). When cells are 

at a low density/spread on a stiff extracellular matrix (ECM), YAP/TAZ move to the nucleus, where 

they are involved in transcription. When cells are at high density/spread on soft ECM, YAP/TAZ are 
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found inactive in the cytosol (Aragona et al., 2013, Dupont et al., 2011, Wada et al., 2011) (Pavel et 

al., 2018). 

 

Genetic and molecular analysis has resulted in a Hippo signal transduction model, which shows how 

this pathway functions in cells (Fig. 2). When the Hippo pathway is activated, YAP and TAZ are 

inhibited by phosphorylation via the Hippo kinases, Large tumour suppressor 1 and 2 (LATS1/LATS2) 

(Wu et al., 2003, Justice et al., 1995). Sterile-20 related (MST) kinases are auto-phosphorylated (Deng 

et al., 2003, Praskova et al., 2004), which in turn phosphorylate LATS (Chan et al., 2005). LATS also 

auto-phosphorylate (Chan et al., 2005, Hergovich et al., 2006, Praskova et al., 2008), and it has been 

shown that both types of phosphorylation are vital to LATS1/2 activation (Galan and Avruch, 2016). 

LATS1/2 has been shown to be phosphorylated independently of MST1/2, via MAPK1/2/3/5 and 

MAPK4/6/8 (Zheng et al., 2015, Meng et al., 2015). TAZ has four serine residues which interact with 

LATS1, and YAP has five serine residues, which interact with LATS2 (Garcia et al., 2022). MOB1 and 

SAV1 are both known to be scaffold proteins, which also become phosphorylated and aid LATS1/2 

activity (Ni et al., 2015, Callus et al., 2006, Chan et al., 2005, Hong et al., 2016). LATS1/2 

phosphorylation causes phosphorylation of YAP/TAZ, which leads to cytoplasmic localisation, by 

YAP/TAZ binding to 14-3-3 proteins and ubiquitin-dependent degradation (Dong et al., 2007, Zhao et 

al., 2007, Kanai et al., 2000, Liu et al., 2010). This is further promoted through phosphorylation via 

casein kinase 1δ/ε, which causes SCF ubiquitin ligase to degrade YAP/TAZ (Liu et al., 2010, Zhao et 

al., 2010) (Meng et al., 2016). 

 

YAP/TAZ bind to TEAD to enable transcription of target genes (Vassilev et al., 2001, Chan et al., 

2009), such as connective tissue growth factor (CTGF), and cysteine-rich angiogenic inducer 61 

(CYR61), (Zhao et al., 2008, Zhang et al., 2011, Zhang et al., 2009, Lai et al., 2011). There are also 

many other target genes, such as ANKRD1, CCND1, AREG, AMOT, AXL, MYC, and ADAMTS1, 

which are associated with migration, proliferation, ECM remodelling, and angiogenesis (Mokhtari et 

al., 2023, Ehmer and Sage, 2016, Boopathy and Hong, 2019). Also, the Hippo pathway is able to 

crosstalk with Notch, Wnt, TGFβ, Shh, BMP4, and EGFR pathways (Yu et al., 2015a, Zinatizadeh et 

al., 2021, Varelas and Wrana, 2012). 

 

YAP and TAZ are paralogues, and both have a WW domain, a coil-coil domain, a transcription 

activation domain, and a TEAD-binding domain (Kanai et al., 2000, Zhang et al., 2009, Komuro et al., 

2003, Lamar et al., 2012). However, although YAP and TAZ can both bind RUNX (Cui et al., 2003, 
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Vitolo et al., 2007), they also have their own specific transcription factor binding partners, such as 

ErbB4, Smad1 and p73 (YAP), and PPARγ, TBX5, TTF-1, and Pax3 (TAZ) (Strano et al., 2001, 

Komuro et al., 2003, Alarcon et al., 2009, Omerovic et al., 2004, Murakami et al., 2005, Murakami et 

al., 2006, Park et al., 2004, Hong et al., 2005) (Lu et al., 2020). 

 

YAP/TAZ has also been shown to activate transcription of YAP/TAZ regulators, such as LATS1/2, 

NF2, and AMOT, in a negative feedback loop (Dai et al., 2015, Moroishi et al., 2015b) (Luo et al., 

2023). As EHE is driven by constitutively activated YAP/TAZ signalling (Tanas et al., 2016), negative 

regulators of the pathway are of significant interest. YAP-TEAD binding has been shown to be 

supressed by vestigial-like family member 4 (VGLL4) and verteporfin (Deng and Fang, 2018, Liu- 

Chittenden et al., 2012). VGLL4 is a transcriptional cofactor and tumour suppressor. It binds to 

TEADs, competing with YAP (Deng and Fang, 2018), and also supports degradation of TEAD1 (Lin 

et al., 2016). Verteporfin is a chemical which acts as a photosensitizer (Henney, 2000), and has been 

shown to interrupt YAP-TEAD binding, and impede YAP-induced oncogenic growth by preventing 

YAP activation (Liu-Chittenden et al., 2012). It downregulates cyclinD1 and cyclinE1, activates 

PARP, and regulates Bcl-2 proteins, resulting in apoptosis (Wei et al., 2017). It also suppresses 

Angiopoietin-2 (Ang2), which is a growth factor involved in angiogenesis (Wei et al., 2017, 

Maisonpierre et al., 1997, Akwii et al., 2019). 
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2.5 Hippo pathway in EHE disease 

 
Mutations in YAP/TAZ which lead to tumours usually arise from gene fusions, as opposed to point 

mutations, which are very rare (Zanconato et al., 2016b, Garcia et al., 2022). As previously stated, 

EHE is primarily caused by TC and YT fusion genes (Errani et al., 2011, Tanas et al., 2011, Antonescu 

et al., 2013). TAZ and YAP are usually phosphorylated on vital serine residues, TAZ-S89, TAZ-S311, 

YAP-S127 and YAP1-381 (Lei et al., 2008, Zhao et al., 2010, Zhao et al., 2012, Zhao et al., 2007). 

Phosphorylation would usually lead to degradation in the cytoplasm by YAP/TAZ binding to 14-3-3 

proteins and ubiquitin-dependent degradation (Dong et al., 2007, Zhao et al., 2007, Kanai et al., 2000, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: The Hippo pathway when ‘on’ and ‘off’ 

When the Hippo pathway is ‘on’ (left), MST1/2 causes phosphorylation of LATS1/2, which in turn 

causes phosphorylation of YAP/TAZ. YAP/TAZ is phosphorylated and degraded in the 

cytoplasm.  

When the Hippo pathway is ‘off’ (right), YAP/TAZ move into the nucleus, where TEAD is bound, 

then this complex is involved in transcription of several different genes, such as CTGF (connective 

tissue growth factor). VGLL4 and Verteoporfin have both been shown to suppress YAP/TEAD 

binding. 



10  

Liu et al., 2010), but in EHE disease, even though TAZ-S89 is phosphorylated (Tanas et al., 2016, 

Tanas et al., 2011, Seavey et al., 2021, Driskill et al., 2021), TC is still able to move to the nucleus and 

is involved in aberrant transcription (Tanas et al., 2016). TC is able to bind LATS1 (Merritt et al., 

2021, Driskill et al., 2021), and, importantly, it has been found to bind more strongly to TEAD than 

TAZ alone (Chan et al., 2009) (Garcia et al., 2022). However, in EHE disease caused by YT, YAP- 

S127 and YAP-S381 are not present (Szulzewsky et al., 2020, Merritt et al., 2021). Although it is 

possible other residues could still be phosphorylated, YT has a presumed NLS from the bHLH TFE3 

domain, which would allow it to be drawn into the nucleus nonetheless (Kauffman et al., 2014). 

 

In EHE disease, even though TC is phosphorylated, it is still bound to TEAD in the nucleus, where it is 

involved in aberrant gene transcription (Tanas et al., 2016) (Fig. 4). The N-terminal section of TAZ is 

constitutively activated through its fusion to CAMTA1 protein, and hence freed from negative 

regulation of the Hippo pathway (Tanas et al., 2016). 90% of TC comprises CAMTA1, but it is TAZ 

which mainly drives transcription, and it is this which contains the TEAD binding domain (Tanas et 

al., 2016). TEAD transcription factors bind TC to DNA, hence activating transcription, and the 

CAMTA1 section donates the strong nuclear localisation signal (NLS) (Tanas et al., 2016). The TAZ 

WW domain has been shown to interact with transcription factors such as TBX5 (Murakami et al., 

2005), Runx2, PPAR-γ (Hong et al., 2005), and SMADs (Varelas et al., 2008), but is not essential for 

functional TC, unlike TEAD (Merritt et al., 2018). Auto-palmitoylation on the sulfhydryl of a 

conserved cysteine is a prerequisite for TEAD activation (Chan et al., 2016, Noland et al., 2016), 

hence drugs which inhibit TEAD auto-palmitoylation could be examined for therapeutic treatment of 

EHE (Chan et al., 2016). CAMTA1 provides an NLS signal, but otherwise its role in EHE is much less 

well-defined (Tanas et al., 2011). It is known to be a transcription factor, which, surprisingly, is 

thought to act as a tumour suppressor involved in neural cancers, but otherwise it is not extensively 

characterised (Barbashina et al., 2005, Henrich et al., 2011, Henrich et al., 2012, Schraivogel et al., 

2011). 

 

In SW872 cell culture, from chromatin immunoprecipitation (ChIP) peak data, and also from unbiased 

motif enrichment analysis, TC has been shown to be enriched for the transcription factor, early growth 

response gene 2 (EGR2) binding motif, which is involved in neural development, and YT for 

microphthalmia-associated transcription factor (MiTF) binding motif (Szulzewsky et al., 2020, Merritt 

et al., 2021, Warner et al., 1998). Also, EGR2 was enriched in CAMTA1-bound regions and MiTF 

was enriched in TFE3-bound regions (Szulzewsky et al., 2020, Merritt et al., 2021). TFE3 belongs to 
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Fig. 4: The Hippo pathway when ‘on’ in EHE disease 

Even though the Hippo pathway is ‘on,’ MST1/2 causes phosphorylation of LATS1/2, YAP/TAZ 

are bound to TFE3/CAMTA1 and phosphorylated, but remain in the nucleus, and are involved in 

transcription of different genes, such as CTGF (connective tissue growth factor). 

the MiTF family, which has a role in proliferation and the cell cycle (La Spina et al., 2020). This 

suggests that both CAMTA1 and TFE3 may create further DNA-binding abilities when fused to TAZ 

and YAP1, respectively (Garcia et al., 2022), and also gives reason as to why TC and YT 

transcriptomes were found to be distinctive from TAZ and YAP1 transcriptomes alone (20-47% 

difference, from RNA-seq. data in SW872 and NIH3T3 cells) (Szulzewsky et al., 2020, Merritt et al., 

2021) (Garcia et al., 2022). Thus, although activated YAP/TAZ transcriptomes are thought to be most 

important in EHE, the fusion partner may also be a contributor in the process of driving EHE. 

 

 

 

 

 

 

 

2.6 Regulation of the Hippo pathway 

The Hippo pathway is regulated in a variety of ways; it is possible that inappropriate activation of 

YAP/TAZ (in EHE disease) could mimic the dysregulation of upstream regulators. Many pathways 

have been implicated in the regulation of the Hippo pathway, in cancer cells: Wnt, AMPK, TGF-β, 
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KARS, MAPK/ERK have all been identified (Han, 2019). Hippo signalling is modulated by tight 

/adherens junctions, mechanical signals, and growth factors/receptors (Boopathy and Hong, 2019) 

(Fig. 5). Tight junctions exist where there is a permeability barrier between adjoining cells, and 

proteins associate with these membranes for different functions (Anderson et al., 2004, Matter et al., 

2005). Angiomotin (AMOT) is primarily found in endothelial cells, which are the cells at the basis of 

EHE (Tanas et al., 2011). It is an important regulator of YAP/TAZ and is a member of the motin 

angiostatin-binding proteins (Bratt et al., 2002, Lv et al., 2017, Zhao et al., 2011). Angiostatin is a 

known inhibitor of angiogenesis and is also known to control the migration of endothelial cells, and to 

cause apoptosis (O'Reilly et al., 1994, Ji et al., 1998, Claesson-Welsh et al., 1998, Lucas et al., 1998) 

(Bratt et al., 2002). AMOT was found to sequester YAP/TAZ in the cytoplasm, or cause it to move to 

the tight junctions, hence acting as a negative regulator of YAP/TAZ (Chan et al., 2011, Wang et al., 

2011). AMOT has also been shown to inhibit YAP by activating NF2/Merlin and causing LATS- 

dependent phosphorylation through LATS kinase (Li et al., 2015). Also, AMOT has been shown to 

detach from YAP when under shear stress (Nakajima and Mochizuki, 2017) and has been shown to aid 

hemangioendothelioma invasion in murine aortic endothelial cells (Levchenko et al., 2004). 

 

Neurofibromatosis2 (NF2) is a syndrome which can cause nerve tumours and also 

ependymomas/multiple meningiomas (Tamura, 2021). It is caused by mutation/deletion of the 

neurofibromin 2 gene (Rouleau et al., 1993, Trofatter et al., 1993, Evans, 2009), which encodes the 

protein Merlin: this is a cytoskeletal protein (Morrison et al., 2001) from the ezrin, radixin, and moesin 

(ERM) protein family (Xu and Gutmann, 1998). Merlin was found to connect the actin cytoskeleton to 

cell-surface glycoproteins (Algrain et al., 1993, Tsukita et al., 1994). Baia et al., showed that in loss- 

of-NF2 meningiomas, YAP1 was found to be highly expressed, and that expression of Merlin is linked 

to YAP1 phosphorylation (Baia et al., 2012). NF2/Merlin is an upstream regulator of the Hippo 

pathway, well known as a tumour suppressor (Hamaratoglu et al., 2006, Zhao et al., 2007, Harvey et 

al., 2013) and vital component involved in contact inhibition during proliferation (Petrilli and 

Fernandez-Valle, 2016). The specific mechanism by which the regulation and contact inhibition occurs 

is still unknown (Hong et al., 2020, Cui et al., 2019). Merlin is known to interact with adherens 

junction proteins in confluent cells, and loss of Merlin causes a lack of development of adherens 

junctions (Lallemand et al., 2003) (Karaman and Halder, 2018). Adherens junction proteins are also 

crucial for regulation of the Hippo pathway: Loss of α-catenin, β-catenin, or E-cad results in YAP 

being sequestered to the nucleus, hence activated, in cultured endothelial cells and breast cancer cells 

(Kim et al., 2011, Choi et al., 2015). Another crucial cytoskeletal protein is Spectrin, which supports 
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the structure of the cell (Machnicka et al., 2012). When α- and β-spectrin are knocked down, this 

results in the nuclear localisation of YAP in mammalian cell culture (Wong et al., 2015, Deng et al., 

2015). 

 

Fluid shear stress is the frictional force between flowing blood and endothelial cells lining the blood 

vessels (Hahn and Schwartz, 2009), and is known to cause vascular growth, remodelling and 

maintenance (Nakajima and Mochizuki, 2017). Shear stress can result in changes to endothelial cell 

shape, and cause the activation of transcription factors, leading to gene expression (Chiu and Chien, 

2011). YAP is known to be a mechanotransducer (Piccolo et al., 2014), which responds to shear stress 

(Nakajima and Mochizuki, 2017), along with TAZ (Low et al., 2014). In cell cultured endothelial cells, 

it has been shown that YAP/TAZ move to the nucleus and activate transcription of CTGF, CYR61, 

and ANKRD1 upon disturbed flow (Wang et al., 2016b). Other mechanical signals also regulate YAP: 

YAP moves to the nucleus via changes in the filamentous actin (F-actin) cytoskeleton (Nakajima and 

Mochizuki, 2017). 

 

Growth factors, such as Sphingosine 1-phosphate (S1P) and lysophosphatidic acid (LPA) are both part 

of the phospholipids growth factor family (Panetti, 2002). They bind to the S1P receptor and LPA 

receptor respectively, inhibiting LATS, causing activation of YAP/TAZ (Yu et al., 2012). Whereas 

molecules such as glucagon and epinephrine have been shown to suppress YAP/TAZ (Yu et al., 2012, 

Zhou et al., 2015) (Ma et al., 2019). Molecules such as cytokines, vascular endothelial growth factors 

(VEGF), epidermal growth factors (EGF), insulin, Wnt, bone morphogenic protein (Bmp), and 

transforming growth factor β (TGF-β) have also been shown to regulate the Hippo pathway (Azad et 

al., 2018, Wang et al., 2017, Sorrentino et al., 2017, Miranda et al., 2017) (Ma et al., 2019). RhoA 

GTPase activates actin polymerisation and causes stress fibers to be produced, which regulates 

YAP/TAZ in response to cell stiffness (Wada et al., 2011). GPCRs, such as the Protease activated 

receptor 1 (PAR1), have been shown to promote YAP activation via dephosphorylation, involving 

RhoA GTPase and F-actin, which is also thought to be involved in both kinase-dependent and 

independent YAP activation (Regue et al., 2013). Par1 is able to cause tumour proliferation and 

metastasis, and is upregulated in different cancers (Eck et al., 2009, Bar-Shavit et al., 2011, Zigler et 

al., 2011, Regue et al., 2013). 
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2.7 YAP/TAZ role in cancer 

 
YAP/TAZ not only have a role in EHE disease, they are oncogenic transcription factors in many solid 

tumours, levels of YAP/TAZ have been shown to be excessive in tumours, and it also increases the 

chance of tumour occurrence (Zanconato et al., 2016b, Yamaguchi and Taouk, 2020, Zanconato et al., 

2016a). YAP/TAZ has been shown to be crucial for cancer initiation, progression, and metastasis 

(Zanconato et al., 2016b). It is involved in cell proliferation and upregulating genes involved in cell 

cycle control, such as CCND1 (cyclin D1), CDC25 (cell division cycle 25), CDK1 (cyclin-dependent 

kinase 1), and MCMs (minichromosome maintenance) (Zanconato et al., 2015, Kapoor et al., 2014, 

Kim et al., 2019) (Yamaguchi and Taouk, 2020). However, with certain blood cancers, such as 

leukaemia, myeloma, and lymphoma, these show reduced levels of YAP/TAZ (Pearson et al., 2021, 

Cottini et al., 2014, Zheng et al., 2021). It has been shown that in acute myeloid leukaemia (AML) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Regulation of YAP/TAZ 

Junction proteins, mechanical signals, and growth factors/receptors all regulate YAP/TAZ, either 

directly, or indirectly. This results, in turn, YAP/TAZ regulating vascular remodelling, 

angiogenesis, and vascular barrier formation. 
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and multiple myeloma, if YAP levels are restored, this causes cell death and reduces proliferation, 

indicating that under certain circumstances YAP is able to act as a tumour suppressor (Cottini et al., 

2014, Piccolo et al., 2023). This tumour suppression activity is also seen in small cell lung cancer 

(SCLC), which is a neuroendocrine tumour (Pearson et al., 2021). Therefore, interestingly, it appears 

YAP acts differently, either as an oncogenic transcription factor or as a tumour suppressor, depending 

on the cell type (Barry et al., 2013, Cottini et al., 2014, Moroishi et al., 2015a). 

 

In YAP/TAZ tumours with high expression, the leucine zipper transcription factor, Activator protein-1 

(AP1) (Wagner, 2001), is involved with TEAD binding, but this does not happen with YAP/TAZ 

tumours with low expression (Pearson et al., 2021) (Piccolo et al., 2023). AP-1 is known to have a role 

in tumour transformation and growth (Zanconato et al., 2015). YAP/TAZ-TEAD is known to bind at 

enhancer sequences (and very rarely, at promoter sites) (Zanconato et al., 2015, Zanconato et al., 2018, 

Stein et al., 2015, Liu et al., 2016, Galli et al., 2015, Della Chiara et al., 2021). Once bound to an 

enhancer sequence, this complex can then bind to AP-1, which is thought to cause transcription of S-

phase entry and mitosis target genes, in breast cancer cells (Zanconato et al., 2015). Enhancers are able 

to have contact with specific promoters via chromatin looping (Zanconato et al., 2015) (Battilana et al., 

2021).It has been shown that YAP/TAZ cause CDK9 (cyclin-dependent kinse 9), BRD4 

(bromodomain-containing protein 4), and MED1 (mediator of RNA polymerase II transcription 

subunit 1) transcriptional coactivators to bind to enhancers also (Piccolo et al., 2023). It is also thought 

that once BRD4 is bound at the same position, YAP/TAZ cause RNA polymerase II to bind to the 

YAP/TAZ target gene promoters (Piccolo et al., 2023). 

 

YAP and TAZ activation can negatively affect patient prognosis. In many tumours, also those where 

YAP and TAZ are not primary drivers, studies have shown that high expression of YAP/TAZ (or 

nuclear localization) is related to poor prognosis, for instance in breast, colorectal, liver, lung, gastric, 

pancreatic, ovarian, endometrial, oesophageal, and bladder cancers (Zanconato et al., 2016b, Moroishi 

et al., 2015a, Lo Sardo et al., 2018, Yamaguchi and Taouk, 2020). This may be due to, for instance, 

YAP/TAZ also being involved in modulating immune checkpoint inhibitors and immune cell evasion 

(Pan et al., 2019): it has been shown to upregulate the chemokines CXCL5 (C-X-C chemokine ligand 

5) and CCL2 (C-C chemokine ligand 2), which in turn causes the recruitment of immune suppressive 

myeloid-derived suppressor cells and M2 macrophages (Guo et al., 2017, Wang et al., 2016a). An 

immune checkpoint regulator, PD-L1 (Programmed death ligand 1), is also upregulated by YAP/TAZ 

(Janse van Rensburg et al., 2018, Kim et al., 2018). 
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In addition, Cordenonsi et al. showed that TAZ is crucial for maintenance of breast cancer stem cells, 

and it is possible to transform non-stem cancer cells to cancer stem cells (CSCs) via the upregulation 

of TAZ (Cordenonsi et al., 2011). YAP functions downstream of SOX2 to maintain CSCs (Basu-Roy 

et al., 2015). YAP also induces SOX9, which regulates CSC properties (Wang et al., 2019, Song et al., 

2014) (Yamaguchi and Taouk, 2020). Furthermore, in the metastatic cascade, cancer cells migrate 

from primary tumours, to enter the lymphatic vessels and the bloodstream. This then allows tissues 

and organs to be invaded, creating secondary tumours (Chaffer and Weinberg, 2011, Valastyan and 

Weinberg, 2011). Nuclear localisation of YAP/TAZ has been shown to be upregulated in metastasis 

of lung, liver, pancreatic, breast, colorectal, and gastric cancer (Xie et al., 2012, Hu et al., 2014, 

Bartucci et al., 2015, Guo et al., 2015, Yang et al., 2015, Diaz-Martin et al., 2015) (Yamaguchi and 

Taouk, 2020). 

 

A fourth reason may be the role of YAP/TAZ signalling in epithelial mesenchymal transition (EMT). 

EMT occurs when epithelial cells gain mesenchymal cell properties and lose cell polarity/cell-cell 

adhesion properties. It is also associated with cell motility (Shibue and Weinberg, 2017, Ye and 

Weinberg, 2015) and is thought to be the first step in metastasis (Shibue and Weinberg, 2017, Dongre 

and Weinberg, 2019). YAP/TAZ overexpression has been shown to cause EMT (Zhao et al., 2008, 

Zhang et al., 2009, Xiao et al., 2015, Overholtzer et al., 2006, Lei et al., 2008), and YAP/TAZ 

inhibition has been shown to reverse EMT in gastric, pancreatic and hepatocellular carcinoma (Xiao et 

al., 2015, Xie et al., 2015, Pan et al., 2017). Incomplete EMT is often seen in human tumours 

(Savagner, 2010), showing disrupted cell junctions and reduced epithelial cell polarity (Thiery et al., 

2009). Scribble is vital for apicobasal polarity, organising the cell basolateral membrane (Macara, 

2004). Cordenonsi et al. showed that EMT altered Scribble’s localisation from the basolateral 

membrane to the cytoplasm, via Snail/Twist expression. They suggested that the upregulation of TAZ 

is caused in part by this Scribble inactivation, via EMT, to cause CSC characteristics (Cordenonsi et 

al., 2011). Scribble has also been shown to be regulated by Liver kinase B1 (LKB1) (Mohseni et al., 

2014), which is a tumour suppressor (Mehenni et al., 1998, Jenne et al., 1998). Mohseni et al. showed 

that Scribble was delocalised in tumours with LKB1 mutation, there was a higher level of transcription 

via YAP, and lower activity of serine/threonine kinases from the Hippo pathway, in mice and human 

(Mohseni et al., 2014). It has also been shown that when LKB1 is deficient, YAP/TAZ is able to cause 

non-small cell lung cancer (Zhang et al., 2015). In epithelial cells, Scribble has been shown to be part 

of a Scribble/MST/LATS/TAZ complex, which causes MST phosphorylation of LATS, then LATS 
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phosphorylation of TAZ: hence Scribble was shown to cause activation of the Hippo pathway 

(Cordenonsi et al., 2011). Cordenonsi et al., showed that when Scribble was delocalised from the cell 

membrane, this caused TAZ to avoid inactivation (Cordenonsi et al., 2011). To further this concept, in 

breast cancer cells Scribble has also been found to be transported away from the cell membrane (Zhan 

et al., 2008), suggesting inactivation of the Hippo pathway (Cordenonsi et al., 2011). 

 

Anoikis occurs when apoptotic cell death is induced by cell detachment. Inhibition of anoikis is crucial 

for metastasis (Paoli et al., 2013), and YAP/TAZ has been shown to inhibit this (Zhao et al., 2012). It 

has also been shown that fluid shear stress is thought to activate YAP/TAZ throughout circulation. 

This indicates that YAP/TAZ may promote tumour cell survival in the course of metastasis (Lee et al., 

2017, Lee et al., 2018, Yamaguchi and Taouk, 2020). Therefore, as mentioned, YAP/TAZ are crucial 

for cancer initiation, progression, and metastasis (Zanconato et al., 2016b), and they may contribute in 

these ways in EHE disease also. 

 

2.8 TAZ-CAMTA1 & YAP1-TFE3 role in cancer 

In 2023, Neil et al. made an important discovery, which showed that TC expression caused 

hypertranscription in endothelial cells, which then led to DNA damage, resulting in cells entering S-

phase of the cell cycle. They also found that there was diminished homologous repair, and cellular 

senescence (Neil et al., 2023). This is a response to cellular damage or stress, causing cell cycle arrest 

(Serrano et al., 1997, Campisi and d'Adda di Fagagna, 2007) (Krizhanovsky et al., 2008). 

Approximately half of all TC tumours have secondary mutations, of which CDKN2a are the most 

common (Seligson et al., 2019). When CDKN2a was knocked-out, this led to avoidance of senescence 

and uninhibited growth (Neil et al., 2023). Therefore, this may be a potential mechanism of action for 

TC. 

As has been established, TC and YT both cause EHE disease (Tanas et al., 2011, Errani et al., 2011, 

Antonescu et al., 2013). Both TC and YT have also been shown to bind to the chromatin modifying 

protein, Ada2a-containing histone acetyltransferase (ATAC), which is a crucial oncogenic driver 

(Sardaro et al., 2014), and a possible therapeutic target for EHE (Merritt et al., 2021). TAZ/YAP bind 

to TEAD, whilst CAMTA1 and TFE3 are thought to be involved in chromatin remodelling (Merritt et 

al., 2018). Both transcriptomic and chromatin-binding profiles show that TC and YT partially express 

the same genes as full-length TAZ and YAP1, respectively, but also express a unique set of genes 

(Garcia et al., 2022, Merritt et al., 2021). 
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The importance of CAMTA1 and TFE3 was further supported by the fact that the ATAC complex 

subunits YEATS2 (Yeats domain-containing 2) and ZZZ3 (Zinc-finger zz-type containing 3) were the 

top hits from an RNAi screen (18 genes were examined which were hits in a previous BioID mass 

spectrometry experiment) with TAZ-CAMTA1 expressing SW872 cells, and YEATS2 was also shown 

to be knocked-down in SW872 YT cells. (Merritt et al., 2021). YEATS2 acts as a scaffolding subunit, 

binding the ATAC complex to acetylated H3, along with ZZZ3 (Mi et al., 2017, Mi et al., 2018). They 

are also thought to bind GCN5 (Mi et al., 2017, Mi et al., 2018, Grant et al., 1997), which is a member 

of the histone acetyltransferase (HAT) family (Marcus et al., 1994, Candau et al., 1996), and cause 

H3K9 acetylation (Nagy and Tora, 2007, Mi et al., 2017). This then results in the chromatin unwinding 

and the DNA becoming accessible for transcription (Mi et al., 2017). The ATAC complex also has 

another subunit, KAT14 (Lysine acetyltransferase 14), which has been shown to bind TC and YT 

(Merritt et al., 2021). In addition, YEATS2 is known to be involved in several different cancers, such as 

ovarian, head and neck, and lung (Mi et al., 2017) (Merritt et al., 2021). 

 

Extracellular matrix proteins which may be important for interaction with TC/YT, and hence tumour 

formation are FBLN5, ERBB3, and Fras1 (Merritt et al., 2021, Garcia et al., 2022). FBLN5 and 

ERBB3 have been shown to be significantly upregulated in TC expressing cell lines (qPCR to validate 

RNA-seq. in SW872/NIH3T3 cells), compared to control, and more than TAZ or CAMTA1 alone 

(Merritt et al., 2021). In addition, FRAS1 and FBLN5 are significantly upregulated in YT expressing 

cell lines (qPCR to validate RNA-seq. from SW872/NIH3T3 cells), compared to control, and more 

than in YAP expressing cell lines alone (Merritt et al., 2021). Therefore, it seems FBLN5, ERBB3 and 

FRAS1 are top candidates for further investigation. 

 

FBLN5 is an extra-cellular matrix protein (ECM), and a member of the fibulin family (involved in the 

formation and maintenance of elastic fibres, loose connective tissue, and basement membranes) (Timpl 

et al., 2003, Argraves et al., 2003) (Albig and Schiemann, 2005). It is involved in cell motility, 

proliferation, angiogenesis, and tumorigenesis (Schiemann et al., 2002) (Albig and Schiemann, 2005), 

and has increased expression in fibrosarcoma (Schiemann et al., 2002), but decreased expression in 

prostate and lung cancer (Yue et al., 2009, Wlazlinski et al., 2007). FBLN5, activated by transforming 

growth factor (TGFβ), is thought to be involved in epithelial to mesenchymal transition (EMT), and 

has been shown to be involved in certain breast cancers (Lee et al., 2008). Also, integrinB1 binding 

has been shown to be a requirement for EMT via TGFβ (Bhowmick et al., 2001). VEGF has been 

shown to cause the downregulation of FBLN5, which indicates that FBLN5 may be an inhibitor of 
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angiogenesis (Albig and Schiemann, 2004, Albig et al., 2006) (Tang et al., 2014). 

 

ERBB3 is a member of the EGR family of receptor tyrosine kinases, which are thought to be involved 

in cell migration, proliferation, and differentiation (Sithanandam and Anderson, 2008). It encodes 

HER3, which has been shown to be involved in cancer cell proliferation in several different types of 

cancer (Sithanandam and Anderson, 2008), such as head and neck, melanoma, lung, ovarian, breast, 

colorectal, and prostate (Ocana et al., 2013, Slesak et al., 1998, Friess et al., 1995, Yi et al., 1997, 

Leung et al., 1997) (Gandullo-Sanchez et al., 2022), even though it has very little protein kinase 

activity (Shi et al., 2010). Therefore, it is essential for HER3 function to bind HER2/EGFR, and form 

heterodimers (Collier et al., 2013, Littlefield et al., 2014) (Kiavue et al., 2020). Fraser syndrome 

protein 1 (FRAS1) is found in the basement membrane, in the sublamina densa (Pavlakis et al., 2011). 

The sublamina densa is located beneath the lamina densa; it is part of the dermis, and tethers the 

connective tissue to the basement membrane (Pavlakis et al., 2011). FRAS1, along with FREM1 and 

FREM2, are known to form a membrane complex (Pavlakis et al., 2011, Kiyozumi et al., 2012) 

(Wang et al., 2022). This is involved in cell adhesion and signalling (Gautier et al., 2008, McGregor et 

al., 2003) (Talbot et al., 2012). 

 

2.9 RAS/MAPK & CTGF/Cyr61 in TC tumourigenesis 

 
TC has been shown to signal through the MAPK (mitogen-activated protein kinase) pathway in 

tumourigenesis (Ma et al., 2022). The MAPK signalling pathway is involved in apoptosis, 

proliferation, differentiation, stress responses, angiogenesis and metastasis (Keshet and Seger, 2010, 

Sabio and Davis, 2014, Plotnikov et al., 2011, Guo et al., 2020). It is a protein kinase pathway, with 

between 3-5 sets of kinases (Guo et al., 2020), and is known to be activated via Ras, KC-mediated 

(Kupffer cells), Ca2+, or G protein-coupled receptor (Lawrence et al., 2008) (Guo et al., 2020). The 

MAP/ERK pathway is known to be involved in differentiation and proliferation in particular, and is 

part of the Ras Raf MEK ERK pathway (Chang and Karin, 2001, Yang and Liu, 2017, Yu et al., 

2015c, Guo et al., 2020) (Guo et al., 2020). 

 

Ma et al. found that the Ras/MAPK signalling pathway and CTGF are both vital for TC-mediated 

tumour growth (Ma et al., 2022). CTGF increases in a TC dependent and time dependent manner in 

TC expressing cells (NIH3T3). Cyr61 also increased, but it was less reliable, as it also increased in the 

empty vector control cells (Ma, 2022). CTGF is a member of the CCN ligand family, which has been 

shown to have different integrins as receptors (Chu, 2008). Ma et al. also found that integrin αIIbβ3 is 
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involved in the TC pathway. They then looked at the Ras pathway, as Ras has been shown to be 

involved in different integrin-mediated signalling pathways (Kinbara, 2003, Clark, 1996). Ma et al. 

also found that when CTGF was silenced, this prevented anchorage-independent cell growth, which is 

conducive to tumour metastasis, but this did not happen with Cyr61 silencing (Simpson et al., 2008, 

Ma et al., 2022). CTGF and Cyr61 are ECM-associated proteins, but they are also cytokines which are 

involved in cell signalling (Lipson et al., 2012, Zhao et al., 2008, Kireeva et al., 1997). CTGF and 

Cyr61 are also known to be involved with cancers such as prostate, colorectal, breast, oesophageal, 

glioma, and gastric (Lai et al., 2011, Huang et al., 2017, Dhar and Ray, 2010, Kleer, 2016, Ladwa et 

al., 2011, Zhou et al., 2009, Xie et al., 2004) (Ma et al., 2022). 

 

2.10 CDKN2a in TC tumourigenesis 

As previously mentioned, almost half of all TC tumours are thought to have secondary mutations: 

Seligson et al. showed that of all the clinical samples examined (49), the most common secondary 

mutation was CDKN2a, followed by CDKN2b, and the likelihood of any secondary mutation in 

patients with advanced disease was increased from 0% for EHE stage I/II to 80% for EHE stage III/IV 

(Seligson et al., 2019). To examine this in detail, CDKN2a knockout mice were crossed with EHE 

genetically engineered mouse models (GEMMs) to generate EHE CDKN2a knockout mice: these 

showed an increased susceptibility to tumour formation without altering the EHE phenotype (Seavey 

et al., 2023). 

 

CDKN2a acts as a tumour suppressor, and is included in the tumour suppressor pathways, p53 and 

RB1 (Serrano, 1997, Komata et al., 2003, Hollstein et al., 1991, Weinberg, 1995) (Serra and Chetty, 

2018). CDKN2a is cyclin-dependent kinase inhibitor 2a, which encodes cell cycle proteins, p16INK4a, 

and p19ARF (Quelle et al., 1995). P16INK4a and p19INK4d (along with p15INK4b and p18INK4c) inactivate 

cyclin-dependent kinase 4/6 by binding to it and thus inhibiting the binding of cyclin D (Sherr and 

Roberts, 1995, Hall et al., 1995, Pavletich, 1999) (Bockstaele et al., 2006). This in turn prevents 

phosphorylation of the Rb protein (Ewen, 1994), causing G1 phase arrest (Sherr and Roberts, 1995), 

and DNA synthesis inhibition (Dyson, 1998, Nevins, 1998) (Roussel, 1999). Although 

loss/inactivation of P16INKa is known to occur in approximately 50% of all human cancers, it’s 

overexpression has also been linked to a worse outcome in cancers, such as ovarian, oral, prostate, 

cervical, and neuroblastoma (Lang et al., 2002, Ortega et al., 2002, Gonzalez and Serrano, 2006, 

Esteller et al., 2001, Ruas et al., 1999) (Li et al., 2011). P19 INK4d is also known to be lost/inactivated in 

approximately 50% of all human cancers (Ruas and Peters, 1998) (Kelly-Spratt et al., 2004). 
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2.11 Genetically engineered mouse models (GEMM) of EHE 

Until 2021, there was a lack of EHE cell lines/animal models, hence studying EHE proved 

problematic. In that year, a major breakthrough occurred when a mouse model of EHE was published 

(Seavey et al., 2021). A FLEx (flip-excision) system was used to create a conditional knock-in murine 

model of EHE, under the control of the endogenous promoter, TAZ (as in human). To create this 

model, the wild-type third exon of TAZ and an inverted section of the murine TC cDNA (TAZ exon 3 

and CAMTA1exon 9 to exon24) construct was created, flanked by standard loxP and modified 

Lox2272 sites. Cre recombinase can then be used to control endothelial specificity (CreERT2), 

replacing the endogenous TAZ locus with the TC fusion gene (Seavey et al., 2021). TAZ exon3 is 

switched for TAZ exon3 plus 3’CAMTA1 via loxP sites allowing Cre inversion (flip), then Lox2272 

sites allowing Cre excision of the extra TAZ exon3 (Seavey et al., 2021). For tumorigenesis to occur 

in the mouse, two alleles of the TC locus are required (Seavey et al., 2021). TC mice were crossed with 

ubiquitously expressed, or endothelial-specific CreERT2, then treated with Tamoxifen to activate Cre- 

mediated recombination. Both sets showed tumour growth, from 68.8-72.2% penetrance, in the liver, 

lungs, soft tissue, and peritoneal surface (Seavey et al., 2021). Similarly, human EHE tumours are also 

found in these areas (Sardaro et al., 2014). The TAZ-CAMTA1 mice tumours were histologically 

indistinguishable from human EHE tumours, and there was a marked overlap of tumour-specific genes 

between both, suggesting that murine and human EHE transcriptional profiles are akin (Seavey et al., 

2021). 

 

Driskill et al. produced a transgenic line from Cdh5-tTA (tetracycline-controlled transactivator) mouse 

x TRE (Tet response element)-TC, where TC inhibition occurs when doxycycline is administered to 

the mice, in a Tet-off system (Driskill et al., 2021). When the pregnant Mothers were not given 

doxycycline, no viable double transgenic progeny were found, which indicated that TC expression is 

embryonic-lethal. Hence, the mice were re-crossed, and pregnant Mothers were then kept on the 

doxycycline treatment until P0 (birth), when treatment was withdrawn to allow TC expression in the 

double-transgenic progeny. All these mice showed death before day 83. Tumours in the lungs showed 

an epithelioid phenotype, and stained positive for endothelial markers, such as CD31, Erg, and CD34, 

as well as CAMTA1, as would be expected (Driskill et al., 2021). 

 

2.12 Zebrafish as a model organism 

Danio rerio, or the zebrafish, is a freshwater teleost, and originates from the Himalayas (Mayden et al., 

2007). Streisinger et al., first established the zebrafish as a genetic model organism (Streisinger et al., 
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1981). Genetic homology between human genes and zebrafish is 71.4% (Howe et al., 2013), making 

them a strong candidate for translational research. 

Although GEMMs are an excellent breakthrough, murine models have several limitations. Zebrafish 

are much more cost effective and are optically clear during development, making it possible to 

visualise blood vessel development live at (sub) cellular resolution. 

High-throughput drug screening is also a major advantage of the zebrafish model eg. palmitoylation 

inhibitors (which block TEAD function) could be tested in high throughput (Chan et al., 2016). One 

potential issue is that zebrafish, like all other teleosts, have undergone an additional round of genome 

duplication compared to mammals (Meyer and Schartl, 1999). However, it has been shown that 

significant genes in pathways involved in human cancer are homologous with zebrafish genes, such as 

genes associated with haematopoiesis, neo-angiogenesis, immune cells, apoptosis, differentiation, 

migration, proliferation, and drug-resistance mechanisms (Payne and Look, 2009, Veinotte et al., 2014, 

Kirchberger et al., 2017) (Hason and Bartunek, 2019). 

 

2.13 Genetic tools for generating zebrafish models 

 
There are a number of genetic tools which can be used to generate zebrafish models. I decided to 

produce constructs and use Tol2 technology (Kwan et al., 2007) to incorporate the desired DNA into 

the zebrafish genome. As there were problems with using fli1a directly initially, I decided to use 

UAS/Gal4 (Scheer and Campos-Ortega, 1999) to enable expression of ‘toxic’ transgenes. When 

problems arose with using this system also, I decided to use the cre-lox system (Argos et al., 1986, 

Hoess et al., 1982, Hoess and Abremski, 1984). Finally, I also used the CRISPR system (Hruscha et 

al., 2013) to create CDKN2a/b mutations in the TC lines, as it had been shown to be the most common 

secondary mutation in human EHE tumours (Seligson et al., 2019). 

 

2.13.1 Tol2 

 
In this thesis I used Tol2 technology (Kwan et al., 2007) to incorporate DNA into the zebrafish 

genome. The Tol2 transposase originates from the Japanese medaka fish, Oryzias latipes (Koga et al., 

1996). The Tol2 kit (Kwan et al., 2007) is used along with multi-site Gateway cloning (Hartley et al., 

2000, Cheo et al., 2004) to produce a DNA construct. 

An LR clonase enzyme mix is used to recombine attL (entry clone) and attR (destination vector) sites 

to attB (expression clone) and attP (by product) sites (Fig. 6) (Reece-Hoyes and Walhout, 2018). The 

expression clone is then co-injected alongside transposase mRNA (Kawakami et al., 2004) to ensure 

the DNA is efficiently incorporated into the genome. The construct produced contains specific DNA 
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sequences, named Tol2 elements, that are identified by the transposase to enable transposition (Abe et 

al., 2011). The use of transgenesis fluorescent markers makes selecting transgenics a simpler and 

quicker process. 

 

 

 

 

2.13.2 CRISPR/cas9 

 
The CRISPR/cas9 system is derived from bacteria, where the immune defence consists of Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) (Wiedenheft et al., 2012, Bhaya et al., 

2011, Terns and Terns, 2011). In 2013, genome editing using the cas9/gRNA system occurred in 

eukaryotic cells (Mali et al., 2013b, Mali et al., 2013a, Cong et al., 2013). 

 

 
Fig. 6: Multi-site gateway cloning system, used with the iTol2 kit 

PCR fragment/s/gene synthesised products were Gibson cloned/restriction digest cloned into p5E 

or pME-MSC2. These were then joined together by the Att sites, along with a p3E entry vector, 

via LR ClonaseTM II Plus, into a PDEST vector. 
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The cas9 endonuclease is activated by binding to gRNA, which allows cas9 to identify the 

complementary PAM sequence (Gupta et al., 2019). The gRNA and complementary bases pair 

together, which results in a double-strand break from the cas9 endonuclease (Gupta et al., 2019). These 

can be repaired either by NHEJ (Non-homologous end joining) or HDR (Homology directed repair) 

(Gupta et al., 2019). NHEJ results in inserts/deletions (indels), which conclude with premature stop 

codons or frame shifts, and this is also an error-prone method of repair (Gupta et al., 2019). Whereas 

the HDR pathway repairs using a homologous sequence, and this is a more accurate method (Gupta et 

al., 2019). 

 

I used CRISPR/cas9 technology (Hruscha et al., 2013) (Fig. 7) to create crispants (Burger et al., 2016, 

Wu et al., 2018). One or two copies of CDKN2a/b were knocked out in a ubi: lox nls-mCherry lox TC 

t2a neon background, as CDKN2a/b mutations are the most common secondary mutation seen in EHE 

patients (Seligson et al., 2019). 
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2.13.3 Gal4/UAS system 

Gal4 is a yeast transcriptional activator, which controls the expression of an Upstream Activating 

Sequence (UAS) promoter (Scheer and Campos-Ortega, 1999). A gene of interest (effector) can be 

fused to UAS, which will only be expressed when this line is crossed with the Gal4 line. Otherwise, 

the effector gene is silent (Scheer and Campos-Ortega, 1999) (Fig. 8), allowing establishment of lines 

that can express “toxic” transgenes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Schematic representation of CRISPR cas9 

The guide RNA (gRNA) binds to the DNA in the appropriate position, with cas9 cutting the DNA 

at this position. This can cause disruption to a gene/deletion of a gene. This was the case with 

CDKN2a/b guides used in this project. CRISPR/cas9 can also be used for insertions, etc.
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2.13.3 Gal4/UAS system 
 

Gal4 is a yeast transcriptional activator, which controls the expression of an Upstream Activating 

Sequence (UAS) promoter (Scheer and Campos-Ortega, 1999).  A gene of interest (effector) can be fused 

to UAS, which will only be expressed when this line is crossed with the Gal4 line.  Otherwise, the 

effector gene is silent (Scheer and Campos-Ortega, 1999) (Fig. 8), allowing establishment of lines that 

can express “toxic” transgenes.   

 

 

 

 

 

 

 

2.13.4 Cre-lox system 

 
The cre-lox system originates from the bacteriophage P1 cyclic recombinase Cre (Sternberg et al., 

1986). Cre is a site-specific recombinase which causes DNA recombination at loxP sites (Argos et al., 

1986, Hoess et al., 1982, Hoess and Abremski, 1984). In the example below, ubi: lox nls-mCherry lox 

TAZ-CAMTA1 t2a neon line is crossed with a fli1:cre line. The mCherry will be loxed out upon Cre 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Schematic representation of the Gal4/UAS system 

This shows GFF activating expression of the gene in the endothelial cells, driven by fli1a. 
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recombination, to allow temporal activation of the transgene. This will allow TC expression in the 

endothelial cells, as Cre will only be switched on in these cells (driven by fli1) (Fig. 9). Again, this 

allows the establishment of lines that can express “toxic” transgenes.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: The Cre lox-STOP-lox system 

This shows how TAZ-CAMTA1 should be expressed in the progeny, when mCherry is loxed out 

using cre recombinase, for site-specific expression.  
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3 Aims and objectives 

 
• To generate a transgenic zebrafish model of EHE with the TC gene fusion, and characterise this 

model using in situ hybridisation, qPCR, Antibody staining/RNA-seq. 

• To generate a YT gene fusion EHE zebrafish model. 

• Examine any TC/YT phenotypes and any tumours. 

• Create mosaic knockouts with 1 or 2 CDKN2a/b copies lost in the TC background. 

• To generate a dominant active TAZ line as a control. 

• If a successful model is established, to perform a pilot screen to identify compounds which 

have the potential to modify the obtained phenotype. 
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4 Methods 

 
4.1 Molecular Biology techniques 

 
4.1.1 DNA transformation/cloning 

A vial of NEB  10B cells (C3019H) was thawed on ice for 10 mins, before transformation was 

performed according to the Manufacturer’s instructions. 50μl was spread on to appropriate selective 

plates (carbenicillin/kanamycin), unless otherwise stated, with 50μg/ml antibiotic, and grown up-side 

down (to prevent condensation dripping on to the colonies) at 37oC, overnight. 

 

4.1.2 Bacterial culture/DNA extraction 

Miniprep cultures were grown in 5ml LB broth in 5x volume culture tube for aeration, with the 

appropriate antibiotic (carbenicillin/kanamycin) at 50μg/ml, overnight, at 37oC. Minipreps were 

performed according to the Manufacturer’s instructions (27106, Qiagen). 

 

Midiprep cultures were grown in 100ml LB broth (split into 2 x 50ml samples, then combined at the 

end for higher yield), with the appropriate antibiotic (as above) in 5x volume flask for aeration, 

overnight, at 37oC. Midipreps (12643, Qiagen) were performed according to the Manufacturer’s 

instructions. 

 

4.1.3 Glycerol stocks 

E. coli were mixed in 40% glycerol in 2:1 ratio, snap-frozen and stored long-term at -80oC. 

 

 

4.2 DNA plasmids/construct synthesis 
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Plasmid Source/Reference 

pDESTTol2cg2 (395) Dr. Rob Wilkinson (Kwan et al., 2007) 

pDESTTol2pa2 (294) Dr. Rob Wilkinson (Kwan et al., 2007) 

p3E-sv40pA (302) Dr. Rob Wilkinson (Kwan et al., 2007) 

pME-EGFP (383) Dr. Rob Wilkinson (Kwan et al., 2007) 

pCS2 FA Tol2 TPase (396) Dr. Rob Wilkinson (Kwan et al., 2007) 

pDONRp2Rp3 (220) Dr. Rob Wilkinson (Kwan et al., 2007) 

p5E-MCS (228) Dr. Rob Wilkinson (Kwan et al., 2007) 

p5E fli1a:ep (478) Dr. Rob Wilkinson (Villefranc et al., 2007) 

pDESTTol2 cryaa:CFP Dr. Nik Ogryzko 

pToneTpase (Tol1) (1807) Dr. Nathan Lawson 

pCS2 Cre Dr. A. Jacinto (Langenau et al., 2005) 

pME-MCS2 Dr. Rob Wilkinson 

pUC57 dcas9 t2a neon (zbfish opt.) Dr. Rob Wilkinson (Genewiz) 

pBABE-Neo DF-TC (TAZ-CAMTA1) Dr. Brian Rubin 

pBABE-Neo DF-TC S51A Dr. Brian Rubin 

pLVX puro 3F TAZ 4sa Dr. Bob Varelas (Hiemer et al., 2014) 

p5 ubi: loxP EGFP loxP (27322) Addgene (Mosimann and Zon, 2011) 

pDONRp2R-p3 t2a neon This thesis 

p5 ubi: loxP nls-mCherry loxP This thesis 

p5 UAS This thesis 

pCS2 TAZ-CAMTA1 This thesis 

pCS2 TAZ-CAMTA1 S51A This thesis 

pCS2 Yap1-Tfe3 This thesis 

pCS2 Yap1-Tfe3 S94A This thesis 

pME-TAZ-CAMTA1 codon z This thesis 

pME-TAZ-CAMTA1 IDT This thesis 

pME-zbtaz-CAMTA1 This thesis 

pME-TAZ-CAMTA1 codon z (no STOP) This thesis 

pME-MCS2-EGFP TAZ This thesis 

pME-MCS2-EGFP-CAMTA1 This thesis 

pME-MCS2-EGFP STOP CAMTA1 This thesis 

pME-MCS2 Yap1-Tfe3 This thesis 

pME-MCS2 DA TAZ This thesis 

pME-MCS2 TAZ-CAMTA1 Ex15 This thesis 

pUC-GW mCherry (zbfish opt.) Dr. Freek van Eeden (Genewiz) 

Table 1: Plasmids used in Tol transgenesis and Multi-site gateway cloning 
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Plasmid Source/Reference 

pTol1-fli1ep: zf cre-2A-GFP Dr. Nathan Lawson 

fli1a:ERcreERcryAV (creERt2) Dr. Henry Roehl 

fli1a: TAZ-CAMTA1 cg2 This thesis 

fli1a:TAZ-CAMTA1 codon z cryaa This thesis 

fli1a:TAZ-CAMTA1 IDT cryaa This thesis 

fli1a:zbtaz-CAMTA1 cryaa This thesis 

uas: TAZ-CAMTA1 codon z cryaa This thesis 

uas: EGFP cryaa This thesis 

fli1a: EGFP cryaa This thesis 

fli1a: EGFP-TAZ cryaa This thesis 

fli1a: EGFP CAMTA1 cryaa This thesis 

fli1a: EGFP STOP CAMTA1 cryaa This thesis 

ubi: loxP mCherry loxP TAZ-CAMTA1 codon 

z cryaa 

This thesis 

ubi: loxP mCherry loxP Yap1-Tfe3 codon z 

cryaa 

This thesis 

ubi: loxP mCherry loxP TAZ-CAMTA1 Ex15 

codon z cryaa 

This thesis 

ubi: loxP mCherry loxP DA TAZ cryaa This thesis 

ubi: loxP nls-mcherry loxP EGFP cryaa This thesis 

 

Table 2: Expression vectors used in zebrafish 
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Fig. 10: Plasmid map for ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon 

 



33  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All constructs were produced by restriction digest of DNA fragments (Genewiz, see Appendix) and 

backbone plasmids with the appropriate enzymes, then phenol purification, ligation, and cloning/Multi-

site gateway cloning were performed, unless otherwise stated. The original human TAZ-CAMTA1 

sequence used was a gift from Dr. Brian Rubin (table 1), cloned into pME-MCS2, then Gateway cloned 

into the appropriate destination vector. TAZ-CAMTA1 codon z was designed using codon z v3 program 

(Horstick et al., 2015). TAZ-CAMTA1 IDT was designed using codon optimization tool (IDT). The 

human TAZ sequence was switched for the equivalent zebrafish sequence, for the zebrafish TAZ-

human CAMTA1 construct (Ensembl genome browser 113). The original Yap1-Tfe3 sequence used 

was designed using the zebrafish sequences (Ensembl genome browser 113): YAP1 (exon1) joined to 

 
 

Fig. 11: Plasmid map for ubi: lox mCherry lox Yap1-Tfe3 t2a neon 
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Table 4: Primers for Yap-Tfe3 

 

 

 

 

 

 

 

 

Table 3: T2a neon primers to add attB sites for cloning into pDONRp2R-P3 

TFE3a (from exon 4), as with human (Antonescu et al., 2013), created by Genewiz (see Appendix), then 

cloned into pME-MCS2, and Gateway cloned into the appropriate destination vector. mCherry was a 

gift from Dr. Freek van Eeden, which was restriction digested, then ligated into p5 ubi: lox nls lox (with 

GFP removed via restriction digest), and Gateway cloned into the appropriate destination vector. All 

plasmid gifts were sequence verified before proceeding. T2a-neon was produced using Phusion  PCR. 

All purification from PCR was via QIAquick PCR purification kit (28106, Qiagen), unless multiple 

bands were present, then QIAquick gel extraction kit (28704, Qiagen) was performed on the whole 

sample, all according to Manufacturer’s instructions. T2a-neon was then cloned into pDONRp2R-P3 

(220 Tol2 kit) using BP ClonaseTM II (11789020, Invitrogen), as described. 

 

 

Primer Sequence Product size (bp) 

attB2-T2A-Neon-F GGGGACAGCTTTCTTGTACAAAGTGG 

ccgagggcagaggcagtctgc 

832 

attB3 T2A-Neon-R GGGGACAACTTTGTATAATAAAGTTGT 

TACTTGTACAGCTCGTCC 

- 

 

 

 

 

 

Tol1, Tol2, pCS2 TAZ-CAMTA1/S51A/Yap1-Tfe3/ S94A mRNA was produced from in vitro 

transcription once plasmids had been created. pCS2 Yap-Tfe3 was produced by adding a restriction 

site (XhoI) via Phusion  PCR. This was then restriction digested, purified, ligated and cloned, as 

described. 

 

 

  

Primers Sequence Product size (bp) 

YAP1-TFE3XhoIF GCCACCATGGATCCGAACCAG 1365 

YAP-TFE3 XhoIR tgggatCTCGAGTCACAAGTCTTCCTC - 

 

 

 

 

 

4.2.1 Plasmid linearisation/purification 

Plasmids (10μg) were linearised with the appropriate enzyme(s) at 37oC for 3hrs, unless otherwise 
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stated. Digestion was confirmed on an agarose gel, and phenol purification was performed, as 

described. If multiple bands were present, gel extraction was performed using the QIAquick gel 

extraction kit (28704, Qiagen) on the whole sample, according to Manufacturer’s instructions. Test 

digests (500ng) to confirm fragment insertion were performed with the appropriate enzyme(s) at 37oC 

for 1hr, then run on a gel, as described. 

 

4.2.2 Phenol/chloroform purification 

Digest was made up to 300ul with milliq. 300μl Phenol/chloroform (P2069, Sigma) was added, mixed, 

and centrifuged at 13,000rpm at RT for 5mins. The top, clear supernatant was moved to a new tube 

and 300μl chloroform was added. This was mixed, then spun as previously. The top, clear layer was 

again moved to a new tube, then precipitated with 30μl (3M) NaAc pH 5.2, and 750μl EtOH, at -80oC, 

for a minimum of 2hrs. The precipitate was centrifuged at 4oC, maximum speed for 30mins, 

supernatant was removed, then 500ul EtOH was added. This was spun for 10mins at RT, then air-

dried for 5 mins on the bench, taking care to remove all traces of EtOH. The pellet was then 

resuspended with 20μl milliq water. 

 

4.2.3 Ligation/cloning 

After restriction digest, plasmids were ligated using the Quick ligationTM kit (M2200S, NEB), in a 20μl 

reaction, according to Manufacturer’s instructions, using 1:3 vector to insert molar ratio (calculated 

using https://tinyurl.com/yckdcr6x). 2μl was transformed using ΝΕΒ 10β cells, according to 

Manufacturer’s instructions, then 50μl was plated on the appropriate antibiotic selection plate and grown 

overnight at 37oC. Colonies were picked and miniprep/midiprep was performed the next day, as 

described. 

 

4.2.4 Ultramer annealing 

To produce p5Euas, firstly uas BamHI ultramers (IDT) were annealed, then the fragment and p5E 

plasmid were restriction digested. The fragment was phosphorylated and the backbone was 

dephosphorylated, as described. 

For the annealing, 20μl 10μM f and r primers were heated at 95oC for 5mins, then cooled at room 

temperature (RT) for 1hr. 
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Table 5: uas ultramers 

  

Primer Sequence Product size (bp) 

uasBAMHIF GCAGCCCGGGGGATCGGAGTACTGTCCTCCGAGCG 35 

uasBAMHIR TAGAACTAGTGGATCCTCGGAGGACAGTACTCCGC - 

 

 

 

 

 

4.2.5 Fragment phosphorylation 

uas BamHI annealed ultramers were heated at 70oC for 10mins, chilled on ice, then 5μl T4 ligase 

buffer, 1μl T4 ligase enzyme (M0202S, NEB), and 4μl milliq was added at 37oC for 30mins. This was 

purified using the Minelute gel extraction kit (28604, Qiagen), according to Manufacturer’s 

instructions. 

4.2.6 Plasmid de-phosphorylation 

0.5μl Shrimp alkaline phosphatase (SAP) was added to 10μl p5E-MCS plasmid, with 1μl Cutsmart 

buffer at 37oC for 30mins, then heat inactivated at 65oC for 5mins. This was then purified using the 

Minelute gel extraction kit (28604, Qiagen), according to Manufacturer’s instructions. 

p5E-MCS and uas BAMHI fragment were then ligated/cloned as described. 

 

 

4.2.7 Gibson cloning 

 

All Gibson cloning was planned in silico (Snapgene, 5.2.5). Gibson assembly  cloning kit (E5510, 

NEB) was used according to Manufacturer’s instructions, with a 3:1 molar ratio insert to vector ratio. 

100μl was then plated on the appropriate selection plate and grown at 37oC overnight, colonies were 

picked, and miniprep/midiprep was performed, as described. 

 

All primers were designed using Primer3 and purchased from IDT. 
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Table 6: Gibson primers 

Primer Sequence Product size 

(bp) 

EGFP 

CAMTA1 
fragF 

TCTCGAGGGAGCTGGAGGATCTGTC 4231 

EGFP 

CAMTA1 
fragR 

ATCTAGAGGGGTTCCCTGTCCCTTCTCAATTCT - 

EGFP 

CAMTA1 vecF 

AGGGAACCCCTCTAGATTCTGCAGCCCTATAGC 3343 

EGFP 

CAMTA1 vecR 

CCAGCTCCCTCGAGAGGCCTTGAATTCCC - 

DA TAZfragF TCCCATCGCCACCATGAATCCGGC 1221 

DA TAZfragR AACTCATCCAGCCAGGTTAGAAAGGGCT - 

DA TAZvecF CCTGGCTGGATGAGTTTGGACAAACCAACCCA 2599 

DA TAZvecR ATGGTGGCGATGGGATCCTGCAAAAAGAAG - 

 

 

 

 

 

 

4.2.8 Multi-site gateway cloning 

 
All Gateway cloning was planned in silico (Snapgene, 5.2.5). Multi-site gateway cloning was used to 

create the final constructs I produced, using various plasmids from the Tol2 kit (Kwan et al., 2007). 

pME-EGFP (383) plasmid was used in a tandem construct as a positive control, in order to test 

construct pieces. LR ClonaseTM II Plus (Invitrogen, 12538120) was used according to Manufacturer’s 

instructions, except p5E, pME, p3E and pDEST vectors were used at 20fmol each, in TE buffer (10 

mM Tris, 1mM EDTA, pH 8). The final mixture was then stored at -20oC until use. 

Where BP ClonaseTM II (11789020, Invitrogen) was used, Manufacturer’s instructions were followed. 

 

2ul of either mixture was transformed into NEB  10B cells (C3019H), then plated onto the 

appropriate antibiotic selection plate, as described. 3-6 colonies were then miniprepped, and 

restriction digest was performed to select the colonies with the correct insert (visualised on gel). 

Midiprep cultures were then grown as described, using the selected minipreps, as described. 
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4.2.9 In vitro transcription 

mRNA was synthesized from linearised, purified DNA, using the SP6 mMessage mMachineTM kit 

(AM1340, Invitrogen), unless otherwise stated. This was according to Manufacturer’s instructions, 

using 1μg DNA at 37oC for 2hrs, then using 10M NH4Ac precipitation, as described. T7 mMessage 

mMachineTM kit (AM1344, Invitrogen) was used to make Tol1 mRNA (for co-injection with fli1:zf 

cre-2A-GFP), using 1μg DNA at 37oC for 2hrs, according to Manufacturer’s instructions, then 10M 

NH4Ac precipitation again was used. 

 

4.2.10 RNA precipitation 

33μl 10M NH4Ac and 350μl EtOH were added to the mixture, then left at -80oC for 2hrs. The 

precipitate was then centrifuged at 14,000g for 30mins, and washed with 500ul EtOH. This was spun 

for 5mins at 14,000g, then air-dried for 5 mins on the bench, taking care to remove all traces of EtOH. 

The pellet was then resuspended in 20μl milliq water. 

 

4.2.11 PCR 

 
Polymerase chain reaction (PCR) was always performed from hotstart, with 40 cycles, unless Phusion 

PCR was used (15-20 cycles). PCRs were usually performed in 20ul, or 100ul where necessary. 

Touchdown PCR was used during Gibson cloning, at times, to improve primer binding specificity. All 

PCRs were performed using 5xFirepol  (04-12-00115, Solis Biodyne), except for cloning, where 

Phusion  (M0530L, NEB) was used for higher fidelity, according to Manufacturer’s instructions. 

Biorad T100TM was used for all PCRs. 

 

4.2.12 Recombination PCR test primer 
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Table 7: Recombination test PCR primers 

 

NB Primers used for TC Ex15 are the same as TC above. 

Primer Sequence Product size (bp) 

TC out F1 acatgggagaagtgcaaaaca 358 

TC out R TCCTGGGTCACATGGATCAC - 

TC in F GGCCGCGACTCTAGATCATA 662 

TC in R TCCTTGTAGTCAGCTCCCTTG - 

YT out F ttcgggtgaactatctcgttt 429 

YT out R TGAGTCTGGCAGCTTTCTCA - 

YT in R GAGTCTCCCCGAACATGGAC 689 

(with TC in F) 

DA TAZ out 2F tgtttacagggatccAAGCTT 221 

DA TAZ out 2R CGAGGTCTGTGTCTAGGTCC - 

DA TAZ in R acgcttacaatttacgccttaag 260 

(with TC in F) 

 
 
 
 
 
 

 
4.2.13 PCR purification/Exosap 

Exosap clean-up was performed prior to sequencing, using 1U Exonuclease I (M0293L, NEB), and 1U 

Shrimp alkaline phosphatase (783905000UN, Thermo Fisher), with 5ul PCR product, in 10ul reaction 

at 37oC for 45mins, then 80oC for 15mins. 

 

4.2.14 Gel electrophoresis 

Agarose (BIO-41025, Bioline; 16500-500, Invitrogen) gels were produced at 1%, or 3% if product size 

was less than 200bp, or when CRISPR products were run. 1 drop of 0.625mg/ml Ethidium bromide 

(diluted from 10mg/ml J62282, Alfar Aesar) was used per 50ml agarose. Gels were run in TAE buffer 

(40mM Tris Base, 20mM acetic acid, 1mM EDTA pH 8). 100-150ml gels were run at 120V for 30- 

40mins. CRISPR gels were run at 120V for 90 mins. 50ml gels were run at 80V for 30mins. 

DNA/RNA bands were visualised using the UVP Benchtop UV transilluminator, along with the 

BioDoc-ItTM imaging system. 
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4.2.15 DNA synthesis 

DNA was synthesized for numerous different constructs by Genewiz (Appendix). 

 

 

4.2.16 DNA sequencing 

DNA was sequenced commercially by Genewiz (100ng/μl DNA with 10μM primer). 

 

 

4.2.17 Quantification of DNA/RNA 

RNA/DNA was measured using the nanodrop (ND-1000) spectrophotometer: at 260/280, a minimum 

of 1.8 was used for qPCR. RNA was measured using 260/280 and 230/260 for RNA-seq. to determine 

purity: a minimum of 1.8 was used for both. 

 

4.2.18 RNAseq preparation 

ubi:lox nls-mCherry lox TC t2a neon x WT were injected with Cre mRNA. 10 embryos (5dpf) were 

tail-clipped, then the clips were amplified using PCR to identify embryos with the ubi:lox nls-mCherry 

lox TC t2a neon construct (via recombination PCR), for the injected embryos. The resulting embryos 

were stored in RNAlaterTM (AM7020, Invitrogen), at -20oC until needed, then pooled in triplicate 

samples for RNAseq analysis, using RFP uninjected fish as a control (these were sorted via RFP, then 

tail clipped and stored in RNAlaterTM at -20oC, and pooled as above). 

 

Once RNA was synthesised as described below, 260/280 and 260/230 ratios were measured. Samples 

measured at >=1.8 for 260/280 and 260/230 were selected to ensure purity. These samples were then 

sent to Novogene for RNAseq, where they were polyA-enriched, primed with random hexamer for 

cDNA synthesis, and sequenced to a depth of 9GB, using Illumina paired-end 150 sequencing. 

 

For RNAseq on ubi: lox nls-mCherry lox Yap1-Tfe3 t2a neon embryos, the process was repeated, 

except 1dpf embryos were used. Also, embryos were unsorted for fluorescence as it was too early to 

sort reliably at this stage: therefore, both sets of injected and uninjected fish were genotyped. 

 

4.2.19 TRIzolTM RNA extraction for RNA-seq. 

500μl TRIzolTM (15596018, Invitrogen) was added to 10 fish. Fish were passed through 20G needle, 

20 times, for homogenisation. They were left at RT for 5 mins, then Direct-zolTM RNA microprep 
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(R2060, Zymo Research) kit was used for RNA seq. preparation, according to Manufacturer’s 

instructions. 

 

4.2.20 TRIzolTM RNA extraction for qPCR 

For primer-based qPCR, 500μl TRIzolTM was added to 10 embryos at 1dpf, (four groups of WT 

injected with YT construct, YT and Cre mRNA, TC construct and TC and Cre mRNA at 0.5nl, pre- 

sorted for RFP/GFP). Embryos were homogenised by pipetting up and down, then RNA extraction 

was performed according to Manufacturer’s instructions. 

 

For probe-based qPCR, 500μl TRIzolTM was added to 20 fish at 1, 2, 3, and 5dpf (TC, YT, and DA 

TAZ crosses (crossed to WT) were injected with 1nl Cre mRNA and uninjected fish were used as a 

control. All fish were unsorted for fluorescence). Fish were homogenised by pipetting up and down, 

then RNA extraction was performed according to Manufacturer’s instructions. 

 

 

4.3 Zebrafish techniques 

 
4.3.1 Zebrafish husbandry/embryo maintenance 

 
Zebrafish were kept at 28oC according to Home Office regulations, on a 14:10hr light-dark cycle. 

Embryos were sorted for fertilization and kept in E3 (5mM NaCl, 0.17mM KCl, 0.33mM CaCl2, 

0.33mM MgCl2, pH 7.2) with methylene blue at 0.0001% (Sigma) at 28oC, except experiments where 

Cre mRNA was involved (31oC). Fish were staged according to Kimmel (Kimmel et al., 1995). 

 

Embryos were either raised, or discarded before 5.2dpf, according to Home Office Animals (Scientific 

Procedures) Act, 1986. All procedures were performed under Project licence PP4947590 (F. van 

Eeden), and Personal licence 40/9118 (E. Markham). 

 

4.3.2 Zebrafish lines 

Lines were generated from AB embryos, or rarely LWT. Transgenic lines were produced by injection 

with DNA and transposase, as described. Crispants were made by injection with CRISPR gRNAs and 

cas9 nuclease, as described. 
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Fish were screened by crossing with WT and examining the resulting embryos for particular 

fluorescence, depending on the marker. Founders were isolated and transgenic embryos were raised. 

fli1:GFF; uas:Gcamp7a line (van Eeden lab.) was already established. This was used for crossing to 

various uas constructs from this thesis. 

 

4.3.3 Zebrafish embryo collection and maintenance 

Zebrafish were paired in mating boxes with dividers, overnight. Zebrafish females were stimulated by 

the light, to begin laying, but were prevented from doing so until the dividers were removed. The 

dividers were removed in a staggered manner, to ensure only a few fish laid embryos at a time, to 

allow enough time for injection. 

After injection, embryos were sorted for unfertilised/dead embryos on the same day they were laid. 

They were placed into E3 medium and kept at 28oC, unless otherwise stated. 

 

4.3.4 Zebrafish anaesthesia 

Embryos were anaesthetised with Tricaine (MS-222, Sigma), at a final concentration of 0.168%. 

 

4.3.5 Micro-injection of embryos 

Thin-walled borosilicate capillaries (TW120-4, WPI) were pulled on the micro-pipette puller (P-97 

Sutter Instrument company, Novato), to form the micro-injection needles. 

Needles were back-filled using micro-loader pipette tips (930001007, Eppendorf). 

One cell stage embryos were injected into the yolk, using a Pneumatic Pico-pump injector (PV820, 

WPI), with 10% phenol red as a visual aid. Embryos were lined against a glass microscope slide 

(1238-3118, Fisher), inside a petri-dish (101R20, Thermo Fisher). Constructs were usually injected at 

25ng/μl, except for CRISPR, which was injected at 20μM (final concentration). Cre mRNA was 

injected at 25ng/μl, TC mRNA (& control) was injected at 500ng/μl, and YT mRNA (& control) was 

injected at 100ng/μl. Injections were made with 1nl solution, except Cre mRNA injection was at 0.5nl 

for primer-based qPCR. 

 

 

4.4 Zebrafish genomic DNA extraction 

 
4.4.1 Prot K extraction 
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Table 8: CRISPRs gRNA and primer sequences 

If the PCR product was expected to be >300bp, ProtK (P6556, Sigma) extraction was used. Embryos 

were placed into single wells in a 96 well plate, or single PCR tubes. TE extraction buffer (10mM Tris 

pH 8, 1mM EDTA pH 8, 0.1% Tween) was used (98oC, 10mins) with 1.85mg/ml ProtK, at 55oC 

overnight, then 98oC for 10mins to denature ProtK. 1.5μl was added per PCR reaction. 

 

4.4.2 KOH extraction 

If PCR products were expected to be < 300bp, KOH extraction was used (Sanger Institute protocol). 

25ul 1x base solution (1.25M KOH, 10mM EDTA) was added to the embryos, then 95oC for 30mins, 

then cooled for 5mins, vortexed and centrifuged for 2mins at 4200rpm, and 25μl of neutralization 

solution (2M Tris-HCl) was added. This was then vortexed as above, and 1.5μl was added per PCR 

reaction. 

 

4.5 Zebrafish genome editing 

 
4.5.1 gRNA design 

CDKN2a/b gRNA was designed using CHOPCHOP (https://chopchop.cbu.uib.no/) to generate 

CDKN2a/b crispants. 

 

gRNA Sequence PrimerF PrimerR Product 

size (bp) 

CRISPR2 

(ex2) 

GAGGTGTGCTCCCT 

GTGTCG(GGG) 

CCAGGTGATGAT 

GATGGGTAAC 

TCGCAGTGATCTT 

TTGTATTGG 

186 

CRISPR5 

(ex1) 

GCGTCTAAACCTAC 

CTGTAT(AGG) 

GCAGCCACCGGA 

AACATTT 

cccatatagtcaaacaggtgt 

ga 

281 

CRISPR6 

(ex2) 

 

GATGATGGGTAACG 

CACCTT(TGG) 

ATCATGACGTTA 

CTGGCGTTTA 

GTGTCAATGAATC 

CGGTTCTG 

185 

 

 

 

 

 

 

https://chopchop.cbu.uib.no/
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4.5.2 Co-injection of gRNA/cas9P 

To produce crispants, one cell stage embryos, from ubi:lox nls-mCherry lox TC t2a neon x fli1ep: zf 

cre-2A-GFP were injected with CKND2a/b CRISPRs 2 and 6 (20μM each final concentration, IDT), 

with cas9 protein (2μM final concentration) (M0386T, NEB), and tracer (20μM final concentration, 

IDT) at 1nl. A second and third batch was also injected with CDKN2a/b CRISPRs 2,5, and 6 (20μM 

each final concentration, IDT), along with tracer (20μM final concentration, IDT), at 1nl. 

 

4.5.3 CRISPR/cas9 guide efficiency 

1-3dpf embryos were used to test CRISPR efficiency. 

5/6 injected fish and 1/2 uninjected WT fish were used per guide. 

‘Smudging’ of DNA bands suggested DNA mutations present, on 3% gel, run at 120V for 90mins. 

 

4.6 Determination of injection efficiency 

Constructs were selected for raising, according to GFP/RFP/CFP. 

 

4.7 Selection of transgenic lines 

ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon founders with 50% RFP transmission were selected 

to ensure there was only 1 copy of the construct present. This was the same for all other founders. 

 

4.8 Cre-lox recombination 

ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon x WT embryos were examined for RFP at 3dpf, as 

maternal contribution had lowered significantly by this point. Cre mRNA injected embryos were kept 

at 31oC to aid Cre recombinase. 

 

4.9 Zebrafish gene expression analysis 

4.9.1 Fixing embryos 

Embryos were fixed at various stages, for 2hrs at RT, or overnight at 4oC, in 4% PFA, unless 

otherwise stated. 

 

4.9.2 Dechorionation 

Embryos were dechorionated using No.5 Dumont forceps (Agar Scientific). 
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Table 9: Plasmids used for probe synthesis 

 

4.9.3 Sample preparation 

Fish were staged according to Kimmel et al., 1995. They were dechorionated if necessary, then fixed 

as previously described (4.9.1), and put into a MeOH series (30%, 60%, 100%) for 10mins each, then 

stored in 100% MeOH at least overnight, at -20oC. 

 

4.9.4 Whole mount in situ hybridization 

 
4.9.4.1 Plasmid probe synthesis 

 

 

Plasmid Restriction enzyme Length (bp) 

pME TAZ-CAMTA1 codon z AccI 1255 

pME TAZ-CAMTA1 IDT FspI 1886 

pME zbfish taz – CAMTA1 Bsu36I 974 

Fli1a: ERcreERcryAV AgeI 1087 

 
 
 

 
Probes were produced by appropriate restriction digest, then phenol purification and probe synthesis 

was performed, as described. A GFP probe used as a control was a gift from Dr. Stone Elworthy. 

 

The second round of in situs were performed using TC probe, produced using PCR, then QIAquick 

PCR purification kit (28106, Qiagen), according to Manufacturer’s instructions, and probe synthesis, 

as described. A nls-mCherry probe was produced via PCR, using the same method. 

 

In situ probes were made by linearising 10μg DNA with the appropriate restriction enzyme, and 

checked on gel, then phenol/chloroform purified, as previously described, unless otherwise stated. 1μg 

of linearised, purified DNA was used in the probe synthesis reaction (unless PCR probe, where 100- 

200ng was used), along with DIG RNA labelling mix (11277073910, Roche), 20U of RNasin 

Ribonuclease inhibitor (N252B, Promega), 1x transcription buffer, 40U T7 RNA polymerase 

(P2078,Promega). 1μl was taken out to be run on gel later, with 1μl post-DNAse transcription mix. 2μl 

(4U) TURBOTM DNaseI (AM2238, Invitrogen) was added to the remainder for 30mins. The RNA was 

then precipitated using 10M NH4Ac, as described. 
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Table 10: Primers for in situ probes 

 

Probe Sequence Product size (bp) 

TC cod z T3F CATTAACCCTCACTAAAGGGAA 

TTTGCAGGATCCCATCGATG 

974 

TC cod z T7R TAATACGACTCACTATAGGG GA 

GAGTCCACCATGTCAGGG 

- 

Nls-mcherryT3F CATTAACCCTCACTAAAGGGAA 

GAAGTTATCCGGTCGCCAC 

781 

Nls-mCherryT7R TAATACGACTCACTATAGGG TA 

TGATCTAGAGTCGCGGCC 

- 

 

 

 

 

 

4.9.4.2 In situ hybridization 

Whole mount in situ was performed according to Thisse (Thisse and Thisse, 2008), using DIG labelled 

anti-sense TAZ-CAMTA1, GFP, and nls-mCherry probes (500ng), at 2/3dpf, using 2% maleic acid 

block. Once samples were fixed, they were rinsed in PBS, and then bleached. 

 

4.9.4.3 Bleaching 

 
Embryos were submerged in a bleach solution (0.5xSSC, 5% formamide, 10% H202) for 30mins at RT, 

then were washed in PBS, and put into a glycerol series, finally being imaged in 80% glycerol. 

 

4.9.5 cDNA synthesis 

cDNA was synthesised using 500ng RNA in 10μl reaction, using Protoscript  II First strand cDNA 

synthesis kit (E6560, NEB), according to Manufacturer’s instructions for primer-based qPCR. cDNA 

was synthesised using 1000ng RNA in Lunascript  RT Supermix (E3010, NEB) in 20μl reaction, 

according to Manufacturer’s instructions for probe-based qPCR. cDNA was diluted 1:10 before use in 

all reactions, except standard curve, as described. 

 

4.9.6 Background DNA removal 
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RapidOut DNA removal kit (K2981, Thermo Fisher) was used to remove background DNA where 

necessary (qPCR), according to Manufacturer’s instructions. 

 

4.9.7 RT-qPCR 

 
4.9.7.1 Primer-based qPCR 

 
10 embryos at 1dpf were pooled from each group (four groups of WT injected with YT construct, YT 

and cre mRNA, TC construct and TC and cre mRNA, pre-sorted for RFP/GFP). These groups were 

homogenised in TrizolTM and RNA was extracted, and then cDNA was synthesised, as described. 

 

qPCR primer optimisation was performed on primers I designed, using a standard curve, with cDNA 

concentrations at undiluted, 1:10, 1:100 and 1:1000, and primer efficiencies were then calculated. 

cDNA was initially primed using oligoDT but was then switched to random hexamer. This still gave 

poor primer efficiencies. Finally, plasmid DNA was used to test primer efficiencies. Primers with 

efficiency >90% were selected for use. 

 

Cyr61 primer-based qPCR was performed using Hot FirePol® EvaGreen® qPCR Mix Plus (08-25- 

00001-5, Solis Biodyne), in 20μl reaction, on Biorad CFX96, C1000 Touch, Real Time PCR machine. 

Biological and technical repeats were used for all samples. The ddCT/fold change, relative to the 

control sample, was calculated using CFX/Excel software, and Rps29 was used as a reference gene. 
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Table 11: qPCR primers 

 

Primer Sequence Product 

size (bp) 

Reference 

Cyr61F CCGTGTCCACATGTACATGGG 238 (Miesfeld et al., 2015) 

Cyr61R GGTGCATGAAAGAAGCTCGTC - - 

Rps29F TTTGCTCAAACCGTCACGGA 110 (Bower et al., 2017) 

Rps29R ACTCGTTTAATCCAGCTTGACG - - 

 

 

 

 

 

 

 

4.9.7.2 TaqmanTM qPCR 

Cre mRNA was injected into TC, YT, and DA TAZ crosses (with WT), and 20 fish (unsorted for 

fluorescence) were pooled from each group. There were also 20 fish from uninjected control groups 

used. These groups were homogenised in TrizolTM at day 1,2,3, and 5. RNA was extracted, and then 

cDNA was synthesised as described. 

 

TaqmanTM qPCR was performed using TaqmanTM Universal PCR Mastermix (4304437, 

Thermofisher), according to Manufacturer’s instructions, in 20μl reaction, on Biorad CFX96, C1000 

Touch, Real Time PCR machine. Due to the large number of samples used, only technical repeats were 

used for all samples in this experiment. Cyr61 (CCN1, Dr03089097_m1, Thermofisher) probe was 

used. The ddCT/fold change, relative to the control sample, was calculated using CFX/Excel software, 

and Rps29 (Dr03152131_m1, Thermofisher) was used as a reference gene. 

 

 

4.9.8 Zebrafish immunohistochemistry (IHC) 

 
4.9.8.1 Whole mount 

https://www.thermofisher.com/order/catalog/product/4304437?SKULINK
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Embryos (60% epiboly)/tail pieces were rehydrated from MeOH storage, permeabilised with 10μg/ml 

proteinase K (P6556, Sigma) for 30sec. (24hr embryos were permeabilised with cold acetone for 

7mins first, then ProtK for 15mins), and fixed in 4% PFA (28794.295, VWR) for 20mins. 

Embryos/tail pieces were blocked in 2% maleic acid (M0375, Sigma) buffer, then incubated overnight 

in primary Ab: rabbit anti-CAMTA1 (NBP1-93620, Novus Biologicals) 1:200 at 4oC. Embryos/tail 

pieces were then incubated in secondary Ab: Alexa goat anti-rabbit 488 (A11034, Invitrogen) 1:500 

overnight at 4oC. Embryos/tail pieces were washed several times in PBS, then put into a glycerol series 

for imaging. 

 

4.9.8.2 Sections 

Sections were dewaxed with Histo-clear (NAT1334, SLS), rehydrated with EtOH, then boiled in 

0.01M citrate buffer for antigen retrieval. Sections were blocked in 2% maleic acid buffer, then 

incubated in primary Ab: rabbit anti-CAMTA1 (NBP1-93620, Novus Biologicals) 1:200 overnight at 

4oC. Primary Ab: rabbit anti-L-plastin was also used as a positive control (GTX124420, Genetex) 

1:200. Sections were then incubated in secondary Ab: Alexa goat anti-rabbit 488 (A11034, Invitrogen) 

1:500 overnight at 4oC. Secondary Ab alone was used as a negative control. Sections were washed 

several times in PBS, then put into a glycerol series for imaging. 

 

 

4.10 Zebrafish histology 

4.10.1 Immersion fixation/decalcification for sectioning 

 
Selected fish were anaesthetised by immersion fixation to preserve cellular structure. Adult fish were 

immersed in concentrated tricaine until they were non-responsive (no tail response). 

They were then fixed in 4% PFA, at 4oC for 3-4days/RT for 2 days. The PFA was removed, and 

replaced with 2x PBS washes, then 0.25M EDTA pH 8 at RT for 2-4 days for decalcification. The 

EDTA was removed and replaced with 2x PBS washes, then stored in 70% EtOH at 4oC until 

sectioning. 

 

4.10.2 Sectioning 

 
Fish were embedded only by Mrs. Maggie Glover (Technical Histology specialist, Oncology, 

University of Sheffield), using a Leica TP1020 tissue processor. 
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Fish were sectioned using a microtome (Leica RM2135), at 5μM, floated in a 47oC waterbath, placed 

onto polysine® charged glass slides (631-1349, Menzel-Glazer, VWR), and left to dry overnight at 

37oC. 

 

4.10.3 Hematoxylin & Eosin (H&E) staining 

H&E staining was performed to standard protocols, using Xylene (X/0250/17, Fisher), Hematoxylin 

(GH5232, Sigma), Eosin (17372-8711, Acros Organics: 0.6% in Industrial methylated spirit 

(M/4450/17, IMS). Specimens were mounted in DPX (06522, Sigma), then dried overnight at RT. 

 

4.11 Microscopy/Imaging 

Live images were taken by using 3% methylcellulose (M0387, Sigma) to position the fish, where 

necessary. 

 

In situ images were taken using the Leica M165FC stereo-microscope, using LASV4.3 software. GFP 

and RFP images, and immunohistochemistry (IHC) section images were taken on Leica M205FCA, 

using LAX software. IHC tail images were taken using Nikon W1 spinning disk confocal and analysed 

in Fiji 2.3.0. 

 

4.12 Statistical analysis 

 

4.12.1 Prism 

Prism 9.3.1 was used for graphs and statistical analysis. Un-paired t-test was used to compare 2 groups 

with normalised distribution data. One-way ANOVA was used to compare 3 groups with non-

parametric data, using the Kruskal-Wallis test. SEM was used in all cases. 

 

 

4.13 Gene Set Enrichment Analysis (GSEA) and protein interaction analysis 

Data from RNA-seq was analysed using Gene set enrichment analysis (GSEA) v4.3.2 from the Broad 

Institute/UC San Diego (Subramanian et al., 2005, Mootha et al., 2003), with Biomart (Ensembl 

release 109 (Martin et al., 2023)) for converting Cordenonsi YAP signature (Cordenonsi et al., 2011) 

and Seavey EHE (Seavey et al., 2021) gene sets from human to zebrafish. 

Protein-protein interactions were examined using STRING database (https://string-db.org/), using the 

https://string-db.org/
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top 50 enriched genes from RNAseq, for both TC and YT. This was performed using medium 

confidence (0.4), and experiment and coexpression interaction sources. 

 

4.14 Aligning mapped RNAseq reads to the construct 

 

4.14.1 In silico transgenic genome for mapping purposes 

NCBI was used to select the zebrafish genome (GRCz11), both fna and gff (with annotations, provides 

locations of genes, exons, etc.) files were used. The transgenic fna file was created by copying the 

regular fna file into a text edit file, with the transgenic construct added to the end. This was done by 

duplicating the “mitochondrial genome” at the end of the zebrafish genome sequence file, still 

maintaining the correct formatting of the additional sequence, but removing all mitochondrial 

sequences. The gff file was created by copying the regular gff file into a text edit file and then adapting 

the required sequence and descriptors. 

 

4.14.2 Galaxy 

Galaxy Europe (https://usegalaxy.org/(Galaxy, 2022)), hisat2 program was used to align biological 

repeat reads. The BAM files produced were merged using Merge BAM files tool, then htseq-count was 

used to count the number of reads aligned with the gff file, and expression levels were calculated. 

 

4.14.3 Alignment 

Integrated genomics viewer (IGV) (Robinson et al., 2011), version 2.16.0, was used to align mapped 

reads to the transgenic genome (zebrafish genome containing the transgenic construct). 

https://usegalaxy.org/
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5 Results: Initial characterisation of TAZ- 

CAMTA1 in zebrafish and creation of 

fli1a:TAZ-CAMTA1 & Gal4/UAS models 

 
Epithelioid hemangioendothelioma (EHE) is a rare, vascular sarcoma resulting from the TAZ-

CAMTA1 (TC) fusion protein (Errani et al., 2011, Tanas et al., 2011) in 90% of EHE cases (Flucke et 

al., 2014), and YT in 10% of EHE cases (Antonescu et al., 2013). There were no animal models/cell 

lines at the beginning of this project. However, even though currently there are mouse models, 

zebrafish offer unique points. They are optically clear, produce many embryos, are cost-effective, and 

are amenable to high-throughput drug screens (MacRae and Peterson, 2015). 

The aim was to create a zebrafish model of TC to further characterise EHE. In order to mimic human 

disease, endothelial expression of TC was required, as this is the tissue of origin in the human (Tanas 

et al., 2011). The fli1a promoter has been used extensively in the zebrafish field to drive endothelial 

cell expression, and is very well characterised, having been shown to drive robust expression of genes 

in endothelial cells (Lawson and Weinstein, 2002). Therefore, it was decided to use this promoter to 

drive TC directly and create transgenic animals that express this gene in the fli1a pattern. 

 

5.1 Expression of TAZ-CAMTA1 and Yap1-Tfe3 by mRNA injection 

Firstly, to test the effect of TC on the vasculature (and also to test whether human protein could be 

expressed in zebrafish), TC mRNA was produced by restriction digest of a human TC piece, which 

was a gift from Dr. B. Rubin. This was then ligated into the pcs2+ vector, as this contains an SP6 site 

to enable the production of mRNA. The plasmid was transformed in E. coli, then selected and purified, 

and used to generate RNA by in vitro transcription, using the SP6 mMessage mMachineTM kit (Fig. 

12). TC mRNA was then injected into fli1a:EGFP embryos at 500pg, and scored/imaged at 1dpf. TC 

S51A was injected as a control. S51A is a serine to alanine change at position 51 in human. S51 is 

essential for binding to TEAD as the serine hydrogen bonds to tyrosine Y406 and glutamic acid E240 

in TEAD (Li et al., 2010, Zhang et al., 2009, Zhao et al., 2008, Chen et al., 2010) (Kwon et al., 2022). 

 

There was a substantial difference between the TC injected embryos and TC S51A injected embryos at 

500pg (P<0.001, Chi-squared test). Some of the TC injected embryos showed a very abnormal 

morphological phenotype, with very few intersegmental vessels (ISVs) present (Fig. 13B, B’). Many of 
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these appeared to not have developed (Fig., 13, Table 12), whereas when the one amino acid change 

construct, TC S51A, was injected, this did not give the same phenotype. It gave a WT-like phenotype 

(Fig. 13A,A’) or mildly abnormal (not shown) (Fig. 13). This shows that the TC effect was not just due 

to general toxicity. 

 

Zebrafish Yap1-Tfe3 (YT) mRNA was created, as it was decided that YT may be easier to express. A 

YT piece was produced by Genewiz (originally designed for insertion into pME-MSC2), then a XhoI 

site was added via PCR, in order for restriction digest/ligation into pCS2 (Fig. 12). This was injected 

into fli1a:EGFP embryos in order to test the effect of overexpression of YT on the vasculature. This 

took an extended period of time to titrate, as I initially began at 500pg, as with TC, but finally used 

100pg. This indicated that the “potency” of YT is much higher than TC. YT did appear to be quite 

toxic, with much embryo death/deformity. A control construct, YT S94A, was produced, with one 

amino acid change from serine to alanine at the equivalent of position 94 in human. It was shown that 

when YAP1 is mutated at serine 94 (S94), it is not able to bind/activate TEADs (Zhao et al., 2008). 

Surprisingly, S94A showed a high level of toxicity at 250pg. As I expected this to be non-functional, I 

concluded that there may be a contamination issue, so reproduced the RNA. However, this did not 

resolve the issue, as S94A still showed toxicity upon injection at 250pg. 

Altogether, a range of concentrations were tried for YT (50, 100, 250, 500pg) and 100pg was the 

optimum. Below this most of the embryos gave a WT phenotype, and above this, there was a high 

death rate (28.6% death for YT and 24.1% for S94A at 250pg). Using the chi-squared test with 100pg 

YT vs YT S94A, P=ns. Overall, I concluded that it is possible S94A may have been dominant negative 

and interfered with endogenous YT. 
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Fig 12: Schematic diagram to show production of TAZ-CAMTA1 mRNA 

TC and TC S51A were both produced via restriction digest and ligation into pCS2, then in vitro 

transcription was performed from the linearized plasmid.  

TC and TCS51A both originated from gifted plasmids. 

YT and YTS94A were created via the same process, except a XhoI site was added via PCR (to a YT 

Genewiz fragment), before restriction digest/ ligation into pCS2.   
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Table 12: TAZ-CAMTA1/S51A and Yap1-Tfe3/S94A injected embryos, sorted into classes 

There are more severely abnormal embryos in the TC injected embryos, compared to the control. 

YT was injected at a much lower concentration than TC, as it appeared quite toxic at higher 

concentrations.  

YT S94A also appears to have a considerable effect. 

TAZ-CAMTA1(500pg) ***P<0.001 

YAP1-TFE3 (100pg) P=ns, both Chi-squared test 

 

 

Phenotype TAZ-CAMTA1 

500pg 

TAZ-CAMTA1 

S51A 500pg 

Yap1-Tfe3 

100pg 

Yap-Tfe3 S94A 

100pg 

Class I (severely 

abnormal) 

9 0 8 13 

Class II 

(abnormal) 

6 20 4 0 

Class III (WT) 10 9 31 34 
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Fig. 13: TAZ-CAMTA1 mRNA and Yap1-Tfe3 mRNA injection into fli1a: EGFP at 1.5dpf 

A, A’: TAZ-CAMTA1 S51A amino acid change injected gives WT-like phenotype with visible 

ISVs (class III) 

B,B’: TAZ-CAMTA1 injected embryo and few ISVs visible (class I) 

C, C’: WT uninjected embryo and WT ISVs  

D,D’: TAZ-CAMTA1 injected embryo and some ISVs visible (class II) 

E, E’: Yap1-Tfe3 S94A amino acid change injected with some visible ISVs (class I) 

F, F’: Yap1-Tfe3 injected embryo with some visible ISVs (class I) 
Scale: 0.5mm (Images compiled in Photoshop) 
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Fig. 14: CAMTA1 Ab staining at 60% epiboly 

(A) TAZ-CAMTA1 mRNA injected embryo. Bright green spots representing (TAZ-)CAMTA1 

positive nuclei can be observed. 

(B) Uninjected embryo, with no CAMTA1 staining. 

Both embryos are stained with anti-CAMTA1 (NBP1-93620, Novus Biologicals) 

(N.B. both embryos show auto-fluorescence in the yolk). 

Scale: 500μm 

 

5.2 Testing CAMTA1 antibody on TAZ-CAMTA1 mRNA injected zebrafish 

As mentioned previously, I planned to use an antibody (Ab) to detect TC in zebrafish later in the 

project, in order to distinguish TC induced tumours from spontaneous. WT zebrafish embryos were 

injected with TAZ-CAMTA1 mRNA at 500pg. Uninjected zebrafish served as a control. Embryos 

were then fixed at 24hrs and stored in MeOH until use. CAMTA1 Ab staining was performed, with all 

embryos showing no visible staining. It was thought this may be due to Ab penetration issues. 

Therefore, to circumnavigate this, I injected a new batch of embryos and fixed at 60% epiboly. Upon 

CAMTA1 Ab staining, the injected embryos showed green CAMTA1 nuclear staining, whereas the 

uninjected embryos did not show this (Fig. 14). This confirmed that the antibody was functional in 

zebrafish whole mount immunohistochemistry, and that RNA injection was indeed leading to the 

production of the fusion protein. 
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5.3 Generation and characterisation of fli1a:TAZ-CAMTA1 zebrafish 

As the mRNA injections and antibody staining showed that human TAZ-CAMTA1 was produced and 

active in zebrafish, fli1a:TAZ-CAMTA1 constructs were produced, as EHE is known to originate in the 

endothelial cells of the blood vessels (Sardaro et al., 2014). These were injected to produce 

transgenics, initially using cmlc2:egfp as a transgenesis marker, then later using cry:cfp. This was due 

to the fact that there have been unpublished reports that the cmlc2 promoter may interfere with other 

promoter function (R. Wilkinson, pers. comm.). Several independent lines were established which 

showed expression of the transgenesis marker. Transgenic fish showed normal development, and no 

abnormalities in blood vessel patterning were observed. In order to confirm that the fli1a promoter was 

working as expected, embryos from these lines were tested using whole mount in situ hybridisation. 

Highly surprisingly, these in situs did not show the expected fli1a expression pattern (Fig. 15). I 

hypothesised that the fli1a promoter may somehow have been altered in the 5’ pENTRY plasmid that 

was used for making the constructs. Therefore, a uas:EGFP control line was produced and crossed 

with the fli1a:GFF line (using the same fli1a plasmid). The improved version of Gal4, Gal4FF (GFF) 

was used (Asakawa et al., 2008), under the control of the fli1a promoter. This line was previously 

established and known to be functional (R. Wilkinson, pers. comm.). However, this gave the expected 

in situ expression pattern (Fig.15E). Therefore, this showed that the results were not due to issues with 

the Gateway plasmids. Another reason for the unexpected difference may be that expression of TAZ- 

CAMTA1 is toxic, and only insertions that behave anomalously will survive through the germline of 

injected G0 fish. For this reason, it was decided to create models where TAZ-CAMTA1 would be 

switchable, based on the Gal4/UAS system. 

 

5.4 Generation and characterisation of Gal4/UAS: TAZ-CAMTA1 model 

Gal4 is a yeast transcriptional activator, which controls the expression of an Upstream Activating 

Sequence (UAS) promoter (Scheer and Campos-Ortega, 1999). A gene of interest (effector) can be 

fused to UAS, which will only be expressed when this line is crossed with the Gal4 line. Otherwise, 

the effector gene is silent (Scheer and Campos-Ortega, 1999) (Fig. 8), allowing establishment of lines 

that can express “toxic” transgenes. The improved version of Gal4, Gal4FF (GFF) was used (Asakawa 

et al., 2008), under the control of the fli1a promoter, once again. 

At the time, the 5’Entry uas promoter plasmid in the Bateson Centre, Sheffield, had been shown to 

incorrectly function (F. van Eeden, pers. comm.). Therefore, a new uas promoter was created and 

tested to ensure functionality. It was produced by annealing ultramers, then restriction digest of both 
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this and the p5E plasmid, before phosphorylating the fragment, and dephosphorylating the plasmid, 

then ligation, cloning, and purification. A uas:EGFP construct was produced in tandem to ensure the 

promoter was working, and this was shown to be the case. 

Several different versions of uas: TAZ-CAMTA1 transgenics were created using cry:cfp as a 

transgenesis marker, some with a t2a-NEON tag (a bright version of GFP), and others without. 

Transmitters were identified by cry:cfp expression, then crossed to the fli1a:GFF line. Embryos were 

then fixed at 2dpf and stored in MeOH until in situ was performed, using the TC probe. However, this 

still did not give the expected fli1a expression pattern from in situ (Fig. 15). 50% embryos had a 

darker staining in the head, which were expected to be the embryos with the GFF, and hence the active 

form of TC. I also used GFP neon to visualise TAZ-CAMTA1, with a t2a linker (self-cleaving), but did 

not see any GFP at this point. To check that the issue was not due to the fli1a:GFF line, the uas:EGFP 

line was crossed with this, in parallel to the above cross. In contrast to the uas:TAZ-CAMTA1 line, this 

did express GFP in the expected fli1a pattern (Fig. 15, E) in 50% of the embryos (with GFF, using the 

GFP probe). This led to the conclusion that the problem was likely to lay with human TAZ-CAMTA1. 

One possibility was that human sequences may not express well in zebrafish. As I wanted to maintain 

the human amino acid sequence (as this would be possible to detect using human antibodies, which 

would be important for future experiments), I designed two zebrafish optimised TAZ-CAMTA1 

constructs. These were designed using 2 different optimisation algorithms (Genewiz and IDT). This 

would also change the primary sequence considerably, thus if there were DNA sequences in our 

construct that for some unknown reason interfered with expression, the codon optimisation process 

may have altered these. These optimised sequences were cloned into middle entry vectors and were 

used to assemble new Gateway constructs for transgenesis. Constructs were sequence verified, and 

again injected into embryos in order to generate new transgenic lines, which contained these optimised 

TAZ-CAMTA1 sequences. These would be under the control of the fli1a or uas promoter. Several 

independent transgenic lines were generated. However, these also did not give the expected expression 

in the blood vessels, both under direct fli1a and indirect fli1a control (fli1a:GFF x uas) (Fig. 15). 

 

Finally, in an attempt to further adapt sequences towards zebrafish, I replaced the n-terminal human 

TAZ (from TAZ-CAMTA1) with the equivalent zebrafish sequence, creating a “zebrafish Taz-human 

CAMTA1” chimera. Human CAMTA1 was retained to allow detection of the fusion by a 

commercially available human antibody. I had zebrafish TAZ-human CAMTA1 synthesised 

(Genewiz), and this was again cloned into a middle entry vector, assembled into a destination vector, 



60  

and transgenics were produced. However, all these approaches failed to produce a transgenic which 

expressed TAZ-CAMTA1 in an endothelial pattern (Fig. 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: In situ on a variety of lines with TAZ-CAMTA1 plasmid probes at 2dpf 

A-E: The top fish is CRY positive, the bottom fish is CRY negative in each section. There is 

higher expression in the CRY positive fish, but not the expected fli1a expression pattern, as in the 

control (E). A-D: TC probe, E: GFP probe. 

Scale bar: 0.5mm 
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5.5 CAMTA1 appears to be the source of expression-interfering sequence elements 

From my previous experiments, it appeared that the TAZ-CAMTA1 gene sequence behaved 

differently from the GFP sequence, when driven by the same promoter. We speculated that there may 

be sequence elements in the construct that somehow influenced expression. Therefore, I examined the 

source of the expression-interfering sequence elements by cloning TAZ and CAMTA1 as EGFP fusion 

proteins, behind a fli1a promoter. Restriction digest was used to isolate these fragments, then these 

were ligated into fli1a:EGFP, and cloned in E. coli, then purified. 

These constructs were injected, along with fli1a:EGFP as a positive control (Fig. 16C). GFP ISVs were 

noted in fli1a: EGFP-TAZ (Fig. 16A), and the positive control, and analysed as G0 mosaics. No ISVs 

were labelled in fli1a:EGFP-CAMTA1 (Fig. 16B). Therefore, it seemed that CAMTA1 may have been 

the source of expression-interfering elements. 
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Fig.16: ISV EGFP expression in embryos injected with a variety of fli1a constructs at 3dpf 

A) fli1a:EGFP-TAZ, B) fli1a:EGFP-CAMTA1, and C) fli1a:EGFP. 

There is expression of EGFP in fli1a:EGFP-TAZ, but almost no expression in fli1a:EGFP- 

CAMTA1. 

Scale bar: 0.5mm 
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5.5.1 Further analysis of TAZ-CAMTA1 expression issues 

Based on results with the previous transgenics, I hypothesised that the problem with TC expression 

was possibly due to DNA element(s) or protein feedback on the fli1a promoter, or both issues may 

have been involved. Evidence for the protein feedback (Fig. 17) came from our collaborator, V. 

Kouskoff’s lab.: they found that expression of TC in mouse stem cells led to downregulation of fli1 

expression in RNAseq experiments (Neil et al., 2023). 

 

With respect to DNA elements, a fli1a:EGFP-CAMTA1 was constructed, with and without a STOP 

sequence post-EGFP, to show whether a DNA element/stem loop was present. If a DNA element/stem 

loop was present, there would have been an expected premature transcriptional end, with no EGFP 

expression (Fig. 18A). Conversely, if there was no stem loop, the polyA tail would be transcribed and 

there would be expected EGFP expression (Fig. 18B). An issue with this approach is that it would 

lead to a very long 3’ UTR, which might lead to reduced expression also. fli1a:EGFP-STOP-CAMTA1 

was constructed. The fli1a:EGFP-CAMTA1 without the STOP sequence and fli1a: EGFP (positive 

control) had already been constructed (Chapter 5.5). The fli1a:EGFP-STOP-CAMTA1 was constructed 

by restriction digest of a fli1a:EGFP-STOP-CAMTA1 DNA piece (Genewiz), ligation into linearised 

fli1a:EGFP-CAMTA1, cloning in E. coli, and purification. 

 

There was no apparent GFP expression with the STOP sequence (Fig. 19A), which suggested that the 

issue was a DNA element(s), as opposed to promoter feedback. Data was shown to be significant, both 

between fli1a:EGFP-STOP-CAMTA1 and fli1a:EGFP, and fli1a:EGFP-CAMTA1 and fli1a:EGFP 

(Kruskal-Wallis, *P< 0.05) (Fig. 20). However, this experiment was not fully conclusive, as the 

construct with a STOP would have an unnaturally long UTR, which could also interfere with 

expression. 
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Fig. 18: Schematic representation of transcription of EGFP when a STOP sequence is added before 

CAMTA1, with and without stem loop 

A) If a DNA element/stem loop is present, the ribosome will not continue and there will be a 

premature transcriptional end, hence no EGFP expression. 

B) If there is no stem loop present, the polyA tail will be transcribed, and there would be expected 

EGFP expression. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Schematic representation of negative feedback on the fli1a promoter 

TAZ-CAMTA1 is thought to cause negative feedback onto the fli1a promoter. 
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Fig. 19: No. of ISVs when embryos were injected with different fli1a constructs at 3dpf, to 

identify whether there is a stem loop/DNA interfering element(s) in CAMTA1 

A) fli1a:EGFP-STOP-CAMTA1 – no visible ISVs. 

B) fli1a:EGFP-CAMTA1 – no visible ISVs. 

C) fli1a:EGFP - ISVs were only visible in the positive control. 

Scale bar: 0.5mm 
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Fig. 20: No. of ISVs in different fli1a construct injected WT at 3dpf, to identify whether there is a 

stem loop/DNA interfering element(s) in CAMTA1 

fli1a:EGFP (positive control), fli1a:EGFP STOP CAMTA1, fli1a:EGFP-CAMTA1 constructs were 

used. There was no visible EGFP in any injected constructs, except the positive control. 

Kruskal-Wallis, *P< 0.05. 
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GFP experiments showed that CAMTA1 appeared to be the source of the expression-interfering 

sequence elements. Further experiments suggested that the issue was a DNA element(s), as opposed to 

promoter feedback. However, this experiment uses CAMTA1 as a very long 3’ UTR at 4.2kb (average 

length of human 3’ UTRs is ~1kb (Hong and Jeong, 2023)). Long UTRs are associated with lower 

levels of gene expression due to less stability (Sandberg et al., 2008) (Schwerk and Savan, 2015). 

Therefore, depending on GFP for this experiment may not have been reliable. 

 

To conclude, TC had a significant effect when TC mRNA was injected into fli1a:GFP, vs TC S51A 

control. YT was not significant when compared to the YT S94A control, with injection into fli1a:GFP 

embryos. When in situ hybridisation was performed on transgenic TC embryos with a TC probe, this 

did not show the expected fli1a vessel pattern, even though controls did show this. Finally, CAMTA1 

appeared to be the section causing expression issues, rather than TAZ. The cre-lox system was chosen 

next, as a different, inducible model. 
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6 Results: TAZ-CAMTA1 - cre-lox system 

 
In the previous chapter, I established that the fli1a promoter showed a surprising sensitivity to TAZ-

CAMTA1 (TC). It failed to drive expression either directly, or also indirectly, using Gal4 as an 

intermediate transcription factor. This was difficult to explain, but as both systems relied on continued 

activity of fli1a as the driver of expression, and it was established by a collaborator that TAZ-

CAMTA1 protein was able to downregulate endothelial cell promoter expression (Neil et al., 2023), I 

decided to try a system that would be independent of an endothelial promoter. Instead, I would use a 

generic promoter that can drive expression, independent of cell type. The ubiquitin (ubi) promoter has 

been reported to be such a promoter and has been used extensively by the zebrafish community 

(Mosimann and Zon, 2011). 

 

In addition, it was necessary to use an inducible system for spatial and temporal control. Therefore, I 

decided to use the cre-lox system. Cre is a site-specific recombinase which causes DNA recombination 

at loxP sites (Argos et al., 1986, Hoess et al., 1982, Hoess and Abremski, 1984). An ubi:lox nls- 

mCherry lox TAZ-CAMTA1 t2a neon line was planned to be crossed with a fli1a:creERT2 line. This 

was expected to allow mCherry to be loxed out upon Cre recombination (fli1a: creERt2 lines did not 

show correct expression, therefore a fli1:cre GFP line was used (see 6.1) Fig. 21). There should be 

TAZ- CAMTA1 expression in the endothelial cells, as Cre would only be switched on in these cells 

(driven by fli1a), upon tamoxifen treatment. It would also allow the testing of activity of the ubi 

promoter at the transgenic insertions site, through visualisation of mCherry. 
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6.1 Generation and characterisation of fli1a driven Cre line 

 
A fli1a:creERT2 line was created by injecting the construct (gifted by Dr. H. Roehl) in WT embryos. 

fli1a:creERt2 fish were screened for founders using cry:venus as a transgenesis marker, and in situ 

hybridisation was performed on the resulting embryos to check for correct endothelial expression of 

Cre. Four lines were tested: all showed unexpected, generalised staining, with no fli1a expression 

pattern (data not shown). The construct was sequenced for fli1a and was found to be correct. 

Nevertheless, I was concerned that the fli1a promoter (that was being used by various groups in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.21: The Cre lox-STOP-lox system 

This shows how TAZ-CAMTA1 should be expressed in the progeny, when mCherry is loxed out 

using cre recombinase, for site-specific expression.  
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Fig. 22: pTol1 fli1a:ep zfcre EGFP at 1dpf 

Image showing the GFP blood vessels of line AA8. 

Scale bar: 0.5mm 

Image is compiled using Photoshop. 

Bateson Centre, Sheffield), was somehow suboptimal, and that this may also have led to the 

expression (Chapter 5). Therefore, a construct was obtained from Dr N. Lawson, who initially isolated 

the fli1a promoter (Lawson and Weinstein, 2002). This construct drives a cre-EGFP fusion gene and 

has the advantage that the expression can be visualised, thus ensuring that fli1a is working correctly as 

a promoter, in injected G0 founders. This was found to be the case, and AA8 (Fig. 22) and AF22 lines 

were established, which showed the correct endothelial expression of Cre-EGFP. 

 

 

 

 

 

6.2 Generation and characterisation of ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon 

 
6.2.1 ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon fish show recombination upon Cre activation 

 
The ubi promoter has been reported to be suitable to drive high level generic expression of proteins in 

zebrafish, as mentioned above (Mosimann and Zon, 2011). This promoter was made “switchable” by 

inserting a lox nls-Cherry STOP lox cassette behind it, followed by TAZ-CAMTA1-t2a-neon. t2a 

Neon is a self-cleaving element that should lead to production of both TAZ-CAMTA1 and Neon (a 

bright version of GFP) (Shaner et al., 2013). When inserted in the genome, the ubi promoter will drive 

nls-mCherry. This will allow direct visualisation to check the correct expression and activity level 

(from the brightness of the mCherry fluorescence) of the ubi promoter in G0 founders, and F1 

transgenics. 
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An ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon construct was created by firstly producing a p5E 

ubi:lox nls-Mcherry lox construct, using the p5 ubi:lox GFP lox (Addgene, 27322, (Mosimann et al., 

2011)) backbone (the line it was going to be crossed to already had venusCRY, a green eye marker). A 

HindIII MfeI nls-mCherry DNA piece was produced (Genewiz, Appendix), then restriction digested 

and ligated into linearised p5 ubi:lox GFP lox (27322, Addgene) (GFP was removed via restriction 

digest). This was then cloned into E. coli and purified. Multi-site Gateway cloning was then used to 

produce the final ubi:lox nls-mCherry lox TAZ-CAMTA1(codon z optimised) t2a Neon construct, using 

the destination vector, pDestTol2pA2 (Fig. 23). In order to test immediately that the lox cassette could 

be removed, and TAZ-CAMTA1-t2a-neon could be activated, ubi:lox nls-mCherry lox TAZ-CAMTA1 

t2a neon construct was injected into wild-type (WT) embryos, along with Cre mRNA, and the control 

without Cre. This showed mosaic mCherry expression, with a clear change from RFP in the uninjected 

embryos, to GFP in the injected embryos (Fig. 24). 
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Fig. 23 Multi-site gateway cloning diagram 

P5, pME-MCS2 and p3 plasmids were cloned together in the desination vector, in order to produce 

the final expression clone. 

mCherry plasmid was produced by Genewiz. TC plasmid was gifted (B. Rubin), and t2a neon was 

also produced via Genewiz, and further cloned into pDONRp2R-P3. 
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Fig. 24: Recombination test: Injection of ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon into WT 

embryos, with and without Cre mRNA at 1dpf 

A, C, E) an embryo injected with the construct only, and no Cre mRNA. C) nuclear RFP, and E) 

no GFP, as expected. B, D, F) an embryo injected with the construct, plus Cre mRNA. D) no 

RFP, and F) GFP spots, which indicated that the lox system was working. 

Scale bar: 0.5mm 
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6.2.2 TC shows recombination via PCR 

 
ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon fish were screened, and founders were obtained (Fig. 

25). Lines were tested by crossing to WT, and injecting embryos with Cre mRNA, to test the lox sites. 

Unfortunately, although no RFP was seen in the injected embryos, indicating recombination had taken 

place, no GFP could be visualised either. There did not appear to be a problem with accessibility of the 

lox sites, as this occurred in all founders tested to date. Nevertheless, to visualise the effect of Cre 

mRNA injection molecularly, primers for a PCR recombination test were designed. ‘Outside’ primers 

were designed to only show a band if mCherry (RFP) had been ‘loxed out’ upon Cre mRNA injection 

(Fig. 26, A, green arrows). ‘Inside’ primers were designed to show a band for the presence of the lox 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25: RFP levels in ubi: lox nls-mCherry TAZ-CAMTA1 t2a neon lines at 3dpf 

A,B,C,D) All separate founders 
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mCherry lox cassette, as an unrecombined control (Fig. 26 A, red arrows). The PCR with the outside 

primers showed the correct size bands (358bp) upon co-injection with Cre mRNA and the transgene 

DNA (Tg Cre), and these were not seen in transgene DNA injected embryos – bands will only be 

present if transgene is present and Cre mRNA is injected (Fig. 26, B). This indicated that the STOP 

cassette could be removed, and recombination occurred correctly in transgenic line, AA6. A non- 

recombined PCR showed bands where RFP was present (662bp), in the transgene DNA injected 

mCherry positive embryos (Tg), but when Cre mRNA was injected only a weak amplification was 

observed (Tg Cre). This indicated that little mCherry was present, and that the STOP cassette had been 

efficiently ‘loxed’ out (Fig. 26, C). I hypothesized that Neon was not visible in the embryos as the 

expression levels may have been very low. 

 

ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon x fli1a:cre EGFP were also crossed to check that 

there was recombination in the lines. Embryos were sorted for the transgene (RFP) and Cre (GFP). 

The PCR from these fish showed a band of the correct size (358bp) with both the transgene and Cre 

(Tg cre), but not in the fish with the transgene only (Tg) (Fig. 27, B). This indicated that the STOP 

cassette can be removed and recombination can occur in transgenic line AA6 (bottom bands are 

primer-dimer). The non-recombined pcr showed bands where mCherry is present (662bp), in the 

embryos with the transgene and Cre (Tg cre), and transgene (Tg) alone, as mCherry is expressed 

ubiquitously (Fig. 27, C). 
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Fig. 26: Recombination-specific PCR test (with Cre mRNA coinjection) for TAZ-CAMTA1 

A) Schematic representation of ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon. 

B) A PCR showing bands upon injection with TAZ-CAMTA1 DNA & Cre mRNA (Tg cre) – 

bands will only be present if transgene is present and Cre mRNA is injected (358bp). This 

indicates the STOP cassette can be removed and recombination can occur in transgenic line AA6. 

C) A non-recombined PCR, showing bands where mCherry is present (662bp), in the TAZ- 

CAMTA1 DNA injected mCherry embryos (Tg no Cre), but a poorly working PCR when Cre 

mRNA is coinjected, indicating that little mCherry is present (Tg Cre), and has been ‘loxed’ 

out. 
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6.2.3 In situ hybridisation on the cre-lox lines does not show the flia pattern 

As preliminary tests showed that the lox cassette was functional, next expression of TC in the cre-lox 

lines was performed, via in situ. A TC plasmid probe was produced, along with a control mCherry 

probe, which were used to stain ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon embryos (crossed 

with WT), at 3dpf. These were injected with Cre mRNA, alongside uninjected controls. I was 

interested in showing changes in expression, when comparing transgenic animals with and without the 

lox-STOP-lox cassette. The expectation was that transgenic embryos that have not been switched 

would express mRNA for mCherry, and no mRNA for TC. Whereas embryos that have Cre mRNA 

injected and have lost the loxed mCherry sequence, would lose mCherry expression and gain TC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 27: Recombination-specific PCR test (with transgenic lines) for TAZ-CAMTA1 

A) Schematic representation of ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon. 

B) A PCR showing bands of ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon x fli1a:cre EGFP 

(Tg cre) – bands will only be present if transgene and Cre are present (358bp). This indicates that 

the STOP cassette can be removed and recombination can occur in transgenic line AA6 (bottom 

bands are primer-dimer). 

C) A non-recombined PCR, showing bands where mCherry is present (662bp), in the ubi: lox nls- 

mCherry lox TAZ-CAMTA1 t2a neon x fli1a:cre EGFP embryos (Tg and Cre), and Tg alone. 

mCherry is expressed ubiquitously (ie. also outside the vessels, where Cre is expressed). 
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expression. A TC probe (1255bp) was produced from the pME-MCS2 TAZ-CAMTA1 construct. 

This was created by restriction digest and purification, then a RNA probe with a DIG label was 

produced via in vitro transcription. The mCherry probe (781bp) was produced via PCR. 

From in situ data, in line AA6/7, fish 2, outcrossed to WT, and cre mRNA injected, 50% had TC stain 

as expected (data not shown). However, very surprisingly, in pre-sorted, RFP positive and Cre 

uninjected fish, 50% embryos had darker stain for TC also. It was highly unexpected to see TC stain in 

the pre-sorted RFP uninjected embryos, as mCherry was present, therefore TC should not have been 

expressed. It was possible that the AA6/7 line that was tested was anomalous. Therefore, I tested 

several different founder lines, again comparing Cre mRNA injected embryos and uninjected embryos 

with TC probe and saw the same result. I thought this unexpected result may be due to some 

background staining from the plasmid probe used. If the plasmid is not completely linearised, this can 

lead to background staining due to the possibility that other plasmid sequences are also present in the 

probe being transcribed. Hence a TC PCR probe was made to test this possibility, as a probe made 

from an amplified PCR product should be free of contaminating plasmid sequences. 

To produce the new TC PCR probe (974bp), primers were designed with a T7 sequence, in order to 

amplify gDNA. Bulk PCR was performed, then purification and transcription, again using a DIG label. 

The new TAZ-CAMTA1 probe was used to stain ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon 

embryos, injected with Cre mRNA (embryos from B2 and B4 fish shown, AD25 line - Fig. 28). From 

Cre injected fish (Fig. 28, A and B), this appeared to show that there was a difference in embryos with 

and without the transgene, using the TC probe. However, from these 2 images I could not deduce for 

certain which fish had the transgene, although levels of RFP in Cre mRNA injected embryos had 

decreased dramatically (seen when examined under the microscope prior to in situ). This suggested 

that recombination did indeed take place, and that the embryo with the darker stain had the activated 

transgene. The uninjected fish were then examined: Fig. 28, C shows uninjected embryos from the B2 

fish, stained with the control, mCherry probe. This was as expected, as the pre-sorted RFP fish had 

much darker stain than the RFP negative fish. However, in Fig. 28, D, this showed darker stain for the 

TC probe in the pre-sorted RFP, uninjected fish. I would expect no TC expression in the uninjected 

RFP fish, as mCherry would still be present, as it had not been loxed out. Hence, I decided to use 

qPCR as a different method to examine TC expression, as in situ gave unexpected results with 2 

separate TC probes. 
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6.3 Preliminary qPCR optimisation for TAZ-CAMTA1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 28: In situ images to show TAZ-CAMTA1/mCherry expression at 3dpf 

A) TAZ-CAMTA1 probe staining in ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon injected 

with Cre mRNA, in embryos from fish B2 and C) uninjected embryos with the control mCherry 

probe. 

B) TAZ-CAMTA1 staining in embryos from a different fish, B4, with Cre mRNA injection, and 

D) TAZ-CAMTA1 probe with uninjected embryos. 

Scale bar: 0.5mm. 
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6.3 Preliminary qPCR optimisation for TAZ-CAMTA1 

 

qPCR for TC (and mCherry as control) was performed, to show expression levels for the TC lines. 

Firstly, qPCR primers were designed, standard curves were performed, and primer efficiencies were 

calculated. Unexpectedly, all primer sets gave poor primer efficiencies. When qPCR primers were 

designed, it was not initially realised that there was an intron in ubi; therefore, primers were not 

designed around this, and there was a need to use the DNA removal kit. Otherwise, contaminating 

gDNA may have been amplified, leading to unreliable levels of RNA expression. 

 

cDNA was initially primed using oligoDT but was then switched to random hexamer to ensure the 

full-length of TC was reverse-transcribed, as it is a large construct (TC is 5628bp, 4857bp without 

neon). This still gave poor primer efficiencies. I hypothesised that this may be due to weak expression 

of TC. Therefore, plasmid DNA was used to test primer efficiencies, and primer sets were then found 

to have good primer efficiencies, confirming that expression levels were likely to be low. This 

contrasted with the aforementioned in situ hybridisation (ISH) results. At this time, the results were 

returned from RNA-seq, and it was decided that this would deliver a more reliable and detailed picture 

of TC expression (Chapter 7). Therefore, further qPCR experiments for TC were not pursued. 

 

To conclude, when WT lines were coinjected with the transgenic TC construct and Cre mRNA, this 

showed a reduction in RFP and expression of GFP, as expected if the transgene was expressed, and 

mCherry was loxed out. However, when Cre was injected into a transgenic TC line, there was a 

reduction in RFP, but no expression of GFP. Therefore, a PCR was designed to detect recombination in 

the lines. The PCR showed recombination did indeed occur in several different transgenic zebrafish 

lines (images above for AA6 line only). When in situ was performed on transgenic TC lines, this 

appeared to show that there was high TC expression in the mCherry selected embryos, which would not 

be expected, as TC expression is expected once mCherry has been loxed out. Further examination was 

warranted via RNAseq.
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7 Results: RNAseq using TAZ-CAMTA1 

transgenics 

 
Due to problems with in situ and optimisation of qPCR primers, it was decided to use RNA 

sequencing (RNAseq) to examine TAZ-CAMTA1 (TC) expression levels in detail in the ubi:lox nls-

mCherry lox TAZ- CAMTA1 t2a neon line. High-throughput DNA sequencing has become extremely 

advanced so that it is possible to use it to sequence RNA at a very high scale (Wang et al., 2009). As 

RNAseq provides information on the entire transcriptome, it will therefore also allow the 

determination of whether there is an impact of TC on the transcriptome, in addition to providing 

information on TC expression itself. It will also allow the comparison of this data to previous 

RNAseq experiments, using activated forms of YAP1/TAZ in other organisms. More importantly, it 

will also allow precise mapping of RNAseq reads to the TC gene, and may therefore provide 

information to identify regions where there may be a RNA transcriptional block in the TC coding 

sequence. 

 

From RNAseq, I attempted to address the following questions that relate to the confusing results from 

Chapter 6 (Fig 29): 

 

• Q1 Does the number of reads mapped to the transgenic construct drop after the 

transcriptional STOP sequence in mCherry, when injection of Cre was not performed (Fig. 

24A)? 

 

• Q2 Does the number of reads mapped to TC increase after lox-mCherry STOP-lox removal 

(Fig. 24B)? 

 

• Q3 Are there ‘suspicious’ drop-offs in coverage of TC? 

 

• Q4 In the expression of zebrafish genes, is there an increase in expression of well-known 

TAZ targets? 
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To generate RNA samples, ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon carrier (line AA6) was 

paired with WT. Approximately 50% of the embryos were injected with Cre mRNA to remove the 

STOP cassette and induce TC expression. Embryos were pooled in triplicate samples for RNAseq 

analysis at 5dpf. Uninjected fish which contained the transgene, and therefore expressed mCherry, 

were used as a control, and were easily sorted for mCherry fluorescence. Cre injected fish were 

examined under the microscope, and loss of mCherry expression was confirmed, showing that Cre was 

functional. However, this posed a problem in that it was no longer possible to identify embryos with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 29: RNA sequencing experiment for TAZ-CAMTA1 expression 

A) Fish with the ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon construct were uninjected for 

control, and 

B) injected with Cre mRNA. mCherry will be loxed out in approx. 90% of cases. 
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Table 13: Number of reads used for each sample in RNAseq for TC 

the transgene from embryos which were non-transgenic. Therefore, injected larvae were tail-clipped, 

with the anterior region being stored in RNAlaterTM, and the tail section being used for genotyping. 

After genotyping, transgenic larvae were selected and pooled for RNA isolation (10 embryos per 

sample, in triplicate). Initial tests failed to generate RNA of adequate purity (A260/A230 >= 1.8 was 

required). After numerous tests, it was determined that this was due to use of an RNA Qiagen 

purification kit, and the use of an alternative Zymo kit delivered RNA of satisfactory quality. Once 

RNA was purified, a cDNA library was synthesised (Wang et al., 2009). Adapters were bound to the 

cDNA to enable identification, then these were sequenced from both ends (paired-end sequencing) 

(Wang et al., 2009). 

 

7.1 RNA-seq. quality control 

 
Illumina paired-end 150 sequencing (150bp reads from either end) was used for this RNA-seq. The 

quality control was performed by Novogene. The number of clean reads used in the analysis for each 

sample is noted below (Table 13). 

 

 

 

Sample No. of reads 

Injected1 84989232 

Injected2 70744658 

Injected3 59612840 

Uninjected1 93616332 

Uninjected2 76796416 

Uninjected3 78682394 

 

 

 

 

 

 

 

7.1.1 Principal Component Analysis (PCA) 

 
PCA is a statistical method to reduce several sets of data down to two dimensions. It examines how the 

data is grouped and was performed on the gene expression value (FPKM). The first principal 

component gives a ‘line of best fit’ in the direction of the largest variability in the data. The second 



84  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 30: Principal component analysis (PCA) for TAZ-CAMTA1 

This shows the intergroup and intragroup differences. 

PCA was performed on the gene expression value (FPKM) of all samples. 

Injected samples are more widely dispersed than uninjected samples. 

principal component gives the direction with the second largest variability in the data 

(https://tinyurl.com/5bfxt4kz). 

 

Injected samples are more dispersed than uninjected samples, hence the injected samples show more 

variance, as may be expected. Nevertheless, injected and uninjected samples overall appear to cluster 

in separate areas, with PC2 being the most differentiated (Fig. 30). 
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From the other QC data, all the samples had average error rate of less than 0.03%. Generally, a single 

base error rate should be lower than 1% (Novogene report). Also, the GC content appeared 

unremarkable. Overall, the quality and amount appeared to be satisfactory, and I continued with 

expression analysis. 

 

7.2 Differential expression analysis 

 
After sequencing and basic quality controls were finished, differential expression analysis was 

performed to identify the number of genes that have expression levels which are significantly different 

within each group. The differential gene histogram shows the total number of genes (1888); the 

number of upregulated genes (936), and the number of downregulated genes (952), when comparing 

injected to uninjected samples (DeSeq pvalue<=0.05, log2FoldChange>=0.0) (Fig. 31). 
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Fig. 31: Differential gene histogram for TAZ-CAMTA1 

Differential gene histogram: number of upregulated and downregulated genes are shown for 

injected vs uninjected samples 

DeSeq pvalue<=0.05, log2FoldChange>=0.0 
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7.2.1 Volcano plot of differentially expressed genes 

 
Volcano plots can be used to infer the overall distribution of differentially expressed genes. In the 

figure, the x-axis shows the fold change in gene expression between different samples, and the y-axis 

shows the statistical significance of the differences. Red dots represent up-regulated genes and green 

dots represent down-regulated genes (Novogene report). The threshold for -log10(p value) is 1.301 

(significance is taken as <0.05, -log10 of 1.301 = 0.05). For upregulated genes, there were 195 genes 

above 2 fold increase, and 99 genes above 3 fold increase.  

 

From the top 15 DE upregulated genes, of note is Cyr61 (11th most upregulated) (Table 14, Fig. 32). 

As previously mentioned, Cyr61 is a well-known YAP/TAZ target (Zhang et al., 2011, Lai et al., 

2011). Also upregulated are jund, junba, junbb, and fosl1a: the jun and fos families are all associated 

with the AP-1 transcription factor complex (Curran and Franza, 1988). AP-1 is known to have a role in 

tumour transformation and growth (Zanconato et al., 2015). YAP/TAZ-TEAD is known to bind at 

enhancer sequences (and very rarely, at promoter sites) (Zanconato et al., 2015, Zanconato et al., 2018, 

Stein et al., 2015, Liu et al., 2016, Galli et al., 2015, Della Chiara et al., 2021). Once bound at an 

enhancer sequence, this complex can then bind to AP-1, which is thought to cause transcription of S-

phase entry and mitosis target genes, in breast cancer cells (Zanconato et al., 2015), as previously 

described. 

 

Although the DE data gives information with respect to individual genes regarding expression 

changes, it is still difficult to distil larger patterns from this. Therefore, I decided to examine TC 

expression in further detail. 
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Table 14: Top 15 downregulated and upregulated DE genes for TC 

Most noteworthy is cyr61 in the upregulated set. 

 

Top downregulated DE genes Top upregulated DE genes 

si_dkey-251i10.2 (REELD1 orthologue) sik1 

CABZ01021592.1 nfil3-6 

dpm2 btg2 

gch2 guca1ab.2 

and3 novel1201 

rhcgl1 dio3b 

Novel4350 elnb 

bco1l bicdl2 

hmox1a jund 

tmem106a junba 

scarb1 cyr61 

rhcgb junbb 

rps3a fosl1a 

and2 obscnb 

cyp2k6 ier2a 
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Fig. 32: Volcano plot for TAZ-CAMTA1 

The x-axis shows the fold change in gene expression between different samples. 

The y-axis shows the statistical significance of the differences. 

Red dots represent up-regulated genes and green dots represent down-regulated genes. 

The dashed lines indicate the threshold lines for differential gene screening criteria. 
The DE genes with the most significant/highest change are labelled. 
N.B. BX927130.3 is a pseudogene, novel are uncharacterised genes. 

Si_dkey-251i10.2 is REELD1 orthologue. 
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7.3 Detailed analysis of TAZ-CAMTA1 expression from the RNAseq data, by remapping reads 
to the transgenic genome & using Gene Set Enrichment Analysis (GSEA) 

 

 
7.3.1 Detailed expression analysis of mCherry and TAZ-CAMTA1 in the RNAseq dataset 

 
The original RNAseq analysis did not have information on RFP or TC expression, as RNAseq reads 

are mapped to a standard zebrafish genome that does not contain those sequences. Unfortunately, the 

genome sequence of the transgenic line itself is unknown. Therefore, it was necessary to create a 

manually “adapted” zebrafish genome sequence that would allow the analysis of expression levels of 

the transgenic construct. A new reference genome was produced by adding the transgene information 

to two ‘genome files’ that are used for mapping reads. This was done by duplicating the 

“mitochondrial genome” at the end of the zebrafish genome sequence file, still maintaining the correct 

formatting of the additional sequence, but removing all mitochondrial sequences. Also, adding the 

required sequence and descriptors, and then adapting sequence descriptions in the second GFF file that 

accompanies the raw sequence file. The GFF file provides locations of genes, exons, and other 

functional annotations. These adapted files were then loaded into Galaxy (https://usegalaxy.org/ 

(Galaxy, 2022)) and analysed to create BAM files of injected and uninjected samples. Then Galaxy 

was used to count reads from RNAseq, and expression levels were calculated. The Integrative 

Genomics Viewer (IGV) (Robinson et al., 2011) was used to visualise the mapped reads against the 

adapted reference genome, for both Cre injected and uninjected embryos with the ubi:lox nls-mCherry 

lox TAZ-CAMTA1 t2a neon construct. 

 

7.3.2 Expression level of TAZ-CAMTA1 and mCherry 

 
To recapitulate, ubi:lox nls-mCherry lox TC t2a neon x WT embryos were injected with Cre mRNA. 

They were used for RNAseq analysis at 5dpf, using RFP uninjected fish as a control. Data from 

RNAseq for uninjected fish, showed that mCherry had an FPKM (fragments per kilobase per million) 

of 14.463, whereas TC had 0.025, showing a 579-fold ‘drop-off.’ This showed that there was indeed a 

strong ‘drop-off’ in coverage after the STOP sequence, as expected. This appeared to show that the 

STOP sequence was efficiently preventing read-through into the TC coding sequence. mCherry 

showed a 12.5x decrease for Cre injected embryos, compared to control expression (Fig. 33). As 

recombination is induced by injection of Cre mRNA, and this is not always evenly distributed 

throughout the embryo, injections may not always lead to 100% recombination in all injected embryos. 

https://usegalaxy.org/
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Based on these values, it can be estimated that 92% of the chromosomes in the injected embryos were 

recombined successfully. In comparison, there was an unexpected result with TC, as the expression 

level for this only increased to 0.085 FPKM upon injection, which is 170-fold lower than what was 

observed with mCherry prior to injection. TC showed a 3.4x increase in expression for Cre injected 

embryos, compared to uninjected control (Fig. 33). However, I would expect the levels of mCherry 

and TC to be similar, as they are both under the same promoter, in the same construct. Therefore, TC 

expression, although increased upon Cre injection, is still much lower than expected. 

 

These results are conflicting with the in situ experiments described in the previous chapter, which 

showed unexpectedly strong TC expression in Cre uninjected embryos, whereas the RNAseq data 

showed that only a very low number of reads were mapped to the TC gene. In situ data would predict 

that there would be a reduction in the expression level after Cre injection, but this was not seen from 

the RNAseq data. 
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Finally, I wanted to investigate whether there was any drop-off in the number of reads mapped to TC, 

which may have indicated that the RNA-polymerase had difficulty in transcribing the full-length of the 

sequence. Although the number of mapped reads was low, nevertheless, it was observed that 

unexpectedly, transcription of the construct stopped prematurely. It stopped at approx. 8.3kb, 2.4kb 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 33: Expression level of TAZ-CAMTA1 vs mCherry, from RNA seq data 

Expression of mCherry is shown for uninjected samples vs Cre injected, and the same for TAZ- 

CAMTA1 expression. mCherry shows a 12.5x decrease for Cre injected embryos, vs a 3.4x 

increase for TC in Cre injected embryos. 

FPKM = fragments per kilobase per million. 
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prior to the end of the construct (Fig. 34). This occurred in CAMTA1, exon 15, in the ankyrin domain 

(ankyrin repeats are known to effectuate the interaction of different proteins (Li et al., 2006)), before 

the IQ domain and the NLS. 

 

The IGV (Robinson et al., 2011) data also showed that for the injected reads (Fig. 34, A), TC is 

expressed, but there is also expression of mCherry. Even though the ‘loxing’ of mCherry is efficient, it 

is not 100%, hence there will still be some mCherry expression, as previously described. In Fig. 34, B, 

for the uninjected reads, this showed that mCherry is expressed, as expected, but there is also a small 

amount of TC expression (Chapter 11.2). 
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Fig. 34: Reads mapped to align with the TAZ-CAMTA1 transgenic genome 

A) Injected reads – TC is expressed, but mCherry is also expressed, as ‘loxing’ mCherry out is not 

100% efficient. 

B) Uninjected reads – mCherry is expressed, but there is also a small amount of TC expression. 

Both show unexpected halt of transcription at approx. 8.3kb (full construct approx. 10.7kb). 

Snapshot of expression (all reads not shown). 

pA = polyA 

Thin, coloured lines indicate base mismatches 

(A=green, C=blue, T=red, G=orange) 
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7.3.3 Gene set enrichment analysis showed that YAP/TAZ target genes were upregulated 

 
As a sizeable number of DE genes were found after deletion of the STOP cassette, it was difficult to 

determine overall patterns from lists of DE genes. Therefore, I decided to use the transcriptome data to 

check if there was a “functional” effect of removal of the STOP cassette. Despite difficulty in 

detection of TC expression, there was still an increase in expression post-Cre injection. Therefore, it 

was possible that the functional effects could be seen in expression of target genes that are known from 

mammalian studies. DE analysis data from RNAseq was used in Gene set enrichment analysis (GSEA) 

(Broad Institute, (Subramanian et al., 2005, Mootha et al., 2003)), to compare my data to the Seavey 

(EHE, (Seavey et al., 2021)) and Cordenonsi (YAP, (Cordenonsi et al., 2011)) overrepresented gene 

sets. 

 

An enrichment score (ES) is a cumulative score determined by moving from zero down each ranked 

list, adding a number when there is a gene present from my gene set, and subtracting when there is not 

(Subramanian et al., 2005). The level of increase/decrease is based on the Kolmogorov-Smirnov test 

(Subramanian et al., 2005). Hence the higher the score, the higher probability that the gene set is 

towards the upregulated end of the ranked list (negative number for downregulation) (Broad Institute, 

https://tinyurl.com/2tkverhf). The normalised enrichment score (NES) is when the data is normalised 

to consider the size of each set (Subramanian et al., 2005). In order to do this comparison, it was 

necessary to convert the EHE and YAP1 sets from human into zebrafish ie. discover whether there 

were individual orthologues of the human genes in zebrafish and create a ‘zebrafish gene set.’ A 

narrow set were defined for both EHE (56 genes) and YAP1 (38 genes), which only included 1-1 

orthologues. Biomart (Ensembl release 109 (Martin et al., 2023)) was used to create this ‘zebrafish 

gene set’ then this data was used in GSEA (Broad Institute, (Subramanian et al., 2005, Mootha et al., 

2003) ) to plot graphs for the top 20 genes. An Estrogen data set (104 genes) was used as a completely 

unrelated control. 

 

The data showed that there was an increase in YAP/TAZ targets genes, with significance of P<0.001, 

when my data was compared to both gene sets. The leading edge is the slope at the beginning showing 

a subset of genes which contribute most to the enrichment score. These were steep when my data was 

compared to both EHE and YAP1 data sets, with a cluster of lines at the beginning of the enrichment 

plots (Fig. 35, A and B). This did not happen when my data was compared to a totally unrelated data 

set (Estrogen), as expected (Fig. 35, C). 
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I also checked the individual top scoring genes from the list. Although not significant, it was of note 

that Serpine1 and TGFβ were present when my data was compared to both YAP1 and EHE data sets. 

Serpine1 controls ECM remodelling (Simone et al., 2014) (Simone and Higgins, 2015) and is linked 

to a worse prognosis in a number of cancers (Andreasen et al., 1997, McMahon and Kwaan, 2015) 

(Pavon et al., 2016). TGFβ is a known tumour suppressor, which usually prevents cell proliferation, 

halting the cell cycle in G1 phase, and activating apoptosis (Reddy et al., 1994, Rotello et al., 1991, 

Derynck et al., 2001). However, it also controls tumour advancement via paracrine and autocrine 

signalling (Oft et al., 1998, Roberts and Sporn, 1987). Cyr61 was also present in both lists and was 

the top hit when compared to each data set (Fig. 35, D). This is a well-known YAP/TAZ target, 

associated with the ECM (Zhang et al., 2011, Lai et al., 2011, Kireeva et al., 1997). From differential 

expression data, this showed that the log2fold change for Cyr61 was 1.10 (2.14 fold change), and the 

P(adj.)< 0.001, which was the only significant gene from both lists. 

 

Also, from the STRING database, using the top 50 upregulated genes, there appears to be protein-

protein interactions between the fos and jun families (Fig. 36). These families are associated with the 

AP-1 transcription factor complex (Curran and Franza, 1988). YAP/TAZ-TEAD is known to bind at 

enhancer sequences (and very rarely, at promoter sites) (Zanconato et al., 2015, Zanconato et al., 2018, 

Stein et al., 2015, Liu et al., 2016, Galli et al., 2015, Della Chiara et al., 2021). Once bound at an 

enhancer sequence, this complex can then bind to AP-1, which is thought to cause transcription of S-

phase entry and mitosis target genes, in breast cancer cells (Zanconato et al., 2015), as previously 

described. Data from the STRING database also showed that the reactome pathway that is 

significantly enriched is muscle contraction. It is unknown how this is related to TC.   

 

In conclusion, TC RNAseq data showed that expression levels of TC were low, but did increase upon 

Cre mRNA injection, as expected.  When the data was examined, this showed that Cyr61 was 

significantly upregulated for TC. The RNAseq data also showed that TC was not fully expressed, 

prematurely ending at approximately 8.5kb, prior to the NLS. GSEA showed that when my data was 

compared to YAP1 and EHE specific datasets, Cyr61 was the only significant gene in both cases.



97  

 

 

   
 

Fig. 35: Gene set enrichment analysis (GSEA) 

My TAZ-CAMTA1 gene set compared to: 

A) Seavey EHE set 

B) Cordenonsi YAP1 signature set 

C) Estrogen (unrelated control set) 

D) The top 15 genes for Seavey (EHE) and Cordenonsi (YAP1) 
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Fig. 36: Protein-protein interaction for TC 

There appears to be interaction between the fos and jun families, using the top 50 upregulated genes. 

Medium confidence (0.4) 
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8 Results: Analysis of adult ubi: lox nls-mCherry 

lox TAZ-CAMTA1 t2a neon zebrafish 

 
Although expression levels of TAZ-CAMTA1 (TC) were low after induction, there were functional 

effects of the gene detected in the RNAseq data. Therefore, several fish lines were raised and were kept 

under observation for potential tumour growth. ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon 

(AD25) x fli1a: cre EGFP (AF22) and ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AA6/7) x 

fli1a: cre EGFP (AA8), either with CDKN2a/b CRISP mutations, or without, were raised. CDKN2a/b 

was injected in some batches, as this has been shown to be the most common secondary mutation in 

human EHE tumours (Seligson et al., 2019), as previously noted. Tumours were seen in some of the 

TC ‘activated’ fish, but not in controls, as noted below. However, the one tumour tested did not appear 

to be of TC origin. 

 

8.1 Survival rates 

 
Fish were raised from ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AD25) x fli1a:cre EGFP 

(AF22) (RFP and GFP) ‘activated’ TC (19 raised), and RFP only controls (30 raised). At 2 months old, 

one of the ‘activated’ group had what appeared to be a small head tumour (Fig.39), so this and a 

control were taken for fixing and sectioning. At 6 months of age, 5 from each group were taken out to 

be fixed and sectioned to examine for any tumours. Two of the ‘activated’ fish had tail tumours at 1yr 

7 months. These were fixed and imaged, along with a control (Fig. 40). Notably, the survival rate for 

the activated group was 37% vs 80% for the control group (Table 15). Survival rates assume fish 

removed without tumours would have survived if they were left to be raised for longer. Therefore, the 

survival rate for the activated group is less than half of the control group, which may be of importance. 

Hence, it appears that TC did have an effect in this group of fish, but this experiment would need to be 

repeated. 

 

ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AA6/7) x fli1a:cre EGFP (AA8) lines and controls 

were raised - fish were raised for both, but none of these showed any tumours (41 fish for ‘activated,’ 

40 for control). 5 of the ‘activated’ and control fish were removed at 6 months of age for fixing and 

sectioning, but no tumours were found. A batch of these fish were also injected with CDKN2a/b 

(CRISPR 2 and 6) and were raised. One of these was found to have a gill tumour (Fig. 41) (35 fish 

were raised for ‘activated’ and control, resulting in 30 ‘activated’ and 23 control surviving (86-69% 



100  

survival rates) at 1yr 10 months (until the end of the project) (Table 15). The gill tumour was 

discovered at 9 months in the ‘activated’ group. This was fixed and sectioned, along with a control 

(Fig. 41). Therefore, there were slightly lower survival rates for CDKN2a/b injected fish when this 

group is compared to the same line, but with no CDKN2a/b injection. However, these rates are still 

well within usual survival rates (the University of Manchester reported that their average zebrafish 

survival rate was 65% in 2017 (Mortell et al., 2017). 

 

Further fish were raised from ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AD25) x fli1a: cre 

EGFP (AF22), but with different controls: TC ‘activated’ with CDKN2a/b injection or TC ‘activated’ 

without injection (controls). This was due to the fli1a:cre EGFP line being F1 generation, therefore it 

was possible for fish to have 2 copies of the transgene, and it was difficult to obtain RFP fish alone, if 

all of the embryos had GFP. No tumours were seen for either group. 46 from activated and 40 from 

control group were raised, and 35 survived at 10 months of age for both groups (76-88% survival rate) 

until culled (Table 16). Another batch from this line were also injected with CDKN2a/b guides 2,5, 

and 6, but no tumours were seen. 27 ‘activated’ and 21 control were raised, and 16 ‘activated’ and 20 

control survived at 10 months (59-95% survival rates), until culled (Table 16). Although no tumours 

were seen in these groups, unfortunately they were only 10 months when the experiment ended. The 

same line without CRISPR injection had a 37% survival rate at 1yr 10 months (Table 15), so it is 

possible these fish may have developed tumours at a later time point, or this may have been a spurious 

event, but further work would need to be undertaken to be conclusive. 
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Lines No. of fish 

raised 

No. of fish 

removed 

for analysis 

No. of 

visible 

‘tumours’ 

No. of fish 

at end of 

experiment 

Age of fish 

at end of 

experiment 

Survival 

rate (%) 

AD25 x 

AF22 

activated 

19 8 (3 with 

tumours, 5 

without) 

3 2 1yr 10months 37++ 

AD25 x 

AF22 

control 

30 22 

(8&14)+ 

0 2 1yr 10 

months 
80++ 

AA8 x 

AA6/7 

activated 

41 5 0 35 1yr 4 

months 
98 

AA8 x 

AA6/7 

control 

40 5 0 34 1yr 4 

months 
98 

AA8 x 

AA6/7 

Activated 

CDKN2a/b 

2+6 guides 

35 1 (gill 

tumour) 

1 30 1yr 10 

months 
86 

AA8 x 

AA6/7 

Control 

CDKN2a/b 

2+6 guides 

35 1 0 23 1yr 10 

months 
69+++ 

AA8 x 

AA6/7 

Activated 

CDKN2a/b 
2+5+6 guides 

30 0 0 24 1yr 1 

month 
80 

AA8 x 

AA6/7 

Control 

CDKN2a/b 

2+5+6 guides 

33 0 0 26 1yr 1 

month 
79 

 

Table 15: Survival rates and ‘tumours’ (phenotype) in different TC lines 

+ 14 culled to even batch numbers 

Survival rates assume fish removed without tumours would have survived if left to be raised for 

longer. 

++ 2 remaining at the end of the experiment + 5 (activated) or 22 (control) for removed fish with 

no tumours, used for survival rates. 

+++ 23+1 (no tumour) removed, used for survival rates. 
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Table 16: Survival rates and ‘tumours’ (phenotype) in different TC lines with different controls 

 

Lines No. of fish 

raised 

No. of fish 

removed 

for 

analysis 

No. of 

visible 

‘tumours’ 

No. of fish 

at end of 

experiment 

Age of fish 

at end of 

experiment 

Survival 

rate (%) 

AD25 x 

AF22 

Activated 

CDKN2a/b 

2+5+6 
guides 

46 0 0 35 10 months 76 

AD25 x 

AF22 

Activated 

No guides 

40 0 0 35 10 months 88 

AD25 x 

AF22 

Activated 

CDKN2a/b 

2+5+6 
guides 

27 0 0 16 10 months 59 

AD25 x 

AF22 

Activated 

No guides 

21 0 0 20 10 months 95 

 

 

 

 

 

 

8.2 Generation and characterisation of CDKN2a/b mutants 

 
CDKN2a/b was chosen as a gene to knockout in TC lines, as it has been shown to be the most 

common secondary mutation in human EHE tumours, and therefore may enhance tumorigenesis 

(Seligson et al., 2019), as mentioned. CDKN2a is cyclin-dependent kinase 2a, which encodes cell 

cycle proteins, p16INK4a, and p19ARF (Quelle et al., 1995). One set of embryos were injected with 2 

CRISPRS (2 and 6, both situated on exon 2) and one set were injected with 3 CRISPRS (2,5, and 6, 

all situated on exon 2, except CRISPR 5 is on exon 1) (Fig. 37 & 38).  
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8.3 Tumour histology and H&E/CAMTA1 staining 

 
Five fish from ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon x fli1a:cre EGFP (RFP & GFP 

selected) ie. TC ‘active’ fish were fixed and sectioned at 6-7 months of age, along with 5 control fish 

ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (RFP selected only). This was done for 2 different 

TC lines: TC AA6/7 x fli1a:cre EGFP AA8 and TC AD25x fli1a:cre EGFP AF22. 1 ‘tumour’ was 

seen in the AD25 x AF22 small tumour fish (Fig. 39A,A’). However, upon sectioning this fish, the 

tumour was not apparent. I hypothesised that it may have been something other than a tumour eg. an 

accumulation of fluid which collapsed under sectioning. There were 3 other fish seen with tumours. 

One was AA6/7 x AA8 line, which was also co-injected with CDKN2a/b, CRISPR 2 and 6. This had a 

gill tumour (Fig. 41). This tumour was H&E stained, which clearly showed tumour morphology (Fig. 

42A). This fish was also stained with CAMTA1 antibody to test whether the tumour arose from TC. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 38: CDKN2a/b CRISPR guide injection 

CDKN2a/b guides 2,5,and 6 were injected into ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon 

lines. The 6th band in every set is a WT, uninjected control. 

 
 

Fig.37: CRISPR2a/b CRISPR guide position 

Guide 5 is positioned on exon 1, and guide 2 and 6 are positioned on exon 2. 
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The results showed that no CAMTA1 staining was apparent (Fig. 43A), suggesting that the tumour 

may have been sporadic and not originated from TC. TC mRNA injected embryos were used to check 

the CAMTA1 antibody was functional prior to this staining, and this was shown to be the case (data 

not shown). There were 2 other tail tumours seen in AD25 x AF22 (Fig. 40), and these were 

CAMTA1 stained. They showed that there was unexpected staining of CAMTA1 in the blood cells, 

but not in the nuclei, as would be expected (Fig. 44A). DAPI appeared to show background staining 

for these tails also (44B). The AA6/7 x AA8 line, which was co-injected with CDKN2a/b, CRISPR 2 

and 6, was raised until the end of the project and no further tumours were seen (at 1 year, 10 months). 
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Fig. 39: ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AD25) x fli1a: cre EGFP (AF22) head 

images at 2 months 

A: TAZ-CAMTA1 (Tg) and cre selected 

B: TAZ-CAMTA1 (Tg) only selected 

A’: Close-up of A, showing apparent head tumour; B’: Close-up of control 

Scale: 1mm Images compiled in Photoshop. 



106  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 40: ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AD25) x fli1a: cre EGFP (AF22) tail 

tumours at 1 yr, 7 months 

A: TAZ-CAMTA1 (Tg) and cre selected 

B: TAZ-CAMTA1 (Tg) and cre selected 

C: TAZ-CAMTA1 (Tg) only selected 

A’: close-up of A, showing apparent tail tumour 

B’: close-up of B, also showing apparent tail tumour 

C’: close-up of C, showing regular tail. Scale: 5mm. Images compiled in Photoshop. 
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Fig. 41: ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AA6/7) x fli1a: cre EGFP (AA8) neon 

injected CDKN2a/b (CRISPR 2 and 6) tumour at 9 months 

A: TAZ-CAMTA1 (Tg) and cre selected 

B: TAZ-CAMTA1 (Tg) only selected 

A’: close-up of A, showing gill tumour 

B’: close-up of B with no tumour. Scale: 5mm. 

Images compiled in Photoshop. 
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Fig. 42: ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon (AA6/7) x fli1a: cre EGFP (AA8) 

injected CDKN2a/b (CRISPR 2 and 6) (gill tumour) histology 

A: TAZ-CAMTA1 (Tg) and cre selected with visible tumour. 

B: TAZ-CAMTA1 (Tg) only selected with regular histological features. 

Scale: 1mm 

Images compiled in Photoshop. 
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Fig. 43: CAMTA1 antibody staining of ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a (AA6/7) t2a 

neon x fli1a:cre EGFP (AA8) injected CDKN2a/b (CRISPR 2 and 6) 

A: TC GFP & RFP with CAMTA1 Ab, which shows no nuclear CAMTA1 staining in the tumour. 

B: TC GFP & RFP with Alexa 488 alone, which shows background staining (negative control). 

C: TC GFP & RFP with L-plastin Ab control, which shows L-plastin staining (positive control). 

Scale: 1mm 
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In conclusion, there were a few tumours seen, but only one group had a survival rate which was 

notable at 37% (AD25 x AF22, activated). However, it would be expected to see tumours in all 

activated lines if TC was the cause. CAMTA1 staining was negative, which suggested that TC was not 

the origin of the tested tumour. In addition, this line has been used in further experiments where this 

reduced survival rate was not observed, but this was only until 10 months of age. Therefore, the 

reduced survival rate could have been a spurious event, but further testing would be necessary. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 44: CAMTA1 antibody staining of ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a (AD25) t2a 

neon x fli1a:cre EGFP (AF22) tails 

A: TC GFP & RFP with CAMTA1 Ab, which shows blood cell, but not nuclear CAMTA1 staining 

in the tumour. 

B: TC GFP & RFP with DAPI, which shows background staining in the tumour. 

C: TC GFP & RFP tumour composite. 

D: TC RFP with CAMTA1 Ab, which shows no CAMTA1 staining in the control fish. 

E: TC RFP with DAPI, which shows nuclear staining in the control. 

F: TC RFP control fish composite. 

Scale: 10μm 

Image compiled in Photoshop 
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9 Results: Generation and characterisation of 

further Epithelioid hemangioendothelioma 

transgenic constructs 

 
As Yap1-Tfe3 (YT) mRNA had previously been injected and shown to cause high levels of ‘toxicity,’ 

(Chapter 5 and below) and YT is a much shorter construct than TAZ-CAMTA1 (TC), it was decided 

to produce a YT cre-lox model. YT is 2142bp (1371bp without neon), whereas TC is 5628bp (4857bp 

without neon), hence I hypothesised that YT may be easier to transcribe. Gene length is known to 

control levels of transcription: longer genes tend to be expressed at a lower level than shorter genes 

(Castillo-Davis et al., 2002, Urrutia and Hurst, 2003, Chiaromonte et al., 2003) (Brown, 2021). As 

there were previous issues with TC expression, dominant active (DA) TAZ was also produced for use 

as a positive control. In addition, it was hypothesised that a new TC construct with introns 

surrounding CAMTA1, exon15, may aid expression. Previously, CAMTA1, Exon 15, showed an 

unexpected, premature stop of transcription from RNAseq data (Chapter 7). Introns are well-known to 

increase expression when present in the transcribed sequence: this is known as ‘intron-mediated 

enhancement’ (IME), and results in an increase in translational efficiency (Mascarenhas et al., 1990), 

and in cytosolic, mature mRNA (Callis et al., 1987) (Shaul, 2017). Therefore, a new TC Ex15 

construct was also produced. 

 

9.1 YAP1-TFE3 mRNA injection generally shows death or WT phenotype 

 
To test the effect of YT on the vasculature, I produced YT mRNA: firstly, by restriction digest of a 

YAP1-TFE3A DNA piece (Genewiz), then ligation into the linearised pcs2+ vector (this contains an 

SP6 site to enable the production of mRNA). This was then cloned in E. coli and purified. It was then 

linearised, and the SP6 mMessage mMachineTM kit was used to transcribe YT mRNA. Then this was 

injected into fli1a:EGFP embryos to visualise and analyse the effect of overexpression of YT on the 

vasculature. As mentioned, Zebrafish YT mRNA was injected into fli1a: GFP embryos, with S94A as 

a control (Chapter 5.1). Using the chi-squared test with 100pg, YT vs YT S94A, P=ns. Overall, mRNA 

injections were consistent with YT being more effective than TC. 

 

9.2 Generation and characterisation of ubi: lox nls-mCherry lox YAP1-TFE3 t2a neon zebrafish 



112  

As TC expression levels were seen to be low from RNAseq data, and YT mRNA appeared to be more 

active in embryos, I decided to produce a YT zebrafish model, using the same ubi cre-lox model as 

TC. 10% of EHE cases are due to YT translocation (Antonescu et al., 2013). Also, YT is much shorter 

than TC, as described previously. The end of YAP1 exon 1 (SHSRQ), and TFE3A from exon 4 

(VQTH) (where the fusion proteins join in human), were checked and found to be the same in human 

and zebrafish (Antonescu et al., 2013). Therefore, it was possible to use the zebrafish version to make 

a construct, in order to attempt to simulate human disease in zebrafish. This fusion gene was designed 

in silico (Appendix), ordered from Genewiz, then used for further cloning experiments. A ubi:lox nls- 

mCherry lox YAP1-TFE3 t2a neon construct was created using the YAP1-TFE3 piece (Genewiz) for 

the middle-entry clone: YAP1-TFE3 was restriction digested and ligated into pME-MCS2, then cloned 

in E. coli and purified. Multi-site Gateway cloning was then used to produce the final ubi:lox nls- 

mCherry lox TAZ-CAMTA1 t2a neon construct. 

 

9.2.1 YAP1-TFE3 fish show recombination upon Cre activation 

 
Firstly, as a test for functionality, Cre mRNA was coinjected with YAP1-TFE3 construct DNA, in 

order to discover if the lox sites were able to recombine. This efficiently reduced mCherry expression, 

as with TC, and showed mosaic GFP expression, as expected (Fig. 45). Embryos were raised, and once 

the lines were mature, ubi:lox nls-mCherry lox Yap1-Tfe3 t2a neon lines were screened, and founders 

were obtained (3A & 5A). Cre mRNA was then injected into embryos from these lines, and this also 

efficiently reduced mCherry expression, indicating recombination had taken place. However, no GFP 

could be visualised once again. Therefore, primers for a PCR recombination test were designed. 
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9.2.2 YT shows recombination using PCR 

 
‘Outside’ primers were designed to only show a band if mCherry had been ‘loxed out’ upon crossing 

with fli1:cre EGFP. ‘Inside’ primers were designed to show a band for mCherry as a control, as with 

TC. As the final aim was to activate YT specifically in the endothelial cells only, I crossed ubi: lox nls- 

mCherry lox Yap1-Tfe3 t2a neon to fli1a:cre EGFP to check if recombination can be detected in the 

relevant embryos of selected line, 3A. Resulting embryos were sorted for the transgene (mCherry) and 

Cre (GFP). The PCR from these fish showed a band of the correct size (429bp), with both the 

transgene and Cre (Tg Cre), but not in the fish with the transgene only (Tg) (Fig. 46, B). This 

indicated that the STOP cassette could be removed, and recombination could occur in transgenic line 

3A (faint bottom bands are primer-dimer). 

The non-recombined PCR showed a band (689bp) where mCherry is present. This band is seen both in 

the embryos with the transgene and Cre (Tg Cre), and transgene (Tg) alone, which is to be expected as 

Cre should only be expressed in a subset of (fli1a-expressing) cells (Fig. 46, C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 45: Recombination test: Injection of ubi:lox nls-mCherry lox YAP1-TFE3 t2a neon into WT 

embryos, with and without Cre mRNA, at 1dpf 

A, C, E) an embryo injected with the construct only, and no Cre mRNA. C) nuclear RFP, and E) 

no GFP, as expected. 

B, D, F) an embryo injected with the construct, plus Cre mRNA. D) no RFP, and F) GFP spots, 

which indicates that the lox system is working. 
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9.3 Generation and characterisation of ubi: lox nls-mCherry lox dominant active (DA) 
TAZ t2a neon zebrafish 

 
As there were issues with TC expression, it was decided to use a dominant active (DA) TAZ construct 

alongside, as a positive control. A TAZ 4SA construct was used, where 4 serines from the conserved 

HXRXXS motif were mutated to alanine, to prevent TAZ phosphorylation, hence making it 

constitutively active (Lei et al., 2008). To produce the ubi:lox nls-mCherry lox DA TAZ t2a neon 

construct, firstly the middle entry vector was created via Gibson cloning. Primers were designed and 

used to PCR the Plvx puro 3F TAZ 4sa construct, then this was cloned in E. coli and purified. The 

final plasmid was constructed using Multi-site Gateway cloning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 46: Recombination-specific PCR test (with transgenic line) for Yap1-Tfe3 

A) Schematic representation of ubi: lox nls-mCherry lox Yap1-Tfe3 t2a neon 

B) A PCR showing bands of ubi: lox nls-mCherry lox Yap1-Tfe3 t2a neon x fli1a:cre EGFP (Tg 

Cre) – bands will only be present if transgene and Cre are present (429bp). This indicates that the 

STOP cassette can be removed and recombination can occur in transgenic line, 3A. 

C) A non-recombined PCR, showing bands where mCherry is present (689bp), in the ubi: lox nls- 

mCherry lox Yap1-Tfe3 t2a neon x fli1a:cre EGFP embryos (Tg Cre), and Tg alone. mCherry is 

expressed ubiquitously. 
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Fig. 47: Recombination test: Injection of ubi:lox nls-mCherry lox DA TAZ t2a neon into WT embryos, 

with and without 

 Cre mRNA, at 1dpf 

A, C, E) an embryo injected with the construct only, and no Cre mRNA. C) nuclear RFP, and E) no            

GFP. B, D, F) an embryo injected with the construct, plus Cre mRNA. 

D) few RFP spots, and F) GFP spots, which indicated that the lox system was working. 

9.3.1 DA TAZ fish show recombination upon Cre activation 

ubi:lox nls-mCherry lox DA TAZ t2a neon construct was injected into WT embryos, along with Cre 

mRNA, to test the lox sites. This worked work well, with a clear change from RFP to GFP (Fig. 47). 

Embryos were raised, and once the DA TAZ lines were mature, they were screened for the transgene, 

and were injected with Cre mRNA to test recombination in the lines. As with TC, RFP was lost upon 

Cre injection, but neon was not visible. Again, recombination primers were designed to test this. 

 

 

 

 

9.3.2 DA TAZ shows recombination via PCR 

 
Once the new DA TAZ line (3B) was mature, fish were screened for the transgene and were crossed, 

ubi: lox nls-mCherry lox TAZ-CAMTA1 DA TAZ t2a neon x fli1a:cre EGFP, to check that there was 

recombination in the lines. Embryos were sorted for the transgene (RFP) and Cre (GFP). The PCR 

from these fish showed a band of the correct size (233bp) with both the transgene and Cre (Tg Cre), 
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Fig. 48: Recombination-specific PCR test (with transgenic lines) for DA TAZ 

A) Schematic representation of ubi: lox nls-mCherry lox DA TAZ t2a neon. 

B) A PCR showing bands of ubi: lox nls-mCherry lox DA TAZ t2a neon x fli1a:cre EGFP (Tg cre) 

– bands will only be present if transgene and Cre are present (233bp). This indicates that the STOP 

cassette can be removed and recombination can occur in transgenic line, 3B. 

C) A non-recombined PCR, showing bands where mCherry is present (260bp), in the ubi: lox nls- 

mCherry lox DA TAZ t2a neon x fli1a:cre EGFP embryos (Tg Cre), and Tg alone. mCherry is 

expressed ubiquitously. 

but not in the fish with the transgene only (Tg) (Fig. 48, B). This indicates the STOP cassette can be 

removed and recombination can occur in transgenic line 3B. The non-recombined PCR showed bands 

(260bp) where mCherry is present, in the embryos with the transgene and Cre (Tg Cre), and transgene 

(Tg) alone, as mCherry is expressed ubiquitously (Fig. 48, C). 
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9.4 Generation and characterisation of new ubi: lox nls-mCherry lox TAZ-CAMTA1 
Ex15 t2a neon zebrafish 

A further alternative was to create an improved version of the TC zebrafish model. It was decided this 

could be done via adding introns either side of CAMTA1, exon 15, as the RNAseq data previously 

showed a drop in expression at this point (Chapter 7). This would split the construct into smaller exons 

of 3.1, 0.3, and 2.2kb, as opposed to a long exon of 5.6kb. It was hoped that these introns may ‘break- 

up’ potential signals in the DNA sequence that caused transcription to stop. An additional reason for 

adding introns either side of CAMTA1, exon 15, was that transgenes with introns are known to 

express at a higher level than transgenes without (Brinster et al., 1988). It is also known that introns 

which are positioned close to the promoter are able to enhance transcription (Brinster et al., 1988, 

Furger et al., 2002, Samadder et al., 2008), but it was discovered that in the previous TC construct, 

there was an intron in the 5’ UTR already present. Therefore, I did not need to add any further introns 

near the promoter. 

 

This new construct was produced in two stages, as an extra ATG in the 5’UTR was discovered and 

required removal. This was in order to prevent the ribosome competing with this and the start ATG, 

and the flanking introns to CAMTA1, exon 15, also were required. Two DNA pieces were synthesised 

by Genewiz, cut via appropriate restriction digests, phenol purified, then ligated into linearised pME- 

MCS2 in two steps (one piece at a time). Multi-site gateway cloning was used to produce the final 

construct. 

 

9.4.1 New TAZ-CAMTA1 fish show recombination upon Cre activation 

 
The new construct, ubi:lox nls-mCherry lox TAZ-CAMTA1 Ex15 t2a neon was injected into WT 

embryos, along with Cre mRNA, in order to test the lox sites. This worked work well, with a clear 

change from RFP to GFP (Fig. 49). As with all other constructs tested, RFP was lost upon Cre 

injection when embryos from the lines were used, but neon was not visible. Again, recombination 

primers were designed to test this. 
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9.4.2 TC Ex15 shows recombination via PCR 

 
I crossed ubi: lox nls-mCherry lox TAZ-CAMTA1 Ex15 t2a neon (AM1) x fli1a:cre EGFP to check that 

there was recombination in the lines. Embryos were sorted for the transgene (RFP) and Cre (GFP). 

The PCR from these fish showed a band of the correct size (358bp), with both the transgene and Cre 

(Tg Cre), but not in the fish with the transgene only (Tg) (Fig. 50, B). This indicates the STOP cassette 

can be removed and recombination can occur in transgenic line AM1 (bottom bands are primer-dimer). 

The non-recombined PCR showed bands (662bp) where mCherry is present, in the embryos with the 

transgene and Cre (Tg Cre), and transgene (Tg) alone, as mCherry is expressed ubiquitously (Fig. 50, 

C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 49: Recombination test: Injection of ubi:lox nls-mCherry lox TAZ-CAMTA1 Ex15 t2a neon into 

WT embryos, with and without Cre mRNA, at 1dpf 

A, C, E) an embryo injected with the construct only, and no Cre mRNA. C) nuclear RFP, and E) 

no GFP, as expected. B, D, F) an embryo injected with the construct, plus Cre mRNA. D) no 

RFP, and F) GFP spots, which indicate the lox system is working. 

Scale: 0.5mm 
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Fig. 50: Recombination-specific PCR test (with transgenic lines) for TAZ-CAMTA1 Ex15 

A) Schematic representation of ubi: lox nls-mCherry lox TAZ-CAMTA1 Ex15 t2a neon. 

B) A PCR showing bands of ubi: lox nls-mCherry lox TAZ-CAMTA1 Ex15 t2a neon x fli1a:cre 

EGFP (Tg Cre) – bands will only be present if transgene and Cre are present (358bp). This 

indicates the STOP cassette can be removed and recombination can occur in transgenic line AM1 

(bottom bands are primer-dimer). 

C) A non-recombined PCR, showing bands where mCherry is present (662bp), in the ubi: lox nls- 

mCherry lox TAZ-CAMTA1 Ex15 t2a neon x fli1a:cre EGFP embryos (Tg Cre), and Tg alone. 

mCherry is expressed ubiquitously. 

A higher level of lethality in one batch of TC Ex15 was observed, therefore a further batch of TC Ex15 

were raised to see if this level of lethality was reproducible. This showed that there were no high levels 

of lethality in the second batch. Hence, the first set appeared to be an anomalous result. 
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9.4.3 Activated TC and YT show an effect on the vasculature at 1dpf, but DA TAZ does not 

 
Although initial analysis of transgenic lines did not reveal major morphological defects, more subtle 

defects may have been present. In order to further quantify and compare the effect of TC, YT, and DA 

TAZ on the vasculature, where the effect of these transgenes was most likely to occur, ubi: lox nls- 

mCherry TC/YT/DA TAZ t2a neon lines were crossed with fli1:cre EGFP fish. Unfortunately, TC 

Ex15 lines were not available at this point, therefore the original TC was used for this experiment. 

Once crossed, the embryos were sorted for active TC/YT/DA TAZ (RFP and GFP) and control (GFP 

only). The tail vasculature was then imaged at 1dpf, using the Cre-EGFP as an endothelial reporter. 

ISVs were identified by labelling -1 to -9 pre-anal vessel, and 1 to 9 post-anal vessel. Subsequently, 

each ISV was given a score 0-4, where 0 was invisible, 1 was a quarter growth, 2 was half-way 

growth, 3 was three-quarter growth and 4 was when the vessel was fully extended to the dorsal side of 

the tail. These values were added to create a score and were then plotted (Fig. 51). This scoring was 

performed blinded and showed that there was a significant difference between active TC and sibling 

(sib.) control, and between active YT and sib. control. However, surprisingly, there was no significant 

difference between length/number of ISVs for active DA TAZ and sib. control (this was designed as a 

positive control) (Fig. 51). Note, as each set (eg. TC active and TC sib. control) was imaged on a 

different day, the embryos may have been a slightly different age, and therefore sets cannot be 

compared accurately. However, active and sib. controls in a set were precisely the same age and are 

therefore directly comparable. As these results showed significant difference for active YT vs YT sibs, 

it was decided to perform RNAseq to examine expression levels of YT. 
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9.5 Cyr61 as a reporter for activity of EHE oncogenes 

 
As it was unclear which was the best time-point to use for RNAseq, as over time gene expression may 

have been down-regulated, it was thought beneficial to use Cyr61 as a read-out for YT/TC/DA TAZ 

 

 
 

 

Fig. 51: ISV scores for active lines vs controls at 1dpf 

ubi:lox nls-mCherry lox TC/YT/DA TAZ t2a neon x fli1:cre EGFP were sorted and ISVs were 

scored. 

+Each ISV length was scored 1-4, then summed to give a total for each embryo. 

**P<0.01, unpaired t-test 
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activity, at a set of distinct time points. In the RNAseq analysis performed in Chapter 7, Cyr61 was a 

top hit, and is a known target gene for both EHE and YAP/TAZ signalling (Cordenonsi et al., 2011, 

Seavey et al., 2021, Zhang et al., 2011, Lai et al., 2011). Therefore, it was deemed a top candidate for 

qPCR as a read-out for TC/YT activation. This would allow quicker tests to evaluate and compare 

different constructs for their potential to express active EHE oncogenes. 

 

 

9.5.1 YT appears to upregulate Cyr61 more than TC 

 
For qPCR, I used published primers for Cyr61 (Miesfeld et al., 2015), and Rps29 (Bower et al., 2017) 

as a housekeeping gene. qPCR was performed on WT embryos co-injected with ubi: lox nls-mCherry 

lox YAP1-TFE3 t2a neon DNA and Cre mRNA, and YT construct alone (1dpf). This was also done 

with co-injection of ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon DNA and Cre mRNA, and the 

TC construct alone. The average fold change was plotted for these groups (Fig. 52). There was a 

higher fold change with YT and Cre injection compared to YT alone (average 1.53), than with TC and 

Cre injection compared to TC alone (average 1.22). Therefore, there was a 53% increase when YT was 

‘switched on,’ compared to a 22% increase when TC was ‘switched on.’ ddCT was used for the 

statistics: there was a statistical difference between YT and Cre and YT injection alone (P=0.002), 

using an unpaired t-test. Overall, this appeared to show that Cyr61 was able to be used as a read-out 

for TC and YT activity, using these specific primers. However, it was then discovered that the Cyr61 

published primers were in Exon 5 (3’ UTR), as opposed to spanning an intron-exon boundary. Even 

though a RapidOut DNA removal kit was used, it was still possible that this could have led to 

amplification of background genomic DNA, therefore, a Cyr61 TaqmanTM probe was used from 

hereon (this is target specific, so unable to amplify background gDNA). 
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9.5.1.1 YT lines show an increased response for Cyr61 target gene at 1dpf 

 
It was deemed that RNAseq on Cre injected YT lines (Chapter 10) would be beneficial, in order to 

compare expression levels of YT vs TC, whether target genes eg. Cyr61 were induced, and to check 

whether the whole constructs were translated. In addition, the previous RNAseq on TC was performed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 52: Average fold change for Cyr61 with injection of different constructs, at 1dpf 

YAP1-TFE3 construct, with and without Cre mRNA, was injected into WT embryos. 

TAZ-CAMTA1, with and without Cre mRNA, was injected into WT. 

ddCT was used for statistical analysis, however average fold change is shown in the graph to aid 

understanding. **P<0.01, unpaired t-test 
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at 5dpf, but at the time it was unclear if this was the optimal time point, due to a lack of knowledge on 

suitable target genes. In order to decide the best time point to use, TC, YT, and dominant active (DA) 

TAZ crosses (crossed to WT) were injected with Cre mRNA, and mock (phenol red) injected fish were 

used as a control. Embryos were collected at 1, 2, 3, and 5dpf, and all were unsorted for fluorescence, 

as this was not visible in the Cre mRNA injected fish. As there were issues with TC expression, it was 

decided to use a DA TAZ construct, alongside, in this experiment. Transmission rates were 50% for 

TC as the F2 generation was used. Transmission rates were checked for YT and DA TAZ, and 50% 

transmission rates were used for this experiment (this was checked as only F1 generations were 

available and it was necessary to ensure only one copy of the transgene was present for comparison). 

RNA was extracted, cDNA was synthesised and TaqmanTM qPCR was performed. As only 50% of the 

samples expressed the transgene, the fold change was doubled. The data showed that the largest fold 

change was for both TC and YT Cre injected fish at 1dpf, at 2.6 fold change, whereas DA TAZ with 

Cre injection had 2.3 fold change at 1dpf (Fig. 53). Activated TC/YT were >= 1.5 fold change for all 

days tested, however DA TAZ decreased over time, and dipped below control levels at 0.75, at 5dpf. 

Therefore, from the available data, the fusion genes generally appeared more active than dominant 

active TAZ, especially at 5dpf (Fig. 53). As Cyr61 expression appeared to trend downwards over time, 

1dpf was chosen for further RNAseq analysis. 

 

Notably, later, when the TC Ex15 lines were available, the same experiment was performed as above, 

using TC and TC Ex15 at 1dpf and 5dpf. This showed that when Cre was injected, TC Ex15 showed a 

higher fold change (3.1x) than TC (2.2x) at 1dpf, but at 5dpf, TC Ex15 (1.9x) was lower than TC 

(3.4x) (Fig. 54). Therefore, there was not a high difference in fold change between both TC and TC 

Ex15. 

 

In conclusion, ubi: lox mCherry lox Yap1-Tfe3 t2a neon, ubi: lox mCherry DA Taz t2a neon, and ubi: 

lox mCherry lox TC Ex15 t2a neon constructs were created and coinjected into zebrafish with Cre. All 

constructs showed recombination upon coinjection, via reduction in RFP and increase in GFP, as 

expected. Recombination PCR primers were designed for all 3 new constructs, and the PCR tests 

showed that there was recombination for Yap1-Tfe3, DA TAZ, and TC Ex15 lines. The original TC 

line and Yap1-Tfe3, and DA TAZ lines were crossed to fli1:cre EGFP, and IGVs were scored. This 

showed a significant difference for TC and YT vs controls, but not for DA TAZ. Cyr61 Taqman 

qPCRs were also performed at different time points, and showed that when TC, YT, and DA TAZ 

were coinjected with Cre, Cyr61 was highest at 1dpf. Therefore, 1dpf was the time point chosen for 

further RNAseq analysis. 
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Fig. 54: Fold change for Cyr61 at 1 & 5dpf (Taqman) with injection of transgenic lines 

TC Ex15 and TC lines were used, with Cre injection or mock injection (phenol red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 53: Fold change for Cyr61 at 1, 2, 3 & 5dpf (Taqman) with injection of transgenic lines 

TC, YT & DA TAZ lines were used, with Cre injection or mock injection (phenol red). 
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10 Results: RNAseq: Yap1-Tfe3 transgenics 

 
RNAseq on TAZ-CAMTA1 (TC) provided valuable information on expression of both the transgene 

and its effects on the transcriptome. As there was limited time available and no tumours had yet 

appeared in the Yap1-Tfe3 (YT) fish, it was decided to look at YT expression levels in detail in the 

ubi: lox nls-mCherry lox Yap1-Tfe3 t2a neon line, using RNAseq. It will also allow comparison of my 

data to previous RNAseq experiments, using activated forms of YAP1/TAZ in other organisms. 

Again, importantly, it will also allow precise mapping of RNAseq reads to the YT gene. 

 

To generate RNA samples, ubi:lox nls-mCherry lox Yap1-Tfe3 t2a neon carrier (line 3A) was paired 

with WT. Approximately 50% of the embryos were injected with Cre mRNA to remove the STOP 

cassette, and induce YT expression. Embryos were pooled in triplicate samples for RNAseq analysis at 

1dpf. Uninjected fish which contained the transgene, and therefore expressed mCherry, were used as a 

control. It was not possible to identify transgenic embryos from non-transgenic embryos reliably at this 

stage. Therefore, larvae were tail-clipped, with the anterior region being stored in RNAlaterTM, and the 

tail section being used for genotyping. After genotyping, transgenic larvae were selected and pooled 

for RNA isolation (10 embryos per sample). Once RNA was purified, a cDNA library was synthesised 

(Wang et al., 2009). Adapters were bound to the cDNA to enable identification, then these were 

sequenced from both ends (paired-end sequencing) (Wang et al., 2009). 

 

10.1 RNAseq quality control 

 
Illumina paired-end 150 sequencing (150bp reads from either end) was used for this RNAseq. The 

quality control was performed by Novogene. The number of clean reads used in the analysis for each 

sample is noted below (Table 17). 
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Table 17: The number of reads used for each sample in RNAseq, for YT 

 

Sample No. of reads 

Injected1 97824180 

Injected2 72853126 

Injected3 95060968 

Uninjected1 100552926 

Uninjected2 101082646 

Uninjected3 113426610 

 

 

 

 

 

 

 

 

10.1.1 Principal Component Analysis (PCA) 

 
PCA is a statistical method to reduce several sets of data down to two dimensions. It examines how the 

data is grouped and was performed on the gene expression value (FPKM). The first principal 

component gives a ‘line of best fit’ in the direction of the largest variability in the data. The second 

principal component gives the direction with the second largest variability in the data 

(https://tinyurl.com/5bfxt4kz). 

 

Uninjected samples were more dispersed than injected samples, hence the uninjected samples show 

more variance. Overall, injected and uninjected samples appear to cluster in separate areas, with PC1 

having the most variance (although YTuninj3 is less clustered than the other uninjected samples) (Fig. 

55). 

 

From the other QC data, all my samples had an average error rate of less than 0.02%. Generally, a 

single base error rate should be lower than 1% (Novogene report). Also, the GC content appeared 

unremarkable. Overall, the quality and amount appeared to be satisfactory, and I continued with 

expression analysis. 



128  

 

 

 

 

10.2 Differential expression analysis 

 
After sequencing and basic quality controls were finished, differential expression analysis was 

performed to identify the number of genes that have expression levels which are significantly different 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 55: Principal component analysis (PCA) for Yap1-Tfe3 

This shows the intergroup and intragroup differences. 

PCA was performed on the gene expression value (FPKM) of all samples. 

Uninjected samples and injected samples mainly cluster separately (but YTuninj3 is less clustered). 
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Fig: 56: Differential gene histogram for Yap-Tfe3 

Number of upregulated and downregulated genes are shown for injected vs uninjected samples 

DESeq2 padj <=0.05, log2FoldChange >=1.0 

within each group. The differential gene histogram shows the total number of genes (156); the number 

of upregulated genes (114), and the number of downregulated genes (42), when comparing injected to 

uninjected samples (DESeq2 padj <=0.05 , log2FoldChange >=1.0) (Fig. 56). Therefore, the results 

were significant, with a fold change of >=2. 
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Table 18: Top 15 downregulated and upregulated DE genes for YT 

10.2.1 Volcano plot 

 
Volcano plots can be used to infer the overall distribution of differentially expressed genes. In the 

figure, the x-axis shows the fold change in gene expression between different samples, and the y-axis 

shows the statistical significance of the differences. Red dots represent up-regulated genes and green 

dots represent down-regulated genes (novogene report) (Fig. 57). For upregulated genes, there were 

112 genes above 2 fold increase, and 53 genes above 3 fold increase. Unfortunately, there did not 

appear to be any genes of interest in the top 15 down/upregulated genes (Table 18).  

 

 

 

Top downregulated DE genes Top upregulated DE genes 

Novel452 RARRES3 

Atoh rgra 

Mipb apodb 

fut9d mhc2dgb 

krt1-19d Si:ch73-236c18.3 

novel2754 he1.3 

f7i zgc:113314 

novel4904 epdl1 

Crygmx si:ch211-120k19.1 

CU634008.1 slc37a2 

wfikkn2a pah 

s100a11 pkhd1l1 

novel131 phospho1 

bhlhe22 rab38c 

BX465834.1 kcnj1a.3 

 

 

 

 

 

 

Although the differential expression data gives information with respect to individual genes on 

expression changes, it is difficult to differentiate larger patterns from the changes in gene expression, 

therefore I decided to use Gene set enrichment analysis (GSEA) (Subramanian et al., 2005, Mootha et 
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al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 57: Volcano plot for Yap1-Tfe3 

The x-axis shows the fold change in gene expression between different samples. 

The y-axis shows the statistical significance of the differences. 

Red dots represent up-regulated genes and green dots represent down-regulated genes. 

The dashed lines indicate the threshold lines for differential gene screening criteria. 
NB Cyr61 is not significant for YT. 
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10.3 Detailed analysis of Yap1-Tfe3 expression from the RNAseq data, by mapping reads to 
the transgenic genome & using Gene Set Enrichment Analysis (GSEA) 

 
10.3.1 Detailed expression analysis of mCherry and Yap1-Tfe3 in the RNAseq dataset 

 
Once again, it was necessary to create a manually “adapted” zebrafish genome sequence that would 

allow the analysis of expression levels of the transgenic construct. A new reference genome was made 

by adding the transgene information to two ‘genome files’ that are used for mapping reads, as 

previously described (Chapter 7). The adapted files could then be loaded into Galaxy 

(https://usegalaxy.org/ (Galaxy, 2022)), and analysed to create BAM files of injected and uninjected 

samples. Then Galaxy tools were used to count reads from RNAseq, and expression levels were 

calculated. The Integrative Genomics Viewer (IGV) (Robinson et al., 2011) was used to visualise the 

mapped reads against the adapted reference genome, for both Cre injected and uninjected embryos 

with the ubi:lox nls-mCherry lox Yap1-Tfe3 t2a neon construct. 

 

10.3.2 Expression level of Yap1-Tfe3 and mCherry 

 
To recapitulate, ubi:lox nls-mCherry lox YT t2a neon x WT embryos were injected with Cre mRNA. 

They were used for RNAseq analysis at 1dpf, using RFP uninjected fish as a control. Data from 

RNAseq showed that for uninjected fish, mCherry had an FPKM of 91.234, which fell to 1.38 upon 

Cre injection. Therefore, mCherry showed a 66.1x decrease for Cre injected embryos, compared to 

control expression (Fig. 58). As recombination is induced by injection of Cre mRNA, and this is not 

always evenly distributed throughout the embryo, injections may not always lead to 100% 

recombination in all of the injected embryos. Based on these values, it can be estimated that 98% of 

the chromosomes in the injected embryos were recombined successfully. 

 

In comparison, there was an unexpected result with YT, as the expression level for this also decreased 

from 15.748 to 6.546 FPKM. This is a 2.4x decrease in expression for Cre injected embryos, compared 

to control (Fig. 58). As YT levels are expected to increase upon Cre injection, as the mCherry STOP 

cassette is ‘loxed out,’ this is highly surprising. Also, notably, the expression level for YT when Cre is 

injected is 6.546, which is much lower at a 13.9-fold drop, compared to the mCherry uninjected level 

at 91.234. The IGV (Robinson et al., 2011) data also showed that for the injected reads, YT appears to 

be fully transcribed (unlike TC), and mCherry is loxed out when Cre injection occurs (Fig. 59A). 

https://usegalaxy.org/
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Fig. 58: Expression level of Yap1-Tfe3 vs mCherry, from RNAseq data 

Expression of mCherry is shown for uninjected samples vs Cre injected, and the same for YT 

expression. mCherry shows a 66.1x decrease for Cre injected embryos, vs a 2.4x decrease for YT 

in Cre injected embryos. 

FPKM = fragments per kilobase per million. 

However, in Fig. 59B, for the uninjected reads, this showed that mCherry is expressed, as expected, 

but there is also YT expression. This is likely to be due to read-through the mCherry STOP sequence. 
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Fig. 59: Reads mapped to align with the transgenic Yap1-Tfe3 genome 

A) Injected reads show mCherry is mainly loxed out upon Cre injection and Yap-

Tfe3 is expressed. 

B) Uninjected reads show a higher expression of mCherry, also with Yap1-Tfe3 

expression. Snapshot of expression (all reads not shown). 

pA = polyA 

Thin, coloured lines indicate base mismatches 

(A=green, C=blue, T=red, G=orange) 
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10.3.3 Gene set enrichment analysis (GSEA) showed that YAP/TAZ target genes were upregulated, but 
changes were not significant 

 
When the STOP cassette was deleted in the transgenic lines, this did not lead to expression of 

detectable levels of GFP (neon). Therefore, I decided to use the transcriptome data to check if there 

was a “functional” effect of removal of the STOP cassette. It was possible that the functional effects of 

YT could be seen in expression of target genes that are known from mammalian studies, as with 

TC. Data from RNAseq was used in Gene set enrichment analysis (GSEA) (Broad Institute, 

(Subramanian et al., 2005, Mootha et al., 2003)), to compare my data to the Seavey (EHE, (Seavey et 

al., 2021)) and Cordenonsi (YAP, (Cordenonsi et al., 2011)) overrepresented gene sets. These 

mammalian sets had already been converted into zebrafish sets for the previous RNAseq (Chapter 7). 

Estrogen was again used as a completely unrelated control set. The results showed that there was an 

increase in YAP/TAZ targets genes when my data was compared to both gene sets. The leading edge 

is the slope at the beginning showing a subset of genes which contribute most to the enrichment score. 

This is steep when my data is compared to both EHE and YAP1 data sets, with a cluster of lines at the 

beginning of the enrichment plots (Fig. 60A/B). This does not happen when my data is compared to a 

seemingly unrelated data set (Estrogen) (Fig. 60C), which was as expected. However, the data is 

significant and normal enrichment score (NES) is higher when YT is compared to the Estrogen control 

set, but not the YAP1 and EHE data sets, which is highly unexpected. Although not significant, it was 

of note that Serpine1, TGFβ, and Cyr61 were present again when my data was compared to both 

YAP1 and EHE data sets, as with TC. However, the only significant gene was hexb, which gave a 

log2fold change of 0.51 (1.42 fold change), P(adj)<0.001. Hexb has recently been discovered to 

control glycolysis in glioblastoma through YAP1 activation (Zhu et al., 2024). 

 

Using the STRING database for the top 50 upregulated genes, this showed that there were no protein-

protein interactions (Fig. 61). It also showed that there are no enriched reactome pathways for YT. 

 

In conclusion, YT RNAseq data showed that expression levels of YT did not increase upon Cre mRNA 

injection, but actually decreased, which was highly unexpected. The RNAseq data also showed that YT 

was fully expressed, unlike TC. The IGV data showed that YT was expressed in the uninjected fish, 

which was also very unexpected. GSEA showed that hexb was the only significant gene when my data 

was compared to the YAP1 dataset. 
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Fig. 60: Gene set enrichment analysis for Yap-Tfe3 

Yap1-Tfe3 gene set compared to: 

A) Seavey EHE set 

B) Cordenonsi YAP1 signature set 

C) Estrogen (unrelated control set) 

D) The top 15 genes for Seavey (EHE) and Cordenonsi (YAP1) 
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Fig. 61: Protein-protein interaction for Yap1-Tfe3 

There does not appear to be any interactions for YT (no lines visible), using the top 50 upregulated 

genes.  

Medium confidence (0.4) 
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11 Discussion 

 
In this thesis, I described how I used several different systems aimed at producing a transgenic 

zebrafish model of Epithelioid hemangioendothelioma (EHE). In order to mimic human disease, 

endothelial expression of TAZ-CAMTA1 (TC) was required (Tanas et al., 2011). I first attempted to 

directly control TC expression using the fli1a promoter. I then used a Gal4/UAS system, and a cre-lox 

system. Initially, I used TC which causes 90% of EHE cases (Flucke et al., 2014), then I tried YT, 

which causes 10% of EHE cases (Antonescu et al., 2013). If a working EHE transgenic zebrafish 

model had been produced, this could have potentially offered a high-throughput model for drug 

screening, which may have eventually led to much-needed therapeutic treatments. Although, some 

experiments are not conclusive, it is clear that such a model is much more difficult to produce than 

initially anticipated. 

 

11.1 Creating a zebrafish TAZ-CAMTA1 model 

 
Initially, I tested TC mRNA on the zebrafish vasculature via injection into fli1a EGFP embryos. There 

appeared to be an effect of TC on vasculature development at 500pg, whereas the TC control, TC 

S51A, which is rendered unable to bind TEAD (Zhang et al., 2009), had much less of an effect at the 

same concentration (Chapter 5). This showed that the effect of TC was not just due to generalised 

toxicity caused by injection of mRNA, as the control only had a 1 amino acid change. I also tested 

Yap1-Tfe3 (YT) mRNA on the zebrafish vasculature at 100pg. Below this, most of the embryos gave a 

WT phenotype and above this, there was a high death rate. The data for 100pg YT vs YT S94A was 

not statistically significant. Hence, it is possible S94A may act dominant negative and interfere with 

endogenous YT. Li et al., showed that YAP S94A did not activate TEADs, but still maintained the 

ability to activate RUNX2 and ErbB4, however, which suggests that even if YAP is unable to 

bind/activate TEAD, it is still able to maintain transcriptional ability (Li et al., 2010). After titrations, I 

used 500pg TC and 100pg YT to attempt to visualise the effect of these fusion proteins on the 

vasculature, which indicated that YT has a stronger effect than TC. Once I had shown that TC did 

have an effect, I attempted to create the first TC zebrafish transgenic model. 

 

Firstly, I attempted to directly control human TC expression using the fli1a promoter (Chapter 5), as 

EHE is known to originate in the endothelial cells of the blood vessels (Sardaro et al., 2014). This was 

not successful, showing non-specific in situ staining. This may have been due to expression of the 
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transgene being ‘toxic,’ and only insertions that behaved anomalously with respect to TC expression 

making it through the germline of injected G0 fish. fli1a drives ubiquitous, transient expression before 

and during early gastrulation, so the transgene may have affected early endothelial specification, and 

endothelial cells may not be able to withstand the transgene at later stages (personal comm., Nathan 

Lawson). Alternatively, it was hypothesised that when unoptimized human TC was used, ie. not 

zebrafish codon optimised, this may have caused zebrafish DNA methylation, and hence silencing 

(Jahner et al., 1982, Stewart et al., 1982, Li and Zhang, 2014, Keshet et al., 1986). Therefore, this 

experiment was repeated using zebrafish-optimised TC (using 2 different optimisation algorithms), but 

still, non-specific in situ staining was seen. I next used a temporally controlled model to circumvent 

potential toxicity of the TC transgene. 

 

The first temporally controlled system I created was a Gal4/UAS system. Gal4 is a yeast 

transcriptional activator, which controls the expression of an Upstream Activating Sequence (UAS) 

promoter (Scheer and Campos-Ortega, 1999). A gene of interest, which is the effector (TC), can be 

fused to uas, which will only be expressed when this line is crossed with the Gal4 line. Otherwise, the 

effector gene (TC) is silent (Scheer and Campos-Ortega, 1999). This allows the establishment of lines 

that can express “toxic” transgenes. uas:TAZ-CAMTA1 was crossed with fli1a:GFF (an improved 

version of Gal4) (Asakawa et al., 2008), but this model was also unsuccessful, with non-specific in situ 

staining. As a control, the uas:EGFP line was crossed with the same fli1a:GFF line. In contrast to the 

uas:TAZ-CAMTA1 line, this did express GFP in the expected fli1a pattern (Fig.15). This led to the 

conclusion that the problem was likely to lay with human TC. It is possible human sequences may not 

express well in zebrafish. Therefore, I used zebrafish-optimised TC (using 2 different optimisation 

algorithms) here also, but still saw non-specific in situ staining. It is possible that the coding 

optimisation was insufficient in ‘disguising’ the human coding sequence. Also, endothelial cells are 

known to be sensitive to highly active transactivation domains e.g. Gal4, but we used GFF, which 

should have helped with this (personal comms, Nathan Lawson). I then tried zebrafish TAZ bound to 

human CAMTA1 (human CAMTA1 was retained as there was an antibody available). This was also 

unsuccessful and showed non-specific staining from in situ (Fig. 15). I next attempted to examine 

whether TAZ or CAMTA1 contained sequence-interfering element(s). 

 

In order to identify the source of expression-interfering sequence elements, TAZ and CAMTA1 were 

cloned behind fli1a:EGFP. GFP ISVs were noted in fli1a:EGFP-TAZ, but not in fli1a:EGFP-CAMTA1 

(Fig. 16). This indicated that CAMTA1 may have been the source of expression-interfering element(s). 

However, it was then reported that there was negative feedback of the fli1a promoter on TC (Neil et 
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al., 2023), thus I attempted to discover whether the problem was negative feedback or sequence- 

interfering element(s). 

 

To discover whether TC expression issues were with negative feedback or sequence-interfering 

element(s), I produced a fli1a:EGFP-STOP-CAMTA1 construct (fli1a:EGFP-CAMTA1 construct was 

used as a control). The hypothesis was that if a DNA element/stem loop was present, the ribosome 

would not continue and there would be a premature transcriptional end, hence no EGFP expression. 

However, if there was no stem loop present, the polyA tail would be transcribed, and there would be 

expected EGFP expression (Fig. 18). The results showed that there was no apparent GFP expression 

with the STOP construct (Fig. 19), which suggested that the issue was a DNA element(s) as opposed 

to promoter feedback, although it could have possibly been both. ISVs were also counted and plotted 

in a graph (Fig. 20). This showed a significant difference between fli1a:EGFP control, and both 

fli1a:EGFP-STOP-CAMTA1 and fli1a:EGFP-CAMTA1. An important caveat of this approach is that 

it would lead to an unnaturally long 3’ UTR at 4.2kb (average length of human 3’ UTRs is ~1kb 

(Hong and Jeong, 2023)). Long UTRs are associated with lower levels of gene expression due to less 

stability (Sandberg et al., 2008) (Schwerk and Savan, 2015). Therefore, depending on GFP for this 

experiment may not have been reliable, and hence these experiments were not conclusive. As the 

previous temporally controlled system (Gal4/UAS) had not given the desired endothelial expression, 

it was decided to use another temporally controlled system that would avoid the effects of negative 

feedback of TC on the fli1a promoter, by employing a different, more generic promoter to drive TC 

expression. 

 

Cre-lox was the next temporally controlled system used to avoid ‘toxicity.’ This system uses the well- 

established promoter, ubi, which should drive generic expression in the embryo. Cre is a site-specific 

recombinase which causes DNA recombination at loxP sites (Argos et al., 1986, Hoess et al., 1982, 

Hoess and Abremski, 1984). ubi:lox nls- mCherry lox TAZ-CAMTA1 t2a neon lines were crossed with 

a fli1a:cre line. This was expected to allow mCherry to be loxed out upon Cre recombination, and 

hence show TAZ- CAMTA1 expression in the endothelial cells, as Cre would only be switched on in 

these cells (driven by fli1a). It also allowed the testing of activity of the ubi promoter at the transgenic 

insertions site, through visualisation of mCherry. 

 

ubi:lox nls-mCherry lox TC t2a neon was tested for recombination and was deemed to be working 

appropriately. Neon was visible upon DNA construct and Cre mRNA co-injection. However, upon the 

establishment of transgenic lines, injection with Cre mRNA for TC, YT, and DA TAZ showed no 
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visible GFP (unfortunately there was not enough time to test this in the TC Ex15 lines). I hypothesised 

that neon may not be visible either due to low expression or silencing, which can occur by methylation 

(Keshet et al., 1986). DNA short tandem repeats, and transgenes that fall into or beside transposon 

sites are more likely to be silenced (Akitake et al., 2011, Feng et al., 2010). Single copies are much 

less likely to be silenced than multiple copies of a transgene (Akitake et al., 2011). It has been shown 

that even if a transgene expresses well in the 1st generation, it can become silenced upon further 

generations in a heritable manner (Goll et al., 2009). However, it has been shown that Tol2 primarily 

integrates adjacent to the transcription start site (TSS), where there is open chromatin (in human cells) 

(Grabundzija et al., 2010). 

 

In order to properly characterise TC expression, ubi:lox nls-mCherry lox TC t2a neon embryos were 

used in in situ and showed, surprisingly, that in pre-sorted, RFP positive and Cre uninjected fish, 50% 

embryos had darker stain for TC, as with Cre mRNA injected embryos. It was highly unexpected to 

see TC stain in the pre-sorted, RFP uninjected embryos, as mCherry was present, which contains a 

STOP sequence and polyadenylation site. This should lead to transcriptional termination, and 

therefore, TC should not have been expressed. This was also seen in several different founder lines. I 

hypothesised that this unexpected result may have been due to some background staining from the 

plasmid probe used, hence a TC PCR probe was made to test this possibility. I used the new TC probe 

to stain ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon embryos injected with Cre mRNA (Fig. 28). 

However, in Fig. 28D, this also showed darker stain for the TC PCR probe in the pre-sorted RFP, 

uninjected fish. This TC staining may have been due to read-through the mCherry STOP sequence. 

Therefore, due to the unusual behaviour of the various transgenes, it was decided to use RNAseq to 

provide a more detailed view on expression of the transgene, and its potential effect on the zebrafish 

transcriptome. 

 

11.2 RNAseq on TAZ-CAMTA1 embryos 

 
To generate RNA samples, ubi:lox nls-mCherry lox TAZ-CAMTA1 t2a neon carrier (line AA6) was 

paired with WT. Approximately 50% of the embryos were injected with Cre mRNA to remove the 

STOP cassette, and induce TC expression at 5dpf. Samples were sent to Novogene for analysis. 

Differential expression (DE) analysis was performed and showed the total number of DE genes 

(1888); the number of upregulated genes (936), and the number of downregulated genes (952), when 

comparing injected to uninjected samples (Fig. 31). 
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After Cre injection, expression of TC increased, but was much lower than expected at 3.4x the original 

FPKM. mCherry had a 12.5x FPKM decrease for Cre injected embryos (mCherry is loxed out hence 

the decrease) (Fig. 33). Although TC had an increase upon Cre injection as expected, the difference in 

levels of FPKM for mCherry were much higher than for TC (12.5-fold change). I would expect the 

FPKM levels of TC in the Cre injected embryos to be similar to mCherry in uninjected embryos, as 

they are both in the same construct, under the same promoter (ubi). However, this was not seen. The 

lower levels of expression could have been due to the size of the construct: TC is 5628bp (4857bp 

without neon). It may also have been due to the fact that RNAseq used an oligodT primer for poly A 

enrichment. If there are few polyA tails available due to premature ending, then the RNA could also be 

poorly reverse transcribed, when cDNA template is produced for sequencing. Therefore, non- 

polyadenylated transcripts were selected against in the RNAseq experiment and TC expression levels 

may not be reliable due to this. Low expression may also be caused by gene regulation via post- 

transcriptional modifications, such as DNA methylation, histone modifications, and alternative 

splicing/polyadenylation (Zhang et al., 2020), or by non-coding RNAs (Mattick and Makunin, 2006).  

 

In order to analyse TC expression more closely, RNAseq reads were mapped to the transgenic 

genome, using IGV (Robinson et al., 2011). In Fig. 34B, for the uninjected reads, this showed that 

mCherry is expressed, as expected, but there is also a small amount of TC expression. This may be due 

to possibly an internal promoter, or ubi could be mis-spliced to cause this. Further, deeper sequencing 

would be required to answer this question. For the injected reads, (Fig. 34A), this showed that 

mCherry was also expressed, as ‘loxing’ mCherry out was not 100% efficient. Importantly, this also 

showed that TC transcription seemed to end prematurely, in exon 15, in the ankyrin repeat section of 

CAMTA1. Therefore, the NLS would not have been transcribed in these embryos, and this may lead to 

poor/no polyadenylation, thereby affecting detection by RNAseq. Notably, although low, there was 

still an increase in TC expression in Cre injected embryos. 

 

Importantly, even though expression of TC was low, and an unusual distribution of reads mapped to 

the construct were observed, there was also an increase in EHE target genes from GSEA data 

(Subramanian et al., 2005, Mootha et al., 2003). This included the well-established target gene, Cyr61 

(Lai et al., 2011, Zhang et al., 2011, Seavey et al., 2021), which suggests that TC may have still 

entered the nucleus by an unknown method, or that full-length TC is still produced, despite the 

surprising RNAseq results. MASK1 (ANKHD1) has an NLS and has been shown to bind to YAP/TAZ 

to support nuclear transport (Sidor et al., 2019) (Manning et al., 2020). However, it is unknown if this 

is able to occur with YT/TC, as only a portion of Yap1/TAZ is present (Fig. 1A) (Tanas et al., 2016, 
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Antonescu et al., 2013). Also, MAML1 has been shown to increase nuclear localisation, and 

tumourigenesis, by binding YAP/TAZ WW domains (Kim et al., 2020). This could have an effect on 

TC, as the TAZ WW domain is present in the fusion protein (Tanas et al., 2016). 

Interestingly, for YT, the YAP1 section does not appear to have a WW domain (Antonescu et al., 

2013). In addition, the results are from using TC embryos at 5dpf. It is possible that full-length TC is 

produced at 1dpf, for example. Therefore, further characterisation of the TC construct may be 

warranted. 

 

Premature ending of transcription could be due to the fact that the coding sequence for TC is very 

large at 5628bp (4857bp without neon), with only one intron in 5’ UTR (at 2.6 - 4.6kB, with TC neon 

polyA ending at 11.8kb). The average exon length for zebrafish is 219bp (Suetsugu et al., 2013), 

which shows TC was unnaturally long. Gene length is known to control levels of transcription: longer 

genes tend to be expressed at a lower level than shorter genes (Castillo-Davis et al., 2002, Urrutia and 

Hurst, 2003, Chiaromonte et al., 2003) (Brown, 2021). Low expression could also be due to the fact 

that the RNA was polyA-enriched prior to cDNA being produced for RNAseq, which means that non- 

poly adenylated transcripts were selected against. RNA secondary structure could also be a factor 

(Kozak, 2005), although the fact that there appeared to be expression issues with both usual and 

codon optimised versions of TC make this somewhat less likely. 

 

It has been found that translational efficiency and mRNA stability are affected by 5’ and 3’ 

untranslated regions (UTR)s, which are vital to these processes (van der Velden and Thomas, 1999, 

Bashirullah et al., 2001). In the TC/YT constructs, a 5’ ubi UTR and a 3’ sv40pA UTR was used. 3’ 

UTRs of α-globin, β-globin, and albumin have been thoroughly examined, as these proteins have a 

lengthy half-life, and generate high levels of protein (Volloch and Housman, 1981, Ross and Sullivan, 

1985). Therefore, β-globin 3’ UTR could be inserted into the TC/YT constructs to improve translation 

efficiency/mRNA stability (Zarghampoor et al., 2019). The 5’ UTR provides pre-initiation translation 

complex binding sites and secondary structures (Sonenberg and Hinnebusch, 2009). It is thought that 

altering the 5’ UTR has the most effect on translation efficiency (Asrani et al., 2018). Hence, the 5’ 

UTR of β-globin could be inserted into the TC/YT constructs for improved efficiency. 

 

The kozak sequence is also known to be involved in translation efficiency (Zarghampoor et al., 2019). 

The optimal vertebrate kozak sequence is GCCRCCAUGG (R is A/G), with R and the final G having 

the most impact on translation (Kozak, 1986, Babendure et al., 2006) (Zarghampoor et al., 2019). The 

first TC construct used had a different kozak: GCAACAAUGG, which represented a good kozak, but 
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not fully optimal. It was thought that this may have been a reason why GFP was not visible when Cre 

mRNA was injected into the TC lines. However, this kozak was optimised in the next set of constructs, 

in order to exclude the fact that this was causing poor expression, and GFP was still not seen in the 

YT/DA TAZ, and TC Ex15 lines. As the YT, DA TAZ, and new TC (Ex15) constructs all had an 

optimal kozak sequence: GCCACCAUGG, this should have led to optimal translational efficiency. 

 

Despite difficulty in detection of TC expression, it was possible that it’s functional effects could be 

seen in expression of target genes that are known from mammalian studies. Therefore, data from 

RNAseq was used in Gene set enrichment analysis (GSEA) (Broad Institute - (Subramanian et al., 

2005, Mootha et al., 2003). The results showed that there were 3 genes which came up in the top 15 

hits, when my data was compared to both EHE (Seavey et al., 2021) and YAP1 (Cordenonsi et al., 

2011). These were Cyr61 (CCN1), serpine1, and tgfβ2. However, only Cyr61 was significant (Cyr61 

was the top hit for both gene sets) (Fig. 35). This is a well-known YAP/TAZ target, associated with 

the ECM (Lai et al., 2011, Zhang et al., 2011, Kireeva et al., 1997). Although there has been an 

inability to detect high levels of TC from RNAseq data, nevertheless, the expected target genes were 

still expressed. Therefore, low levels of TC expression could have a large impact on transcription. 

However, it is also possible that after deletion of the mCherry STOP cassette, TC is induced but is in 

some way able to downregulate its own expression, leading to low TC expression by 5dpf, despite the 

protein still being active and functional. 

 

 

11.3 Analysis of adult ubi: lox nls-mCherry lox TAZ-CAMTA1 t2a neon zebrafish 

 
Fish were raised and kept under observation for potential tumour growth. Notably, the survival rate for 

the AD25 x AF22 line, without CDKN2a/b injection, was 37% vs 80% for control, at 1yr 10 months. 

This was also a line which produced 2 tumours, which were CAMTA1 Ab stained. This showed that 

there was CAMTA1 staining in the blood cells (Fig. 44A), and not the nuclei, where CAMTA1 is 

expected to be seen. Also, DAPI appeared to show background staining (Fig. 44B), compared to the 

control, which showed nuclear DAPI staining (Fig. 44E) (nuclear DAPI is expected). It is possible the 

CAMTA1 Ab and DAPI are staining, for example, porphyrin in the blood cells. Therefore, the 

CAMTA1 Ab staining suggested that these tumours were not of TC origin. The same line was used 

again, but with CDKN2a/b CRISPR injected. This showed that there were no tumours up to 10 months 

of age, when the experiment ended. It would have been informative if these fish could have been 

grown to the same age, in order to see whether the low survival rate was reproducible. All the other 

lines had 59-98% survival rates. The University of Manchester reported that their average zebrafish 
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survival rate was 65% in 2017 (Mortell et al., 2017). Therefore, 59% is close to the average survival 

rate. 

 

The other tumour was seen with the AA6/7 x AA8 line, which was also co-injected with CDKN2a/b, 

CRISPR 2 and 6. This had a gill tumour (Fig. 41), which was H&E stained, and clearly showed 

tumour morphology (Fig. 42A). This fish was stained with CAMTA1 antibody to test whether the 

tumour arose from TC. The results showed that no CAMTA1 staining was apparent (Fig. 43A), 

suggesting that the tumour may have been sporadic and not originated from TC. Also, the frequency of 

tumours was very low and occurred in adult fish, which reduces the benefits of using a zebrafish 

model, especially in the light of the development of mouse models. 

 

 

11.4 Further zebrafish EHE models 

 
Three further models were also created based on the previous results: Yap1-Tfe3, DA TAZ, and TAZ- 

CAMTA1 Ex15. Firstly, as TC expression levels were seen to be low from RNAseq data, and YT 

mRNA appeared to be highly active in embryos, it was decided to produce a YT zebrafish model, 

using the same ubi cre-lox model as TC. 10% of EHE cases are due to YT translocation (Antonescu et 

al., 2013). Also, YT is much shorter than TC, as described previously, which may allow for greater 

expression. In addition, it was decided to use a dominant active (DA) TAZ construct alongside, as a 

positive control. Finally, a further alternative was to create an improved version of the TC zebrafish 

model. It was decided that this may be best done via adding introns either side of CAMTA1, exon 15, 

as the RNAseq data previously showed a drop in expression at this point (Chapter 7). In addition to 

promoting expression of the gene by ‘breaking-up’ the large exon, introns may disrupt potential 

secondary structures in the sequence, in that region. An extra ATG in the 5’ UTR was removed (for 

TC and YT), to prevent the ribosome competing with this and the start ATG, and flanking introns were 

added to CAMTA1, exon 15. 

 

All lines were successfully created. As a test for functionality, Cre mRNA was injected to discover if 

the lox sites were able to recombine in the new lines. This efficiently reduced mCherry expression, as 

with TC, indicating recombination had taken place. However, no GFP could be visualised once again 

in all lines tested. Therefore, primers for a PCR recombination test were designed. The PCRs showed 

that recombination did indeed take place for YT, DA TAZ, and TC Ex15. 
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In order to further quantify and compare the effect of TC, YT, and DA TAZ on the vasculature, where 

the effect of these transgenes was most likely to occur, ubi: lox nls-mCherry TC/YT/DA TAZ t2a neon 

lines were crossed with fli1:cre EGFP fish (unfortunately, TC Ex15 lines were not available at this 

point, therefore the original TC was used for this experiment). The embryos were sorted, then the tail 

vasculature was imaged and scored at 1dpf, using the Cre-EGFP as an endothelial reporter, as 

previously described. This showed that there was a significant difference between active TC and 

sibling control, and between active YT and sibling control (Fig. 51). However, surprisingly, there was 

no significant difference between length/number of ISVs for active DA TAZ and sibling control (this 

was designed as a positive control). It appeared TC and YT had a stronger effect on vasculature/ISV 

growth at 1dpf. Therefore, it is possible that CAMTA1 could elevate levels of transcription of genes 

associated with blood vessel/ISV growth. 

 

 

11.5 RNAseq on Yap1-Tfe3 embryos 

 
As it was unclear which was the preferable time point to use for RNAseq, due to the fact that over time 

gene expression may have been down-regulated, it was thought beneficial to use Cyr61 as a read-out 

for YT/TC/DA TAZ activity, at a set of distinct time points. In the RNAseq analysis performed in 

Chapter 7, Cyr61 was a top hit and is a known target gene for both EHE and YAP/TAZ signalling 

(Cordenonsi et al., 2011, Seavey et al., 2021, Zhang et al., 2011, Lai et al., 2011). TC, YT and DA 

TAZ crosses (crossed to WT) were injected with Cre mRNA, and mock injected (phenol red) fish were 

used as a control, at several different time points. The TaqmanTM qPCR data showed that the largest 

fold change was for both TC and YT Cre injected fish at 1dpf, at 2.6 fold change, whereas DA TAZ 

with Cre injection had 2.3 fold change at 1dpf (Fig. 53). Activated TC/YT were >= 1.5 fold change for 

all days tested, however DA TAZ decreased over time, and dipped below control levels at 0.75, at 

5dpf. Therefore, the fusion genes generally appeared more active than dominant active TAZ, 

especially at 5dpf (Fig. 53). As Cyr61 expression appeared to trend downwards over time, 1dpf was 

chosen for further RNAseq analysis on the YT line. 

 

Notably, later, when the TC Ex15 lines were available, the same experiment was performed as above, 

using TC and TC Ex15 at 1dpf and 5dpf. This showed that there was not a high difference in fold 

change for Cyr61 between TC and TC Ex15 at both time points (Fig. 54). Therefore, overall, TC 

Ex15 did not appear to improve Cyr61 expression much. It is possible that more introns were needed, 

etc. This could be further investigated by performing RNAseq on TC Ex15 embryos, as with TC and 
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YT. 

 

To generate RNA samples for RNAseq, ubi:lox nls-mCherry lox Yap-Tfe3 t2a neon carrier (line 3A) 

was paired with WT. Approximately 50% of the embryos were injected with Cre mRNA to remove the 

STOP cassette and induce YT expression at 1dpf. Differential expression (DE) analysis was performed 

and showed the total number of DE genes (156); the number of upregulated genes (114), and the 

number of downregulated genes (42), when comparing injected to uninjected samples (Fig. 56). 

 

Detailed read-mapping from RNAseq showed that for uninjected fish, there was a 5.8-fold FPKM 

‘drop-off,’ moving from mCherry to YT. This showed that there was indeed a ‘drop-off’ in coverage 

after the STOP sequence, as expected, but this was far from TC, which was a 579-fold FPKM ‘drop- 

off.’ This showed that the STOP sequence may not have been efficient at preventing read-through into 

the YT coding sequence. mCherry showed a 66.1x FPKM decrease for Cre injected embryos, 

compared to control expression. In comparison, YT showed a 2.4x FPKM decrease in expression for 

Cre injected embryos, compared to control (Fig. 58). Although, notably, there was still much 

expression of YT, even when the STOP cassette was present (15.748 FPKM). As YT levels are 

expected to increase upon Cre injection, as the mCherry STOP cassette is ‘loxed out,’ this is highly 

surprising. Thus, the following model could be proposed: in uninjected embryos, the mCherry 

sequence could be efficiently transcribed by the ubi promoter, and many of the mRNAs could not 

terminate at the expected mCherry polyA sequence, but rather extend into the YT sequence (read- 

through), which would then be part of the 3’UTR. Hence, the 2.4 fold FPKM drop would be the result 

of comparing expression of “YT-as-UTR” (uninjected) to “YT-as-coding sequence” (injected) (Fig. 

62). When mCherry is removed, YT is under the ubi promoter and the YT sequence itself could be 

somehow less conducive to transcription. Although YT expression decreased (2.4x) upon Cre 

activation, there was still a reasonable level at 6.546 FPKM, as opposed to TC, which increased to only 

0.085 FPKM (3.4x increase). Therefore, I would have expected to have seen some upregulation of 

YAP1 target genes, as with TC, but this was not seen from the GSEA (Subramanian et al., 2005) data. 

This may have been due to a too low threshold to trigger YAP1 target gene expression, or the time 

point (1dpf) may have been too early for an increase in these target genes (TC RNAseq was at 5dpf). 

Overall, it was concluded from the RNAseq data that the transcriptional termination site of mCherry 

may not be functioning correctly, and this warranted a detailed examination of the precise sequence. 
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Fig. 62: Schematic representation of YT as “UTR” vs YT as coding sequence 

A: When there is no Cre injection, the mCherry sv40pA may be dysfunctional, leading to YT 

becoming part of the 3’ UTR. 

B: With Cre injection, the mCherry cassette is loxed out in most cases, leading to transcription of 

YT, hence YT becomes coding sequence. 

 

 

In addition to the well-known AAUAAA, both an upstream U-rich sequence, and a downstream GU- rich 

sequence has been shown to improve efficiency of 3’end processing/generation (Gil and Proudfoot, 

1984, McLauchlan et al., 1985, Gil and Proudfoot, 1987, Carswell and Alwine, 1989, DeZazzo et al., 

1991, Valsamakis et al., 1991, Moreira et al., 1995, Brackenridge and Proudfoot, 2000, Venkataraman et 

al., 2005, Danckwardt et al., 2007, Proudfoot, 2011). Also, an additional factor which has been shown to 

affect processing efficiency is the specific 3’ cleavage site nucleotide sequence (Chen et al., 1995) 

(Proudfoot, 2011). It is thought that the polyadenylation site (PAS) is situated 10- 30 nucleotides prior to 

the cleavage site (Tian and Graber, 2012). In addition, noncanonical sequences have been shown to be 

less efficiently identified, and therefore this may also affect 3’ processing (Boreikaite and Passmore, 

2023). 

 

Cleavage and polyadenylation occur via the Cleavage and polyadenylation factor (CPSF) binding to 

the PAS (Sheets et al., 1990), and the Cleavage stimulation factor (Cstf) binds the GU/U-rich DSE 

(Beyer et al., 1997, Takagaki and Manley, 1997). It was previously predicted that there are 3 optimal 

downstream element (DSE) motifs which aid 3’-end processing (motifs predicted using Gibbs 
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Recursive Sampler (Thompson et al., 2003) /MEME (Bailey and Elkan, 1994)/Improbizer (Ao et al., 

2004) programs) (Salisbury et al., 2006). For both TC and YT, there was a H. sapiens UUUUUU 2nd 

DSE present, and a D. rerio CAAAAT (CAAACA is optimal) 3rd DSE present (Salisbury et al., 2006). 

Although there are GU sequences present post-sv40pA, there does not appear to be a predicted GU- 

rich sequence for either species present (1st DSE - most common are CUGUGG or CUGUGU for H. 

sapiens or D. rerio, respectively) (Salisbury et al., 2006). It is possible that if optimal DSE sequences 

were present (especially 1st DSE), that the TC/YT RNA would be transcribed and hence expressed 

appropriately, as these sequences are predicted to aid in 3’-end processing (Salisbury et al., 2006). 

 

The IGV (Robinson et al., 2011) data also showed that for the injected reads (Fig., 59A), mCherry 

was loxed out when Cre injection occurred, and YT was fully expressed, unlike for TC, where 

transcription ended prematurely. However, in Fig. 59B, for the uninjected reads, this showed that 

mCherry was expressed, as expected, but there was also YT expression. This was likely to be due to 

read-through the mCherry STOP sequence, as mentioned previously. As YT transcription ended as 

expected, with full transcription taking place (Fig.59A), it may be expected that a proportion of the 

transgenic fish would get the disease. However, due to time limits, these fish were only able to be 

grown to 6-9 months in any case, with 2 potential tumours seen up to date, out of 19 fish in the 

‘activated’ group (survival rate of 58% in YT ‘activated’ fish vs 88% survival rate in control fish). 

Also, in the RNAseq experiment, only a single ‘snap-shot’ of the transcriptome was produced: 5dpf 

and 1dpf were used for TC and YT, respectively. Therefore, it is possible that there is another 

preferable time point which could be used. This would need further investigation, possibly by 

performing further qPCR on other target genes, or RNAseq could be performed for YT at 5dpf, for a 

direct comparison to be made. The GSEA data for YT showed that there were 3 genes which came up 

in the top 15 hits, when my data was compared to both EHE (Seavey et al., 2021) and YAP1 

(Cordenonsi et al., 2011). These were Cyr61 (CCN1), serpine1, and tgfβ, as with TC. However, none 

of these were significant. The only gene which was significant was hexb (from comparison to the 

YAP1 data set (Cordenonsi et al., 2011)). Hexb has recently been discovered to control glycolysis in 

glioblastoma through YAP1 activation. Hexb stabilizes tumour-integrin β1 (ITGB1)/integrin-linked 

kinase (ILK) complex, which causes YAP1/Hif1α to be activated. Hif1α then supports further hexb 

transcription and various genes that control glycolysis (Zhu et al., 2024).  

 

 

11.6 Other zebrafish cancer models and future work 

 
There have been many cancers modelled in zebrafish, such as melanoma, peripheral nerve sheath 
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tumour (PNST), angiosarcoma, germ cell tumour, rhabdomyosarcoma (RMS), thyroid cancer, 

pancreatic cancer, hepatocellular cancer (HCC), intestinal tumour, testicular tumour, T-cell acute 

lymphoid leukaemia (T-ALL), acute lymphoid leukaemia (ALL), chronic myeloid leukaemia (CML), 

and myelodysplastic syndrome (MDS) (Hason and Bartunek, 2019). One of the first transgenic 

zebrafish cancer models was zRag2: EGFP cMyc, which drove the over-expression of human c-myc in 

T-cells (Langenau et al., 2003). This resulted in the onset of T-cell acute lymphoblastic leukaemia 

(Langenau et al., 2003). However, this model was modified by using the Cre-lox system, as the 

zebrafish died at approximately 3 months in the original system (Langenau et al., 2005). 

 

There are a number of transgenic zebrafish cancer models using fusion genes, such as AML-ETO 

(hsp70 promoter), NUP98-HOXA9 (spi1promoter/lox system), MYST3-NCOA2 (spi1 promoter), 

RUNX1-CBF2T1 (cmv promoter) (all cause acute myeloid leukaemia – AML) (Yeh et al., 2008, 

Forrester et al., 2011, Zhuravleva et al., 2008, Kalev-Zylinska et al., 2002), TEL-AML1 (xef promoter, 

causes acute lymphoid leukaemia - ALL) (Sabaawy et al., 2006), BCR-ABL1 (hsp70 promoter, causes 

chronic myeloid leukaemia - CML) (Xu et al., 2020), PAX3-FOX01 (β-actin, cmv, ubi promoters, 

causes Rhabdomyosarcoma) (Kendall et al., 2018), and EWS-FLI1 (hsp70, β-actin, causes Ewing’s 

sarcoma) (Leacock et al., 2012) (McConnell at el., 2021). This shows that the heat-shock promoter 

(hsp70) has been quite widely used in the production of transgenic zebrafish models. The heat-shock 

promoter (hsp70) is used for temporal control of expression in zebrafish (Krone et al., 1997, Santacruz 

et al., 1997), and is a promoter which could be used if further models of EHE were to be produced. 

However, this would need to be used in conjunction with another system to ensure tissue specificity. A 

cre-lox system could be used in this instance, but the sv40pA would need to be improved. 

Additionally, Tetracycline-induced transcriptional activation (Tet-on/off) can also be used for 

reversible temporal control of gene expression (Gossen et al., 1995) once a well-functioning model is 

established (as was used in the other EHE mouse model (Driskill et al., 2021)). Although ubi has been 

shown to result in ubiquitous high expression when used in conjunction with the Tol2 system in 

zebrafish, both in embryos and adults (Mosimann and Zon, 2011), my results and other experiments 

from the F. van Eeden lab., at the Bateson Centre, Sheffield, suggest that ubi may not properly drive 

gene expression in some cases. Other promoters I could have tried are murine fetal liver kinase (flk1), 

c-type lectin domain family 14A (Clec14A), and Cdh5 (cadherin 5, VE-cadherin), which all drive 

expression in/on endothelial cells (Ronicke et al., 1996, Mura et al., 2012, Carmeliet et al., 1999). 

However, there is a risk that this may lead to downregulation of the endothelial promoters via negative 

feedback from the transgene (Neil et al., 2023). 
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Another possibility would be to use Bacterial artificial chromosome (BAC) recombineering, which 

could be used to place the TC gene under the endogenous taz promoter, as is the case in human 

patients (Tanas et al., 2011, Errani et al., 2011). Messerle et al. were the first group to describe how 

BACs could be used to express a (herpes) virus genome in a murine model (Messerle et al., 1997). 

BAC vectors are similar to the fertility factor (F-factor) plasmid in E. coli, which is a circular, 

supercoiled plasmid, and can hold DNA fragments of up to 300kb (O'Connor et al., 1989, Shizuya et 

al., 1992, Monaco and Larin, 1994) (Hall et al., 2012). BACs containing the desired gene can be 

grown in specialised E.coli, and are integrated by bacteriophage-mediated homologous recombination 

(Suster et al., 2011). These can then be purified and injected, along with Tol2 transposase, for 

integration into the zebrafish genome (Suster et al., 2011). 

 

CRISPR knock-in could also be used into an endothelial gene eg. using Geneweld. This is where 

homology-mediated end joining (HMEJ) repair is used at a target site, for integration of DNA, via 

short homology arms. This can be done using up to 48kb deletion/replacement, with a donor 

comprising homology arms, either side of two CRISPR/Cas9 sites (Wierson et al., 2020).  

 

In addition to changing the UTR, chromatin insulators could be used to prevent read-through at the 

mCherry STOP sequence position. These are sequences which are involved in chromatin assembly and 

transcriptional control (Le Gall et al., 2015). They are <1kb in length (Savitsky et al., 2016) and have 

been shown to obstruct enhancer effect on promoters (Geyer and Corces, 1992, Kellum and Schedl, 

1991), and/or block heterochromatin progression, which would lead to silencing (Sun and Elgin, 

1999). These occur via chromatin loops and/or nucleosome alterations (West et al., 2002, Gaszner and 

Felsenfeld, 2006). Another possibility would have been to use endogenous TAZ as a promoter, 

similarly to a genetically engineered mouse model (Seavey et al., 2021). Although the mouse model 

used a FLEx system to replace endogenous TAZ with TC when activated via Cre, and used embryonic 

stem cells (ESCs), which are not available for zebrafish (Seavey et al., 2021). However, I produced a 

TAZ: lox-nls- mCherry lox TAZ-CAMTA1 t2a neon construct, but mCherry expression was not visible 

upon construct injection. Therefore, this line was not produced, as it would have been difficult to use 

with no visible fluorescent marker. This construct had a 2kb (2069bp) promoter, but the precise 

promoter/enhancer elements driving TAZ expression are unknown, and it is highly likely that this 

sequence could have been incomplete. Therefore, BAC recombineering may be a preferable option, as 

it would allow the inclusion of a large amount of surrounding sequence, as BACs are able to hold 

inserts of >300kb (Shizuya et al., 1992). 
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DA TAZ and TC Ex15 could have been use for RNAseq to discover what was happening at a 

molecular level, but in the end, the aim of the project was to create a zebrafish model of EHE, and DA 

TAZ was a side project. There had also been observed a higher level of lethality in one batch of TC 

Ex15, therefore, it was decided to wait for YT RNAseq results before doing any further RNAseq, and 

a further batch of TC Ex15 were raised to see if this level of lethality was reproducible. This showed 

that there were no high levels of lethality in the second batch. Therefore, the first set appeared to be an 

anomalous result, but only 2 batches were grown to 3-6 months, with no visible tumours up to date, 

and a detailed analysis was unable to be performed due to time constraints. 

 

As the mouse models have been produced, and do emulate EHE disease well, it is possible that an 

adult zebrafish model may not be as useful. An advantage of a zebrafish model was in studying 

embryos, where detailed examination of endothelial cells is possible. In the experiment where ubi:lox 

nls-mCherry lox TC/YT/DA TAZ t2a neon x fli1:cre EGFP embryos were sorted and length/number of 

ISVs were scored (Fig. 51), there were significant differences between activated and control embryos. 

Nevertheless, it was a still a weak phenotype, and did not provide much information on the functional 

effects of YT and TC. If strong embryonic phenotypes had occurred in the larvae, these could have 

been helpful to understand the function of TC. Therefore, a more promising avenue may be in using 

zebrafish as a xenograft model, as an EHE-21 cell line is now available (unpublished, Pasquali lab.). 

Patient-derived xenograft models can be used as a tool to examine metastasis and for screening 

therapeutic drugs (Suhail et al., 2019). Zebrafish also do not have a mature adaptive immune system 

until 3 weeks post-fertilization, making them an ideal candidate for this (Willett et al., 1999). 

Zebrafish xenograft models have previously been used to study cancers such as leukaemia, 

lymphoma, melanoma, neuroblastoma, sarcoma, germ cell, liver, lung, ovary, breast, colon, pancreas, 

GI tract and prostate (Haldi et al., 2006, Marques et al., 2009, Weiss et al., 2009, Zhao et al., 2009, 

Corkery et al., 2011, Chapman et al., 2014, Lin et al., 2019, Ghotra et al., 2012, Vaughan et al., 2015, 

Latifi et al., 2011, Wong et al., 2019, Smith et al., 2013, Gaudenzi et al., 2017, He et al., 2012) (Chen 

et al., 2021). 

 

Recent research has produced GEMMs of EHE, which will improve our knowledge and understanding 

of this rare sarcoma. However, there is still room for a more cost-effective model for high-throughput 

drug screening. There are many questions which are still unanswered, eg. What specifically causes the 

gene translocations to occur? Is it possible to block the gene fusion proteins? How do two different 

gene fusions cause the same disease? 
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11.7 Conclusion 

 
The work in this thesis shows that TAZ-CAMTA1 and Yap1-Tfe3 zebrafish models were created. 

Although both were shown to cause recombination upon Cre activation, which indicated that the 

transgenes would be expressed, in the TC model, transcription ended early, causing a truncated 

transcript and omitting the NLS, at 5dpf. It was shown that CAMTA1 was the problematic piece 

regarding transcription, specifically exon 15. Although TC expression was low, it still increased upon 

activation via Cre injection. Four tumours were seen in the TC model: the one which was tested 

appeared to be negative for CAMTA1 stain, and therefore was not likely to be EHE. A top hit from TC 

RNaseq, when the data for activated TC were compared to the EHE (Seavey et al., 2021) and YAP1 

(Cordenonsi et al., 2011) data sets, using GSEA (Subramanian et al., 2005, Mootha et al., 2003), was 

Cyr61. Cyr61 is a well-known Yap1/TAZ target (Zhang et al., 2011, Lai et al., 2011). RNAseq on YT 

transgenics showed that full expression of YT did occur at 1dpf, although there appeared to still be YT 

expression in uninjected embryos. This may have been due to read-through the mCherry polyA 

sequence, and the YT sequence could then be seen as part of the 3’UTR. 

 

When this project began, there were no EHE models, hence a robust zebrafish model would have 

provided the opportunity for high-throughput drug screens, thus potentially offering drug treatments to 

patients. This would offer hope for patients, as they often live for years aware of the dormant disease, 

not knowing when it will become aggressive, with no standard treatments available (Sardaro et al., 

2014). Creating a zebrafish model would have been extremely beneficial to the EHE community, as 

although a GEMM has now been created, zebrafish are cost-efficient, transparent as embryos (to 

examine blood vessel development), and a great tool for high-throughput drug screening. 

 

Although EHE is rare (Sardaro et al., 2014), it is driven by constitutively activated YAP/TAZ 

signalling. This is a vital pathway, involved in many cancers (Zanconato et al., 2016b), hence any 

breakthroughs with EHE may also have had significant implications for other cancers. Although 

expression of the transgenes has shown to be surprisingly difficult in zebrafish, the use of zebrafish 

xenotransplants may be the way forward to create a preclinical model to test potential disease- 

modifying drugs, for treatment of EHE. 
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12 Appendix 

TAZ-CAMTA1 codon z ClaI SalI 

 

AACCAATGCATTGGATGCATATCGATGGATCAGCAACAATGGACTATAAAGACGACGACGACAAGGGAGCT 

GACTACAAGGATGATGATGACAAGAACCCTGCTTCTGCTCCTCCTCCTCTGCCTCCTCCTGGACAGCAGGTGA 

TCCATGTGACCCAGGACCTGGACACTGACCTGGAGGCTCTGTTCAACTCTGTGATGAACCCAAAGCCTTCTTC 

TTGGAGAAAGAAGATCCTGCCTGAGTCTTTCTTCAAGGAGCCTGACTCTGGATCTCACAGCAGACAGTCTTCT 

ACTGACTCTTCTGGAGGACACCCTGGCCCAAGACTGGCTGGAGGCGCTCAGCATGTGCGCTCTCACTCTTCTC 

CTGCTTCTCTCCAGCTGGGAACTGGAGCTGGAGCCGCTGGATCTCCTGCTCAGCAGCATGCTCATCTGAGACA 

GCAATCTTATGATGTCACTGATGAGCTGCCTCTGCCTCCTGGATGGGAAATGACCTTTACCGCTACTGGACAG 

AGATACTTTCTGAACCACATTGAGAAGATCACCACCTGGCAGGACCCAAGAAAGGCCATGAATCAGCCTCTG 

AACCACATGAACCTCCACCCAGCTGTGTCTAGCACCCCTGTCCCTCAGAGAAGCATGGCTGTGTCTCAGCCA 

AACCTGGGAGCTGGAGGATCTGTCCACCACAAGTGCAACTCTGCCAAACACAGAATTATCTCTCCAAAGGTG 

GAGCCAAGAACTGGAGGATATGGATCTCACTCTGAGGTGCAACACAATGATGTGTCTGAGGGAAAGCATGA 

GCACTCTCACAGCAAGGGATCTTCTCGCGAGAAGAGAAATGGAAAGGTGGCCAAGCCTGTCCTCCTCCACCA 

GTCTTCTACTGAGGTGTCTAGCACCAACCAGGTGGAGGTGCCTGACACCACCCAGTCTTCTCCTGTGAGCATC 

TCTTCTGGCCTGAACTCTGACCCTGACATGGTGGACTCTCCTGTGGTGACTGGAGTGTCTGGAATGGCTGTGG 

CTTCTGTGATGGGATCTCTGTCTCAGTCTGCTACTGTGTTCATGTCTGAGGTGACCAACGAGGCTGTGTACAC 

CATGTCTCCAACTGCTGGCCCAAACCACCATCTGCTGTCTCCTGATGCTAGCCAGGGACTCGTGCTGGCTGTG 

TCTTCTGATGGACACAAGTTTGCTTTCCCTACTACTGGATCTTCTGAGTCTCTGAGCATGCTCCCAACCAATGT 

GTCTGAGGAGCTCGTGCTGAGCACCACCCTGGATGGAGGAAGAAAGATCCCAGAGACCACCATGAACTTTG 

ACCCTGACTGCTTTCTGAACAACCCAAAGCAGGGACAGACCTATGGAGGAGGAGGCCTGAAGGCTGAGATG 

GTGTCTAGCAACATCAGACACTCTCCTCCTGGAGAGCGCTCTTTCTCTTTCACTACTGTGCTGACCAAGGAGA 

TCAAGACTGAGGACACCTCTTTTGAGCAGCAGATGGCCAAGGAGGCTTACTCTTCTTCTGCTGCTGCTGTGGC 

TGCTTCTTCTCTGACCCTGACCGCTGGATCTTCTCTGCTGCCTTCTGGAGGAGGACTGTCTCCTAGCACCACCC 

TGGAGCAGATGGACTTCTCTGCCATTGACAGCAACAAGGACTACACCTCTTCTTTCTCTCAGACTGGACACTC 

TCCTCACATCCACCAGACCCCTTCTCCTTCTTTCTTCCTCCAGGATGCTAGCAAGCCTCTGCCTGTGGAGCAG 

AACACCCACTCTTCTCTGTCTGACTCTGGAGGAACCTTTGTGATGCCAACCGTGAAGACTGAGGCTTCTTCTC 

AGACCTCTTCTTGCTCTGGACATGTGGAGACCAGAATTGAGAGCACCTCTTCTCTCCACCTGATGCAATTCCA 

GGCCAACTTCCAGGCCATGACCGCTGAGGGAGAGGTGACTATGGAGACCTCTCAGGCCGCTGAGGGATCTG 

AGGTGCTCCTGAAGTCTGGAGAACTCCAGGCTTGCTCTTCTGAACATTACCTGCAGCCAGAGACCAATGGAG 

TGATCCGCAGCGCTGGAGGAGTGCCAATCCTGCCTGGAAATGTGGTGCAGGGACTGTACCCTGTGGCTCAGC 

CTTCTCTGGGAAATGCTAGCAACATGGAGCTGTCTCTGGACCACTTTGACATCTCTTTCAGCAACCAATTCTC 

TGACCTGATCAATGACTTTATCTCTGTGGAGGGAGGATCTAGCACCATCTATGGACATCAGCTGGTGTCTGGA 

GACAGCACTGCTCTGTCTCAGTCTGAGGATGGAGCCCGCGCTCCTTTCACCCAGGCTGAGATGTGCCTGCCTT 

GTTGCTCTCCTCAGCAGGGATCTCTCCAGCTGTCTTCTTCTGAGGGAGGAGCTAGCACTATGGCTTACATGCA 

TGTGGCTGAGGTGGTGTCTGCTGCTTCTGCCCAGGGAACCCTGGGAATGCTCCAGCAGTCTGGAAGAGTGTT 

CATGGTCACTGACTACTCTCCTGAGTGGTCTTACCCTGAGGGAGGAGTGAAGGTGCTGATTACCGGACCTTG 

GCAGGAGGCTAGCAACAACTACTCTTGCCTGTTTGATCAAATCTCTGTGCCTGCTTCTCTGATTCAGCCTGGA 

GTGCTGAGATGCTACTGCCCTGCTCATGATACTGGACTGGTGACCCTCCAGGTGGCTTTCAACAACCAGATCA 

TCAGCAACTCTGTGGTGTTTGAGTACAAGGCCCGCGCTCTGCCAACCCTGCCTTCTTCTCAGCATGACTGGCT 

GTCTCTGGATGACAACCAGTTCAGAATGAGCATCCTGGAGAGACTGGAGCAGATGGAGAGAAGAATGGCTG 

AGATGACTGGATCTCAGCAACATAAGCAGGCTTCTGGAGGAGGATCTTCTGGAGGAGGATCTGGATCTGGAA 

ATGGAGGATCTCAGGCTCAGTGTGCTTCTGGAACTGGCGCTCTGGGCTCTTGTTTTGAGAGCAGAGTGGTGGT 

GGTGTGTGAGAAGATGATGAGCAGAGCTTGCTGGGCCAAGAGCAAGCACCTGATCCACAGCAAGACCTTCA 

GAGGAATGACCCTCCTCCACCTGGCTGCTGCCCAGGGATATGCCACCCTGATCCAGACCCTGATCAAGTGGA 

GAACCAAGCATGCTGACAGCATTGACCTGGAGCTGGAGGTGGACCCTCTCAATGTGGACCACTTCTCTTGCA 

CCCCTCTGATGTGGGCTTGTGCTCTGGGACACCTGGAGGCTGCTGTCGTGCTGTACAAGTGGGACAGAAGAG 

CCATCAGCATCCCTGACTCTCTGGGACGCCTGCCTCTGGGAATTGCCAGAAGCAGAGGACACGTGAAGCTGG 

CTGAGTGCCTGGAGCACCTCCAAAGAGATGAGCAGGCTCAGCTGGGACAGAACCCAAGAATCCATTGCCCT 

GCTTCTGAGGAGCCTAGCACTGAGTCTTGGATGGCTCAGTGGCACTCTGAGGCCATCTCTTCTCCAGAGATCC 

CTAAGGGAGTGACCGTGATTGCTAGCACCAACCCTGAGCTCAGAAGACCACGCAGCGAGCCTAGCAACTACT 

ACTCTTCTGAGTCTCACAAGGACTACCCTGCTCCTAAGAAACACAAGCTGAACCCTGAGTACTTCCAGACCA 

GACAGGAGAAGCTGCTGCCAACTGCTCTGTCTCTGGAGGAGCCAAACATCAGAAAGCAGTCTCCTTCTAGCA 

AGCAGTCTGTGCCAGAGACCCTGTCTCCTTCTGAGGGAGTGAGAGACTTCTCTAGAGAGCTGTCTCCTCCAAC 

CCCAGAGACTGCTGCTTTCCAGGCTTCTGGATCTCAGCCTGTGGGAAAGTGGAACAGCAAGGACCTGTACAT 
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TGGAGTGTCTACTGTGCAGGTGACCGGAAACCCTAAAGGAACCTCTGTGGGAAAGGAGGCTGCTCCTTCTCA 

GGTGAGACCAAGAGAGCCAATGTCTGTGCTGATGATGGCCAATAGAGAGGTGGTGAACACTGAGCTGGGAT 

CTTACAGAGACAGCGCCGAGAACGAGGAGTGTGGACAGCCAATGGATGACATCCAGGTGAACATGATGACC 

CTGGCTGAGCACATCATTGAGGCCACCCCTGACCGCATCAAGCAGGAGAACTTTGTCCCAATGGAGTCTTCT 

GGACTGGAGCGCACTGACCCTGCCACCATCTCTAGCACCATGTCTTGGCTGGCTTCTTACCTGGCTGATGCTG 

ATTGCCTGCCTTCTGCTGCTCAGATCCGCTCTGCTTACAATGAGCCTCTGACCCCTTCTAGCAACACCTCTCTG 

TCTCCTGTGGGATCTCCTGTGAGCGAGATTGCTTTTGAGAAGCCAAACCTGCCTTCTGCCGCTGACTGGTCTG 

AGTTCCTGTCTGCTAGCACCAGCGAGAAGGTGGAGAATGAGTTTGCTCAGCTGACCCTGTCTGACCATGAGC 

AAAGAGAGCTGTATGAGGCTGCCAGACTGGTGCAGACTGCTTTCAGAAAGTACAAAGGAAGACCTCTGAGA 

GAGCAGCAGGAGGTGGCTGCTGCTGTGATCCAGAGATGCTACAGAAAGTATAAGCAGTATGCTCTGTACAA 

GAAGATGACCCAGGCTGCCATCCTGATCCAGAGCAAGTTCCGCTCTTACTATGAGCAGAAGAAGTTCCAGCA 

GAGCAGAAGAGCTGCTGTGCTGATCCAGAAGTACTACCGCTCTTACAAGAAGTGTGGAAAGAGAAGACAGG 

CCAGAAGAACTGCTGTGATTGTGCAGCAGAAGCTGCGCTCTTCTCTCCTGACCAAGAAGCAGGACCAGGCTG 

CCAGAAAGATCATGCGCTTTCTGAGACGCTGCAGACACTCTCCTCTGGTGGACCACAGACTGTACAAGCGCT 

CTGAGAGAATTGAGAAGGGACAGGGAACCTAAGTGGACGTCGACGTCGGCCATAGCGGCCGCGGAA 

ClaI SalI IDT zebrafish opt. TAZ-CAMTA1 

 

ATCGATGGATCCGCAACCATGGATTATAAGGACGACGATGATAAGGGCGCAGACTATAAAGATGATGACGA 

CAAAAACCCAGCCTCCGCTCCCCCTCCACTTCCTCCGCCTGGGCAACAGGTCATACATGTGACTCAGGATTTG 

GATACGGATTTGGAAGCTCTTTTTAACTCCGTAATGAACCCTAAACCCTCATCTTGGCGGAAAAAGATCCTTC 

CTGAGTCATTCTTCAAAGAACCAGACTCTGGCTCCCACAGTCGCCAGAGCTCTACCGACAGTTCCGGCGGAC 

ACCCGGGCCCTCGGCTGGCTGGTGGTGCTCAACACGTTAGGTCTCACTCATCCCCTGCGAGTTTGCAGTTGGG 

GACAGGGGCCGGAGCGGCGGGTAGTCCCGCTCAACAACATGCACACCTCCGACAGCAGAGCTACGACGTAA 

CAGATGAACTCCCTCTTCCTCCTGGTTGGGAGATGACATTTACCGCAACAGGACAGAGATACTTTTTGAATCA 

TATCGAAAAGATAACGACGTGGCAAGACCCAAGAAAGGCAATGAACCAGCCGTTGAACCATATGAACCTTC 

ACCCAGCTGTATCATCTACTCCTGTGCCGCAGAGGAGCATGGCCGTATCACAGCCGAACCTCGGCGCAGGTG 

GGAGTGTTCACCACAAATGTAACAGTGCGAAACATCGTATAATCTCCCCAAAGGTGGAGCCTAGAACCGGTG 

GTTATGGCTCTCATAGTGAGGTGCAACATAATGATGTATCTGAGGGCAAACACGAGCACAGCCATTCTAAAG 

GATCCTCAAGGGAGAAACGTAATGGTAAGGTAGCTAAGCCTGTGCTGTTGCATCAAAGCAGTACCGAAGTG 

AGTAGTACTAATCAAGTCGAGGTACCAGATACAACTCAGAGTAGTCCTGTAAGCATCTCATCCGGATTGAAT 

AGCGACCCTGACATGGTCGATTCACCGGTTGTCACCGGGGTTAGTGGAATGGCGGTTGCAAGTGTTATGGGG 

AGCTTGAGCCAATCTGCGACTGTATTTATGAGTGAAGTGACAAATGAGGCGGTTTATACCATGTCCCCTACC 

GCTGGACCTAATCACCACCTTCTCAGTCCTGACGCTTCTCAAGGCTTGGTGCTCGCCGTGTCATCTGACGGCC 

ACAAGTTTGCCTTTCCCACCACTGGTTCATCAGAGTCACTGTCCATGCTGCCAACTAATGTGTCAGAAGAGCT 

GGTACTCAGCACGACATTGGATGGAGGGCGCAAAATACCAGAAACCACGATGAACTTTGACCCTGACTGTTT 

TTTGAATAACCCCAAGCAGGGCCAAACTTACGGGGGCGGCGGTCTTAAAGCAGAGATGGTTTCAAGTAATAT 

ACGCCACTCCCCACCAGGGGAGCGTTCTTTCAGCTTCACTACCGTACTCACAAAGGAGATTAAAACGGAGGA 

TACGTCATTTGAACAGCAGATGGCTAAGGAAGCTTATAGTAGCAGCGCGGCGGCCGTGGCCGCATCTTCTCT 

CACCCTCACTGCTGGTTCCAGCCTCCTTCCCTCTGGTGGAGGCCTCAGTCCGAGTACCACACTGGAACAAATG 

GACTTCTCCGCCATAGACTCTAATAAGGACTATACGTCAAGCTTCTCCCAGACTGGCCACTCACCACATATTC 

ACCAGACCCCCAGTCCATCTTTCTTTCTTCAGGACGCTTCAAAGCCCCTCCCCGTCGAGCAAAACACACATTC 

ATCACTTTCCGATTCTGGAGGGACTTTTGTCATGCCCACTGTTAAAACGGAGGCTAGCAGCCAAACTAGTAG 

CTGCAGTGGACACGTTGAAACTCGGATAGAGTCTACGTCATCACTCCATCTGATGCAGTTCCAAGCGAATTTT 

CAGGCTATGACCGCTGAAGGTGAGGTTACCATGGAGACGAGTCAGGCGGCGGAGGGGTCCGAGGTGCTCCT 

CAAATCCGGGGAGCTCCAGGCATGCAGCTCTGAACATTACCTGCAACCTGAGACAAACGGCGTAATACGTTC 

TGCAGGAGGTGTTCCGATTCTTCCTGGGAACGTTGTTCAAGGTCTTTACCCCGTAGCCCAACCTTCCCTTGGT 

AACGCGAGCAACATGGAACTTTCATTGGATCATTTCGATATCAGCTTTTCAAACCAATTCTCCGACCTCATAA 

ACGATTTTATATCCGTAGAGGGAGGCAGCTCTACAATCTACGGGCATCAGTTGGTTAGCGGAGATTCTACTG 

CGCTTAGCCAAAGTGAGGATGGAGCCAGGGCGCCATTCACGCAGGCGGAGATGTGCTTGCCGTGCTGTTCCC 

CACAACAAGGTTCCCTCCAATTGTCCAGCAGTGAAGGGGGCGCTAGTACAATGGCGTATATGCATGTAGCAG 

AAGTTGTTTCAGCAGCCTCAGCGCAGGGTACCCTGGGTATGCTTCAACAAAGCGGGCGGGTATTCATGGTGA 

CCGATTATAGTCCTGAGTGGAGTTATCCTGAAGGTGGTGTGAAGGTACTCATCACTGGCCCTTGGCAGGAAG 

CCAGTAACAACTATAGTTGCCTCTTTGATCAGATATCAGTACCGGCGTCTCTCATCCAACCAGGAGTCCTTCG 

GTGCTATTGCCCGGCACATGACACCGGGCTTGTCACATTGCAGGTAGCCTTTAACAATCAAATCATCTCAAAC 

TCAGTAGTTTTTGAATACAAGGCACGAGCCCTTCCAACACTTCCGTCAAGTCAACATGACTGGTTGTCCCTCG 

ACGACAATCAATTCCGAATGTCAATACTTGAGCGACTCGAACAAATGGAGCGAAGGATGGCAGAAATGACG 

GGATCTCAACAACACAAGCAAGCGTCCGGCGGCGGTTCCTCTGGAGGAGGTAGTGGCTCCGGTAACGGCGG 

AAGTCAGGCGCAATGTGCTTCAGGTACAGGGGCGCTGGGGAGCTGTTTCGAAAGCCGCGTGGTCGTGGTATG 

TGAAAAGATGATGAGCCGTGCCTGTTGGGCGAAAAGTAAGCACCTCATCCATTCAAAAACTTTTAGAGGCAT 
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GACCCTGTTGCATTTGGCCGCAGCACAGGGGTACGCCACTCTGATTCAGACTCTTATCAAGTGGCGCACGAA 

ACATGCTGACTCAATTGACCTTGAATTGGAAGTGGACCCGTTGAACGTTGACCACTTCTCATGTACACCCCTC 

ATGTGGGCGTGCGCACTCGGCCATCTGGAGGCTGCAGTAGTACTGTACAAGTGGGACCGTCGGGCCATTAGT 

ATTCCCGATAGCCTGGGCCGTCTCCCCCTGGGTATTGCCCGTAGTCGTGGTCACGTGAAACTTGCAGAATGTC 

TGGAGCACCTTCAAAGAGATGAACAAGCGCAACTGGGCCAGAATCCCCGAATACACTGCCCAGCATCAGAA 

GAGCCGAGCACGGAGAGCTGGATGGCGCAATGGCATAGCGAAGCAATTTCCAGTCCGGAGATCCCGAAGGG 

AGTGACCGTAATCGCAAGTACTAACCCCGAACTCAGAAGACCCCGTTCCGAACCGAGCAACTACTACTCAAG 

TGAGTCACACAAAGATTACCCCGCACCAAAAAAACATAAGCTGAACCCGGAGTACTTTCAGACCCGTCAGG 

AAAAGCTCCTTCCAACGGCGTTGAGTTTGGAAGAACCGAATATCCGAAAACAGTCACCCTCTAGCAAACAGT 

CAGTACCTGAGACGCTCAGCCCCTCCGAGGGCGTCAGGGACTTCTCACGCGAGCTTAGTCCACCTACACCAG 

AGACTGCCGCCTTTCAAGCTTCAGGTAGCCAGCCCGTAGGGAAATGGAATTCTAAGGATCTGTATATTGGAG 

TAAGCACAGTGCAAGTTACGGGCAATCCGAAGGGCACGTCAGTAGGTAAGGAAGCAGCTCCATCACAAGTT 

AGGCCGAGGGAACCGATGAGCGTCCTGATGATGGCAAATCGGGAAGTAGTGAATACGGAGCTTGGTTCATA 

TCGTGATTCAGCCGAGAACGAAGAGTGTGGCCAGCCGATGGATGATATCCAAGTTAACATGATGACCTTGGC 

TGAACATATAATAGAAGCGACGCCCGACCGCATTAAGCAAGAAAACTTTGTCCCAATGGAGAGTTCTGGCCT 

GGAACGTACCGACCCAGCTACTATCAGTTCCACTATGTCTTGGCTCGCCTCCTACCTTGCGGATGCAGATTGT 

CTCCCAAGCGCGGCTCAGATCCGTTCTGCGTACAACGAACCGCTGACGCCGTCTAGCAACACAAGCCTCTCA 

CCTGTAGGGTCCCCCGTTTCAGAGATAGCTTTTGAGAAACCGAACCTTCCTAGTGCGGCAGATTGGAGTGAA 

TTCCTTTCTGCCTCCACCAGTGAGAAAGTTGAAAACGAGTTTGCTCAACTGACGCTCTCTGACCATGAGCAAA 

GAGAACTGTACGAGGCGGCGCGGTTGGTCCAGACGGCCTTCCGAAAATACAAGGGCCGCCCTTTGAGAGAG 

CAACAGGAAGTGGCGGCAGCCGTCATTCAGAGGTGTTACCGAAAGTACAAACAATACGCTTTGTACAAAAA 

AATGACTCAGGCAGCAATATTGATCCAGTCAAAATTTAGGTCATATTACGAACAAAAGAAATTCCAACAGTC 

CAGGAGGGCAGCTGTTCTGATTCAGAAATATTATAGATCCTATAAAAAATGTGGCAAACGTAGGCAGGCAA 

GAAGAACAGCTGTCATCGTTCAACAGAAACTTCGTTCTAGCTTGCTCACCAAGAAGCAGGATCAAGCGGCGA 

GGAAAATCATGCGGTTCCTTAGGCGGTGTCGTCATTCCCCTCTGGTGGACCACCGTCTTTATAAGCGTTCAGA 

ACGGATTGAGAAAGGGCAGGGCACATGAGTCGAC 

 

AccI PvuI PME TAZ-CAMTA1 codon z (to remove STOP) 

GTCTACTGTGCAGGTGACCGGAAACCCTAAAGGAACCTCTGTGGGAAAGGAGGCTGCTCCTTCTCAGGTGAG 

ACCAAGAGAGCCAATGTCTGTGCTGATGATGGCCAATAGAGAGGTGGTGAACACTGAGCTGGGATCTTACA 

GAGACAGCGCCGAGAACGAGGAGTGTGGACAGCCAATGGATGACATCCAGGTGAACATGATGACCCTGGCT 

GAGCACATCATTGAGGCCACCCCTGACCGCATCAAGCAGGAGAACTTTGTCCCAATGGAGTCTTCTGGACTG 

GAGCGCACTGACCCTGCCACCATCTCTAGCACCATGTCTTGGCTGGCTTCTTACCTGGCTGATGCTGATTGCC 

TGCCTTCTGCTGCTCAGATCCGCTCTGCTTACAATGAGCCTCTGACCCCTTCTAGCAACACCTCTCTGTCTCCT 

GTGGGATCTCCTGTGAGCGAGATTGCTTTTGAGAAGCCAAACCTGCCTTCTGCCGCTGACTGGTCTGAGTTCC 

TGTCTGCTAGCACCAGCGAGAAGGTGGAGAATGAGTTTGCTCAGCTGACCCTGTCTGACCATGAGCAAAGAG 

AGCTGTATGAGGCTGCCAGACTGGTGCAGACTGCTTTCAGAAAGTACAAAGGAAGACCTCTGAGAGAGCAG 

CAGGAGGTGGCTGCTGCTGTGATCCAGAGATGCTACAGAAAGTATAAGCAGTATGCTCTGTACAAGAAGATG 

ACCCAGGCTGCCATCCTGATCCAGAGCAAGTTCCGCTCTTACTATGAGCAGAAGAAGTTCCAGCAGAGCAGA 

AGAGCTGCTGTGCTGATCCAGAAGTACTACCGCTCTTACAAGAAGTGTGGAAAGAGAAGACAGGCCAGAAG 

AACTGCTGTGATTGTGCAGCAGAAGCTGCGCTCTTCTCTCCTGACCAAGAAGCAGGACCAGGCTGCCAGAAA 

GATCATGCGCTTTCTGAGACGCTGCAGACACTCTCCTCTGGTGGACCACAGACTGTACAAGCGCTCTGAGAG 

AATTGAGAAGGGACAGGGAACCGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCATTGCTTATCAATTTG 

TTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTGCCATCCAGCTGATATCCCCTATAGTGAG 

TCGTATTACATGGTCATAGCTGTTTCCTGGCAGCTCTGGCCCGTGTCTCAAAATCTCTGATGTTACATTGCAC 

AAGATAAAATAATATCATCATGAACAATAAAACTGTCTGCTTACATAAACAGTAATACAAGGGGTGTTATGA 

GCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTATAAAT 

GGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTATGGGAAGCCCGATGCGCCAGAGT 

TGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGA 

CGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGATGCATGGTTACTCACCACTGC 

GATCCCCGGAAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAGGTGAAAATATTGTTGATGCGCT 

GGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTTAACAGCGATCG 

 

Zbfish WWTR1-human CAMTA1 ClaI SalI 

ATCGATGGAGCCGCTCAGACTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGCTTGAGTTTACAAAC 

TTTCAGAAACTCCGCGATCGGACGCAGGAGGAACAAAAAACTCTCCAAACTCCACGCGGGACAACATGACA 

AACGCCTTTCTAGCTTTATGACAACTTTTCGACGACTTACAAACACTTTTCAACTCGGCTGAAACTACTTAAG 

GACGAAAAACAGGAAAAGTTCCTACAGGAATTTTTTTTTCCATCGGCCATTTTAATCGAAGTTTGTTTTGACC 
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ATGAGCGGTAATCCTCTCCAGCCGATACCGGGCCACCAGGTGATCCATGTCGCCAAAGACCTGGACACGGAT 

CTGGAGGCTCTTTTTAACTCGGTCATGAACCCGAAACCGAGCTCCTGGAGGAACAAGGATATGCCGCAGTCT 

TTCTTCCAGGAGCCGGACTCGGGCTCCCACTCCCGGCAGTCCAGCGCGGACTCCGGTTCTCTCCCGCCGAGG 

GTCCACTTTCGCTCGCGCTCATCTCCGGCGTCCCTACAGCTGCCGGCGGGCTCCGTGAGCGGCCCGAGCCCCG 

GGAGACTCCACTCCCACACCCGGCACCAGTCCTGCGATGTGGCCGAGGAGCTGCCGCTGCCCCCTGGGTGGG 

AGATGGCCTTCACCCCCAACGGCCAGAAGTACTTTCTCAATCACATTGAGAAGATCACCACATGGCACGACC 

CCAGGAAGAGCATGACGCCCTCGGTGGCCCAGCTGAGCCTCCATAATCAGGTCTCCAACACCGCCAGCATCC 

AGCAGCGCTCCATGGCCCTCTCTCAGCCCAACCTGATGGTGGACAGCCCGGTGGTCACAGGTGTGTCCGGTA 

TGGCGGTGGCCTCTGTGATGGGGAGCTTGTCCCAGAGCGCCACGGTGTTCATGTCAGAGGTCACCAATGAGG 

CCGTGTACACCATGTCCCCCACCGCTGGCCCCAACCACCACCTCCTCTCACCTGACGCCTCTCAGGGCCTCGT 

CCTGGCCGTGAGCTCTGATGGCCACAAGTTCGCCTTTCCCACCACGGGCAGCTCAGAGAGCCTGTCCATGCT 

GCCCACCAACGTGTCCGAAGAGCTGGTCCTCTCCACCACCCTCGACGGTGGCCGGAAGATTCCAGAAACCAC 

CATGAACTTTGACCCCGACTGTTTCCTTAATAACCCAAAGCAGGGCCAGACGTACGGGGGTGGAGGCCTGAA 

AGCCGAGATGGTCAGCTCCAACATCCGGCACTCGCCACCCGGGGAGCGGAGCTTCAGCTTTACCACCGTCCT 

CACCAAGGAGATCAAGACCGAGGACACCTCCTTCGAGCAGCAGATGGCCAAAGAAGCGTACTCCTCCTCCG 

CGGCGGCTGTGGCAGCCAGCTCCCTCACCCTGACCGCCGGCTCCAGCCTCCTGCCGTCGGGCGGCGGCCTGA 

GTCCCAGCACCACCCTGGAGCAGATGGACTTCAGCGCCATCGACTCCAACAAGGACTACACGTCCAGCTTCA 

GCCAGACGGGCCACAGCCCCCACATCCACCAGACCCCCTCCCCGAGCTTCTTCCTGCAGGACGCCAGCAAAC 

CCCTCCCCGTCGAGCAGAACACCCACAGCAGCCTGAGTGACTCTGGGGGCACCTTCGTGATGCCCACGGTGA 

AAACGGAGGCCTCGTCCCAAACCAGCTCCTGCAGCGGTCACGTGGAGACGCGGATCGAGTCCACTTCCTCCC 

TCCACCTCATGCAGTTCCAGGCCAACTTCCAGGCCATGACGGCAGAAGGGGAGGTCACCATGGAGACCTCGC 

AGGCGGCGGAAGGGAGCGAGGTCCTGCTCAAGTCTGGGGAGCTGCAGGCTTGCAGCTCTGAGCACTACCTG 

CAGCCGGAGACCAACGGGGTAATCCGAAGCGCCGGCGGCGTCCCCATCCTCCCGGGCAACGTGGTGCAGGG 

ACTCTACCCCGTGGCCCAGCCCAGCCTCGGCAACGCCTCCAACATGGAGCTCAGCCTGGACCACTTTGACAT 

CTCCTTCAGCAACCAGTTCTCCGACCTGATCAACGACTTCATCTCCGTGGAGGGGGGCAGCAGCACCATCTAT 

GGGCACCAGCTGGTGTCGGGGGACAGCACGGCGCTCTCACAGTCAGAGGACGGGGCGCGGGCCCCCTTCAC 

CCAGGCAGAGATGTGCCTCCCCTGCTGTAGCCCCCAGCAGGGTAGCCTGCAGCTGAGCAGCTCGGAGGGCGG 

GGCCAGCACCATGGCCTACATGCACGTCGCCGAGGTGGTCTCGGCCGCCTCGGCCCAGGGCACCCTAGGCAT 

GCTGCAGCAGAGCGGACGGGTGTTCATGGTGACCGACTACTCCCCAGAGTGGTCTTACCCAGAGGGAGGAGT 

GAAGGTCCTCATCACAGGCCCGTGGCAAGAAGCCAGCAATAACTACAGCTGCCTGTTTGACCAGATCTCAGT 

GCCTGCATCCCTGATTCAGCCTGGGGTGCTGCGCTGCTACTGCCCAGCCCATGACACTGGTCTTGTGACCCTA 

CAAGTTGCCTTCAACAACCAGATCATCTCCAACTCGGTGGTGTTTGAGTACAAAGCCCGGGCTCTGCCCACG 

CTCCCTTCCTCCCAGCACGACTGGCTGTCGTTGGACGATAACCAGTTCAGGATGTCCATCCTGGAACGACTGG 

AGCAGATGGAGAGGAGGATGGCCGAGATGACGGGGTCCCAGCAGCACAAACAGGCGAGCGGAGGCGGCAG 

CAGTGGAGGCGGCAGCGGGAGCGGGAATGGAGGGAGCCAGGCACAGTGTGCTTCTGGGACTGGGGCCTTGG 

GGAGCTGCTTTGAGAGCCGTGTGGTCGTGGTATGCGAGAAGATGATGAGCCGAGCCTGCTGGGCGAAGTCCA 

AGCACTTGATCCACTCAAAGACTTTCCGCGGAATGACCCTACTCCACCTGGCCGCTGCCCAGGGCTATGCCA 

CCCTAATCCAGACCCTCATCAAATGGCGTACAAAGCACGCGGATAGCATTGACCTGGAACTGGAAGTTGACC 

CCTTGAATGTGGACCACTTCTCCTGTACTCCTCTGATGTGGGCGTGTGCCCTAGGGCACTTGGAAGCTGCCGT 

CGTGCTGTACAAGTGGGACCGTCGGGCCATCTCGATTCCCGACTCTCTAGGAAGGCTGCCTTTGGGAATTGCC 

AGGTCACGGGGTCATGTGAAATTAGCAGAGTGTCTGGAGCACCTGCAGAGAGATGAGCAGGCTCAGCTGGG 

ACAGAACCCCAGAATCCACTGTCCTGCAAGCGAAGAGCCCAGCACAGAGAGCTGGATGGCCCAGTGGCACA 

GCGAAGCCATCAGCTCTCCAGAAATACCCAAGGGAGTCACTGTTATTGCAAGCACCAACCCAGAGCTGAGA 

AGACCTCGTTCTGAACCCTCTAATTACTACAGCAGTGAGAGCCACAAAGATTATCCGGCTCCCAAAAAGCAT 

AAATTGAACCCTGAGTACTTCCAGACAAGGCAGGAGAAGCTGCTTCCCACTGCACTGAGTCTGGAAGAGCCA 

AATATCAGGAAGCAAAGCCCTAGTTCTAAGCAGTCTGTCCCCGAGACACTCAGCCCCAGTGAAGGAGTGAG 

GGACTTCAGCCGGGAACTCTCCCCTCCCACTCCAGAGACTGCAGCATTTCAAGCCTCTGGATCTCAGCCTGTA 

GGAAAGTGGAATTCCAAAGATCTTTACATTGGTGTGTCTACAGTACAGGTGACTGGAAATCCGAAGGGGACC 

AGTGTAGGAAAGGAGGCAGCACCTTCACAGGTGCGTCCACGGGAACCAATGAGTGTCCTGATGATGGCTAA 

CAGAGAGGTGGTGAATACAGAGCTGGGGTCCTACCGTGATAGTGCAGAAAATGAAGAATGCGGCCAGCCCA 

TGGATGACATACAGGTGAACATGATGACCTTGGCAGAACACATTATTGAAGCCACACCTGACCGAATCAAGC 

AGGAGAATTTTGTGCCCATGGAGTCCTCAGGATTGGAAAGAACAGACCCTGCCACCATTAGCAGTACAATGA 

GCTGGCTGGCCAGTTATCTAGCGGATGCTGACTGCCTTCCCAGTGCTGCCCAGATCCGAAGTGCATATAACG 

AGCCTCTAACCCCTTCTTCTAATACCAGCTTGAGCCCTGTTGGCTCTCCCGTCAGTGAAATCGCTTTCGAGAA 

ACCTAACCTTCCCTCCGCCGCGGATTGGTCAGAATTCCTGAGTGCATCTACCAGTGAGAAGGTAGAGAATGA 

GTTTGCTCAGCTCACTCTGTCTGATCATGAACAGAGAGAACTCTATGAGGCTGCCAGGCTTGTCCAGACAGCT 

TTCCGGAAATACAAGGGCCGACCCTTGCGGGAACAGCAAGAAGTAGCTGCTGCTGTTATTCAGCGTTGTTAC 

AGAAAATATAAACAGTACGCACTTTATAAAAAGATGACACAGGCTGCCATCCTTATCCAGAGCAAATTCCGA 

AGTTACTATGAACAAAAAAAATTCCAGCAGAGCCGACGGGCTGCTGTGCTCATCCAAAAGTACTACCGAAGT 

TATAAGAAATGTGGCAAAAGACGGCAGGCTCGCCGGACGGCTGTGATTGTACAACAGAAACTCAGGAGCAG 
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TTTGCTAACCAAAAAGCAGGATCAAGCTGCTCGAAAAATAATGAGGTTTCTTCGCCGCTGTCGCCACAGCCC 

CCTGGTGGACCATAGGCTGTACAAAAGGAGTGAAAGAATTGAAAAAGGCCAAGGAACTTGAGTCGAC 

 

EGFP STOP CAMTA1 SalI EcoRI 

 

GTCGACAATGAGAAGGGTGTCTCAATCTATGGGTATTTCCTGTTCCACACAATCTGGTTTCCTGTCAGGTTTC 

CTTTTCCTCCTGAAACAAAAGACAGGAATGCCCTCTGTATAAAATAGCACAGCGCTTTTAATGGGTCTCTGTA 

CATCCCGACCTCATGACGCATCTTCTGCGGGACAGCCAATCACGATCAAGTTGGCTTATGAAAACAGTTTTTT 

GTCCCCCTGTTAAGTTAAAAGCACGGTAGCATACATGCATTATTCATCATGCAGCATATTCAGCAGTACAAA 

AGATGAGCTCTTGACACACCTCAGCGTAAAATCTCTATTCCAGCGTAATCCTGCGGTTCTGGATGGTTAAGCG 

AGCCTTGCAAACACGGCCAATTTATAGCCATGTTGAAAATAGCAGCTTTGTGAGCATTTCGACCTCAATGTAC 

CAAGAATGCGTGCTCGGTAACTGAAAAAGAGGGGGTGGAGATTTTGGATTTAGAGATGGAATCACATGCAC 

GCTGTATATGCTATATAAAAATAGCAGGCATTTAATGCATGCAAAATATGTTTCGACACTAAACACTACAAG 

TCGGAAATATATCTATTTTTCTTTTTTTAACGAAATGAGACATTTAATGCGCAGTAAATGTAGTCTAACACGC 

ACAATATTCCTATTATTGTCCATGAAAAATGTGAGGTCTATGCTACTGATTTAAAGAAAATGTTGAACAGGC 

ACAGCACACAAGAGGTATCAGCCTCTCTATATGGTCCATACAGCACCAGGCTCGCTGCGTTCATGTGCATTC 

AGAGGCGCGCACACGTGTGGAGCAGACAGACTCGACGCAGCGGGCTTTGCTTTTTATTCATGGAAGCCCATT 

TTAGAAGAAGCTCGGGCAGACTCGTCACATTCTTCACTTCACCATAGGTAGATCAAATCAAAGTTATTGGAT 

ATAACGGAACAATATTCATCATATTATGAGATTATTATTAGACCGAGTGCATTAGACATATTTGTATTCGATC 

GTTGAAAAAGTATATATTTTATTTTAGCCTTAAACTATGGTTAGCCTATATTAATCAGCATAATCTGTTATTTC 

AGACGTTGTATTAATGATTATTTCTAGCACAGCTTTGATGCATCAATGCAATGTTTCTACAAACCCGCCTTGT 

TTAATGTCGGAAAAAAAGCGCAACAAATGTAAAGAGTTGGCAGGCATTCTGTAAATATTTCCAGGCAAAAA 

CATGCACAAAGGAAAGAAACACCATTGTTTTGGTGTCTTATCTTCGCTGGACAAATATCCTGCTTTGGGTGCC 

GTAATGAAGGCAGGGCCAGTGACACACACACATACACACACACACATACACGCATACACGGCTTCCTTCTCA 

AGCGCAGTGACTTCACTTCCCAAATTTAGAGGAAAAAAAACCATCCGGCGAAACTGTCTCTGTCTCTCCGCC 

ACATATCGGGGGCTGGAATTAATTCAGACGCGCAAGTTTGTACAAAAAAGCAGGCTGGACCATGGTGAGCA 

AGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAG 

TTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACC 

GGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC 

CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATC 

TTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCG 

CATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACA 

ACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCAC 

AACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGT 

GCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATC 

ACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGCGGTG 

GAAGATGAATTC 

 

HindIII MfeI nls-mCherry (zebrafish opt.) 

 

AAGCTTATAACTTCGTATAGCATACATTATACGAAGTTATCCGGTCGCCACCATGGCTCCTAAGAAGAAGAG 

AAAGGTGATGGTGAGCAAGGGAGAGGAGGACAACATGGCTATCATCAAGGAGTTCATGAGATTCAAGGTGC 

ACATGGAGGGAAGCGTGAACGGACACGAGTTCGAGATCGAGGGAGAGGGAGAGGGAAGACCTTACGAGGG 

AACACAGACAGCTAAGCTGAAGGTGACAAAGGGAGGACCTCTGCCTTTCGCTTGGGACATCCTGAGCCCTCA 

GTTCATGTACGGAAGCAAGGCTTACGTGAAGCACCCTGCTGACATCCCTGACTACCTGAAGCTGAGCTTCCC 

TGAGGGATTCAAGTGGGAGAGAGTGATGAACTTCGAGGACGGAGGAGTGGTGACAGTGACACAAGACAGCA 

GCCTGCAAGACGGAGAGTTCATCTACAAGGTGAAGCTGAGAGGAACAAACTTCCCTAGCGACGGACCTGTG 

ATGCAGAAGAAGACAATGGGATGGGAGGCTAGCAGCGAGAGAATGTACCCTGAGGACGGAGCTCTGAAGG 

GAGAGATCAAGCAGAGACTGAAGCTGAAGGACGGAGGACACTACGACGCTGAGGTGAAGACAACATACAA 

GGCTAAGAAGCCTGTGCAGCTGCCTGGAGCTTACAACGTGAACATCAAGCTGGACATCACAAGCCACAACG 

AGGACTACACAATCGTGGAGCAGTACGAGAGAGCTGAGGGAAGACACAGCACCGGAGGAATGGACGAGCT 

GTACAAGTGAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAA 

AAAACCTCCCACACCTCCCCGTGAACGTGAAACATAAAATGAATGCAATTG 

 

StuI XhoI YAP1-TFE3 (with STOP) 

 

AGGCCTGCAACAATGGATCCGAACCAGCACAACCCTCCAGCCGGCCACCAGATCGTCCATGTTCGGGGAGAC 

TCCGAGACCGATCTGGAGGCTCTTTTTAACGCTGTGATGAACCCGAAAAACACCATCGTCCCCCCTTCCGTGC 

CGATGAGGTTGAGAAAGCTGCCAGACTCATTCTTCACGCCGCCAGAGCCAAAGTCCCACTCCAGACAAGTTC 
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AGACTCACTTGGAAAATCCAACTAAGTACCACATCCAGCAGGCTCAGAGGCAGCAAGTCAAGCAATACCTGT 

CTCACACCCTGGGCAATAAAATAGCCAGTCAGACACTGGCAACGTCGACCCCACCACAGCCCTCATCCGCCC 

CTGAGCTGGCACCTGCCGCCAGTAGCACTCCTAGCAGCCCGCTTGCTGTGCTCAGCCTGGGGTCCAACAAAG 

AAGAGATCGAAGACGTCATCGATGACATCATCAGCCTGGAGTCGAGTTTAAACGATGAATTTATGACGCTGA 

TCGACTCGGGTTTGCAGCTTCCCAGCACGCTGCCAGTCTCAGGGAACCTCCTGGATGTGTACAGCAGTCAGG 

GCATGGCGGCGCCCACCATCACCGTCAGCAACTCCTGCCCCGCAGACCTGCAGAATGTCAAGAGAGAAATG 

AGCGATGCTGAGGCAAAAGCTATTATGAAGGAGAGGCAGAAGAAAGACAACCATAACCTGATTGAGAGAA 

GAAGAAGGTTCAACATTAATGACCGCATTAAGGAACTTGGAGCTCTGATTCCAAAGTCCTCTGACCCGGAGT 

TGCGCTGGAACAAGGGCACCATATTAAAGGCGTCAGTCGACTACATCCGCAAGCTGCAAAAGGAGCAGCAG 

AGATCCAAAGAGATGGAGACCAGACAGAAGAAACTCGAACACGCAAACCGCAGTCTGATGCTGCGCATTCA 

GGAACTGGAAATGCAAGCTCGGCTCCATGGCCTCTCGTCATCTCAGCTCTCAGACTCTCTGACCCAAACACA 

GACTTTAACACTGGAGCACAACCCCAACACTGACCTCTCCAAAACCCTCCTGTCAATCACCCAGACCACACC 

CTCTTCCTTCCTGTCTCCGCCCTCCTCCACCTCATCAGTTGGCGGGACGGTCACCAGTCCTTTAGAGCTTGGCA 

CACTCAGTTTCGGAGAGTTGGACGACCACACGGCCTCCGTCTTCAGTCCAGCCCTGATGGCCGATATGGGCTT 

AGGGGATATTCTGATGGATGACACCGGTGCTCTTTCACCCGTAGGAGGCGCTGATCCCCTCCTTTCCGCGGTT 

TCTCCAGGAGCCTCAAAAACAAGCAGTCGTAGAAGTAGCTTCAGCATGGAGGAAGACTTGTGACTCGAG 

 

BstBI AatII YAP1-TFE3 (to remove extra ATG) (1st piece) 

TTCGAATTCAAGGCCTGCCACCATGGATCCGAACCAGCACAACCCTCCAGCCGGCCACCAGATCGTCCATGT 

TCGGGGAGACTCCGAGACCGATCTGGAGGCTCTTTTTAACGCTGTGATGAACCCGAAAAACACCATCGTCCC 

CCCTTCCGTGCCGATGAGGTTGAGAAAGCTGCCAGACTCATTCTTCACGCCGCCAGAGCCAAAGTCCCACTC 

CAGACAAGTTCAGACTCACTTGGAAAATCCAACTAAGTACCACATCCAGCAGGCTCAGAGGCAGCAAGTCA 

AGCAATACCTGTCTCACACCCTGGGCAATAAAATAGCCAGTCAGACACTGGCAACGTCGACCCCACCACAGC 

CCTCATCCGCCCCTGAGCTGGCACCTGCCGCCAGTAGCACTCCTAGCAGCCCGCTTGCTGTGCTCAGCCTGGG 

GTCCAACAAAGAAGAGATCGAAGACGTC 

 

AgeI PvuI YAP1-TFE3 (to remove STOP) (2nd piece) 

 

ACCGGTGCTCTTTCACCCGTAGGAGGCGCTGATCCCCTCCTTTCCGCGGTTTCTCCAGGAGCCTCAAAAACAA 

GCAGTCGTAGAAGTAGCTTCAGCATGGAGGAAGACTTGAACCCAGCTTTCTTGTACAAAGTTGGCATTATAA 

GAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTGCCATCC 

AGCTGATATCCCCTATAGTGAGTCGTATTACATGGTCATAGCTGTTTCCTGGCAGCTCTGGCCCGTGTCTCAA 

AATCTCTGATGTTACATTGCACAAGATAAAATAATATCATCATGAACAATAAAACTGTCTGCTTACATAAAC 

AGTAATACAAGGGGTGTTATGAGCCATATTCAACGGGAAACGTCGAGGCCGCGATTAAATTCCAACATGGAT 

GCTGATTTATATGGGTATAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGCTTGTAT 

GGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTGCCAATGATGTTACAGATGAG 

ATGGTCAGACTAAACTGGCTGACGGAATTTATGCCTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATG 

ATGCATGGTTACTCACCACTGCGATCCCCGGAAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATTCAG 

GTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCGATTCCTGTTTGTAATTGTCCTTTT 

AACAGCGATCG 

 

 

pCS2+ YT S94A EcoRI PstI piece 

GAATTCAAGGCCTGCCACCATGGATCCGAACCAGCACAACCCTCCAGCCGGCCACCAGATCGTCCATGTTCG 

GGGAGACTCCGAGACCGATCTGGAGGCTCTTTTTAACGCTGTGATGAACCCGAAAAACACCATCGTCCCCCC 

TTCCGTGCCGATGAGGTTGAGAAAGCTGCCAGACGCCTTCTTCACGCCGCCAGAGCCAAAGTCCCACTCCAG 

ACAAGTTCAGACTCACTTGGAAAATCCAACTAAGTACCACATCCAGCAGGCTCAGAGGCAGCAAGTCAAGC 

AATACCTGTCTCACACCCTGGGCAATAAAATAGCCAGTCAGACACTGGCAACGTCGACCCCACCACAGCCCT 

CATCCGCCCCTGAGCTGGCACCTGCCGCCAGTAGCACTCCTAGCAGCCCGCTTGCTGTGCTCAGCCTGGGGTC 

CAACAAAGAAGAGATCGAAGACGTCATCGATGACATCATCAGCCTGGAGTCGAGTTTAAACGATGAATTTAT 

GACGCTGATCGACTCGGGTTTGCAGCTTCCCAGCACGCTGCCAGTCTCAGGGAACCTCCTGGATGTGTACAG 

CAGTCAGGGCATGGCGGCGCCCACCATCACCGTCAGCAACTCCTGCCCCGCAGACCTGCAG 

 

TAZ-CAMTA1 Exon 15 1st piece BamHI BanI 

GGATCCCATCGGATCAGCCACCATGGACTATAAAGACGACGACGACAAGGGAGCTGACTACAAGGATGATG 

ATGACAAGAACCCTGCTTCTGCTCCTCCTCCTCTGCCTCCTCCTGGACAGCAGGTGATCCATGTGACCCAGGA 

CCTGGACACTGACCTGGAGGCTCTGTTCAACTCTGTGATGAACCCAAAGCCTTCTTCTTGGAGAAAGAAGAT 



160  

CCTGCCTGAGTCTTTCTTCAAGGAGCCTGACTCTGGATCTCACAGCAGACAGTCTTCTACTGACTCTTCTGGA 

GGACACCCTGGCCCAAGACTGGCTGGAGGCGCTCAGCATGTGCGCTCTCACTCTTCTCCTGCTTCTCTCCAGC 

TGGGAACTGGAGCTGGAGCCGCTGGATCTCCTGCTCAGCAGCATGCTCATCTGAGACAGCAATCTTATGATG 

TCACTGATGAGCTGCCTCTGCCTCCTGGATGGGAAATGACCTTTACCGCTACTGGACAGAGATACTTTCTGAA 

CCACATTGAGAAGATCACCACCTGGCAGGACCCAAGAAAGGCCATGAATCAGCCTCTGAACCACATGAACC 

TCCACCCAGCTGTGTCTAGCACCCCTGTCCCTCAGAGAAGCATGGCTGTGTCTCAGCCAAACCTGGGAGCTG 

GAGGATCTGTCCACCACAAGTGCAACTCTGCCAAACACAGAATTATCTCTCCAAAGGTGGAGCCAAGAACTG 

GAGGATATGGATCTCACTCTGAGGTGCAACACAATGATGTGTCTGAGGGAAAGCATGAGCACTCTCACAGCA 

AGGGATCTTCTCGCGAGAAGAGAAATGGAAAGGTGGCCAAGCCTGTCCTCCTCCACCAGTCTTCTACTGAGG 

TGTCTAGCACCAACCAGGTGGAGGTGCC 

 

TC Ex15 Bsu36I AccI 2nd piece 

CCTGAGGGAGGAGTGAAGGTGCTGATTACCGGACCTTGGCAGGAGGCTAGCAACAACTACTCTTGCCTGTTT 

GATCAAATCTCTGTGCCTGCTTCTCTGATTCAGCCTGGAGTGCTGAGATGCTACTGCCCTGCTCATGATACTG 

GACTGGTGACCCTCCAGGTGGCTTTCAACAACCAGATCATCAGCAACTCTGTGGTGTTTGAGTACAAGGCCC 

GCGCTCTGCCAACCCTGCCTTCTTCTCAGCATGACTGGCTGTCTCTGGATGACAACCAGTTCAGAATGAGCAT 

CCTGGAGAGACTGGAGCAGATGGAGAGAAGAATGGCTGAGATGACTGGATCTCAGCAACATAAGCAGGCTT 

CTGGAGGAGGATCTTCTGGAGGAGGATCTGGATCTGGAAATGGAGGATCTCAGGCTCAGTGTGCTTCTGGAA 

CTGGCGCTCTGGGCTCTTGTTTTGAGAGCAGAGTGGTGGTGGTGTGTGAGAAGATGATGAGCAGAGCTTGCT 

GGGCCAAGAGCAAGCACCTGATCCACAGCAAGACCTTCAGAGGAATGACCCTCCTCCACCTGGCTGCTGCCC 

AGGGATATGCCACCCTGATCCAGACCCTGATCAAGTGGCGTTTATAATATTCTGGTGTTTCCTTTTAACGGTG 

GTGAATAGTGTGGTAATTTCTGGTGCTCTCCCTTATAGTACAAAGCACGCGGATAGCATTGACCTGGAACTG 

GAAGTTGACCCCTTGAATGTGGACCACTTCTCCTGTACTCCTCTGGTAAGGAATGGATTCCTGTAGCCCCCCC 

TTGCTGTTCTTCCAGTCTGGCATAGGATTTGCCTGGTTCCCACCGTTGTCTCTTGCTGACACATGGCATGTTTC 

GGAGATACTTTGGGATGGGAATCTTCAATGGCCCCACCGAGATTGCCAGCAAGGACCAGTTTGTCAGTTGGC 

AGCAATGGCAAAAGTCAGGTCTGGTCTTGACCTCTGATTGAGAACGCTTGCTGTGTCTCCCTGTCTTCTAGAT 

GTGGGCGTGTGCCCTAGGGCACTTGGAAGCTGCCGTCGTGCTGTACAAGTGGGACCGTCGGGCCATCTCGAT 

TCCCGACTCTCTAGGAAGGCTGCCTTTGGGAATTGCCAGGTCACGGGGTCATGTGAAATTAGCAGAGTGTCT 

GGAGCACCTGCAGAGAGATGAGCAGGCTCAGCTGGGACAGAACCCCAGAATCCACTGTCCTGCAAGCGAAG 

AGCCCAGCACAGAGAGCTGGATGGCCCAGTGGCACAGCGAAGCCATCAGCTCTCCAGAAATACCCAAGGGA 

GTCACTGTTATTGCAAGCACCAACCCAGGTAAGAATTCAGAATCATGACATCTCAGAGCTTGACAGAGATCC 

CGTTTGCTTTCATGCAGCTGCCCTCAGCAGAGTCCATAGGATAGTCACATACATTTCAGTTTTTTTGTTAATGT 

TTCTGATTTTTCTTTAAGAATGCCTAGTGCTGCCCCCTCCCCCAGTACAGAAGAAAGTAGCAAAAATTCTATG 

TTCATGCAAGAAATACATAATTTTGGAGGAGGAAGATCTGAATCTGGTGTATGCTACTGGGGATATTTAAAT 

GTTAGGGACGTGTCTTGAGTTCCGGCTTTGCACTTTGTGTCTCTCAGGCATAGAGAAAGTGTTGATTCTTGAG 

GATTCCTAGTTGTATCTCCTGTCCTGACTATCCTTTCTACTGTACTTTTCAGAGCTGAGAAGACCTCGTTCTGA 

ACCCTCTAATTACTACAGCAGTGAGAGCCACAAAGATTATCCGGCTCCCAAAAAGCATAAATTGAACCCTGA 

GTACTTCCAGACAAGGCAGGAGAAGCTGCTTCCCACTGCACTGAGTCTGGAAGAGCCAAACATCAGAAAGC 

AGTCTCCTTCTAGCAAGCAGTCTGTGCCAGAGACCCTGTCTCCTTCTGAGGGAGTGAGAGACTTCTCTAGAGA 

GCTGTCTCCTCCAACCCCAGAGACTGCTGCTTTCCAGGCTTCTGGATCTCAGCCTGTGGGAAAGTGGAACAGC 

AAGGACCTGTACATTGGAGTGTCTAC 
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