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Abstract

Fibroblast growth factor (FGF) signalling is essential for the initiation and regulation of multiple
developmental processes including gastrulation, mesoderm induction and anteroposterior
patterning. Despite an extensive understanding of FGF signal transduction via receptor tyrosine

kinases (RTKs), the exact mechanism of FGF target gene expression has yet to be fully elucidated.

Capicua (CIC) is a labile transcriptional repressor of RTK target genes, with evidence suggesting that
CIC may act in the FGF signalling pathway. Therefore, we hypothesise that the expression of a

subset of FGF target genes is reliant upon the ERK-mediated relief of CIC transcriptional repression.

In this study, gene-level RNA-Seq analysis of CIC knockdown and FGF overexpressing Xenopus
tropicalis embryos was undertaken, which identified a statistically significant overlap of genes

upregulated in both sets of embryos.

One of the genes significantly upregulated following CIC knockdown and FGF overexpression was
rasl11b which encodes a Ras-like small GTPase with a currently uncharacterised role in
development. This study has defined the domains of ras/11b expression during X. tropicalis
development, particularly within the pre-somitic mesoderm (PSM). Manipulation of FGF signalling
shows that during gastrulation ras/11b expression in the early mesoderm is FGF-dependent, but
later in development, ras/11b expression in the PSM is regulated independently of FGF signalling.
Furthermore, this study suggests that Rasl1lb may upregulate FGF activity in the PSM during

somitogenesis.

Dysregulation of FGF signalling and/or CIC transcriptional repression is associated with a range of
disorders and cancers. Consequently, understanding the molecular mechanisms of FGF target gene
expression and function will contribute to the development of more effective therapeutics for

developmental disorders and cancer.
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Chapter 1: Introduction

1.1 The fibroblast growth factor family

The fibroblast growth factor (FGF) family is comprised of two spatially and functionally distinct
groups of polypeptides: intracellular and secreted FGFs (Itoh and Ornitz, 2004, Itoh and Ornitz,
2008). The intracellular FGFs act as essential regulators of neuronal and myocardial excitability and
have been shown to interact directly with various proteins including members of the voltage-gated
sodium channel family (Goldfarb, 2005). However, these co-factors are not secreted and their role
during normal embryonic development has yet to be determined (Ornitz and Itoh, 2015). The
secreted FGFs are subdivided into two groups according to their mode of action: endocrine and
canonical FGFs (Itoh, 2010). The endocrine FGFs act as endocrine factors with essential roles in the
adult where they regulate phosphate, bile acid, carbohydrate, and lipid metabolism (Potthoff et al.,
2012, Hu et al., 2013). In contrast, the canonical FGFs act as autocrine or paracrine factors and
function to control cell proliferation, differentiation, and survival (Powers et al., 2000, Borello et al.,

2008).

Irrespective of their mode of action, all secreted FGFs function as small polypeptide signalling
molecules which signal through cell-surface receptor tyrosine kinases (RTKs) to regulate critical
development processes (Schlessinger, 2000). Gastrulation, mesoderm induction and
anteroposterior patterning are all processes dependent upon the action of downstream effectors
of the FGF signalling pathway for their normal developmental progression (Bottcher and Niehrs,
2005, Itoh, 2007, Mclintosh et al., 2000). The importance of FGF signalling in these processes has
been well documented in Xenopus, a developmental model popular for its large, externally
developing embryos which are resilient to extensive surgical manipulation (Grainger, 2012, Harland
and Grainger, 2011). Using this model, the importance of FGF signalling has been highlighted by the
aberrant phenotypes exhibited upon FGF knockdown, including failure of cells to migrate during
gastrulation, loss of mesodermal markers, and posterior truncation of the anteroposterior (AP) axis
(Fletcher and Harland, 2008, Amaya et al., 1991, Amaya et al., 1993, Isaacs et al., 1994, Pownall et
al., 1996).

1.2 Fibroblast growth factor signalling

Activation of the FGF signalling pathway by canonical FGFs requires synergistic interaction between
the FGF ligand, heparan sulphate proteoglycan (HSPG) and the inactive FGF receptor (Rapraeger et
al., 1991, Zhang et al., 2006). HSPGs are a class of cell-surface transmembrane proteins,
glycerophosphatidylinositide-anchored proteins, and diffusible extracellular matrix (ECM) proteins

which all present heparan sulphate glycosaminoglycan (GAG) at their surface (Aviezer et al., 1994).
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HSPGs are essential for successful FGF receptor activation as they mediate simultaneous yet
independent interactions with both the receptor and the FGF ligand (Matsuo and Kimura-Yoshida,
2013, Lin, 2004). Such interactions promote the increases in binding affinities required for a 1:1:1
FGF-HSPG-FGF receptor complex to form (Belov and Mohammadi, 2013). Formation of this complex
induces a conformational change resulting in receptor dimerization and stabilisation of a 2:2:2 FGF-
HSPG-FGF receptor complex (Ornitz and Itoh, 2015). Dimerization activates the receptor leading to
subsequent auto- and trans-phosphorylation of the intracellular tyrosine-kinase domains
(Schlessinger, 2000). Once phosphorylated, these domains act as docking sites for the binding of
signalling molecules via their Src homology 2 (SH2) domains, allowing for the recruitment and
activation of different signalling complexes (Pawson et al., 1993, Liu et al., 2012, Ong et al., 2000).
The three main signalling pathways proceeding the activation of the FGF receptor are: the
phospholipase Cy (PLCy), phosphoinositide-3 kinase/AKT (PI3K/AKT), or MAP kinase/ERK
(MAPK/ERK) pathway (Figure 1) (Eswarakumar et al., 2005, Gotoh, 2008).

—————

-—
~ Nucleus

Transcription of FGF
:___* target genes

/
/
NN NN
/ NI
Figure 1: Schematic representation of FGF signalling via the phospholipase Cy, phosphoinositide-

3 kinase/AKT, and MAP kinase/ERK pathway.

Synergistic interaction between fibroblast growth factor (FGF) ligands, heparan sulphate
proteoglycans (HSPGs) and the FGF receptor, stimulates the activation and dimerization of the
receptor. Receptor activation leads to the auto- and trans-phosphorylation of intracellular tyrosine
kinase domains that bind signalling molecules capable of transducing the extracellular signal via
three pathways: the PLCy, PI3K/AKT, or MAPK/ERK pathway.
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1.3 The MAP Kinase/ERK signalling pathway

One common signalling pathway utilised in development is the MAPK/ERK pathway, which is
initiated upon phosphorylation and activation of the adaptor protein, FGF receptor substrate 2a
(FRS2a) (Ong et al., 2000). FRS2a is constitutively associated with the juxtamembrane region of the
FGF receptor and interacts with CRKL, an adaptor protein which binds a phospho-tyrosine docking
site formed upon receptor activation (Kouhara et al., 1997). This interaction is proposed to be
necessary but not sufficient for the activation of FRS2a and later ERK phosphorylation (Seo et al.,
2009). Activated FRS2a binds the membrane anchored adaptor protein, growth factor receptor
bound 2 (GRB2) and the tyrosine phosphatase SHP2, before recruiting the guanine nucleotide
exchange factor, son of sevenless (SOS) (Hadari et al., 1998). The recruitment of SOS to the plasma
membrane activates Ras, a membrane-bound GTPase, by promoting the exchange of GDP for GTP
(Bottcher and Niehrs, 2005). Interactions of activated Ras with Raf stimulates the serine/threonine
kinase to phosphorylate and activate MEK, which in turn, phosphorylates ERK at key threonine and

tyrosine residues of its activation loop (Figure 1) (Schlessinger, 2000, Roberts and Der, 2007).

1.4 Transcriptional regulation in the MAP kinase/ERK pathway

Phosphorylated and activated ERK (diphosphorylated ERK or dpERK) is the downstream effector of
the MAPK/ERK pathway and acts to regulate the expression of FGF target genes. ERK can induce
the expression of target genes through either the direct phosphorylation of transcription factors,
or by phosphorylating and activating kinases to do so (Zhao et al., 2003, Cargnello and Roux, 2011).
ERK has been shown to mediate the expression of a diverse range of FGF target genes through the
activation of the E26 transformation specific (ETS) and activator protein 1 (AP-1) transcription
factors (Charlot et al., 2010, Foulds et al., 2004). ETS transcription factors are monomers, whereas
AP-1 transcription factors are heterodimers which comprise members of the Fos and Jun families
(Lee et al., 2011, Okazaki and Sagata, 1995). ERK activates the transcription of genes encoding the
ETS and AP-1 transcription factors and directly phosphorylates the resulting proteins (Brent and
Tabin, 2004, Raible and Brand, 2001). This phosphorylation activates the transcription factors to
interact with DNA and regulate the expression of FGF target genes (Tsang and Dawid, 2004).
However, in the absence of ERK signalling, the transcription of the PEA3 subfamily of ETS
transcription factors (Pea3, Etv5 and Etv1l) is found to be repressed by the high mobility group box

repressor Capicua (CIC) (Dissanayake et al., 2011).

One important transcriptional target of FGF signalling is egrl (early growth response 1) which
encodes a zinc finger transcription factor expressed in the dorsal marginal zone — a key embryonic

tissue of the early gastrula stage embryo involved in body axis organisation and neural induction
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(Branney et al., 2009, Panitz et al., 1998). Expression of this gene requires ERK phosphorylation of
the ETS transcription factor ELK-1 (Nentwich et al., 2009). Although the expression of many FGF
target genes, like egrl, are regulated by the actions of the ETS and AP-1 transcription factors, the
exact mechanism of FGF target gene expression has yet to be elucidated. This is exemplified by the
one of the most well documented targets of FGF signalling in Xenopus, the T-box transcription
factor Brachyury (tbxt). Brachyury is essential for mesoderm formation in vertebrates and since its
discovery as an FGF target gene over two decades ago, it is still unclear how ERK mediates its

expression (Showell et al., 2004, Isaacs et al., 1994).

The well characterised FGF target gene myod1, encodes a basic helix-loop-helix transcription factor
capable of inducing skeletal muscle cell differentiation by the direct regulation of muscle-specific
genes (Tapscott, 2005). When Xenopus laevis animal caps were treated with FGF4, myod1 was
found to be activated, even in the presence of the translational inhibitor cycloheximide (CHX)
(Fisher et al., 2002). This indicated that the activation of myod1 is an immediate early response,
independent of transcription and translation. Given this, and the finding that CHX treatment alone
activated some transcription of myod1, it was proposed that the regulation of FGF target gene
expression likely involved inhibition by a labile transcriptional repressor, the levels of which

decrease in the absence of protein synthesis (Fisher et al., 2002).

1.5 The transcriptional repressor Capicua and ERK signalling

The high mobility group box repressor CIC has been proposed as a candidate for the role as a labile
transcriptional repressor and has been linked to the transcriptional regulation of RTK target genes
in multiple organisms (Jiménez et al., 2000, Jin et al., 2015). In the absence of RTK signalling, CIC
binds the promoter and enhancer sequences of RTK target genes which results in their
transcriptional repression (Jiménez et al.,, 2012). In Drosophila development, RTK signalling
activates ERK which is been found to directly phosphorylate CIC, causing CIC degradation and the
transcriptional activation of RTK target genes (Keenan et al., 2020, Astigarraga et al., 2007). Given
this, the clear suitability of CIC as a labile transcriptional repressor, and that CIC is already found to
repress some FGF target genes in the absence of ERK signalling , our lab hypothesised that a subset
of FGF target genes is regulated by CIC transcriptional repression. We proposed that FGF signalling
activates ERK to directly phosphorylate CIC and alleviate its transcriptional repression of this subset

of FGF target genes (Figure 2).
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Figure 2: Hypothesised model for the transcriptional regulation of FGF target genes.

Under normal conditions, Capicua is thought to bind FGF target genes and repress their

transcription. However, upon FGF signalling and subsequent ERK activation, Capicua transcriptional

repression of FGF target genes is relieved by its direct phosphorylation by ERK.

Our lab performed a RNA-Seq in triplicate on Xenopus tropicalis embryos in which CIC was knocked-
down or FGF4 was overexpressed (King, 2019). CIC knockdown was achieved using transcription
activator-like effector nucleases (TALENs) and FGF was overexpressed by microinjection of FGF4.
CIC knockdown or FGF overexpressing embryos exhibited similar phenotypes: CIC knockdown
embryos exhibited a loss of head structures and FGF overexpressing embryos resembled a similar,
previously described posteriorized phenotype (lsaacs et al., 1994). In RNA-Seq transcript-level
analysis, gene transcripts with a g-value <0.05 and an effect size >1.5 (for upregulated genes) or
<0.75 (for downregulated genes) were identified (Cowell, 2019). Statistically significant overlaps
between upregulated and downregulated gene transcripts were observed in CIC knockdown and
FGF overexpressing embryos, with 44 transcripts upregulated and 21 transcripts downregulated in
both sets of embryos (Cowell, 2019). Taken together, these data support our hypothesis that CIC

operates in the same pathway as FGF.

1.6 The small GTPase rasl11b

Rasl11bis a highly conserved protein among vertebrates yet remains a poorly documented member
of the Ras small GTPase family (Colicelli, 2004, Pézeron et al., 2008). However, according to
transcript-level RNA-Seq analysis, this relatively unstudied GTPase was largely upregulated upon
CIC knockdown or FGF overexpression, exhibiting some of the highest effect sizes (2.60 for CIC
knockdown and 1.99 for FGF overexpression) and lowest g-values (3.45x107 for CIC knockdown and

0.00145 for FGF overexpression) of all genes analysed (Cowell, 2019). This robust level of
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upregulation provides good evidence that Rasl11b is a FGF target gene that is likely transcriptionally
repressed by CIC in the absence of ERK signalling. Our lab has also demonstrated preliminary
evidence for FGF regulation of rasl11b expression, through in-situ hybridisations illustrating rasl11b
expression in the posterior presomitic mesoderm (Cowell, 2019). This region is a known domain of
FGF expression with the colocalization of these expression patterns further evidencing a possible

link between FGF and rasl11b (Delfini et al., 2005, Lea et al., 2009).

1.7 Project aims
This study presents three main project aims:
1) To validate transcript-level RNA-Seq analysis by identifying a subset of FGF target genes
transcriptionally regulated by CIC
2) To define the domains of ras/11b expression and investigate whether the gene is an FGF
target subject to CIC regulation

3) To investigate the function of ras/11b during somitogenesis
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Chapter 2: Materials and methods

2.1 Embryological methods
All experimental procedures carried out in this thesis are in accordance with the UK Home Office
Animals (Scientific Procedures) Act 1986 under the project license PPL POF245295 held by Prof

Betsy Pownall and were approved by the University of York AWERB.

2.1.1 Xenopus tropicalis in vitro fertilization and embryo culture

Ovulation was induced in female Xenopus tropicalis by subcutaneous injection of 10 units of human
chronic gonadotropin (hCG: Chorulon) 20 hours prior to booster injection with 100 units of hCG. X.
tropicalis injections were undertaken by another lab member with a personal license issued by the
UK Home Office. Eggs were collected 4 hours following booster injection, on 60mm dishes coated
with L-15 medium (Sigma-Aldrich) + 10% foetal calf serum. Fresh suspensions of macerated testes,
obtained from culled males, in L-15 medium + 10% foetal calf serum were washed over eggs, which
were then incubated at room temperature for 10 minutes to allow fertilisation. Dishes of fertilised
eggs were flooded with MRS/9 (1/9™" Modified Ringer’s Solution: 11.11mM NaCl, 0.2mM KCl,
0.22mM CaCl,, 0.11mM MgCl,, 5mM HEPES/NaOH pH 7.6 (Tindall et al., 2007)) and de-jellied at 30
minutes post fertilisation by swirling in a solution of 3% L-cysteine in distilled water (pH 7.8) for 5-
10 minutes as required. De-jellied embryos were washed thoroughly in distilled water and cultured
before the onset of gastrulation in MRS/20 (1/20™ MRS: 5mM NaCl, 0.09mM KCl, 0.1mM CaCl,,
0.05mM MgCl,, 5mM HEPES/NaOH pH 7.6) at 21.5-27°C on 1.5% agarose-coated 60mm dishes.
Embryonic stage was determined according to the criteria for X. /laevis (Nieuwkoop and Faber,

1994).

2.1.2 Xenopus laevis in vitro fertilization and embryo culture

Ovulation was induced in female Xenopus laevis by subcutaneous injection of 250-300 units of hCG
16 hours prior to egg collection on 60mm dishes. X. laevis injections were carried out by another
lab member with a personal license issued by the UK Home Office. Fresh suspensions of macerated
testes in distilled water, obtained from culled males, were washed over eggs, which were incubated
at room temperature for 10 minutes to allow fertilisation. Dishes of fertilised eggs were flooded
with NAM/3 (1/3™ Normal Amphibian Medium: 36.7mM NaCl, 0.67mM KCl, 0.33mM Ca(NOs),,
0.33mM MgS0,, 33.3uM EDTA, 5mM HEPES pH7.4, 1mM NaHCO; (Slack and Forman, 1980)) and
de-jellied at 30 minutes post fertilisation prior to cleavage in a solution of 3% L-cysteine
hydrochloride monohydrate in distilled water (pH 7.8) for 5-10 minutes as required. De-jellied
embryos were washed thoroughly in distilled water and cultured before the onset of gastrulation

in NAM/10 (1/10% NAM: 11mM NaCl, 0.2mM KCI, 0.1mM Ca(NOs),, 0.1mM MgSOa, 1uM EDTA,
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0.1mM HEPES pH 7.4 (Slack and Forman, 1980) on 1.5% agarose-coated 60mm dishes. X. laevis

embryos were staged according to Nieuwkoop and Faber (1967).

2.1.3 Drug treatments

Cleavage stage 8 and neurula stage 15 X. tropicalis embryos were treated in 1ml of MRS/20, 0.2%
Dimethyl sulfoxide (DMSO) in MRS/20, and 200uM SU5402 (Mohammadi et al., 1997) (Sigma-
Aldrich) or 25uM PD0325901 (Anastasaki et al., 2012, Sebolt-Leopold and Herrera, 2004) (Cell
Guidance Systems) in MRS/20 with 0.2% DMSO. Embryos were treated in 6-well plates coated thinly
with 1.5% agarose to minimise drug absorption and incubated at 28°C for approximately 2 hours,

until stages 10 and 19 had been reached.

2.1.4 Microinjection

X. tropicalis embryos were unilaterally injected at the 2-cell stage in a solution of 3% Ficoll in MRS/9
using a gas PM 1000 Cell Microinjector with pulled needles (Narishige). X. laevis embryos were
unilaterally injected at the 2-cell stage in a solution of 5% Ficoll in NAM/3 using the Drummond
Microinjector with pulled needles (Drummond). Injected embryos were cultured in these Ficoll
solutions to allow healing before transfer into MRS/20 and NAM/10 respectively. X. tropicalis and

X. laevis injections were undertaken by Dr Harv Isaacs.

2.1.5 Embryo fixation

X. tropicalis or X. laevis embryos required for RNA extraction and reverse transcription
(quantitative) polymerase chain reaction (RT-(q)PCR) were snap frozen on dry ice at the desired
stages of development then stored at -70°C. Embryos required for in-situ hybridisation or
immunostaining were fixed by rolling in 10ml of MEMFA (0.1M MOPS pH 7.4, 2mM EGTA, 1mM
MgS0., 3.7% formaldehyde (Guille, 1999)) in 20ml glass scintillation vials (Fisher Scientific) for 1
hour. Fixed embryos were rolled in 20ml of 100% methanol for 5 minutes to remove excess MEMFA

then stored in 10ml of 100% methanol at -20°C.

2.1.6 Photography and image manipulation
Embryos were imaged using a Leica MZ FLIII microscope with a SPOT 14.2 Colour Mosaic camera
(Diagnostic Instruments Inc.) and SPOT Advanced software. Adobe Photoshop CS3 and Adobe

Photoshop Elements 2022 were used to optimise digital images.

2.2 Molecular biology methods

2.2.1 Extraction of total RNA
For each RNA extraction, 5 frozen X. tropicalis or X. laevis embryos were thawed on ice before being

homogenised by pipetting in 1ml of Tri-Reagent (Sigma-Aldrich). Samples were left on ice for 1
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minute then centrifuged at 13,000rpm for 10 minutes at 4°C. Supernatants were transferred into
new Eppendorf tubes and incubated at room temperature for a maximum of 5 minutes, before
200ul of chloroform was added. Tubes were vigorously shaken by hand for 15 seconds, left at room
temperature for 5 minutes then centrifuged at 13,000rpm for 15 minutes at 4°C. The aqueous phase
was transferred into a new Eppendorf tube and 200ul of chloroform was added, before being
centrifuged at 13,000rpm for 5 minutes at 4°C. The fresh aqueous phase was transferred into a new
Eppendorf tube, 500ul of isopropanol was added, then tubes were vortexed briefly and placed at
-20°C for 29 minutes. Samples were centrifuged at 13,000rpm for 15 minutes at 4°C, the
supernatant was removed and 200pl of ice cold 70% ethanol was added to the RNA pellet. Tubes
were vortexed, centrifuged at 13,000rpm for 10 minutes at 4°C and the supernatant discarded. RNA
pellets were dried by desiccation then resuspended in 100ul of nuclease-free water. 100l of LiCl
solution (4M LiCl, 20mM Tris pH 7.4, 10mM EDTA) was added and samples were placed at -70°C
overnight to precipitate RNA. Samples were centrifuged at 13,000rpm for 20 minutes at 4°C, the
supernatant discarded and 200pl of ice cold 70% ethanol was added to the RNA pellet. Tubes were
vortexed then centrifuged at 13,000rpm for 5 minutes at 4°C and the supernatant discarded again.

The RNA pellet was dried by desiccation and resuspended in 20ul of nuclease-free water.

RNA samples were cleaned up using the Zymo RNA Clean & Concentrator kit as per the
manufacturer’s protocol. This was inclusive of the optional DNase | treatment before RNA
purification and samples were eluted in 15ul of nuclease-free water. RNA samples were used

immediately for cDNA synthesis or stored at -70°C.

2.2.2 Measurement of DNA and RNA concentrations
Concentrations of DNA and RNA samples were quantified by measuring absorbance at 260nm using

a Nanodrop-8000 Spectrophotometer (Thermo Fisher Scientific).

2.2.3 Agarose gel electrophoresis

DNA and RNA samples were run on 1-2.5% gel in Tris-Acetate-EDTA buffer (TAE: 40mM Tris, 20mM
acetic acid, 1ImM EDTA pH 8.0) and stained with ethidium bromide. DNA samples were run at 150-
160V for 20 minutes and RNA samples were run at 190V for 8-20 minutes. The 1kb plus DNA ladder

(New England Biolabs) was run alongside samples to predict fragment sizes.

2.2.4 First-strand cDNA synthesis

cDNA was synthesised using 1ug of total RNA with 1ul of 50uM random hexamers (Invitrogen) and
1ul of 10mM dNTP mix (Roche) made up to 13ul with nuclease-free water. Reaction mixtures were
vortexed briefly, incubated at 65°C for 5 minutes then placed on ice for 1 minute before the addition

of 4ul of 5x SSIV buffer (Invitrogen), 1ul of 100mM Dithiothreitol (DTT) (Invitrogen), 1ul of 200U/ul

Page | 19



SuperScript IV Reverse Transcriptase and 1ul of nuclease-free water. For -RT controls, reverse
transcriptase was substituted with an equal volume of nuclear-free water. Mixtures were then
incubated at 23°C for 10 minutes, 55°C for 10 minutes and 80°C for 10 minutes. All cDNA was used

immediately for PCR amplification or stored at -70°C.

2.2.5 Confirmation of Rasl11b knockdown
To confirm that the ras/11b antisense morpholino (AMO) efficiently blocks splicing in X. tropicalis,
cDNA from rasl11b AMO injected embryos was analysed using RT-PCR. NCBI Primer Blast

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used to design gene-specific RT-PCR

primers for rasl11b in X. tropicalis (Table 1).

Table 1: Forward and reverse gene specific primer sequences for PCR amplification of different
regions of rasl11b in X. tropicalis.

Amplicon Forward primer sequence | Reverse primer sequence Amplicon size
position 5’-3’ 5’-3’ (bp)
Spanning exon ATGCGGCTGATCCAGAACAT | GCGCTTGGTAAGGAATCTCAC | 171
1/2 boundary
Spanning region | CCGATGCTGTTGTGATCGTG | GCGAGTTTTTCCGCCTTTCA 318
of exon 4

PCR reactions contained 10ul of 2X PCR Master Mix (Promega), 1ul of 10uM forward and 1pl of
10ul reverse gene-specific primers, 6ul of nuclease-free water and 2ul of cDNA. For H,O controls,
cDNA was substituted with an equal volume of nuclease-free water. Reaction mixtures were heated
to 95°C for 2 minutes before 30 cycles of 95°C for 30 seconds, 52°C for 30 seconds and 72°C for 43
seconds (for primers spanning exon 1/2 boundary) or 22 seconds (for primers spanning a region of

exon 4), before a final elongation at 72°C for 10 minutes.

PCR products were checked via agarose gel electrophoresis and purified using the Monarch DNA
Gel Extraction Kit (New England Biolabs) as per the manufacturer’s protocol. Products were eluted

in 10ul of DNA Elution Buffer before sequencing.

2.2.6 RT-gPCR

NCBI Primer Blast was also used to design X. laevis gene-specific RT-qPCR primers with amplicons
sized between 50-150bp. At least one primer in each pair was designed to span an exon-exon

boundary to limit amplification from possible genomic DNA contaminant (Table 2).
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Table 2: Forward and reverse gene specific primer sequences for qPCR amplification of ras/11b,
tbxt and dicer1 in X. laevis.

Gene Forward primer sequence Reverse primer sequence

5’-3’ 5’-3’
rasl11b CGACTATGAAAGGAATGCAGGAAA | CTGAACTTGTATGGCAAGATTCGT
tbxt CACCACCTACCTCAAGTCAGT GAGATGAGTAATGAGGTGTAGAGC
dicerl GGCTTTTACACATGCCTCTTACC GTCCAAAATTGCATCTCCAAG

For each pair of RT-qPCR primers, serial dilutions of cDNA were used to perform a gPCR standard

curve assay to ensure that efficiencies fell between 90-110%.

RT-gPCR reactions were set up in 96-well 0.1ml plates and contained 0.5ul of 10uM forward and
0.5ul of 10uM reverse gene-specific primers, 10ul of 2X SYBR Green PCR Master Mix (Applied
Biosystems), 6ul of nuclease-free water and 3ul of cDNA. For non-template controls (NTC), cDNA
was substituted with an equal volume of nuclease-free water. RT-qPCR reactions were ran in a
QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) using the Fast Run mode and
Comparative CT (AACT) settings.

Each gPCR analysis was carried out using three technical replicates with the mean cycle threshold
(Ct) value normalised to the Ct of the reference gene dicerl to generate a delta-Ct (ACt) value for
genes of interest. The ACt value of cDNA from injected embryos was subtracted from the ACt value
of cDNA from control embryos to give a delta-delta-Ct (AACt) value. From this, the relative
expression of each gene was calculated using 2”(-AACt). RStudio was then used to generate
grouped bar graphs to show the changes in relative expression between genes in control and

injected embryos (Team, 2021).

2.2.7 PCR-based cloning of full-length ras/11b

Gene-specific RT-PCR primers for amplification of the full-length of X. tropicalis ras/11b were
designed with restriction sites, Xhol and Xbal, to allow in-frame insertion into the pCS2+ plasmid
(Table 3). The forward primer was also designed to include a partial Kozak sequence to improve the
efficiency of mRNA translation.

Table 3: Forward and reverse gene specific primer sequences for amplification of full-length

rasl11b in X. tropicalis.
Xho1l and Xbal restriction sites are shown in red and blue respectively. Bold indicates a partial Kozak

sequence.
Primer Sequence 5’-3’
ras/11b-Xhol forward AGAGAGCTCGAGACCATGCGGCTGATCCAGAACATG
rasl11b-Xbal reverse AGAGAGTCTAGAGACGGAAGTGGCAGTCCTGAC
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To increase the probability that ras/11b would be successfully amplified, two PCR reactions were
set up using different DNA polymerases, Taq and Pfu. The first reaction was a conventional PCR,
comprised of 10ul of 2X GoTaqg Long PCR Master Mix (Promega), 1ul of 10uM forward and 1l of
10uM reverse gene specific primers , 2ul of cDNA and 6ul of nuclease-free water. The second
reaction was a hot start PCR which initially contained 2.5ul of 10X Pfu DNA Polymerase Buffer
(Promega), 0.5ul of 10uM forward and 0.5ul of 10uM reverse gene specific primers, 0.5ul of 10mM
dNTP mix (Promega), 1ul of cDNA and 19.25ul of nuclease-free water. Both reaction mixtures were
heated to 95°C for 2 minutes before the immediate addition of 0.75ul of Pfu DNA Polymerase
(Promega) to the hot start PCR reaction. Both PCR reactions were then subject to 30 cycles of 95°C
for 30 seconds, 61-65°C for 30 seconds and 72°C for 1 minute 35 seconds , before a final elongation

at 72°C for 10 minutes.

PCR products were checked via agarose gel electrophoresis and those demonstrating the highest
level of amplification at a size consistent with the coding sequence of ras/11b were products
amplified using an annealing temperature of 60-61°C and the Taq polymerase. These PCR products
were cleaned up using the Monarch DNA Gel Extraction Kit (New England Biolabs). Each PCR
product was made up to a total volume of 100ul with nuclease-free water before the addition of
400ul of Gel Dissolving Buffer. Samples were loaded into the provided spin columns inside
collection tubes. Tubes were centrifuged at 13,000rpm for 1 minute before discarding the flow-
through. 200l of DNA Wash Buffer was added and tubes were centrifuged again at 13,00rpm for
1 minute and the flow-through discarded. The DNA Wash Buffer step was repeated before the spin
column was transferred to new Eppendorf tube and 25ul of DNA Elution Buffer was added. Tubes
were left for 1 minutes at room temperature before centrifuging at 13,000rpm for 1 minute to elute

the clean PCR product.

To generate complementary sticky ends between the full-length ras/11b insert and the pCS2+
vector, both were digested respectively using Xhol and Xbal restriction enzymes. Restriction
digests of full-length ras/11b contained 15ul of the insert, 10ul of 10X buffer H (Promega), 1.5ul of
Xhol (Promega), 1.5ul of Xbal (Promega) and 72ul of nuclease-free water. Restriction digests of
pCS2+ comprised 5ul of the vector, 10ul of 10X buffer H, 1.5ul of Xhol, 1.5ul of Xbal and 82ul of
nuclease-free water. Digests were incubated at 37°C for 2 hours and complete digestion was
confirmed by agarose gel electrophoresis. Following digestion, both the insert and vector were
purified using the Monarch DNA Gel Extraction Kit (New England Biolabs) as previously, with

agarose gel electrophoresis used to confirm that neither had not been lost during clean up.
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Ligation reactions contained 7ul of full-length ras/11b insert, 1ul of vector, 1ul of 10X ligase buffer
(Promega) and 1ul of T4 ligase (Promega). For control ligations, the full-length ras/11b insert was
substituted with an equal volume of nuclease-free water. Reaction mixtures were incubated at 18°C
for 20 hours before being used for bacterial transformation. DNA was extracted from resulting

colonies using Miniprep, checked by colony PCR and sequenced.

2.2.8 Bacterial transformation

dam’/decm™ competent E. coli cells (New England Biolabs) were thawed from -70°C on ice before
25ul of cells were added to 5ul of 1ng/pl plasmid DNA. Bacteria were chilled on ice for a further 30
minutes prior to heat shock at 42°C for 30 seconds, then cells were immediately replaced on ice for
2 minutes. 1ml of SOC Outgrowth Media (New England Biolabs) was added to each transformation
reaction and incubated at 37°C for 1 hour, with shaking (250rpm). Lysogeny broth (LB) agar plates
containing 100ug/ml ampicillin (amp) were used to plate out 100ul of transformed culture. The
remaining 900ul of culture was centrifuged at 6500rpm for 1 minute and 800ul of supernatant was
discarded. The bacterial pellet was gently resuspended with the final 100ul of transformed culture
also plated onto LB-amp agar plates. All plates were incubated at 37°C overnight with resulting
colonies used for colony PCR (for full-length ras/11b transformations) or to directly inoculate 3ml
of liquid LB-amp and incubated at 37°C overnight (for re-transformation of in-situ hybridisation

probe templates).

2.2.9 Colony PCR of full-length ras/11b

Following transformation, colonies were screened for the presence of the full-length ras/11b insert
using colony PCR. 2l of nuclease-free water was added to each colony on the plate, mixed, and
the resulting suspension was added to the PCR mix. The pipette tip was subsequently used to
inoculate 3ml of liquid LB-amp which was incubated at 37°C overnight. Colony PCR reactions
contained 2pl of colony/water suspension, 10pul of 2X PCR Master Mix (Promega), 1ul of 10uM SP6
primer, 1ul of 10uM reverse gene specific primer (Table 3) and 6ul of nuclease-free water. Reaction
mixtures were heated to 90°C for 1 minute 30 seconds before 30 cycles of 98°C for 30 seconds, 50°C
for 30 seconds and 72°C for 1 minute 35 seconds, before a final elongation at 72°C for 10 minutes.
PCR products were checked by agarose gel electrophoresis and colonies yielding products of a size
consistent with the coding sequence of X. tropicalis rasl11b were selected for DNA extraction by

Miniprep.

2.2.10 DNA minipreps
Plasmid DNA was isolated from 3ml bacterial cultures using the QlAprep Spin Miniprep Kit (Qiagen)

as per the manufacturer’s protocol.
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2.2.11 Sequencing

Purified plasmid DNA and PCR products were sequenced in both directions using the Eurofins
Genomics LightRun Tube custom DNA sequencing service. PCR products were sequenced using the
respective forward and reverse gene-specific primers (Table 1) and plasmid DNA was sequenced

using SP6 and T7 primers.

2.2.12 Plasmid insert digestion

PGEM-T Easy and pCS107 plasmids ligated with cDNA fragments of X. tropicalis ras/11b and
ripply2.2 respectively, were provided by Prof Betsy Pownall and would act as templates for the
synthesis of antisense in-situ hybridisation probes. To confirm the presence of these inserts in
purified plasmids, an EcoR1 digest was used to excise ras/11b from pGEM-T Easy and an EcoR1 and
Notl digest was used to excise ripply2.2 from pCS107. Restriction digests contained 1-3ug of
plasmid DNA, 2l of 10X buffer H (Promega) and 1l of each of the appropriate restriction enzymes
(Promega) made up to a total volume of 20ul with nuclease-free water. Digests were incubated at

37°C for 2 hours and digestion product sizes were checked via agarose gel electrophoresis.

2.2.13 Plasmid Linearisation and purification

To generate the templates from which full-length ras/11b mRNA and different gene-specific in-situ
hybridisation probes could be synthesised, plasmids were linearised using restriction enzymes.
Linearisation reactions contained 1-3ug of plasmid DNA, 10ul of 10X buffer (Promega) and 2l of
the appropriate enzyme (Table 4) made up to a total volume of 100ul with nuclease-free water.
Reactions were incubated at 37°C for 2 hours and agarose gel electrophoresis was used to check
that complete digestion had occurred.

Table 4: Plasmids, restriction enzymes, buffers and polymerases used for synthesis of in-situ
hybridisation probes and full-length ras/11b mRNA.

Enzymes and buffers used to linearise plasmids ligated with X. tropicalis full-length ras/11b cDNA

and cDNA fragments of ras/11b and ripply2.2. Polymerases used to generate corresponding full-
length ras/11b mRNA and antisense RNA probes following linear plasmid purification.

Plasmid Linearisation Buffer Polymerase
enzyme

pCS2+ rasl11b (full-length) Not1 D SP6

PGEM-T easy rasl/11b Ncol H SP6

pCS107 ripply2.2 EcoR1 H T7

Linearised plasmids were made up to a total volume of 400ul with nuclease-free water before 40pl
of 3M sodium acetate and 400ul of phenol-chloroform were added. Samples were vortexed for 1

minute then centrifuged at 13,000 rpm for 5 minutes at 4°C. The resulting aqueous layer was
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transferred into a new 1.5ml Eppendorf tube and precipitated in 1ml of ice cold 100% ethanol for
1-2 hours at -20°C. DNA precipitates were centrifuged at 13,000rpm for 15 minutes at 4°C with the
resulting supernatant discarded. 100ul of ice cold 70% ethanol was added to pellets, vortexed for
1 minute then centrifuged again at 13,000 rpm for 5 minutes at 4°C. Supernatants were discarded
and pellets were dried by vacuum desiccation before resuspension in 20ul of nuclease-free water.
Agarose gel electrophoresis was used to confirm that linearised plasmids had not been lost during

clean up.

2.2.14 In-vitro transcription of synthetic ras/11b mRNA

Synthetic ras/11b mRNA was transcribed using the mMESSAGE mMACHINE SP6 Transcription Kit
(Thermo Fisher Scientific) as per the manufacturer’s protocol. Capped transcription reactions
contained 0.36pg of linearised plasmid, 10ul of 2X NTP/CAP, 2ul of 10X Reaction Buffer and 2ul of
Enzyme Mix made up to a total volume of 20ul with nuclease-free water. Reactions were incubated
at 37°C for 2 hours before the optional TURBO DNase step was followed. To recover capped
synthetic full-length ras/11b mRNA, the phenol chloroform extraction and isopropanol precipitation
step was followed and resulting mRNA was resuspended in 20ul of nuclease-free water. Agarose

gel electrophoresis was used to check mRNA before it was stored at -70°C

2.2.15 In-situ hybridisation probe synthesis and purification

Digoxigenin (DIG) and Fluorescein (FLU) labelled antisense RNA probes used for in-situ hybridisation
were synthesised using the appropriate RNA polymerases (Table 4). Reaction mixtures contained
1ug of plasmid DNA, 4ul of 5X transcription buffer (Thermo Fisher Scientific), 2ul of 100mM DTT
(Invitrogen), 2ul of 10X DIG or FLU NTP mix (Roche) and 1l of polymerase (Thermo Fisher Scientific)
made up to a total volume of 20ul with nuclease-free water. Reactions were incubated at 37°C

overnight and RNA probe synthesis was confirmed by agarose gel electrophoresis.

Probes were purified by precipitation at -20°C overnight in 50ul of 5M ammonium acetate, 300pul
of 100% ethanol and 50l of nuclease-free water. Precipitates were centrifuged at 13,000rpm for
15 minutes at 4°C, with the resulting supernatant discarded and replaced with 100ul of 70%
ethanol. Samples were vortexed for 1 minute and centrifuged at 13,000 rpm for 5 minutes at 4°C.
Supernatants were discarded and pellets were dried by vacuum desiccation before resuspension in
50ul of nuclease-free water. The concentration of the RNA probe in samples following purification

was estimated by agarose gel electrophoresis.

2.2.16 Modified wholemount in-situ hybridisation
Whole-mount in-situ hybridisation was modified from as previously described (Harland, 1991).

MEMFA fixed embryos with vitelline membranes were rehydrated by washing in a series of
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gradually decreased concentrations of ethanol in PBS with 0.1% Tween (PBSAT: 137mM NaCl,
2.7mM KCIl, 10mM NA;HPO4, 1.8mM KH,PO,, 0.1% Tween). Embryos were washed at room
temperature for 10 minutes in 20ml of 100%, 75% and 50% ethanol in PBSAT respectively, then
washed for a further 5 minutes in 20ml PBSAT. They were then rolled in 10ml of K,Cr,07 in 5% acetic
acid for 40 minutes at room temperature and washed in 20ml of PBS 3 times for 5 minutes then 3
times for 20 minutes. Embryos were bleached under bright light in 10ml of 5% H,0; in PBS for 45
minutes and washed 3 times in 20ml of PBS for 10 minutes. They were then washed twice in 5ml of
0.1M Triethanolamine (pH 7.8) for 5 minutes with 12.5ul of acetic anhydride added to the second
wash. This was followed by a further addition of 12.5ul of acetic anhydride before the embryos
were swirled continuously for 5 minutes. Embryos were washed 3 times in 20ml of PBSAT for 5
minutes then transferred into 1.5ml screw-top Eppendorf tubes. 1ml of PBSAT with 250ul of
prewarmed pre-hybridisation buffer (50% formamide, 5x SSC pH 7.0, 100ug/ml heparin, 1x
Denhart’s, 0.1% Tween, 0.1% CHAPS, 10mM EDTA) at 60°c was used to equilibrate embryos for 1
minute at room temperature. They were then incubated at 60°C, first in 1ml of pre-hybridisation
buffer for 10 minutes, then in 1ml of hybridisation buffer (pre-hybridisation buffer with 1mg/ml
total yeast RNA) on a horizontal tube rocker for 2 hours. Depending on the concentration of DIG-
labelled antisense RNA probe, 1-6pul of probe was added to embryos in 1ml of fresh hybridisation

buffer and incubated overnight at 60°C with rocking.

Embryos were heated at 60°C for: two 10-minute washes in 1ml of hybridisation buffer, three 20-
minute washes in 1ml of 2X SSC with 0.1% Tween, and three 30-minute washes in 1ml of 0.2X SSC
with 0.1% Tween. They were then washed twice in 1ml of MAB with 0.1% Tween (MABT: 100mM
maleic acid, 150mM NacCl, 0.1% Tween, pH 7.8) at room temperature for 15 minutes. Embryos were
equilibrated in 1ml of MABT with 2% BMB for 30 minutes and then blocked in 1 ml of MABT with
2% BMB and 20% heat treated lamb serum at room temperature for 2 hours with rocking. The
solution was replaced with 1ml of fresh MABT with 2% BMB and 20% heat treated lamb serum,
before a 1 in 2,000 dilution of sheep anti-DIG antibody coupled to alkaline phosphatase (Roche)

was added and rolled at 4°C overnight.

Embryos were washed three times in 1ml of MABT for 5 minutes at room temperature then
transferred back into 20ml glass scintillation vials and washed three times in 20ml of MABT for 1
hour. They were then washed twice in 5ml of alkaline phosphatase buffer (AP buffer: 100mM Tris
pH 9.5, 50mM MgCl,, 100mM NaCl, 0.1% Tween), first for 3 minutes then for 10 minutes at room
temperature. Embryos were stained in 1ml of 1 in 3 diluted BM purple (Roche) in AP buffer for 12-
72 hours then washed twice in 20ml of PBSAT for 15 minutes and stored in MEMFA.
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2.2.17 Modified wholemount double in-situ hybridisation for ripply2.2 and ras/11b

Wholemount double in-situ hybridisation was carried out following all steps listed in the modified
single in-situ hybridisation method above, up to the addition of the DIG-labelled antisense RNA
probe. For this step, depending on the concentration of each probe, 1-6ul of DIG-labelled ras/11b
and FLU-labelled ripply2.2 antisense RNA probes were added to embryos in 1ml of fresh

hybridisation buffer and incubated overnight at 60°C with rocking.

Embryos were heated at 60°C for: two 10-minute washes in 1ml of hybridisation buffer, three 20-
minute washes in 1ml of 2X SSC with 0.1% Tween, and three 30-minute washes in 1ml of 0.2X SSC
with 0.1% Tween. They were then washed twice in 1ml of MABT at room temperature for 15
minutes. Embryos were equilibrated in 1ml of MABT with 2% BMB for 30 minutes and then pre-
incubated in 1 ml of MABT with 2% BMB and 20% heat treated lamb serum at room temperature
for 2 hours. The solution was replaced with 1ml of fresh MABT with 2% BMB and 20% heat treated
lamb serum, before a 1in 2,000 dilution of sheep anti-FLU antibody coupled to alkaline phosphatase

(Roche) was added and rolled at 4°C overnight.

Embryos were washed three times in 1ml of MABT for 5 minutes at room temperature then
transferred back into 20ml glass scintillation vials and washed three times in 20ml of MABT for 1
hour. They were then washed twice in 5ml of AP buffer, first for 3 minutes then for 10 minutes at
room temperature. Embryos were stained in 175ug of BCIP (5-Bromo-4-chloro-3-indolyl phosphate)
in 1ml of AP buffer for 2-5 hours depending on the desired intensity of staining. Embryos were then
transferred back into 1.5ml screw-top Eppendorf tubes and AP was inactivated by incubating
embryos in 1ml of MABT with 10mM EDTA for 10 minutes at 65°C with rocking. They were washed
twice in 1ml of 100% methanol for 5 minutes then 3 times in 1ml of MABT for 5 minutes, before
blocking in 1ml of MABT with 2% BMB and 20% heat treated lamb serum at room temperature with
rocking. The solution was replaced with 1ml of fresh MABT with 2% BMB and 20% heat treated
lamb serum, before a 1in 2,000 dilution of sheep anti-DIG antibody coupled to alkaline phosphatase

(Roche) was added and rolled at 4°C overnight.

Embryos were washed three times in 1ml of MABT for 5 minutes at room temperature then
transferred back into 20ml glass scintillation vials and washed three times in 20ml of MABT for 1
hour. They were then washed twice in 5ml of AP buffer, first for 3 minutes then for 10 minutes at
room temperature. Embryos were stained in 175ug of Magenta Phosphate (5-bromo-6-chloro-3-
indolyl phosphate) in 1ml of AP buffer for 20 hours so the underlying BCIP stain could still be

visualised. Stained embryos were washed twice in PBSAT for 15 minutes and stored in MEMFA.
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2.2.18 Wholemount immunostaining

Wholemount immunostaining was carried as previously described (Christen and Slack, 1999).
MEMFA fixed embryos were rehydrated by washing in a series of gradually decreased
concentrations of ethanol in PBS. Embryos were washed at room temperature for 10 minutes in
20ml of 100%, 75% and 50% ethanol in PBS respectively, then washed once more in 20ml of PBS
for 10 minutes. They were then treated with 10ml of K,Cr,07 in 5% acetic acid for 40 minutes at
room temperature and washed in 20ml of PBS 3 times for 5 minutes then 3 times for 30 minutes.
Embryos were bleached in 10ml of 5% H,0, for 45 minutes and washed 3 times in 20ml of PBS for
15 minutes, then transferred into 1.5ml screw-top Eppendorf tubes. They were then equilibrated
by washing twice in 1ml of BBT (PBS, 1% BSA, 0.1% Triton X-100) for 1 hour at room temperature
before blocking in 1ml of BBT with 5% horse serum for 1 hour. Embryos were rolled in 1ml of 1 in
10,000 diluted mouse anti-dpERK1+2 primary antibody (Sigma) in BBT with 5% horse serum
overnight at 4°C.

Embryos were washed 5 times for 1 hour at room temperature, 4 times in 1ml of BBT then once in
1ml of BBT with 5% horse serum. The solution was replaced with 1ml of 1 in 1,000 diluted horse
anti-mouse igG-AP conjugated secondary antibody in BBT with 5% horse serum and rolled overnight
at 4°C. Embryos were re-transferred into 20ml glass scintillation vials then washed 5 times for 1
hour at room temperature, once in 20ml of BBT and 4 times in 20ml of PBSAT. They were then twice
washed in 5ml of AP buffer, first for 3 minutes then for 10 minutes at room temperature. Embryos
were stained in 1ml of 1 in 3 diluted BM purple (Roche) in AP buffer for 12-72 hour and washed
twice in 20ml of PBS for 15 minutes. They were then bleached in 10ml of 5% H,0, in PBS for

approximately 4 hours to help visualise staining.

2.3 Bioinformatic methods

2.3.1 Differential expression analysis of RNA-Seq data

X. tropicalis mRNA samples of CIC knockdown by TALENSs, water injected and FGF4 overexpressing
embryos were collected in triplicate and total RNA was analysed using the bioanalyzer to confirm
RNA quality. Library preparation and Illumina sequencing was performed by staff at the Bioscience
Technology Facility at the University of York. Samples were sequenced using a single lane of the
Illumina HiSeq 2000 platform and first strand cDNA synthesis used random hexamers and reverse
transcriptase to construct the cDNA library. Each cDNA was then sequenced in a high-throughput
manner to obtain a read count. The number of reads for each transcript was used to calculate
transcripts per million (TPM). TPM is a measure of the abundance of each transcript in each sample

adjusted for the varying number of reads for each sample, and the varying expression of transcripts
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across the whole transcriptome. For example, the TPM value for a given transcript should represent
the number of times that transcript would be observed if one million transcripts were sequenced

at random from the entire transcriptome.

Initial RNA-Seq bioinformatics analysis was performed at the Bioscience Technology Facility at the
University of York. Raw reads for each sample were aligned to the X. tropicalis reference

transcriptome (https://www.xenbase.org/entry/display)Browse.do?data=data/xt9 1) (genome

v9.1) using Salmon (https://salmon.readthedocs.io/en/latest/) to produce estimated read counts

for each transcript in each sample. All of the above sample preparation, RNA-Sequencing and
preliminary analysis contributed to the thesis of Michael King, a previous PhD student in the Isaacs’

lab (King, 2019). Subsequent analysis was undertaken for the purposes of this project.

Sleuth (http://pachterlab.github.io/sleuth/) was used in ‘gene mode’ to aggregate estimated read

counts for transcripts of each gene before they were fit to a statistical model to calculate differential
gene expression (g-values and effect sizes). The expression of transcripts from 16,549 genes was
detected before genes with a TPM < 1.5 were removed to filter out those with very low levels of
expression. The remaining genes were presented in volcano plots which were generated using

Rstudio (Team, 2021).

2.3.2 Gene ontology analysis of RNA-Seq data
Genes with a g-value < 0.1 and an effect size > 1.75 in CIC knockdown and/or FGF4 overexpressing
embryos were selected for gene ontology (GO) analysis using the Protein Analysis Evolutionary

Relationships (PANTHER) classification tool (Mi et al., 2019) (http://www.pantherdb.org/). The

Xenopus tropicalis reference list was used to match genes to their respective PANTHER GO-Slim
Biological Processes. Genes were classified according to the PANTHER GO-Slim subset of GO terms
which were identified during GO Phylogenetic Annotation (PAINT) and were judged in expert review

to be informative of function and evolutionarily conserved (Mi et al., 2021).

2.3.3 Gene overlap analysis

GeneVenn (http://genevenn.sourceforge.net/) was used to identify genes that were either

upregulated (g-value < 0.1 and effect size > 1.75) or downregulated (g-value < 0.1 and effect size <
-1.75) in both CIC knockdown and FGF overexpressing gene lists (Pirooznia et al., 2007). The
GeneOverlap package in RStudio was used to calculate the statistical significance of observed gene

overlaps using Fisher’s Exact test (Shen L, 2022, Team, 2021).
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2.3.4 Morpheus temporal expression analysis

Genes upregulated in both CIC knockdown and FGF overexpressing embryos were mapped to their
respective TPM values in a previous RNA-Seq temporal expression study (Owens et al., 2016). This
study provided TPM values for each gene in WT X. tropicalis embryos at 30-minute intervals up to
24 hours post fertilisation (Owens et al., 2016). This allowed a dataset to be created containing
temporal expression profiles for each gene upregulated in both CIC knockdown and FGF
overexpressing embryos, omitting those absent in data from Owens et al., 2016. The dataset was

uploaded to Morpheus (https://software.broadinstitute.org/morpheus/) to generate a heatmap

illustrating these data.

2.3.5 Capicua binding site analysis

The Find Individual Motif Occurrences (FIMO) (https://meme-suite.org/meme/tools/fimo) tool in

MEME Suite 5.4.1 used UCSC reference genomes (https://genome.ucsc.edu/index.html) to scan for

CIC consensus binding sites in the genomic loci of Xenopus tropicalis, Mus musculus and Homo
Sapiens rasl11b genes (Kent et al., 2002, Grant et al., 2011, Bailey et al., 2015). FIMO uses a dynamic
programming algorithm to convert log-odds scores into p-values, assuming a zero-order

background model. A threshold p-value of p < 0.001 was used to report results.
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Chapter 3: Gene-level transcriptomic analysis of Capicua knockdown
and FGF overexpression

3.1 Introduction

As discussed in chapter 1, the literature presents an expanding body of evidence which
demonstrates that CIC acts a transcriptional repressor of RTK target genes. The high mobility group
box repressor has been shown to exhibit the same spatial and temporal expression pattern as some
FGF ligands (King, 2019, Lea et al., 2009). Treatment of X. tropicalis embryos with FGF4 or FGF8
leads to the post-transcriptional modification and degradation of the CIC protein (King, 2019). In
addition to this, the phenotype produced by CIC knockdown by TALENSs in X .tropicalis embryos
strongly resembles that of the posteriorized phenotype produced when FGF is overexpressed
(Isaacs et al., 1994, King, 2019). Collectively, this evidence is supportive of the hypothesis that CIC
acts downstream of the FGF signalling pathway but still does not demonstrate a direct link between
CIC and FGF signalling. One method to establish if such a link exists is to identify genes that are

commonly regulated by both CIC and FGF signalling.

To do this, an RNA-Seq experiment was carried out in triplicate by a PhD student in the Isaacs’ lab
(King, 2019) on control, FGF overexpressing and CIC knockdown X. tropicalis embryos. CIC
knockdown was facilitated using transcription activator-like effector nucleases (TALENs) which
comprise a non-specific DNA-cleaving nuclease (Fokl) fused to a DNA-binding domain (Lei et al.,
2012). The DNA binding domain can be easily engineered to target any sequence, at which the
dimerization of forward and reverse TALENs induces DNA double strand breaks (Lei et al., 2012,
Kim et al., 1996, Joung and Sander, 2013). This can be utilised for genome-editing since DNA repair
mechanism such as non-homologous end joining (NHEJ) introduce variable length
insertion/deletion (indel) mutations at the site of the break (Joung and Sander, 2013, Mani et al.,
2005, Urnov et al.,, 2010). Indel mutations typically cause frameshifts resulting in nonsense
mediated decay of mRNA or non-functional gene products (Chang et al., 2007, Lin et al., 2017). In
this experiment, TALENs were designed to target the HMG-box of the CIC gene, since this is the
domain which facilitates binding of the protein to octameric T(G/C)AATG(A/G)A sequences in the

promoters and enhancers of target genes (Jiménez et al., 2012).

91.8% (74/81) of X. tropicalis embryos injected with a total of 1ng of forward and reverse TALENs
MRNA produced a mutant phenotype ranging in severity from reduced eye size and pigmentation
or cyclopia (50.8%), to a complete loss of head structures (16.1%) (King, 2019). Sequencing of DNA

extracted from 8 TALENs injected embryos at the late tailbud stage 40-41, demonstrated the
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introduction of indel mutations in sequences adjacent to the target site, indicating a TALENs
targeting efficiency of 100%. (King, 2019). The range of phenotypes observed here is likely
attributed to the mosaic nature of TALENSs targeting. Once injected, TALEN mRNAs are translated
rapidly using the cell’s own translational machinery, but it takes time for protein levels to
accumulate to the threshold necessary for targeting to occur. During this time, cell division can take
place resulting in some cells that escape targeting, whilst those that are targeted experience
variability in indel sizes. Additionally, TALENs can a disrupt both alleles of a gene, leading to the
production of two different mutant alleles each with a different sized indel following NHEJ in
somatic cells. Since indels are usually located in spacer sequences between sites bound by a TALEN
pair, TALENs can also rebind, thus introducing additional mutations during development (Lei et al.,

2012).

Until the midblastula transition (MBT), the zygotic genome remains quiescent, and development is
controlled by maternal factors deposited in the cytoplasm (Lee et al., 2014). Consequently, TALEN
disrupted CIC loci were not transcribed and CIC knockdown was not initiated until after the MBT,
with any CIC expression prior to this derived from maternally deposited mRNA. To ensure that FGF
overexpression and CIC knockdown occurred at the same stage of development, FGF4 was injected
into embryos in a CSKA plasmid, this drives the expression of FGF4 off a B-actin promoter which
only becomes active following the MBT (Isaacs et al., 1994). Embryos were injected either CSKA-
FGF4 plasmid or CIC TALEN mRNA at the 1-2 cell stage and were collected at neurula stage 14 for

RNA-Seq analysis using lllumina HiSeq.

Since FGF4 overexpression results in the upregulation of FGF target genes (Branney et al., 2009)
and evidence suggests that CIC acts a transcriptional repressor downstream of the FGF signalling
pathway (Isaacs et al., 1994, King, 2019), we hypothesise that CIC knockdown should lead to the
upregulation of a subset of FGF target genes. In RNA-Seq transcript level analysis, the abundance
of 43,558 transcripts for 23,635 genes was analysed for 3 batches of FGF4 injected, CIC knockdown
and water injected embryos (Cowell, 2019). Gene transcripts with a g-value < 0.05 and an effect
size > 1.5 were identified as upregulated, with 331 and 81 transcripts upregulated in CIC knockdown
and FGF overexpressing embryos respectively (Cowell, 2019). 44 of the 87 transcripts upregulated
in FGF overexpression were also upregulated in CIC knockdown, with this overlap identified as
highly statistically significant (Cowell, 2019). The large proportion of transcripts upregulated in both
FGF overexpressing and CIC knockdown embryos supports the notion that CIC acts in the same

pathway as FGF.
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Despite the identification of transcripts upregulated in both CIC knockdown and FGF overexpressing
embryos, a subset of genes commonly regulated by CIC and FGF signalling has yet to be described.
To address this, the same RNA-Seq dataset (King, 2019) was used to analyse the differential
expression of transcripts from CIC knockdown and FGF overexpressing embryos at the level of the

gene.
The aims of this chapter are:

e Utilise gene-level RNA-Seq data to analyse the differential expression of genes in CIC
knockdown and FGF4 overexpressing embryos

e Undertake gene ontology enrichment analysis to identify biological processes associated
with upregulated genes

e I|dentify the genes upregulated and downregulated by both CIC knockdown and FGF4
overexpression

e Establish the statistical significance of the overlap in genes upregulated and downregulated
by both CIC knockdown and FGF4 overexpression

e Analyse the temporal expression pattern of genes upregulated upon CIC knockdown and

FGF overexpression during early X. tropicalis development

3.2 Results

3.2.1 Gene-level transcriptomics reveal gene expression changes following CIC knockdown
and FGF overexpression

Initial quality control of RNA-Seq data and mapping of sequences to the X. tropicalis transcriptome
was undertaken by Dr John Davey at the University of York Technology Facility. Aggregated read
counts for transcripts of each gene were fitted to linear models to calculate the differential
expression of genes between CIC knockdown or FGF4 overexpressing embryos and water injected
controls. The biological significance of changes in gene expression were assessed according to the
g-value and effect size calculated for each gene. A g-value is an adjusted p-value which accounts
for the false discovery rate and is an established measure of the statistical significance of differential
gene expression (Storey and Tibshirani, 2003). Effect size is a measure of the relative change in gene
expression between treated and control samples. The smaller the g-value the more significant the
change in gene expression and the lower the chance this change is due to false positives. The more
positive or more negative the effect size, the greater the increase or decrease in gene expression

respectively.
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Initial gene-level RNA-Seq analysis detected the expression of transcripts from a total of 16,549
genes in both CIC knockdown and FGF4 overexpressing embryos, before genes with a TPM < 1.5
were removed to filter out those with very low levels of expression. The remaining 13,054 and
12,923 genes expressed in CIC knockdown and FGF4 overexpressing embryos respectively, exhibit
large variation in g-values and effect sizes (Figure 3A-B). To distinguish the biologically significant
changes in gene expression, genes with a g-value < 0.1 and an effect size > 1.75 (for upregulated
genes) or<-1.75 (for downregulated genes) were identified (green plots, Figure 3A-B). The selection
of these significance thresholds was biologically validated given that well characterised FGF target
genes including egrl and dusp6 were identified as significantly upregulated in FGF4 overexpressing

embryos (Figure 3A) (Gémez et al., 2005, Panitz et al., 1998, Branney et al., 2009).
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Figure 3: Gene-level transcriptomic analysis demonstrates changes in gene expression upon FGF4
overexpression or CIC knockdown in X. tropicalis embryos.

Volcano plots showing the differential expression of genes relative to water injected controls in
embryos (A) overexpressing FGF4 from the CSKA-FGF4 plasmid or (B) knocked down for CIC using
TALENSs. Effect sizes (logz) were plotted against g-values (-logio) for each gene. Dashed lines
represent significance thresholds. Genes in grey did not meet either the g-value or effect size
thresholds for significance. Genes in pink only meet the g-value threshold of < 0.1. Genes in blue
only meet the effect size thresholds of > 1.75 for upregulation or < -1.75 for downregulation. Genes
in green meet both the g-value and an effect size threshold and were deemed to show significant
changes in gene expression.

A similarly low number of genes exhibit a significant reduction in gene expression between the two
treatments, with 41 genes downregulated in CIC knockdown embryos compared to 34 genes in
FGF4 overexpressing embryos (Figure 3A-B). However, 367 genes were identified as significantly
upregulated upon CIC knockdown compared to 62 genes upon FGF4 overexpression (Figure 3A-B).
The greater number of genes upregulated by CIC knockdown than FGF4 overexpression supports

the notion that CIC acts as a transcriptional repressor. The complete gene lists produced in RNA-
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Seq gene-level analysis are available on Google Drive

(https://docs.google.com/spreadsheets/d/1Bjrawb6AQ-

DgC6TQvkPEPe8XUoDNXXTDxkeReQ5imPS8/edit?usp=sharing).

3.2.2 Biological processes associated with genes upregulated following CIC knockdown and
FGF overexpression

To identify the biological processes associated with genes upregulated upon FGF4 overexpression
and CIC knockdown, gene ontology (GO) enrichment analysis was undertaken to classify genes
according to their functional characteristics. The PANTHER classification tool (Mi et al., 2019) was
initially used to identify biological processes associated with each gene upregulated following CIC
knockdown and FGF4 overexpression. The tool was then used to perform a statistical
overrepresentation test, which utilised Fisher’s exact test and calculated false discovery rates
(FDRs) to identify which biological processes are overrepresented by the genes upregulated upon
FGF4 overexpression (Table 5) and CIC knockdown (Table 6) respectively. Genes were classified
according to the PANTHER GO-Slim subset of GO terms which were judged in expert review to be
informative of function and evolutionarily conserved (Mi et al., 2021).

Table 5: Biological processes associated with genes upregulated in FGF4 overexpressing X.
tropicalis embryos.

PANTHER gene ontology processes identified as statistically overrepresented by genes upregulated
in FGF4 overexpressing embryos. Fisher’s exact test with false discovery rate (FDR) was used to
determine significance using an FDR threshold of < 0.05. +/— indicates whether a process is
overrepresented or underrepresented respectively. GO-Slim biological processes are a subset of

gene ontology terms identified by the PANTHER classification system which indicate the biological
processes to which a protein contributes.

Panther Go-Slim Number Fold Raw P-
. . Expected . +/- FDR

Biological Process of genes enrichment value
Negative regulation of
intracellular signal
transduction 3 0.14 21.64 +| 4.01x10* | 3.86x1072
Regulation of cell
population
proliferation 4 0.22 18.00 +| 7.97x10° | 2.21x10?
Cell population
proliferation 4 0.23 17.05 +| 9.78x10° | 1.97x10?
Cellular response to
growth factor stimulus 4 0.24 16.55 +| 1.09x10*| 1.62x10?
Intracellular signal
transduction 7 1.40 5.01 +| 4.39x10* | 4.05x1072
System development 7 1.45 4.82 +| 5.52x10*| 4.89x10?
Unclassified 10 22.55 0.44 - | 8.04x10° | 1.78x10%

Page | 35


https://docs.google.com/spreadsheets/d/1Bjraw6AQ-DgC6TQvkPEPe8XUoDNXXTDxkeReQ5jmPS8/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1Bjraw6AQ-DgC6TQvkPEPe8XUoDNXXTDxkeReQ5jmPS8/edit?usp=sharing

Negative regulation of intracellular signal
transduction

Regulation of cell population proliferation

Cell population proliferation

Cellular response to growth factor stimulus

Intracellular signal transduction

System development

PANTHER GO-Slim biological process

Unclassified

10 _ 15 20 25
Fold enrichment

o
w

Figure 4: Fold enrichment of biological processes associated with genes upregulated in FGF4

overexpressing X. tropicalis embryos.
Bar chart showing the fold enrichment of biological processes identified as statistically

overrepresented by genes upregulated in FGF4 overexpressing embryos. Fisher’s exact test with
false discovery rate (FDR) was used to determine significance using an FDR threshold of < 0.05. GO-
Slim biological processes are a subset of gene ontology terms identified by the PANTHER
classification system which indicate the biological processes to which a protein contributes.

PANTHER GO analysis identified 6 biological processes associated with genes significantly
upregulated in FGF4 overexpressing embryos (Figure 4). The GO terms with the highest fold
enrichment were negative regulation of intracellular signal transduction, regulation of cell
population proliferation, cell population proliferation and cellular response to growth factor
stimulus. These biological processes are consistent with the action of FGF4, since inherently as a
growth factor, FGF can induce cell population proliferation, but it is also known that FGF can
transcriptionally induce negative regulators of the FGF signalling pathway (Laestander and
Engstrém, 2014, Ekerot et al., 2008). Given that these GO terms are known FGF-mediated biological
processes, PANTHER enrichment analysis supports the notion that genes identified to be

upregulated in FGF4 overexpressing embryos are FGF target genes.
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Table 6: Biological processes associated with genes upregulated in CIC knockdown X. tropicalis
embryos.

PANTHER gene ontology processes identified as statistically overrepresented by genes upregulated
in CIC knockdown embryos. Fisher’s exact test with false discovery rate (FDR) was used to
determine significance using an FDR threshold of < 0.05. +/— indicates whether a process is
overrepresented or underrepresented respectively. GO-Slim biological processes are a subset of
gene ontology terms identified by the PANTHER classification system which indicate the biological
processes to which a protein contributes.

Panther Go-Slim Number of Fold Raw P-
. . Expected . +/- FDR

Biological Process genes enrichment value
Regulation of cell
cycle 10 2.16 4.62 + 9.26x10° | 5.13x1072
Cell cycle 15 4.69 3.20 + 1.05x10* | 4.67x10?
Cellular catabolic
process 22 7.63 2.88 + 1.25x10° | 2.76x107
Regulation of
metabolic process 45 24.57 1.83 + 6.66x10° | 4.92x1072
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Figure 5: Fold enrichment of biological processes associated with genes upregulated in CIC
knockdown X. tropicalis embryos.

Bar chart showing the fold enrichment of biological processes identified as statistically
overrepresented by genes upregulated in CIC knockdown embryos. Fisher’s exact test with false
discovery rate (FDR) was used to determine significance using an FDR threshold of < 0.05. GO-Slim
biological processes are a subset of gene ontology terms identified by the PANTHER classification
system which indicate the biological processes to which a protein contributes.

PANTHER GO analysis identified 4 biological processes associated with genes significantly

upregulated in CIC knockdown embryos (Figure 5). The two GO terms with the highest fold
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enrichment were regulation of cell cycle and cell cycle. This is encouraging since FGF has been
shown to directly regulate cell cycle progression (Lobjois et al., 2004, Zhang et al., 2004). The two
GO terms with the lowest fold enrichment were cellular catabolic process and regulation of
metabolic process. Some secreted FGFs are important in the regulation of a variety of metabolic
and catabolic processes in the adult (Yan et al., 2011, Nies et al., 2015, Tezze et al., 2019). Given
that these GO terms are biological processes that can be mediated by FGF signalling, PANTHER
enrichment analysis supports the hypothesis that some genes upregulated upon CIC knockdown

are likely FGF targets.

3.2.3 Analysing overlap between upregulated and downregulated genes in FGF
overexpressing and CIC knockdown embryos

A strong overlap between significantly upregulated and downregulated genes was identified in CIC
knockdown and FGF4 overexpressing embryos with 27 genes upregulated and 9 downregulated in
both sets of embryos (Figure 6A-B). This demonstrates that 44% of the genes upregulated and 26%
of the genes downregulated in FGF4 overexpression were also upregulated and downregulated in
CIC knockdown respectively (Figure 6A-B).

A B

Upregulated genes Downregulated genes

FGF4 overexpression CIC knockdown FGF4 overexpression CIC knockdown

Figure 6: Venn diagrams showing the overlap between significantly upregulated and
downregulated genes in CIC knockdown and FGF4 overexpressing X. tropicalis embryos.

Genes were identified in RNA-Seq analysis of embryos overexpressing FGF4 from the CSKA-FGF4
plasmid or knocked down for CIC using TALENSs. (A) overlap of upregulated genes: RNA-Seq g-value
< 0.1 and effect size > 1.75 (B) overlap of downregulated genes: RNA-Seq g-value < 0.1 and effect
size <-1.75.

To investigate the statistical significance of the observed gene overlaps, Fisher’s exact test was used
to calculate the probability of these overlaps occurring by chance. The overlaps observed between

upregulated and downregulated genes exhibit p-values of < 9.4x10%3 and < 2.8x108 respectively

and are thus deemed highly significant. The statistical significance of the high proportion of genes
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upregulated in FGF4 overexpression that are also upregulated in CIC knockdown supports the

hypothesis that a subset of FGF target genes is transcriptionally regulated by CIC.

Table 7: Genes upregulated in both CIC knockdown and FGF4 overexpressing X. tropicalis
embryos.

Genes identified as upregulated in RNA-Seq analysis of embryos overexpressing FGF4 from the
CSKA-FGF4 plasmid or knocked down for CIC using TALENS. Genes with an RNA-Seq g-value < 0.1
and an effect size > 1.75 were classed as upregulated.

Gene Capicua knockdown FGF4 overexpression
g-value Effect size g-value Effect size
adcy4 0.024 2.10 0.010 2.44
arrdc2 6.61x10”7 2.34 1.51x10” 2.50
azin2 0.007 3.58 0.034 3.43
cbx4 0.012 2.22 6.07x10* 2.87
fam83c 5.34x10* 1.84 4.24x107 2.08
fgd3 1.36x107 4.54 1.25x10° 3.97
fos 2.20x10°1° 4.43 5.21x10%° 5.38
frzb 5.67x10™* 4.49 0.049 3.21
ier3 6.41x10* 2.63 0.015 2.33
IgalsSc 4.54x107 3.38 0.053 2.01
mmpl 3.12x10° 8.19 0.022 4.65
mmrn2 0.034 2.99 0.022 3.62
nfkbiz 0.002 2.12 0.017 2.02
raslllb 2.79x10°8 2.60 0.001 1.99
rgl2 2.94x10°%6 6.59 0.002 2.62
sgkl 2.46x10* 2.42 1.17x10* 2.66
smpdI3a 0.032 2.91 0.046 3.16
tnfrsf10b 2.09x10712 4,52 0.063 1.92
trim2 0.032 2.09 0.060 2.15
wnt8a 0.030 1.83 0.005 2.20
LOC100486038 0.025 2.24 0.009 2.66
LOC101730746 0.029 1.80 0.018 1.99
LOC101731765 0.054 1.76 3.02x10* 2.51
LOC101733948 0.039 2.22 0.015 2.68
LOC105945272 0.053 3.24 0.095 3.44
LOC105945708 0.022 1.96 1.97x10* 2.75
LOC105947813 1.48x10° 5.11 1.15x10* 4.95
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Of the 27 genes upregulated in both FGF4 overexpression and CIC knockdown (Table 7), the most
significant increases in expression upon CIC knockdown were demonstrated by rgl2, fos, tnfrsf10b,
and rasl/11b, which exhibit g-values between 2.94x10® and 2.79x10% Of the 9 genes
downregulated in both FGF4 overexpression and CIC knockdown (Table 8), the most significant
decreases in expression upon CIC knockdown were demonstrated by spib, cebpa, pax6 and cygb.
These genes exhibit a much higher range of g-values between 0.002 and 0.011. CIC knockdown
mediating such highly significant upregulation of some genes also upregulated in FGF4
overexpression also supports the hypothesis that a subset of FGF targets is transcriptionally
regulated by CIC.

Table 8: Genes downregulated in both CIC knockdown and FGF4 overexpressing X. tropicalis
embryos.

Genes identified as downregulated in RNA-Seq analysis of embryos overexpressing FGF4 from the

CSKA-FGF4 plasmid or knocked down for CIC using TALENS. Genes with an RNA-Seq g-value < 0.1
and an effect size < -1.75 were classed as downregulated.

Gene Capicua knockdown FGF4 overexpression
g-value Effect size g-value Effect size

axl 0.013 -1.76 0.044 -1.75
cebpa 0.003 -2.76 1.97x10* -3.61
cygb 0.011 -1.83 0.004 -2.08
nkainl 0.016 -1.81 0.036 -1.83
pax6 0.005 -3.22 0.005 -3.62
pdp2 0.044 -2.30 0.065 -2.45
rasgefla 0.025 -2.15 0.064 -2.16
slc7a2.1 0.016 -2.17 0.051 -2.14
spib 0.002 -5.43 2.62x10% -7.37

3.2.4 The temporal expression patterns of genes upregulated upon CIC knockdown and FGF
overexpression

To analyse the temporal expression profiles of genes upregulated by both FGF4 overexpression and
CIC knockdown, upregulated genes were mapped to their temporal expression data from a previous
RNA-Seq study (Owens et al., 2016) and their relative expression from 4-24 hours post fertilisation

(hpf) was presented by heat map (Figure 7).
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Figure 7: Temporal expression patterns of genes upregulated by both CIC knockdown and FGF4
overexpression throughout early X. tropicalis development.

Heat map showing the temporal expression patterns of genes identified as upregulated by FGF4
overexpression and CIC knockdown from 4-24 hours post fertilisation. Genes were identified in RNA-
Seq analysis of embryos overexpressing FGF4 from the CSKA-FGF4 plasmid or knocked down for CIC
using TALENs. Genes with an RNA-Seq g-value < 0.1 and an effect size > 1.75 were classed as
upregulated. Temporal expression profiles for each gene were generated using data from a previous
RNA-Seq experiment by Owens et al. (2016).

Genes upregulated upon both CIC knockdown and FGF4 overexpression group into 4 hierarchical
clusters based on the similarity of their temporal expression patterns (Figure 7). Each gene cluster
exhibits peak expression levels at different stages of development demonstrating that the
expression of these genes is not confined to a common developmental period (Figure 7). For
example, the largest gene cluster exhibits peak expression at blastula stages, the second largest at

tailbud stages, and the third largest at gastrula stages.

Genes upregulated by both CIC knockdown and FGF4 overexpression also demonstrate dynamic
expression patterns throughout early X. tropicalis development (Figure 7). Genes within the largest
cluster exhibit rapid and marked changes in expression within as few 30 minutes, for example cbx4
and fos. The smallest cluster of genes, arrdc2 and sgk1, show highly variable temporal expression
patterns, these genes alternative between high and low-level expression rapidly at multiple stages
of development (Figure 7). The dynamic and rapid changes in gene expression demonstrated by
genes upregulated by both CIC knockdown and FGF4 overexpression supports the notion that these

genes are regulated by a labile transcriptional repressor.
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3.3 Discussion

3.3.1 CIC knockdown upregulates notably more genes than FGF4 overexpression

Gene-level transcriptomic analysis showed that CIC knockdown mediated the upregulation of
almost sixfold more genes than FGF4 overexpression. The upregulation of genes following CIC
knockdown is supportive of the notion that CIC acts a transcriptional repressor. However, given that
vastly more genes were upregulated by CIC knockdown than FGF4 overexpression, it is likely that
in addition to FGF signalling, CIC transcriptional repression may be alleviated by FGF independent
signalling pathways. For example, ERK is activated in the wound response following the rapid influx
of calcium ions (Dieckgraefe et al., 1997, Matsubayashi et al., 2004, Yang et al., 2004) and may
relieve CIC transcriptional repression of genes required for this FGF independent process following

injury.

3.3.2 CIC knockdown and FGF4 overexpression upregulate genes involved in FGF-mediated
biological processes

PANTHER gene ontology enrichment analysis revealed that genes significantly upregulated in FGF4
overexpressing embryos were associated with biological processes that are consistent with the
downstream effects of FGF signalling. The processes most enriched for these genes include the
negative regulation of intracellular signal transduction, regulation of cell population proliferation
and cellular response to growth factor stimulus. FGF ligands are well established growth factors
known to mediate cell proliferation through the activation of the FGF signalling pathway
(Laestander and Engstrom, 2014, Yun et al., 2010). FGF signalling is also known to transcriptionally
induce negative regulators of the pathway including dusp6 and MKP1 to provide negative feedback
(Lewis et al., 1995, Ekerot et al., 2008). PANTHER enrichment analysis therefore demonstrates that
genes upregulated by FGF4 overexpression are involved in FGF-mediated biological processes

which supports the hypothesis that these genes are FGF targets.

PANTHER GO enrichment analysis demonstrated that genes significantly upregulated in CIC
knockdown embryos were associated with biological processes including the regulation of cell
cycle, cell cycle, cellular catabolic process, and regulation of metabolic process. FGF has been shown
to directly regulate cell cycle progression (Lobjois et al., 2004, Zhang et al., 2004) and a variety of
metabolic and catabolic processes in the adult (Yan et al., 2011, Nies et al., 2015, Tezze et al., 2019).
This demonstrates that genes upregulated by CIC knockdown are involved in processes which can
be mediated by FGF, thus supporting the notion that some of these genes are FGF targets. The

notably higher number of genes upregulated by CIC knockdown than FGF4 overexpression likely
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explains the difference in biological processes associated with upregulated genes from each set of

embryos, since it is apparent that CIC transcriptional repression is not just confined to FGF targets.

3.3.3 Overlap between upregulated and downregulated genes in CIC knockdown and FGF
overexpressing embryos

Gene-level RNA-Seq analysis showed highly significant overlap between changes in gene expression
in CIC knockdown and FGF4 overexpressing embryos, but not all genes were upregulated or
downregulated in both sets of embryos. Of the 367 genes upregulated in CIC knockdown embryos,
340 were not upregulated in FGF4 overexpression. As previously discussed, these 340 genes likely
represent genes whose transcriptional repression by CIC is alleviated by FGF independent signalling
pathways. Of the 62 genes upregulated by FGF4 overexpression, 35 were not upregulated by CIC
knockdown. These genes are likely downstream targets of the PLCy and PI3K/AKT signalling
pathways, which are other two main pathways, excluding the MAPK/ERK cascade, through which
FGF signal transduction occurs (Schlessinger, 2000). However, the highly significant overlap of
genes upregulated in both FGF4 overexpression and CIC knockdown supports the hypothesis that

a subset of FGF target genes is transcriptionally regulated by CIC.

3.3.4 Temporal expression patterns of genes upregulated upon CIC knockdown and FGF
overexpression

Genes upregulated upon both CIC knockdown and FGF4 overexpression exhibit peak expression
levels at different stages of development, which demonstrates that the expression of these genes
is not confined to a common developmental period. This suggests that CIC transcriptional
repression is not restricted to genes involved in a specific developmental process, for example,
gastrulation. Additionally, the rapid and dynamic changes in expression reflected by some genes is
consistent with rapid gene activation following the alleviation of a labile transcriptional repressor.
This is supported by the observation that the immediate early gene fos was upregulated following
CIC knockdown and FGF4 overexpression, which can be transcribed within minutes of stimulation

(Hoffman et al., 1993).
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Chapter 4: Investigating the expression pattern of ras/11b and its
regulation by the FGF signalling pathway

4.1 Introduction

As demonstrated in chapter 3, gene-level transcriptomic analysis revealed a statistically significant
overlap between genes upregulated in CIC knockdown and FGF4 overexpressing X. tropicalis
embryos. Of these genes, ras/11b is one of the most significantly upregulated in CIC knockdown,
presenting a g-value of < 2.79x10%. In FGF4 overexpression, ras/11b also demonstrated highly
significant upregulation with a g-value of < 0.001. Collectively, this evidence supports the

hypothesis that ras/11b is an FGF target gene that is transcriptionally regulated by CIC.

Rasll1lb is a member of the Ras family of small GTPases with a currently uncharacterised role in
development (Colicelli, 2004). The small GTPase is largely understudied, with present research
reflecting a limited understanding of the regulation and expression of the protein. However, one
study has demonstrated that ras/11b expression has both a maternal and zygotic component, and
that expression of the GTPase is dynamic throughout zebrafish development (Pézeron et al., 2008).
At late blastula (dome) stage, ras/11b is expressed ubiquitously within the blastoderm (Pézeron et
al., 2008). Then, at mid-gastrula (shield) stage, ras/11b expression is enriched in the embryonic
shield (Pézeron et al., 2008), a structure considered orthologous to Spemann’s organiser
(Oppenheimer, 1936, Spemann and Mangold, 1924). This is in contrast to Xenopus, where rasl11b
is expressed in the marginal zone (Hufton et al., 2006), with some reports indicating enrichment in
the ventral region (Popov et al., 2017). Later in zebrafish development, during somitogenesis and
organogenesis, ras/11b is expressed in the tailbud, tailtip, posterior spinal cord and several head
structures including the forebrain, hindbrain, and isthmic organiser (Pézeron et al., 2008). Whereas,
in Xenopus at mid-tailbud stage, ras/11b is expressed in the posterior presomitic mesoderm
(Dickinson et al., 2006). By zebrafish larval stage, ras/11b is expressed exclusively in the otic vesicles

(Pézeron et al., 2008).

Members of the TGF-B (transforming growth factor-beta) family of signalling molecules have been
shown to regulate rasl/11b expression in multiple types of mesodermally derived adult cells (Stolle
et al., 2007, Luo et al., 2020). During zebrafish development, ras/11b expression in the embryonic
shield is modulated by the TGF-B/Nodal signalling pathway. This was exemplified in shield stage
embryos, where overexpression of the activated TGF-B type 1 receptor Taram-A was able to induce
ectopic expression of ras/11b (Pézeron et al., 2008). In contrast, nodal signalling deficient mutants

which lack both maternal and zygotic components of oep (one-eyed pinhead), show a complete loss
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of rasl11b expression in the embryonic shield (Pézeron et al., 2008). However, mutants for other
components of the TGF-B/Nodal signalling pathway demonstrate minimal change in rasl/11b
expression (Pézeron et al., 2008). Therefore, regulation of ras/11b in zebrafish development is
specifically dependent upon signalling via the oep coreceptor, the orthologue of tdgf1.3 in Xenopus,

through a likely uncharacterised branch of the TGF-B/nodal signalling pathway.

A preliminary investigation into ras/11b expression during Xenopus development was undertaken
by Cowell (2019), although this data has not been published. In addition to this, gene-level
transcriptomic analysis suggests that ras/11b is regulated by FGF signalling, and that some domains
of rasl11b expression appear to correspond to regions of FGF activity. For example, rasl/11b is
expressed in the Xenopus marginal zone and presomitic mesoderm, both of which are known
regions of FGF4 activity (lsaacs et al.,, 1995, Lea et al., 2009). Therefore, using the Xenopus
developmental model, this chapter presents a stage series of ras/11b expression analysis from early
neurula to late tailbud stages of development. A sequence of experiments is also presented in which

FGF and MAPK/ERK signalling is manipulated to investigate whether ras/11b is regulated by FGF.
The aims of this chapter are:

e Define the domains of ras/11b expression during neurula and tailbud stages of X. tropicalis
development

e Determine whether domains of ras/11b expression correspond to regions of FGF activity in
neurula and tailbud stage embryos

e Explore the effects of chemical inhibitors of FGF receptor and MEK signalling on ras/11b
expression in gastrula and neurula stage embryos

e Analyse the differential expression of ras/l11b in gastrula stage X. laevis embryos
overexpressing the dominant negative FGF receptor and untreated controls

e Investigate the effect of FGF4 injection on the spatial expression pattern of ras/11b during
neurula stages

e Identify putative CIC binding sites within X. tropicalis, mouse and human ras/11b genes
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4.2 Results

4.2.1 Analysing ras/11b expression during neurula and tailbud stages of X. tropicalis
development

To define the domains of ras/11b expression, in-situ hybridisation was performed to analyse the
expression of ras/11b during neurula and tailbud stages of X. tropicalis development (Figure 8-9).
The spatiotemporal expression pattern of ras/l11b largely resembles that of the segmentally
expressed gene ripply2.2 (ripply2 homolog, gene 2), specifically within the presomitic mesoderm
(PSM) (Figure 8-9). ripply2.2 is required during somitogenesis for the formation of somite
boundaries and is expressed in PSM at the anterior halves of the S-I to S-lll somitomeres (Kondow
et al., 2007, Hitachi et al., 2009). The expression pattern of ripply2.2 has been well characterised in
Xenopus development, hence its visualisation here by in-situ hybridisation (Figure 8-9), serves to
validate our assignment of ras/11b expression to the correct embryonic domains. Given that FGF
signals via the MAPK/ERK pathway, regions of active FGF signalling are indicated by the activated
form of ERK (dpERK). Therefore, to determine whether domains of ras/11b expression correspond
to regions of FGF activity, in-situ hybridisations for ras/11b were compared to immunostaining for

dpERK at each stage of development (Figure 8-9).

At neurula stage 13, ras/11b is expressed in a ring around the closing blastopore, which corresponds
to a domain of dpERK activity (Figure 8F and 8K). During neurula stages 13-19, ras/11b expression
is considerably less widespread in the PSM than ripply2.2, which is expressed in three clear domains
either side of the neural tube corresponding to somitomeres S-I to S-IIl (Figure 8A-C, 8F-H) (Hitachi
et al., 2009). At these stages, ras/11b mRNA appears to overlap with two of these domains but
extends much less laterally into the PSM than ripply2.2 (Figure 8A-C, 8F-H). This overlapping
expression suggests the ras/11b is expressed in two of the S-1 to S-lll somitomeres, though it is not
clear which. Meanwhile, throughout neurula stages, a large region of active FGF signalling indicated
by dpERK activity is detected in the posterior (Figure 8K-M). Whereas the two anterior regions of
dpERK activity adjacent to the neural tube at stages 13-14, are later found in the dorsal midline at

stage 19 (Figure 8K-M).

At early tailbud stage 22, ras/11b in the PSM appears to continue to overlap with two of the three
domains of ripply2.2 expression (Figure 8D and 8l). At this stage, rasl11b mRNA continues to be
expressed around the closed blastopore and is also detected in the otic vesicles (Figure 8l). Stage
26 embryos show that ripply2.2 and rasl11b continue to be expressed in the PSM, with some minor
expression of ripply2.2 detected in the endoderm (Figure 8E and 8J). ras/11b is also expressed in

the otic vesicles with low-level expression present in the developing heart (Figure 8J). Throughout
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early tailbud stages, dpERK is active in the tailbud, cement gland, heart anlagen and branchial arch

region (Figure 80).

During mid-tailbud stages 28-29, ras/11b continues to be expressed in similar regions of the PSM as
ripply2.2 (Figure 9A and 9D). At these stages, levels of ras/11b expression in the heart and otic
vesicles are notably higher than at stage 26, with high levels of ras/11b mRNA now expressed in the
branchial arches (Figure 9D). In addition, there is also widespread expression of ripply2.2 in the

endoderm at these stages (Figure 9A).

Later in development, from stages 31-36, ras/11b and ripply2.2 continue to exhibit high levels of
expression in the PSM, with ras/11b mRNA still detected in the branchial arches and otic vesicles at
stage 36 (Figure 9B-C, 9E-F). During these stages, ripply2.2 expression in the endoderm gradually
decreases until at stage 36, where expression is confined to ventral surface of the embryo (Figure
9C). Throughout mid to late tailbud stages, dpERK activity increases in the embryo and is found in
a variety of structures including the tailbud, cement gland, otic vesicles, branchial arches,
notochord, and somites (Figure 9G-I). The overlap of some regions of dpERK activity, in areas of
active FGF signalling, with domains of ras/11b expression supports the hypothesis that ras/11b is

regulated by the FGF signalling pathway.
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Figure 8: Spatiotemporal analysis of ripply2.2, rasl11b and dpERK during neurula and early tailbud stages of X. tropicalis development.

Expression patterns of (A-E) ripply2.2 and (F-J) rasl11b was analysed by in-situ hybridisation and compared to regions of active FGF signalling indicated by
immunostainings for dpERK (K-O). Embryos were analysed at stage 13-26. Stage 13-14 embryos show posterior-dorsal views, stage 19 embryos show dorsal
views with anterior upwards, and stage 22-26 embryos show lateral views with anterior to left. Embryos were staged was according to Nieuwkoop and Faber

(1994).
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Figure 9: Satiotemporal analysis of ripply2.2, rasi11b and dpERK during mid to late tailbud stages of X. tropicalis development.
Expression of (A-C) ripply2.2 and (D-F) ras/11b was analysed by in-situ hybridisation and compared to regions of active FGF signalling indicated by

immunostainings for dpERK (G-I). Embryos were analysed at stages 28-36 and show lateral views with anterior to left. Embryos were staged according to
Nieuwkoop and Faber (1994).
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During X. tropicalis development, ras/11b and ripply2.2 were shown to exhibit highly similar and
seemingly overlapping expression patterns within the PSM. Therefore, to precisely define the
domains of rasl11b expression, double in-situ hybridisation was performed to analyse the
expression of both ras/11b and ripply2.2 in neurula and tailbud stage X. tropicalis embryos (Figure
10). At neurula stage 19, ripply2.2 is expressed in three domains either side of the neural tube
known to correspond to the S-I to S-lll somitomeres (Figure 10A) (Hitachi et al.,, 2009). In
comparison at stage 19, ras/11b is expressed around the closed blastopore and in two domains on
each side of the neural tube (Figure 10C). This contrasts with tailbud stage 26, when ripply2.2 and
rasl11b are both expressed in two domains adjacent to the neural tube (Figure 10B and 10D), with
rasl11b appearing to be expressed strongly in a posterior domain and weakly in a more anterior

domain of the PSM (Figure 10D).

Double in-situ hybridisation for both ras/11b and ripply2.2 in stage 19 embryos demonstrates three
domains of expression either side of the neurula tube (Figure 10E). The two more posterior domains
of expression appear bolder and darker than those seen in analysis of ripply2.2 expression alone
(Figure 10A and 10E), indicating that ras/11b expression overlaps with ripply2.2 at somitomeres S-
Il and S-lll. Analysis of ras11b and ripply2.2 in stage 26 embryos demonstrates two domains of
expression adjacent to the neurula tube (Figure 10F), both of which appear bolder and darker than
those seen in analysis of ras/11b and ripply2.2 respectively (Figure 10B, 10D, 10F). This indicates

that expression of rasl11b and ripply2.2 in the PSM overlap entirely at stage 26.

Stage 19 Stage 26

rasl11b ripply2.2

rasl11b/ripply2.2
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Figure 10: Overlap of ripply2.2 and rasl11b expression in the presomitic mesoderm of neurula and
tailbud stage X. tropicalis embryos.

Expression patterns of (A-B) ripply2.2, (C-D) ras/11b and (E-F) both ras/11b and ripply2.2 were
analysed by in-situ hybridisation in stage 19 and stage 26 embryos. Domains ripply2.2 and rasl11b
were marked by BCIP (blue) and Magenta Phosphate (magenta) respectively. Stage 19 embryos
show posterior-dorsal views and stage 26 embryos show lateral views with anterior to left. Embryos
were staged according to Nieuwkoop and Faber (1994).

4.2.2 Investigating ras/11b regulation via manipulation of FGF and MAPK/ERK signalling

To attempt to elucidate whether ras/11b expression is regulated by FGF signalling via the MAPK/ERK
pathway during gastrulation, gastrula stage X. tropicalis embryos were treated with chemical
inhibitors of FGFR and MEK signalling respectively. SU5402 is an inhibitor of FGFR1 signalling and
inhibits signal transduction by most FGF ligands expressed during gastrulation (Mohammadi et al.,
1997, Lea et al., 2009). PD0325901 is an inhibitor of MEK signalling and inhibits signal transduction
via the MAPK/ERK pathway (Anastasaki et al., 2012, Sebolt-Leopold and Herrera, 2004). The
expression of ras/11b in embryos treated with each inhibitor was analysed using in-situ
hybridisation. This was compared to dpERK immunostaining which demonstrate the effect of each

inhibitor on the downstream effector of FGF signalling.

Gastrula stage 10.5 embryos treated with normal growth media (MRS/20) or vehicle (DMSO)
demonstrate a ring of dpERK activity around the blastopore (Figure 11A-B, 11E-F), corresponding
to a region of active FGF signalling in the early mesoderm (Isaacs et al., 1995, Isaacs et al., 1994).
As expected, treatment with MRS/20 or DMSO has no effect on the circumblastoporal expression
of rasl11b in the early mesoderm (Figure 11l-J, 11M-N). However, treatment with either SU5402 or
PD0325901 leads to a complete loss of dpERK activity around the blastopore (Figure 11C-D, 11G-H)
indicating complete inhibition of FGF signalling via the MAPK/ERK pathway. Promisingly, stage 10.5
embryos treated with SU5402 show a total loss of ras/11b expression around the blastopore (Figure
11K and 110). Furthermore, two thirds of embryos treated with PD0325901 demonstrate complete
inhibition of ras/11b expression in the early mesoderm (Figure 11L and 11P) with the remaining
embryos showing a large reduction in ras/11b expression around the blastopore (Figure 11P). Taken
together, these results support the hypothesis that during gastrulation ras/l11b expression is

regulated by FGF signalling via the MAPK/ERK pathway.
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Figure 11: Gastrula stage X. tropicalis embryos treated with FGFR and MEK inhibitors analysed by
immunostaining for dpERK and in-situ hybridisation for ras/11b.

Embryos were treated with MRS/20, 0.2% DMSO, 200uM FGFR inhibitor (SU5402) or 25uM MEK
inhibitor (PD0325901) for 2 hours. At stage 10.5, embryos were analysed for ras/11b expression by
in-situ hybridisation and for dpERK activity by immunostaining. Expression of ras/11b was compared
to dpERK immunostainings which demonstrate the effect of each inhibitor on the downstream
effector of the FGF signalling pathway. Embryos show vegetal views and were staged according to
Nieuwkoop and Faber (1994).

To attempt to further support the notion that ras/11b is an FGF target gene, the expression of
rasl11b in X. laevis embryos overexpressing a dominant negative FGFR (XFD) was compared to
untreated controls. XFD is a truncated form of the FGFR which lacks catalytic activity and forms
non-functional heterodimers with endogenous FGFRs to effectively inhibit FGF signalling (Amaya et
al., 1993, Amaya et al., 1991). X. laevis embryos injected with XFD mRNA at the two-cell stage were
analysed by RT-gPCR for the expression of ras/11b and tbxt at gastrula stages 10.5 and 12, with
expression normalised to the housekeeping gene dicerl (Figure 12A and 12B). Expression was

analysed at late gastrula stage 12 to mitigate for the possible confounding effect of maternal
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rasl11b contributing to zygotic expression of the gene at stage 10.5. Given that FGF signalling is
required for the maintenance of tbxt expression during gastrulation (Isaacs et al., 1994), tbxt

expression was used to demonstrate the efficacy of XFD at inhibiting FGF signalling.
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Figure 12: Differential expression of tbxt and ras/11b in gastrula stage X. laevis embryos
overexpressing a dominant negative FGF receptor.

RT-gPCR was used to analyse the differential expression of tbxt and ras/11b in (A) stage 10.5 and (B)
stage 12 embryos injected with dominant negative FGF receptor (XFD) relative to uninjected
controls. Expression was normalised to the housekeeping gene dicerl. Embryos were injected with
XFD mRNA at the two-cell stage.
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At gastrula stages, XFD overexpression dramatically downregulates tbxt, with XFD injected X. laevis
embryos exhibiting 92 and 88% reductions in tbxt expression relative to uninjected controls at
stages 10.5 and 12 respectively (Figure 12A and 12B). This indicates that XFD overexpression was
highly effective at inhibiting FGF signalling during gastrulation. Promisingly, ras/11b expression was
also downregulated in XFD overexpressing embryos which show 23 and 31% reductions in ras/11b
expression relative to uninjected controls at stages 10.5 and 12 respectively. The substantial
downregulation of ras/11b seen by inhibiting FGF signalling during gastrulation supports the notion

that ras/11b expression is at least, in part, regulated by FGF signalling during gastrula stages.

To attempt to elucidate whether ras/11b expression is regulated by FGF signalling via the MAPK/ERK
pathway later in development, neurula stage X. tropicalis embryos were treated with the same
chemical inhibitors of FGFR and MEK signalling as previously described. The expression of ras/11b
in embryos treated with each inhibitor was analysed using in-situ hybridisation. This was compared
to dpERK immunostainings which demonstrate the effect of each inhibitor on the downstream

effector of FGF signalling.

Neurula stage 19 embryos treated with MRS/20 or DMSO demonstrate regions of dpERK activity
along the dorsal midline (Figure 13A and 13B) and in the posterior surrounding the closed
blastopore (Figure 13E and 13F). These regions of dpERK activity are known to correspond to
domains of active FGF signalling (Isaacs et al., 1995, Isaacs et al., 1994). As expected, treatment
with MRS/20 or DMSO has no effect on the expression of ras/11b in the PSM (Figure 131 and 13J)
or around the closed blastopore (Figure 13M and 13N). However, treatment with SU5402 has no
effect on ERK activation along the dorsal midline (Figure 13C) but leads to a complete loss of dpERK
activity in the posterior domain (Figure 13G). In contrast, embryos treated with PD0325901 show
no activation of ERK in either the dorsal midline or the posterior (Figure 13D and 13H). This indicates
that dpERK activity in the posterior is regulated by FGF signalling, whereas activation of ERK along

the dorsal midline is via an FGF independent signalling pathway.

Embryos treated with either SU5402 or PD0325901 demonstrate no change in ras/11b expression
in the PSM (Figure 13K and 13L) or around the closed blastopore (Figure 130 and 13P) relative to
MRS/20 controls (Figure 131 and 13M). This demonstrates that during neurula stages ras/11b
expression can be regulated independently of both FGF signalling and the MAPK/ERK signalling

pathway.
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Figure 13: Neurula stage 19 X. tropicalis embryos treated with FGFR and MEK inhibitors analysed
by immunostaining for dpERK and in-situ hybridisation for ras/11b.

Embryos were treated with MRS/20, 0.2% DMSO, 200uM FGFR inhibitor (SU5402) or 25uM MEK
inhibitor (PD0325901) for 2 hours. At stage 19, embryos were analysed for ras/11b expression by
in-situ hybridisation and for dpERK activity by immunostaining. Expression of ras/11b was compared
to dpERK immunostainings which demonstrate the effect of each inhibitor on the downstream
effector of the FGF signalling pathway. Embryos show dorsal (A-D, I-L) and posterior (E-H, M-P)
views and were staged according to Nieuwkoop and Faber (1994).

As shown previously, gene-level transcriptomic analysis revealed that ras/11b was significantly
upregulated in FGF4 overexpressing and CIC knockdown X. tropicalis embryos at neurula stage 14.
To attempt to validate these results and investigate the effect of FGF4 overexpression on the spatial
expression pattern of ras/11b at neurula stages, X. tropicalis embryos at the two-cell stage were
unilaterally injected with CSKA-FGF4 plasmid and analysed for the expression of ras/11b at stage
14. In-situ hybridisation was used to analyse ras/11b expression whereas immunostaining for dpERK
was used to demonstrate the effect of FGF4 overexpression on the downstream effector of FGF

signalling.
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A pronounced upregulation of dpERK activity is seen upon FGF4 overexpression (Figure 14A and
14B). Embryos overexpressing FGF4 demonstrate an expansion of the posterior domain of dpERK
activity, particularly on the injected side which shows widespread but mosaic activation of ERK
along the AP axis (Figure 14A and 14B). This observation is consistent with the mosaicism of FGF4
expression from the CSKA plasmid (Isaacs et al., 1994), though given injection of the plasmid

induced widespread ERK activation, FGF4 overexpression was clearly facilitated.

As previously shown at stage 14, ras/11b is expressed in the PSM in two somitomeres on each side
of the neural stube, and in the posterior around the closed blastopore (Figure 8G and 14C).
However, upon FGF4 injection, rasl11b expression appears stronger and more widespread in the
posterior (Figure 14D, white arrows), with perhaps some minor upregulation in the PSM (Figure
14D). The apparent upregulation of ras/l11b expression in stage 14 embryos supports the notion

that ras/11b is a target of FGF signalling at neurula stages.

Uninjected 10pg CSKA-FGF4
control unilateral

dpERK

rasl11b

Figure 14: CSKA-FGF4 injected neurula stage 14 X. tropicalis embryos analysed for dpERK by
immunostaining and in-situ hybridisation for ras/11b.

Two-cell stage X. tropicalis embryos were unilaterally injected with 10pg CSKA-FGF4. At stage 14,
embryos were analysed for (A-B) dpERK activity by immunostaining and (C-D) ras/11b by in-situ
hybridisation. Expression of ras/11b was compared to dpERK immunostainings which demonstrate
the effect of FGF4 overexpression on the downstream effector of the FGF signalling pathway.
Embryos show a dorsal view with anterior upwards and were staged according to Nieuwkoop and
Faber (1994). Asterisks indicate the injected side and white arrowheads indicate posterior ras/11b
expression.

To further investigate the effect of FGF4 overexpression on the spatial expression pattern of ras/11b
during neurula stages, X. tropicalis embryos were injected with CSKA-FGF4 at the two-cell stage

then analysed for the expression of ripply2.2 and ras/11b by in-situ hybridisation at stage 19. The
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expression of ras/11b was compared to ripply2.2 to see the effect of FGF4 overexpression on
rasl11b relative to a marker of somitomeres S-I to S-lll (Hitachi et al., 2009), domains shown to

partially overlap with wild-type expression of ras/11b (Figure 10E and 10F).

As previously shown, stage 19 embryos demonstrate clearly segmented domains of ras/11b and
ripply2.2 expression in the PSM (Figure 15A and 15B). However, upon FGF4 injection, both ras/11b
and ripply2.2 present the same two classes of expression pattern on the injected side of X. tropicalis
embryos (Figure 15B-C, 15E-F). The first class of expression pattern shows no clear difference to
uninjected controls (Figure 15C and 15F). However, the second class of expression pattern
demonstrates disruption to individual domains of ras/11b and ripply2.2 expression (Figure 15B and
15E). Given that ripply2.2 marks individual somitomeres, disruption to ripply2.2 expression likely
corresponds to a disruption to somite segmentation. Since ras/11b expression appears to partially
overlap with ripply2.2 and was disrupted upon FGF4 overexpression, this suggests that FGF

signalling either directly or indirectly regulates the spatial expression pattern of ras/11b in the PSM.

10pg CSKA-FGF4 unilateral
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control segmentation phenotype

B C
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ripply 2.2

rasl11b

10/10 2/5 - 3/5

Figure 15: CSKA-FGF4 injected neurula stage 20 X. tropicalis embryos analysed by in-situ
hybridisation for ripply2.2 and rasi11b.

Two-cell stage X. tropicalis embryos were unilaterally injected with 10pg CSKA-FGF4. At stage 20,
embryos were analysed by in-situ hybridisation for (A-C) ripply2.2 and (D-F) rasl11b. Expression of
rasl11b was compared to ripply2.2 to see the effect of FGF4 overexpression on ras/11b relative to
a marker of somitomeres S-I to S-lll. Embryos show a dorsal view with anterior upwards and were
staged according to Nieuwkoop and Faber (1994). Asterisks indicate the injected side.
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4.2.3 ldentification of CIC binding sites within ras/11b gene sequences

This chapter so far has presented evidence in attempt to substantiate the notion that ras/11b is an
FGF target gene. However, this forms only part of our hypothesis, which states that ras/11b is also
transcriptionally repressed by CIC in the absence of ERK activation. Therefore, given that CIC has
been shown to bind octameric T(G/C)AATG(A/G)A sites in the promoters and enhancers of target
genes (Jiménez et al., 2012), the FIMO tool in MEME Suite 5.4.1 (Bailey et al., 2015, Grant et al.,
2011) was used to identify these sequences within X. tropicalis, mouse (M. musculus) and human
(H. sapiens) rasl11b genes (Figure 16). FIMO uses a dynamic programming algorithm to convert
log-odds scores into p-values, assuming a zero-order background model. Only sequences with a p-

value < 0.001 were identified.

Analysis of the 2kb upstream region of X. tropicalis and mouse rasl11b genes identified 3 and 5
putative CIC binding sites respectively, with no such sites found in this region in humans (Figure
16A). However, in analysis of the transcribed region of ras/11b at least one putative CIC binding site
was identified in each of these vertebrates (Figure 16B). In the 2kb downstream region of ras/11b,
4 CIC binding sites were identified in X. tropicalis, whereas 3 sites were found in mouse and humans
(Figure 16C). The identification of putative CIC binding sites in ras/11b genes of multiple vertebrates
supports the notion that CIC binds ras/11b to transcriptionally regulate its expression.
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Figure 16: Schematic representation of putative CIC binding sites within different regions of X.
tropicalis, M. musculus and H. sapiens rasl11b genes.

The FIMO (Find Individual Motif Occurrences) tool in MEME Suite 5.4.1 was used to identify putative
CIC binding sites within the: (A) 2kb upstream region, (B) transcribed region and (C) 2kb downstream
region of the ras/11b gene in X. tropicalis, mouse and human. Only sequences with a p-value <0.001
were identified and are indicated by black arrows. Upper and lower-case sequences indicate
detection on the forward and reverse strands respectively. Red arrows indicate transcriptional start
sites and asterisks indicate stop codon positions.
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4.3 Discussion

4.3.1 Domains of rasl11b expression correspond to regions of active FGF signalling
throughout early X. tropicalis development

In-situ hybridisation has demonstrated that during gastrulation ras/11b is expressed in a ring around
the blastopore. This was shown to correspond to a region of dpERK activity known to be stimulated
by active FGF signalling in the early mesoderm (Isaacs et al., 1994, Isaacs et al., 1995, Christen and

Slack, 1999).

During neurula stages, ras/11b is additionally expressed in the PSM, in two domains either side of
the neural tube. The overlapping expression of ras/11b and ripply2.2 seen by double in-situ
hybridisation suggests that these domains correspond to the S-ll and S-lll somitomeres.
Immunostainings demonstrate high levels of dpERK activity in the posterior, which appear to
decrease anteriorly, with the boundary of visible dpERK activity encroaching on domains of ras/11b
expression in the PSM. This is consistent with the gradient of FGF activity known to be established
along the AP axis, with high levels of FGF in the posterior decreasing anteriorly (Dubrulle et al.,
2001, Dubrulle and Pourquié, 2004, Sawada et al., 2001). At a critical threshold of FGF signalling,
somitomeres are formed, and the spatial position along the AP axis where this is occurs is named
the determination front, which is marked by the expression of genes required for somite formation,
including ripply2.2 (Pownall and lIsaacs, 2010, Hitachi et al., 2009, Dubrulle et al., 2001). The
expression of ras/11b in somitomeres at the determination front corresponds to a known region of

FGF activity and suggests a role for ras/11b in somite segmentation.

Throughout tailbud stages, ras/11b continues to be expressed in two somitomeres in the PSM, but
shows additional expression in the otic vesicles, heart, and branchial arches. Previous reports have
demonstrated that various FGF ligands are expressed in each of these structures and corroborate
the immunostainings shown here which indicate that these domains correspond to regions of
dpERK activity (Christen and Slack, 1999, Lea et al., 2009, Deimling and Drysdale, 2011). Taken
together, these results demonstrate that throughout X. tropicalis development ras/11b is
consistently expressed in regions of active FGF signalling, thus supporting the hypothesis that

rasl11b is regulated by the FGF signalling pathway.

4.3.2 Inhibition of FGF and MAPK/ERK signalling affects ras/11b expression at gastrula stages
Gastrula stage 10.5 embryos treated with chemical inhibitors of FGFR and MEK signalling
demonstrate almost complete inhibition of ras/11b expression around the blastopore when
analysed by in-situ hybridisation. Treatment with either inhibitor leads to a total loss of dpERK

activity in embryos analysed by immunostaining, indicating that treatment was effective in
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inhibiting activation of the downstream effector of the MAPK/ERK pathway (Eswarakumar et al.,
2005). This suggests that ras/11b expression in the early mesoderm is regulated by FGF signalling

via the MAPK/ERK pathway during gastrulation.

However, when FGF signalling is inhibited in gastrula stage embryos using the dominant negative
FGF receptor, gPCR analysis shows only a minor reduction in total ras/11b expression compared to
tbxt, which is almost completely lost. During gastrula stages, tbxt is solely regulated by FGF
signalling in the early mesoderm (Isaacs et al., 1994), hence the drastic reduction in tbxt expression
following XFD injection demonstrates that XFD is highly effective at inhibiting FGF signalling. This
suggests that when FGF signalling is inhibited in gastrula stage embryos, the visual loss of
mesodermal rasl11b expression shown by in-situ hybridisation corresponds to only a minor
reduction in total ras/11b expression, when quantified by RT-qPCR. Regardless, the minor reduction
in total ras/11b expression seen upon XFD injection suggests that during gastrulation ras/11b is at

least, in part, regulated by the FGF signalling pathway.

The high levels of ras/11b expression remaining following XFD injection suggest that ras/11b during
gastrula stages may also be regulated by an FGF independent signalling pathway. Given that the
oep nodal coreceptor modulates ras/11b expression in shield stage zebrafish (Pézeron et al., 2008),
and that some nodal ligands are expressed during gastrula stages in Xenopus (Luxardi et al., 2010),

nodal signalling may also regulate ras/11b expression during gastrulation in Xenopus.

4.3.3 ras/11b expression is unaffected by inhibiting FGF and MAPK/ERK signalling during
neurula stages

Neurula stage 19 embryos treated with MEK inhibitor exhibit a complete loss of dpERK activity in
embryos analysed by immunostaining, indicating that treatment was effective in inhibiting the
MAPK/ERK signalling pathway. Embryos treated with the FGFR inhibitor also exhibit a total loss of
dpERK activity, except for along the dorsal midline. Given that activation of ERK was inhibited in
known regions of active FGF signalling including the posterior (Isaacs et al., 1995, Christen and Slack,
1999), then the FGFR inhibitor was clearly effective in inhibiting FGF signalling, indicating that
dpERK activity along the dorsal midline is likely FGF independent.

Neurula stage embryos treated with both inhibitors demonstrate no clear change in rasl/11b
expression in the PSM or around the closed blastopore when analysed by in-situ hybridisation. This
demonstrates that ras/11b expression is regulated independently of FGF signalling and the
MAPK/ERK pathway at neurula stages. Taken together, these results suggest that during
gastrulation ras/11b expression in the early mesoderm is FGF-dependent, but later in development

rasl11b expression is regulated by an alternative signalling pathway.
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4.3.4 FGF overexpression affects the spatial expression pattern of ras/11b during neurula
stages
Neurula stage 14 embryos unilaterally injected with CSKA-FGF4 demonstrate a pronounced

upregulation of dpERK activity when analysed by immunostaining. Injected embryos exhibit an
expansion of the posterior domain of dpERK activity and widespread but mosaic activation of ERK
across the AP axis on the injected side. This observation is consistent with the mosaicism of FGF4
expression from the CSKA plasmid, a phenomenon commonly observed with expression from
injected DNA constructs in amphibian embryos (Isaacs et al., 1994). Overexpression of FGF4 lead to
seemingly stronger and more widespread expression of ras/11b expression in the posterior, with
potentially some minor upregulation in the PSM. The upregulation of ras/11b in FGF4
overexpressing stage 14 embryos analysed by in-situ hybridisation, validates gene-level RNA-Seq
analysis and supports the notion that ras/11b is a target of FGF signalling during early neurula

stages.

Later in development, at stage 19, unilateral injection of CSKA-FGF4 visibly alters the spatial
expression pattern of ras/11b in the PSM for half of the embryos injected. These embryos exhibit
an expression pattern which displays clear disruption to individual domains of ras/11b expression.
The same proportion of embryos unilaterally injected with CSKA-FGF4 demonstrate the same class
of expression pattern when analysed for expression of ripply2.2 by in-situ hybridisation. Given that
ripply2.2 normally marks the positions of the S-I to S-lll somitomeres (Hitachi et al., 2009), this
expression pattern likely reflects disrupted segmentation between them. Since ras/11b was earlier
shown to exhibit overlapping expression with ripply2.2, it therefore appears that CSKA-FGF4
injection has affected the spatial expression of ras/11b by disrupting somite boundary positioning.
One possible reason for this is that the mosaic expression of FGF4 from the CSKA-FGF4 plasmid
disrupts the gradient of FGF activity along the AP axis (Dubrulle et al., 2001, Isaacs et al., 1994). The
uneven distribution of FGF activity would present the critical threshold of FGF signalling needed for

specifying somite positions unevenly along the AP axis.

4.3.5 Putative CIC binding sites are found in ras/11b genes of multiple vertebrates

Putative CIC binding sites were identified in the 2kb upstream region of the X. tropicalis and mouse
rasl11b genes. These regions of DNA contain the promoters of the ras/11b gene in each of these
vertebrates and are the loci at which most transcriptional repressors would bind to modulate
rasl11b expression. However, CIC may bind regions other than the promoter to repress the
transcription of ras/11b, and multiple putative CIC binding sites were identified within the
transcribed region and 2kb downstream region of the ras/11b genes in X. tropicalis, mouse and

humans. The high number of possible CIC binding sites in each of these regions in multiple
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vertebrates supports the hypothesis that ras/11b is transcriptionally regulated by CIC. Although
binding of CIC to these sites could be confirmed using chromatin immunoprecipitation sequencing

(ChIP-Seq).

Page | 63



Chapter 5: Investigating the function of ras/11b during somitogenesis
in X. tropicalis

5.1 Introduction

In chapter 4, it was revealed that ras/11b demonstrates a similar and partly overlapping expression
pattern to the segmentally expressed gene ripply2.2 within the PSM. Specifically, ras/11b was
shown to overlap with ripply2.2 expression within somitomeres S-Il and S-Ill at the determination
front. Genes are expressed at the determination front in response to a critical threshold of FGF
signalling, thought to be established by the actions of multiple opposing signalling gradients along
the AP axis of the PSM (Pownall and Isaacs, 2010, Aulehla and Pourquié, 2010, Diez del Corral et al.,
2003). High levels of Wnt and FGF signalling in the posterior decrease anteriorly as they are met by
an opposing gradient of retinoic acid (RA) signalling which is highest in the anterior (Dubrulle and
Pourquié, 2004, Delfini et al., 2005, Aulehla et al., 2003, Moreno and Kintner, 2004). Genes
expressed at the determination front are typically required for somite development
(somitogenesis), including ripply2.2 which is essential for the formation of somite boundaries
(Kondow et al., 2007). Ripply2.2 interacts with the transcriptional corepressor Tle4 to inhibit the
expression of genes required for somite formation, this terminates the somite-forming program,

thus establishing a somite boundary (Hitachi et al., 2009, Kondow et al., 2007).

Given that ras/11b appears to be expressed at the determination front, this suggests that the
GTPase has a role in somitogenesis. However, current research presents a limited understanding of
rasl11b function during development, with only one study reflecting an inhibitory role of the
GTPase during endoderm and prechordal plate development in zebrafish (Pézeron et al., 2008).
Therefore, to attempt to elucidate the function of ras/11b during somitogenesis, ras/11b was
overexpressed and knocked down in neurula stage X. tropicalis embryos, with the resulting effect
on developing somites visualised by in-situ hybridisation for ripply2.2. Rasl11b overexpression was
facilitated by injection of full-length ras/11b mRNA which contained a partial Kozak sequence to

improve the efficiency of mRNA translation in vivo.

Knock down of ras/11b was achieved using antisense morpholino oligos (AMOs), which are short
single-stranded DNA analogues with a modified phosphorodiamidate backbone (Summerton,
1999). AMOs sterically block the binding of molecules to their mRNA target and can be used to
facilitate gene knockdown via two mechanisms. Translation-blocking AMOs block binding of the
translation initiation complex to target mRNA until it has been degraded, thus preventing protein

synthesis, leading to knockdown of the target gene (Nasevicius and Ekker, 2000). Splice-blocking
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AMOs block the binding of splicing machinery to a specified splice site within target pre-mRNA
(Moulton, 2007). This prevents splicing at this site, which can lead to the activation of cryptic splice
sites, exon skipping, or intron inclusion in mature target mRNA (Giles et al., 1999, Draper et al.,
2001). These modifications to the splicing process can result in effects such as the nonsense
mediated decay of target mRNA and the synthesis of a truncated protein, both of which lead to a
knockdown of gene function (Moulton, 2007). Splicing modifications can easily be detected by RT-

PCR hence Rasl11b knockdown was facilitated using splice-blocking AMOs.
The aims of this chapter are:

e Analyse the effect of Rasl11b overexpression on somite development in neurula stage X.
tropicalis embryos
e Explore the effect of Rasl11b knockdown on somitogenesis in neurula to early tailbud stage

X. tropicalis embryos

5.2 Results

5.2.1 Analysing the effect of Rasl11b overexpression on somite development

As previously shown, during neurula stages ripply2.2 is expressed in the PSM in three domains
either side of the neural tube (Figure 17A). Given that these domains are known correspond to the
S-1 to S-lll somitomeres (Hitachi et al., 2009), ripply2.2 expression was analysed by in-situ
hybridisation to visualise the effect of Rasl11lb overexpression on somite development. Neurula
stage 20-21 X. tropicalis embryos unilaterally injected with full-length ras/21b mRNA at the two-cell
stage exhibit 3 classes of expression pattern on the injected side (Figure 17B-C). The first class of
expression pattern demonstrates an anterior shift of segmented ripply2.2 expression (Figure 17B).
However, this segmentation is disrupted in the second class of expression pattern (Figure 17C),
which reflects notably similar ripply2.2 expression to that seen in embryos injected with CSKA-FGF4
(Figure 15B). The final class of expression demonstrates an extension of ripply2.2 more laterally
than seen in uninjected controls (Figure 17D). The similarity of ripply2.2 expression observed
between embryos injected with CSKA-FGF4 and ras/11b mRNA suggests that ras/11b may function

in the FGF signalling pathway during somitogenesis.
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Figure 17: Neurula stage X. tropicalis embryos injected with ras/11b mRNA analysed by in-situ
hybridisation for ripply2.2.

Two-cell stage embryos were unilaterally injected with 500pg full-length ras/21b mRNA and at stage
20-21 were analysed by in-situ hybridisation for ripply2.2. Expression of ripply2.2 was used to
demonstrate the effect of ras/11b overexpression on somite development. Embryos show a dorsal
view with anterior upwards and were staged according to Nieuwkoop and Faber (1994). Asterisks
indicate the injected side.

5.2.2 Exploring the effect of Rasl11b knockdown on somitogenesis

To achieve Rasl11b knockdown, neurula stage X. tropicalis embryos were unilaterally injected with
a splice-blocking AMO specific for ras/11b mRNA (rasl11b AMO). The ras/11b AMO targets the splice
site between exon 1 and intron 1 of ras/11b pre-mRNA, which should block the splicing of intron 1,
causing it to be retained in mature mRNA (Figure 18A). The retention of intron 1 leads to the
introduction of a premature stop codon in ras/11b mRNA (Figure 18A), which when translated

should give rise to a truncated non-functional protein (Moulton, 2007).
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Figure 18: rasl11b AMO blocks splicing of intron 1 from rasli11b mRNA

(A) Schematic representation showing the mode of action of the rasl11b splice-blocking antisense
morpholino oligo (ras/11b AMO). ras/11b AMO targets the splice site between exon 1 and intron 1
of rasl11b pre-mRNA, which blocks the splicing of intron 1 causing it to be retained in mature ras/11b
mRNA. Retention of intron 1 introduces a premature stop codon (*) into the mature mRNA and
results in the formation of a truncated protein. Inclusion or exclusion of intron 1 can be detected
using RT-PCR with primers which flank the boundary between exon 1 and 2 (light blue arrows),
primers which flank a region of exon 4 are used as controls (dark blue arrows). (B) RT-PCR analysis
of neurula stage X. tropicalis embryos unilaterally injected with ras/11b AMO and control
morpholino oligo (CMO). Embryos were injected with 10ng ras/l11b AMO or CMO at the two-cell
stage and analysed by RT-PCR at stage 15. ras/11b cDNA was amplified using primers which flank
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the exon1/2 boundary or a region of exon 4. White arrowheads indicate the change in PCR product
size following retention of intron 1. Embryos were staged according to Nieuwkoop and Faber
(1994).

To confirm that ras/11b AMO effectively blocks splicing, neurula stage embryos unilaterally injected
with ras/11b AMO or non-specific control morpholino oligo (CMO) were analysed using RT-PCR.
rasl11b cDNA was amplified using primers which either flank the boundary between exons 1 and 2
(Figure 18A, light blue arrows), or a region of exon 4 (Figure 18A, dark blue arrow). As expected,
the size of the product amplified from exon 4 is the same between embryos injected with CMO and
rasl11b AMO (Figure 18B). However, amplification of the region between exons 1 and 2 in CMO
injected embryos generates two products, a more abundant smaller product amplified from spliced
mature ras/l11b mRNA, and a less abundant larger product amplified from unspliced ras/11b pre-
mMRNA (Figure 18B and Table 9). Only the larger PCR product was amplified from embryos injected
with ras/11b AMO, with sequencing confirming that this product contained intron 1 (Table 9). This
indicates that intron 1 was retained in all ras/11b mRNA detected in embryos injected with the
rasl11b AMO. Furthermore, sequencing of PCR products identified multiple premature stop codons
in each reading frame throughout intron 1 of ras/11b (Table 9), demonstrating that even splicing at

a cryptic site should not give rise to a functional protein.
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Table 9: Sequences of RT-PCR products showing retention of intron 1 in ras/11b cDNA extracted
from ras/11b AMO injected embryos.

rasl11b cDNA was amplified using primers which flank the boundary between exons 1 and 2. Red
and blue indicate 15bp intronic and exonic sequences flanking the intron 1 splice site respectively.

Yellow highlight indicates the ras/11b antisense morpholino oligo (ras/11b AMO) target sequence.

RT-PCR product

Sequence

Rasl11b intron 1
(reference
genome
sequence)

GTGAATGTCCCTGGGGCACAGGCAGGGAGGGGGCAGAGGGAATGCTTCCTCA
AGGCTGTAATTAAATGGCACAATATAATGAGTGATCGCTGCCTGCACAATGTAT
ATGGTTCTGCTTTATTAAAAGGAGTTTAAAATGGGGGGGCATTATACTAGTGCT
GATAGATTCTGAAAGGCTTCATGCCAGTGCAGGGGGCAGTGCCAGCTCTGACT
CTATATGTTTGCCCTGGTACTGGGACTTGAATTAGATTGTACCCATACAGGACC
CTGCCAATGCAGATCATTTGATTCTGTCAAGTGAGTGAGATGCACAGTGCCCAT
AGTGTTATACAGGGTTTGGCAGAACTACAGCTCTCAGAACCCCCCTGACAGTCA
CTGGCTTCTAGGAGCTGCTGAGAACTTTGCTTTTAGCTTAAAGGAGATATAGTA
TGTGGGTGTTAAACATTATTTACTTTAAGCAGTCAACTGACCTTTATTTTGTTTTT
CCTTGCAG

Intron-inclusive
product amplified
from embryos
injected with
rasl11b AMO

CACCACACGGAATGTGCCAGCAGCAGTGCGGGCACCGCCTCTAGCCGGGTCAT
CAAGATCGCTGTGGTCGGGGGCAGTGGCGTGGGCAAGACAGGTGAATGTCCC
TGGGGCACAGGCAGGGAGGGGGCAGAGGGAATGCTTCCTCAAGGCTGTAATT
AAATGGCACAATATAATGAGTGATCGCTGCCTGCACAATGTATATGGTTCTGCT
TTATTAAAAGGAGTTTAAAATGGGGGGGCATTATACTAGTGCTGATAGATTCTG
AAAGGCTTCATGCCAGTGCAGGGGGCAGTGCCAGCTCTGACTCTATATGTTTGC
CCTGGTACTGGGACTTGAATTAGATTGTACCCATACAGGACCCTGCCAATGCAG
ATCATTTGATTCTGTCAAGTGAGTGAGATGCACAGTGCCCATAGTGTTATACAG
GGTTTGGCAGAACTACAGCTCTCAGAACCCCCCTGACAGTCACTGGCTTCTAGG
AGCTGCTGAGAACTTTGCTTTTAGCTTAAAGGAGATATAGTATGTGGGTGTTAA
ACATTATTTACTTTAAGCAGTCAACTGACCTTTATTTTGTTTTTCCTTGCAGCCCT
GGTGGTGAGATTCCT

Intron-spliced
product amplified
from embryos
injected with
CMO

TGCGGGCACCGCCTCTAGCCGGGTCATCAAGATCGCTGTGGTCGGGGGCAGTG
GCGTGGGCAAGACAGCCCTGGTGGTGAGATTCCTTACCAAGCGCAAA

Unspliced pre-
mRNA product
amplified from
embryos injected
with CMO

AATGTGCCAGCAGCAGTGCGGGCACCGCCTCTAGCCGGGTCATCAAGATCGCT
GTGGTCGGGGGCAGTGGCGTGGGCAAGACAGGTGAATGTCCCTGGGGCACAG
GCAGGGAGGGGGCAGAGGGAATGCTTCCTCAAGGCTGTAATTAAATGGCACA
ATATAATGAGTGATCGCTGCCTGCACAATGTATATGGTTCTGCTTTATTAAAAGG
AGTTTAAAATGGGGGGGCATTATACTAGTGCTGATAGATTCTGAAAGGCTTCAT
GCCAGTGCAGGGGGCAGTGCCAGCTCTGACTCTATATGTTTGCCCTGGTACTGG
GACTTGAATTAGATTGTACCCATACAGGACCCTGCCAATGCAGATCATTTGATTC
TGTCAAGTGAGTGAGATGCACAGTGCCCATAGTGTTATACAGGGTTTGGCAGA
ACTACAGCTCTCACAACCCCCCTGACAGTCACTGGCTTCTAGGAGCTGCTGAGA
ACTTTGCTTTTAGCTTAAAGGAGATATAGTATGTGGGTGTTAAACATTATTTACT
TTAAGCAGTCAACTGACCTTTATTTTGTTTTTCCTTGCAGCCCTGGTGGTGAGATT
CCTTACCAAGCGC
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Given that the ras/11b AMO is seemingly effective in facilitating Rasl11b knockdown, the AMO was
used to explore the effect of Rasl11b knockdown on somitogenesis. To do this, mid-neurula stage
and late neurula to early tailbud stage embryos unilaterally injected with Rasl11b were analysed by
in-situ hybridisation for ripply2.2 (Figure 19). As before, ripply2.2 expression in the PSM was used
to visualise any effects on somite development. However, following Rasl11b knockdown, almost all
embryos at both stages demonstrate no visible change in ripply2.2 expression relative to uninjected
controls (Figure 19A, C,D,F). Whereas a shift of ripply2.2 expression anteriorly along the AP axis was
only observed in one embryo at each stage (Figure 19B and 19E). This suggest that ras/11b has no

significant role during somitogenesis in X. tropicalis.

10ng rasl11b AMO unilateral

Uninjected Anteroposterior No
control shift phenotype

Stage 15

Stage 21-22

Figure 19: Neurula to early tailbud stage X. tropicalis embryos injected with ras/l11b AMO
analysed by in-situ hybridisation for ripply2.2.

Two-cell stage embryos were unilaterally injected with 10ng rasl/11b antisense morpholino oligo
(rasl11b AMO). At stages 15 and 21-22 embryos were analysed by in-situ hybridisation for ripply2.2.
Expression of ripply2.2 was used to demonstrate the effect of ras/11b knockdown on somite
development. Embryos show a dorsal view with anterior upwards and were staged according to
Nieuwkoop and Faber (1994). Asterisks indicate the injected side.

5.3 Discussion

5.3.1 FGF and Rasll1lb overexpression mediate similar changes to ripply2.2 expression

during somitogenesis
As revealed in the previous chapter, some neurula stage X. tropicalis embryos unilaterally injected
with CSKA-FGF4 show disruption to individual domains of ripply2.2 expression relative to uninjected

controls. Notably similar disruption to ripply2.2 expression is observed in some neurula stage
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embryos unilaterally injected with full-length ras/11b mRNA. Given that ripply2.2 expression is a
marker of developing somites (Hitachi et al., 2009), then it appears that FGF and Raslllb
overexpression have a similar effect on somite development. This suggests that Raslllb may

function in the FGF signalling pathway during somitogenesis.

Furthermore, in other embryos unilaterally injected with ras/11b mRNA, segmented ripply2.2
expression is shifted anteriorly along the AP axis on the injected side. A similar shift in ripply2.2
expression was shown to correspond to an anterior expansion of dpERK activity in embryos knocked
down for Sulfl, an inhibitor of FGF signalling during somitogenesis (Freeman et al., 2008). Given
that an anterior shift of ripply2.2 expression is known to correspond to an anterior expansion of
FGF signalling, then rasl11b overexpression appears to upregulate FGF activity along the AP axis
during somitogenesis. This further supports the notion that Rasl11b functions in the FGF signalling

pathway during somite development.

5.3.2 Rasl11b knockdown has a minor effect on ripply2.2 expression during somitogenesis

Almost all neurula to early tailbud stage embryos unilaterally injected with ras/11b AMO
demonstrate no change in ripply2.2 expression relative to uninjected controls, with only one
embryo at each stage showing an anterior shift of ripply2.2 on the injected side. This indicates that
Rasl11b knockdown has only a minor effect on ripply2.2 expression, and since ripply2.2 marks
developing somites (Hitachi et al., 2009), this suggests that either Rasl11b has no significant role in
somitogenesis or there is redundancy in Raslllb function. However, Rasl11lb overexpression
induced visible disruption to somite development in a manner consistent with the upregulation of
FGF signalling (Freeman et al., 2008). Taken together, these results suggest that Rasl11b has a

redundant function in the FGF signalling pathway during somitogenesis.
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Chapter 6: General Discussion

6.1 Summary

Despite an extensive understanding of FGF signal transduction, the exact mechanism of FGF target
gene expression has yet to be fully elucidated. An expanding body of evidence presents the role of
CIC as a labile transcriptional repressor of RTK target genes, with previous studies by our lab
providing strong evidence that CIC acts downstream of the FGF signalling pathway (King, 2019,
Cowell, 2019). Therefore, we hypothesise that the expression of a subset of FGF target genes is

reliant upon the ERK-mediated relief of CIC transcriptional repression.

In this study, gene-level transcriptomic analysis of CIC knockdown and FGF overexpressing X.
tropicalis embryos was undertaken, with findings supportive of the notion that a subset of FGF
target genes is transcriptionally regulated by CIC. These findings include the identification of a
statistically significant overlap between genes upregulated in both CIC knockdown and FGF
overexpressing embryos. In temporal expression analysis of these overlapping genes, rapid and
dynamic changes in gene expression were reflected, which is consistent with regulation by a labile

transcriptional repressor (Keenan et al., 2020).

One of the genes identified as significantly upregulated in both CIC knockdown and FGF
overexpressing embryos was ras/11b. A gene which encodes a small Ras-like GTPase, though
current research reflects a limiting understanding of the regulation and expression of this gene
during development. Therefore, this study presents a stage series of ras/11b expression throughout
X. tropicalis development and demonstrates that ras/11b is expressed in two somitomeres in the
PSM. Domains of rasl11b expression were shown to correspond to regions of active FGF signalling
so FGF signalling via the MAPK/ERK pathway was manipulated to further investigate ras/11b
regulation by FGF.

Inhibition of FGF signalling revealed that ras/l11b expression in the early mesoderm is FGF-
dependent at gastrula stages. However, during neurula stages, FGF signalling is not required for
rasl11b expression in the PSM. Although, the spatial expression pattern of ras/11b was affected by
FGF overexpression during neurula stages. Additionally, CIC binding site analysis identified putative
CIC binding sites throughout the ras/11b locus in multiple vertebrates. Taken together, these results
support the notion that ras/11b is a target of FGF signalling that may be transcriptionally regulated
by CIC.
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Given that ras/11b was shown to be expressed at the determination front and genes expressed in
this region typically present roles in somite development, this study also investigated the function
of ras/11b during somitogenesis. Knockdown of ras/11b reveals no significant effect on somite
development. However, overexpression of ras/11b demonstrates a disruption to somite
development consistent with the upregulation of FGF signalling. These results suggest that Rasl11b

has a redundant function in the FGF signalling pathway during somitogenesis.

6.2 FGF signalling, Capicua and Rasl11b in development and disease

6.2.1 Fibroblast growth factor signalling

The FGF signalling pathway is essential for the initiation and regulation of a variety of
developmental processes including gastrulation, mesoderm induction, limb development and
anteroposterior patterning (Béttcher and Niehrs, 2005, Itoh, 2007, Mclntosh et al., 2000, ten Berge
et al., 2008). Normal development necessitates the correct regulation of this pathway, which is
which is exemplified by the range of abnormalities that arise when FGF signalling is dysregulated.
Different mutations in FGFRs can result in multiple types of cancer and skeletal disorders including
thanatophoric dysplasia, achondroplasia, and Crouzon syndrome (Passos-Bueno et al., 1999,
Aviezer et al., 2003, Yeh et al., 2013, Wesche et al., 2011). Whereas mutations in FGF ligands can
lead to lacrimo-auriculo-dento-digital syndrome, bilateral renal aplasia and hypophosphatemic
rickets (Milunsky et al., 2006, Barak et al., 2012, White et al., 2001). This study has presented
evidence in attempt to further our understanding of the molecular mechanism of FGF target gene
expression. An enhanced understanding of this mechanism would be invaluable in the development

of treatments for disorders associated with the dysregulation of FGF signalling.

This study identified many genes upregulated in both CIC knockdown and FGF overexpressing
embryos that demonstrate rapid changes in gene expression, which is consistent with the action of
the labile transcriptional repressor CIC. Following ERK activation, CIC rapidly dissociates from DNA
and is subsequently degraded, hence CIC mediates rapid changes in gene expression following ERK
activation (Keenan et al., 2020, King, 2019). The immediate early gene fos was upregulated in both
CIC knockdown and FGF overexpression and is known to be expressed following ERK activation in
the wound response (Cowell, 2019, Dieckgraefe and Weems, 1999). This suggests that some of the
subset of FGF target genes transcriptionally regulated by CIC may be involved in immediate early

response, such as the wound response.

6.2.2 Capicua transcriptional repression
During Drosophila development, CIC is known to transcriptionally repress the expression of RTK

target genes in the absence of ERK activation (Jiménez et al., 2012, Keenan et al., 2020). In this
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investigation, CIC knockdown lead to the upregulation of markedly more genes than FGF
overexpression in X. tropicalis embryos. The upregulation of genes following CIC knockdown is
consistent with the alleviation of transcriptional repression, which supports the notion that CIC acts
as a transcriptional repressor during X. tropicalis development. However, since vastly more genes
were regulated by CIC knockdown than FGF overexpression, this demonstrates that CIC regulation
is not just limited to FGF target genes, which is consistent with reports that CIC acts as downstream

of multiple RTK signalling pathways (Lee, 2020)

Given that CIC is known to regulate the expression of RTK target genes, CIC dysregulation is
implicated in diseases typically characterised by uncontrolled RTK signalling, particularly cancer and
neurodegenerative disorders (Jiménez et al., 2012). Loss of function mutations in CIC are prevalent
in lung, stomach, and prostate cancers (Tanaka et al., 2017, Okimoto et al., 2017), while mutations
in the HMG-box of CIC have been shown to prevent DNA binding in oligodendroglioma (Forés et al.,
2017). In mammals, CIC has been reported to form a nuclear complex with the polyglutamate
repeat protein ATXN1, dysregulation of this interaction induces the upregulation of RTK target
genes, which is thought to contribute to spinocerebellar ataxia type 1 (SCA1) neurodegeneration
(Jiménez et al., 2012). This study has sought to improve our understanding of the developmental
signalling pathways modulated by CIC transcription repression, which may aid in the development

of more targeted therapeutics for diseases associated with CIC dysregulation.

6.2.3 Rasl11b function

Current research presents a limited understanding of the function of Rasl11b during development,
with one study suggesting the GTPase inhibits oep signalling during zebrafish endoderm and
prechordal plate development (Pézeron et al., 2008). However, this study has illustrated that
rasl11b is expressed in developing somites and that the GTPase appears to upregulate FGF activity
along the AP axis of the PSM. Rasl1l1lb possesses similar inherent GTPase activity as membrane-
bound Ras (Colicelli, 2004), which catalyses hydrolysis of GTP to GDP to active Raf, the upstream
kinase of the MAPK/ERK cascade (Schlessinger, 2000, Roberts and Der, 2007). This suggests that
Rasl11b may activate the MAPK/ERK pathway via interactions with Raf, which would be consistent
with Raslllb appearing to upregulate FGF activity, since Raf is activated downstream of FGF

signalling.

Rasll1lb is a member of the Ras family of small GTPases and exhibits similar structural and catalytic
properties to membrane-bound Ras, a well characterised oncogene (Colicelli, 2004, Pylayeva-Gupta
et al.,, 2011). Activating mutations can render Ras proteins constitutively active resulting in

dysregulated MAPK/ERK signalling and uncontrolled cell proliferation (Gillies et al., 2020). Rasl11b
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is known to be upregulated in neuroblastoma, a disease typically characterised by dysregulated
MAPK/ERK signalling (Liu and Li, 2019, Eleveld et al., 2015). Hence, if Rasl11b functions in the
MAPK/ERK pathway, aberrant upregulation of the protein may lead to oncogenesis. Consequently,
it is important that we understand how Rasl11b functions during normal and disease conditions to

be able to develop effective therapeutics.

6.3 Future work

This investigation has presented evidence in support of the notion that a subset of FGF target genes
is transcriptionally regulated by CIC. However, gene-level transcriptomic analysis could be validated
using gqPCR to quantify the expression of more genes found to be upregulated following CIC
knockdown and FGF overexpression. Alternatively, in-situ hybridisation could be used to compare
the spatial expression of these genes between wildtype, CIC knockdown and FGF overexpressing

embryos at multiple developmental stages.

This study has also attempted to define the domains of ras/11b expression during X. tropicalis
development, particularly within the PSM. The assignment of ras/11b expression to the correct
somitomeres could be validated by immunofluorescence microscopy on mid neurula stage sections
using different fluorescent antibodies specific for Rasl11b and Ripply2.2. Additionally, evidence for
the regulation of ras/11b by FGF signalling could also be reinforced by repeating qPCR to quantify
rasl11b expression in multiple uninjected and XFD injected biological replicates. This would allow

the statistical significance to be calculated which would validate true biological effects.

FIMO binding site analysis identified multiple putative CIC binding sites within the ras/11b gene of
multiple vertebrates. Binding of CIC to these genomic loci could be confirmed by chromatin
immunoprecipitation sequencing (ChlP-Seq) using tagged constructs. The output from this
experiment could be compared to gene-level transcriptomic analysis to determine whether CIC

binds the genomic loci of other genes upregulated in both CIC knockdown and FGF overexpression.

Finally, this study also suggested that Rasl11b may upregulate MAPK/ERK signalling, this could be
confirmed by analysing embryos injected with full-length ras/11b mRNA by western blot using

antibodies specific for dpERK.
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Abbreviations

Akt/PKB Protein kinase B

AMO Antisense morpholino oligo

AP-1 Activator protein 1

BCIP 5-Bromo-4-chloro-3-indolyl phosphate
ChIP-Seq Chromatin immunoprecipitation sequencing
CHX Cycloheximide

CIC Capicua

CMO Control morpholino oligo

CRKL CRK-like protein

DAG Diacylglycerol

DIG Digoxigenin

DMSO Dimethyl sulfoxide

dpERK Diphosphorylated ERK

ECM Extracellular matrix

Egrl Early growth response 1

ERK Extracellular signal-related kinase

ETS E26 transformation-specific transcription factors
FDR False discovery rate

FGF Fibroblast growth factor

FGFR Fibroblast growth factor receptor
FIMO Find individual motif occurrences

FLU Fluorescein

FRS2a Fibroblast growth factor receptor substrate 2 alpha
GDP Guanosine diphosphate

GO Gene ontology

GRB2 Growth factor bound 2

GTP Guanosine triphosphate

HCG Human chronic gonadotropin
HMG-box High mobility group box

HSPG Heparan sulphate proteoglycan

IP3 Inositol-1,4,5-trisphosphate
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MBT Mid-blastula transition

MEK/MAPKK Mitogen-activated protein kinase kinase

MRS Modified ringer’s solution

Myod1 Myogenic differentiation 1

NAM Normal amphibian medium

NHEJ Non-homologous end joining

Oep One-eyed pinhead

PANTHER Protein Analysis Evolutionary Relationships
PI3K Phosphoinositide 3-kinase

PLCy Phospholipase C gamma

PSM Presomitic mesoderm

RA Retinoic acid

Raf/MAPK Mitogen-activated protein kinase

Rasl1lb Ras like family 11 member B

Ripply2.2 Ripply2 homolog, gene 2

RTK Receptor tyrosine kinase

SCA1 Spinocerebellar ataxia type 1

SH2 Src homology 2

SHP2 Src homology 2 containing protein tyrosine phosphatase 2
SOS Son of Sevenless

TALENSs Transcription activator-like effector nucleases
Thxt T-box transcription factor T / Brachyury
TGF-B Transforming growth factor beta

TPM Transcripts per million

XFD Dominant negative fibroblast growth factor receptor
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Appendix

Appendix 1: Rstudio script

HitHHHHE Transcript level analysis ##HH

#Setting working directory

setwd("~/RNA-seq analysis")

#Clearing R memory

rm(list=ls())

#Installing the 'rhdf5' package since this is required for the

#installation of 'sleuth’

if (IrequireNamespace("BiocManager", quietly = TRUE))
install.packages("BiocManager")

BiocManager::install()

BiocManager::install(c("rhdf5"))

biocLite("rhdf5")

#Installing the 'devtools' package since this is also required for the

#installation of 'sleuth’

install.packages("devtools")

#Installing the 'sleuth' package

devtools::install_github("pachterlab/sleuth")

#Loading the 'devtools' package into the local environment

library(devtools)

#Intsalling tidyverse package

install.packages("tidyverse")

#Loading tidyverse

library(tidyverse)

#Loading the 'sleuth’ package into the local environment

library(sleuth)

suppressMessages(library("sleuth"))

#The first step in a sleuth analysis is to specify where the kallisto

#results are stored. A variable is created for this purpose with:
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sample_id <- dir(file.path("data/salmon"))
sample_id
#A list of paths to the kallisto results indexed by the sample IDs is
#collated with
kal_dirs <- file.path("data/salmon", sample_id)
kal_dirs
#The next step is to load an auxillary table that describes the
#experimental design and the relationship between the kallisto
#directories and the samples:
s2c <- read.table(file.path("data", "metadata", "hiseq_info.txt"),
header = TRUE, stringsAsFactors=FALSE)
s2c <- dplyr::select(s2c, sample, batch, condition)
s2c
#Now the directories must be appended in a new column to the table
#describing the experiment. This column must be labeled path,
#otherwise sleuth will report an error. This is to ensure that
#samples can be associated with kallisto quantifications.
s2c <- dplyr::mutate(s2c, path = kal_dirs)
#It is important to check that the pairings are correct:
print(s2c)
#Constructing the sleuth object#
#The sleuth object must first be initialized with:
so <- sleuth_prep(s2c, read_bootstrap_tpm=TRUE, extra_bootstrap_summary = TRUE)
so
#Then the full model is fit with
so <- sleuth_fit(so, ~condition+batch, 'full')
#What this has accomplished is to “smooth” the raw kallisto abundance estimates
#for each sample using a linear model with a parameter that represents the
#experimental condition. To test for transcripts that are differential expressed
#between the conditions, sleuth performs a second fit to a “reduced” model that

H#presumes abundances are equal in the two conditions. To identify differential
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#expressed transcripts sleuth will then identify transcripts with a significantly
#better fit with the “full” model.

#The 'reduced' model is fit with

so <- sleuth_fit(so, ~batch, 'reduced’)

so

#and the test is performed with

so <- sleuth_lIrt(so, 'reduced’, 'full')

so

#In general, sleuth can utilize the likelihood ratio test with any pair of models
#that are nested, and other walkthroughs illustrate the power of such a framework

#for accounting for batch effects and more complex experimental designs.

#The models that have been fit can always be examined with the models() function.

models(so)

#The results of the test can be examined with

sleuth_table <- sleuth_results(so, 'reduced:full’, 'Irt', show_all = FALSE)
sleuth_significant <- dplyr::filter(sleuth_table, gval <= 0.05)
head(sleuth_significant, 20)

#Opening sleuth web interface to see results of the test

sleuth_live(so)

#Using the wald test to measure the effect of FGF treatment relative to the
#control treatment (water)

so <- sleuth_wt(so, "conditioneFGF")

models(so)

#using the wald test to measure the effect of CIC knockout relative to the
#control treatment (water)

so <- sleuth_wt(so, "conditionCIC_KQ")

models(so)

#Opening sleuth web interface to see the effect of the treatments on each
#transcript relative to the control - select 'settings' - 'wald test' -

#test table. This will show p-values, g-values and effect sizes for

#transcripts for each treatment
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sleuth_live(so)
HiHHHH R gene level analysis #H##HHHF R
#reading in text file assigning transcripts to their genes
transcripts <- read.table("data/metadata/transcript_to_gene.txt", header=T)
#creating a new sleuth object for gene level analysis
so <- sleuth_prep(s2c, target_mapping=transcripts,
aggregation_column = 'gene_id',
read_bootstrap_tpm = TRUE, gene_mode = TRUE,
extra_bootstrap_summary = TRUE)
#fitting full model to gene level counts
so <- sleuth_fit(so, ~condition+batch,"full")
#fitting reduced model to gene level counts
so <- sleuth_fit(so, ~batch, "reduced")
#running the likelihood test
so <- sleuth_lIrt(so, "reduced", "full")
so
#The models fit are examined with:
models(so)
#The results of the test can be examined with
sleuth_table <- sleuth_results(so, 'reduced:full’, 'Irt', show_all = FALSE)
sleuth_significant <- dplyr::filter(sleuth_table, gval <= 0.05)
head(sleuth_significant, 20)
#Opening sleuth web interface to see results of the test
sleuth_live(so)
#Using the wald test to measure the effect of FGF treatment relative to the
#control treatment (water)
so <- sleuth_wt(so, "conditioneFGF")
models(so)
#using the wald test to measure the effect of CIC knockout relative to the
#control treatment (water)

so <- sleuth_wt(so, "conditionCIC_KQO")
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models(so)

sleuth_live(so)

#saving current gene level sleuth object

sleuth_save(so, "rnaseq_sleuth_object.rds")

#loading the sleuth object for next use

so <- readRDS("rnaseq_sleuth_object.rds")

sleuth_live(so)

#show test table

sleuth_results(so, "conditioneFGF")

#retrieving FGF gene level table from shiny app

fgf gene_level table <- sleuth_results(so, "conditioneFGF")

write.table(fgf_gene_level_table, file="fgf _gene_level table.txt", sep="\t")

#retrieving CIC knock down gene level table from shiny app

CIC_gene_level_table <- sleuth_results(so, "conditionCIC_KO")

write.table(CIC_gene_level_table, file="CIC_gene_level_table.txt", sep="\t")

#retrieving kallisto TPM gene level counts from shiny app

kallisto_counts <- kallisto_table(so, use_filtered = TRUE, normalized = TRUE,
include_covariates = FALSE)

kallisto_counts <- as.data.frame(kallisto_counts)

kallisto_counts

#subsetting MK1 MK4 and MK10 samples and merging TPMs into CIC knockdown

#gene level analysis

MK1 <- subset(kallisto_counts, kallisto_countsSsample =="MK1")

CIC_gene_level_table <- merge(CIC_gene_level_table, MK1, by="target_id')

MK4 <- subset(kallisto_counts, kallisto_countsSsample =="MK4")

CIC_gene_level_table <- merge(CIC_gene_level table, MK4, by="target_id')

MK10 <- subset(kallisto_counts, kallisto_countsSsample =="MK10")

CIC_gene_level_table <- merge(CIC_gene_level table, MK10, by="target_id')

#creating text file containing CIC knockdown gene level analysis with

#TPM for CIC knockdown samples (MK1,MK4 and MK10)

write.table(CIC_gene_level_table, file="CIC_gene_level_table.txt", sep="\t")
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#subsetting MK3 MK6 and MK12 samples and merging TPMs into FGF overexpression

#gene level analysis

MK3 <- subset(kallisto_counts, kallisto_countsSsample =="MK3")

fgf _gene_level table <- merge(fgf_gene_level_table, MK3, by="target_id')

MK®6 <- subset(kallisto_counts, kallisto_countsSsample =="MK6")

fgf gene_level table <- merge(fgf_gene_level table, MK6, by="target_id')

MK12 <- subset(kallisto_counts, kallisto_countsSsample =="MK12")

fgf _gene_level table <- merge(fgf_gene_level_table, MK12, by="target_id')

#creating text file containing FGF overexpression gene level analysis with

H#TPM for FGF overexpressing samples (MK3 MK6 and MK12)

write.table(fgf_gene_level_table, file="fgf _gene_level table.txt", sep="\t")

#In excel opened txt files and added column 'mean_TPM' for both CIC knockdown

#and FGF ovexpressing analyses. Then filtered out gene with <1.5 TPMs.

#This is to remove the genes with very low levels of expression.

fgf data <- read.table("fgf_gene_level _table_post_filter.txt", header=T)

fgf data <- fgf_data[complete.cases(fgf data), ]

CIC_data <- read.table("CIC_gene_level_table_post_filter.txt", header=T)

CIC_data <- CIC_data[complete.cases(CIC_data), ]

### making basic volcano plots #i#

library(ggplot2)

fgf data <- read.table("fgf_gene_level _table post_filter.txt", header=T)

fgf data <- fgf_data[complete.cases(fgf data), ]

p <- ggplot(data=fgf_data, aes(x=b, y=-log10(qval))) + geom_point() +
theme_minimal()

p2 <- p + geom_vline(xintercept=c(-1.75, 1.75), col="red") +
geom_hline(yintercept=log2(1.75), col="red")

print(p2)

H#it#HtH enhanced volcano plot - figure #it#iHt

#installing enhanced volcano

if (IrequireNamespace('BiocManager', quietly = TRUE))

install.packages('BiocManager')
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BiocManager::install('EnhancedVolcano')
#installing development version
devtools::install_github('kevinblighe/EnhancedVolcano')
#loading enhanced volcano package into r session
library(EnhancedVolcano)
#plotting most basic volcano plot
EnhancedVolcano(fgf data,

lab = rownames(fgf_data),

x="b’,

y ='qval’)
#adjusting p-value threshold (g-value) and fold change threshold (effect size)
#point sizes and label sizes
EnhancedVolcano(fgf data,

lab = fgf _dataStarget_id,

x="b’,

y ='qval’,

title = 'FGF overexpressing',

pCutoff = 0.05,

FCcutoff = 1.5,

pointSize = 3.0,

labSize = 6.0)
#changing colours of points
EnhancedVolcano(fgf_data,

lab = fgf_dataStarget_id,

x="b’,

y ="gval’,

title = 'FGF overexpression’,

pCutoff = 0.05,

FCcutoff = 1.5,

pointSize = 3.0,

labSize = 6.0,
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col=c('grey', 'deepskyblue2’, 'magenta’, 'green'),

colAlpha =1)
#Here | have set the g-value threshold to 0.1 and a effect size threshold of 0.8
#this is for the FGF overexpressing data
EnhancedVolcano(fgf data,

lab = fgf _dataStarget_id,

x="b’,

y ="gval’,

xlab = bquote(~Log[2]~ 'effect size'),

ylab = bquote(~-Log[10]~ 'g-value'),

xlim = ¢(-5,5),

ylim = ¢(0, 20),

pCutoff =0.1,

FCcutoff = log2(1.75),

cutoffLineWidth = 0.8,

pointSize = 3.0,

labSize = 6.0,

col=c('grey', 'deepskyblue2', 'magenta’, 'green'),

colAlpha =1,

legendLabels=c(bquote(' Not sig."), bquote(~Log[2]~'effect size'),

bquote(' g-value'),
bquote(' g-value &' ~Log[2]~'effect size')),

legendPosition = 'right’,

legendLabSize = 16,

legendlconSize = 5.0,

selectLab = c('rasl11b’, 'dusp6’, 'egrl'))
#For the CIC knockdown data
EnhancedVolcano(CIC_data,

lab = CIC_dataStarget_id,

x="b’,

y ="gval’,
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xlab = bquote(~Log[2]~ 'effect size'),

ylab = bquote(~-Log[10]~ 'g-value'),

xlim = ¢(-5,5),

ylim = c(0, 20),

pCutoff = 0.1,

FCcutoff = log2(1.75),

cutoffLineWidth = 0.8,

pointSize = 3.0,

labSize = 6.0,

col=c('grey', 'deepskyblue2’, 'magenta’, 'green'),

colAlpha =1,

legendLabels=c(bquote(' Not sig.'), bquote(~Log[2]~'effect size'),

bquote(' g-value'),
bquote(' g-value &' ~Log[2]~'effect size')),

legendPosition = 'right’,

legendLabSize = 16,

legendlconSize = 5.0,

selectLab = c('rasl11b'))
#Remember that in th excel files from the sleuth output the g-values are
#not transformed and volcano enhanced transforms them here. However, the
#teffect sizes (b) are log2 transformed hence you need to log2 your effect
#size threshold here since enhanced volcano does not transform them here.
#There the threshold | have chosen are (TPM>1.5), g-value < 0.1 (-log10 of
#0.1is 1 hence the threshold of the -log10 transformed q values on the
#plot is 1), effect size > log2(1.75) or effect < log2(-1.75) (log2 of
#1.75 is ~0.8 hence the threshold is set at 0.8 and -0.8 on the plot).
#subsetting FGF overexpression genes with a g-value less than 0.1
fgf_subset <- subset(fgf_data, fgf_dataSqval < 0.1)
#Keeping only genes with an effect size > log2(1.75) in the subset
fgf_upregulated <- subset(fgf_subset, fgf_subsetSb > log2(1.75))

#This should show all the upregulated genes with an effect size >0.8 and
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#g-value < 0.1
fgf upregulated
#creating table with all of the upregulated genes with these thresholds
write.table(fgf_upregulated, file="fgf_upregulated_genes.txt", sep="\t")
#keeping only genes with an effect size < -0.8 in the subset
fgf_downregulated <- subset(fgf_subset, fgf_subsetSb < -log2(1.75))
fgf _downregulated
write.table(fgf_downregulated, file="fgf_downregulated_genes.txt", sep="\t")
#subsetting CIC knockdown genes with a g-value less than 0.1
CIC_subset <- subset(CIC_data, CIC_dataSqval < 0.1)
#Keeping only genes with an effect size > 0.8 in the subset
CIC_upregulated <- subset(CIC_subset, CIC_subsetSb > log2(1.75))
##This should show all the upregulated genes with an effect size >0.8 and
#g-value < 0.1
CIC_upregulated
#creating table with all of the upregulated genes with these thresholds
write.table(CIC_upregulated, file="CIC_upregulated_genes.txt", sep="\t")
#keeping only genes with an effect size < -0.8 in the subset
CIC_downregulated <- subset(CIC_subset, CIC_subsetSb < -log2(1.75))
CIC_downregulated
write.table(CIC_downregulated, file="CIC_downregulated_genes.txt", sep="\t")
HHHHHHHHHHHHHH SRR
#Making bar chart figure for panther gene ontology analysis of the genes
#upregulated in embryos following FGF overexpression
#reading in table containing panther analysis
panther_ FGF <- read.table("FGF_upregulated_panther_list.txt", header=T)
# Basic barplot
p<-ggplot(data=panther_FGF, aes(x=Fold_enrichment,
y=Panther_Go.Slim_Biological_Process)) +
geom_bar(stat="identity")

#viewing basic barplot
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#Ordering the Go-Slim Biological process by fold enrichment from
#smallest to largest
panther_FGFS$Panther_Go.Slim_Biological_Process <-
factor(panther_FGF$Panther_Go.Slim_Biological_Process,
levels = c("Unclassified", "System_development",
"Intracellular_signal_transduction",
"Cellular_response_to_growth_factor_stimulus",
"Cell_population_proliferation",
"Regulation_of cell_population_proliferation",
"Negative_regulation_of_intracellular_signal_transduction"))
#Creating bar graph
p<-ggplot(data=panther_ FGF,
aes(x=Fold_enrichment,
y=Panther_Go.Slim_Biological_Process)) +
scale_y_discrete(labels=c("Unclassified", "System development",
"Intracellular signal transduction”,
“Cellular response to growth factor stimulus",
"“Cell population proliferation",
"Regulation of cell population proliferation”,
"Negative regulation of intracellular signal
transduction"))+
geom_bar(stat="identity", fill="royalbluel", color="black", width=0.5)+
ylab("PANTHER GO-Slim biological process")+
xlab("Fold enrichment")+
theme_minimal() +
theme(axis.text = element_text(size = 10))+
theme(axis.title = element_text(size = 15))+
xlim(0,25)
#Viewing bar graph

p
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##Making bar chart figure for panther gene ontology analysis of the genes
#upregulated in embryos following CIC knockdown
#Reading in table containing panther analysis
panther_CIC <- read.table("CIC_upregulated_panther_list.txt", header=T)
#Basic barplot
g<-ggplot(data=panther_CIC, aes(x=Fold_enrichment,
y=Panther_Go.Slim_Biological_Process)) +
geom_bar(stat="identity")
#View basic barplot
q
#Ordering the Go-Slim Biological process by fold enrichment from
#smallest to largest
panther_CICSPanther_Go.Slim_Biological_Process <-
factor(panther_CICSPanther_Go.Slim_Biological_Process,
levels = c("Regulation_of metabolic_process",
"Cellular_catabolic_process",
"Cell_Cycle",
"Regulation_of cell _cycle"))
#Creating bar graph
g<-ggplot(data=panther_CIC,
aes(x=Fold_enrichment,
y=Panther_Go.Slim_Biological_Process)) +
scale_y_discrete(labels=c("Regulation of metabolic process",
"Cellular catabolic process",
"Cell cycle",
"Regulation of cell cycle"))+
geom_bar(stat="identity", fill="royalbluel", color="black", width=0.4)+
ylab("PANTHER GO-Slim biological process")+
xlab("Fold enrichment")+
theme_minimal() +

theme(axis.text = element_text(size = 10))+
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theme(axis.title = element_text(size = 12))+
xlim(0,6)
#Viewing bar graph

q

HEHHEH R A

#Calculating the significance of gene overlaps between FGF overexpressing and
#CIC knockdown embryos
#Recall list of genes upregulated in embryos following FGF overexpression
fgf upregulated
#Recall list of genes upregulated in embryos following CIC knockdown
CIC_upregulated
#Installing BiocManager packaged required for to load GeneOverlap package
if ('require("BiocManager", quietly = TRUE))

install.packages("BiocManager")
#Installing the GeneOverlap package
BiocManager::install("GeneOverlap")
#Loading the GeneOverlap package
library(GeneOverlap)
#defining the number of genes in Xenopus tropicalis genome
genome <- 23635
#constructing the GeneOverlap object for upregulated genes
go.obj <- newGeneOverlap(fgf_upregulatedStarget_id,

CIC_upregulatedStarget_id,
genome.size=genome)

#viewing the GeneOverlap object
go.obj
#Testing the significance of the association
go.obj <- testGeneOverlap(go.obj)
go.obj
#GeneOverlap identified an overlap of 27 genes that were both upregulated in CIC

#knockdown and FGF overexpressing embryos. Fisher's exact test was then used to
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#identify the statistical significance of the observed overlap. The test identified
#that this overlap is very highly significant (P=9.4x107-33) so it is unlikely
#that this number of genes was likely to have been upregulated in both FGF
#overexpressing and CIC knockdown embryos by chance.
#Getting additional information from Fisher's exact test
print(go.obj)
#The Fisher' exact test also calculates an Odds ratio which is indicative of the
#strength of association between two variables (the more greater than 1 the odds
#ratio is, the strongr the association). The odds ratio for the lists of genes
#upregulated in FGF overexpressing and CIC knockdown embryos is 52.6 which
#demonstrates a very strong association between the lists and is consistent with
#the large number of genes overlapping between them.
#Recall list of genes downregulated in embryos following FGF overexpression
fgf downregulated
#Recall list of genes downregulated in embryos following CIC knockdown
CIC_downregulated
#constructing the GeneOverlap object for downregulated genes
go.objl <- newGeneOverlap(fgf_downregulatedStarget_id,
CIC_downregulatedStarget_id,
genome.size=genome)
#viewing the GeneOverlap object
go.objl
#Testing the significance of the association
go.objl <- testGeneOverlap(go.objl)
go.objl
#GeneOverlap identified an overlap of 9 genes that were both downregulated in CIC
#knockdown and FGF overexpressing embryos. Fisher's exact test was then used to
#identify the statistical significance of the observed overlap. The test identified
#that this overlap is very highly significant (P=2.8x107-18) so it is unlikely
#that this number of genes was likely to have been downregulated in both FGF

#overexpressing and CIC knockdown embryos by chance.
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#Getting additional information from Fisher's exact test
print(go.objl)
#The odds ratio for the lists of genes downregulated in FGF overexpressing and CIC
#knockdown embryos is 264.2 which demonstrates a very strong association between
#the lists and is consistent with the large number of genes overlapping between
#them.
#Generating lists containing the genes upregulated and downregulated
#in CIC knockdown and FGF overexpressing embryos respectively
FGF_genes_upregulated <- fgf_upregulatedStarget_id
FGF_genes_downregulated <- fgf _downregulatedStarget_id
CIC_genes_upregulated <- CIC_upregulatedStarget_id
CIC_genes_downregulated <- CIC_downregulatedStarget_id
FGF_genes <- list("FGF upregulated"=FGF_genes_upregulated,

"FGF downregulated"=FGF_genes_downregulated)
CIC_genes <- list("CIC upregulated"=CIC_genes_upregulated,

"CIC downregulated"=CIC_genes_downregulated)
#Generating matrix plot visualising the Odds Ratio and P-value of
#Fisher's exact tests between the different gene lists
#Constructing basic matrix plot
gom.obj <- newGOM(FGF_genes, CIC_genes,

+ genome)
dev.off()
drawHeatmap(gom.obj)
drawHeatmap(gom.obj, log.scale =T, adj.p=F, ncolused=6,

grid.col = "Blues", note.col="red")
#Constructing complete matrix plot
gom.obj3 <- newGOM(FGF_genes, CIC_genes + genome)
dev.off()
drawHeatmap(gom.obj3, adj.p=TRUE, cutoff=1,
ncolused=5, grid.col="Blues", note.col="black")

drawHeatmap(gom.obj3)
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HHHHEHHEHHEHHHE
#Creating bar graph of RT-gPCR data of Stage 10.5 X. tropicalis embyros
#injected with XFD
#Reading in text file containing RT-qPCR data
XFD_10.5 <- read.table("XFD_stage_10.5.txt", header=T)
#loading ggplot2
library(ggplot2)
#Specifying the order that genes will be displayed on the bar plot
XFD_10.55Gene <- factor(XFD_10.55Gene, levels = c("tbxt", "rasl11b"))
#constructing basic bar plot
XFD <- ggplot(data=XFD_10.5, aes(x=Gene, y=Fold_change,
fill=Sample)) +
geom_bar(stat="identity", color="black",
position = position_dodge())+
geom_text(aes(label=Fold_change),
position = position_dodge(0.9), color="white", size=8,
vjust = 1.6)+
theme_minimal() +
ylab("Relative expression")+
xlab("Gene")+
theme(axis.title = element_text(size = 25))+
theme(axis.text = element_text(size = 20))+
theme(legend.title = element_text(size=25))+
theme(legend.text = element_text(size=20))+
theme(legend.key.size = unit(1.2, 'cm'))+
scale_fill_brewer(palette="Paired")+
theme(axis.line = element_line(size = 0.5, colour = "black",
linetype=1))
#Viewing bar plot
XFD

#Creating bar graph of RT-gPCR data of Stage 12 X. tropicalis embyros
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#injected with XFD
#Reading in text file containing RT-gPCR data
XFD_12 <- read.table("XFD_stage 12.txt", header=T)
#Specifying the order that genes will be displayed on the bar plot
XFD_12$Gene <- factor(XFD_125Gene, levels = ¢("tbxt", "rasl11b"))
#Constructing bar plot
XFD1 <- ggplot(data=XFD_12, aes(x=Gene, y=Fold_change,
fill=Sample)) +
geom_bar(stat="identity", color="black",
position = position_dodge())+
geom_text(aes(label=Fold_change),
position = position_dodge(0.9), color="white", size=8,
vjust = 1.6)+
theme_minimal() +
ylab("Relative expression")+
xlab("Gene")+
theme(axis.title = element_text(size = 25))+
theme(axis.text = element_text(size = 20))+
theme(legend.title = element_text(size=25))+
theme(legend.text = element_text(size=20))+
theme(legend.key.size = unit(1.2, 'cm'))+
scale_fill_manual(values=c("mediumorchid2", "mediumorchid4"))+
theme(axis.line = element_line(size = 0.5, colour = "black",
linetype=1))
#Viewing bar plot

XFD1
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