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Abstract

The genome of eukaryotes is packaged into the small volume of the nucleus in an
organised manner. This structure of DNA and associated proteins is called chromatin.
The basic unit of chromatin is the nucleosome; an octomer of core histone proteins and
associated DNA. Other proteins such as linker histones can also associate with the DNA
or the core histones. The modular structure of chromatin allows for structural variation
with functional consequences including activation or repression of transcription.
Alterations can include post-translational modifications to histones, remodelling by
multi-protein complexes, DNA methylation, and non-allelic variants of the canonical
histones. Changes to chromatin structure have an important impact on all DNA
processing events.

This thesis investigated the histone variant H2A.Z, a variant of the canonical core
histone H2A. H2A.Z is highly conserved and essential in a number of species
suggesting it has a critical function. Preliminary work using the Xenopus laevis
developmental model system had revealed that disruption of H2A.Z function resulted in
defective embryo morphology consistent with disrupted gastrulation and mesoderm
development (Ridgway et al., 2004a). This led to the following hypothesis: H2A.Z is
important to gastrulation and mesodermal development in X laevis because it plays a
developmental role.

Temporal and spatial expression patterns of H2A.Z mRNA demonstrated in this study
are consistent with a role in mesoderm development. Peak H2A.Z mRNA expression
levels occur during gastrulation. H2A.Z mRNA is enriched in the marginal zone of the
late blastula, involuting tissue in the gastrula and in notochord (a mesodermal tissue) in

tailbud embryos. Significantly, maternal H2A.Z mRNA is enriched asymmetrically in



dorsal cells of the early blastula before zygotic transcription, indicating that H2A.Z may
play a role in determining polarity of the dorsal ventral axis.

Two important processes for development were examined in this thesis: cell fate and
cell movement. Determination of mRNA levels and localisations for a selection of
mesodermal marker genes indicates that cell fate programs progress normally in
embryos where H2A.Z function is disrupted. However, the localisation of mesoderm
derived cells is perturbed suggesting cell movement is perturbed. Taken together these
studies suggest the H2A.Z histone variant has a specific role in regulating cell mobility

during early Xenopus laevis development.
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1 Introduction

1.1 Chromatin structure
The eukaryotic cell stores a large amount of DNA in the small volume of the nucleus;

the human genome is over a metre in length. This is achieved by packaging DNA into a
structure called chromatin (Horn and Peterson, 2002; Vermaak and Wolffe, 1998).
Variations in chromatin structure can influence almost all DNA-related cellular
processes including transcription (Li et al., 2007), recombination, repair, and replication
(Ehrenhofer-Murray, 2004). This thesis will investigate one alteration to chromatin,

incorporation of variant histone H2A.Z, in the context of development.

1.1.1 Nucleosome assembly and structure
The basic unit of chromatin is the nucleosome. The principle components of the

nucleosome are DNA and histones (Figure 1). Histones are small basic proteins that
have a structured central region and unstructured tails (Luger et al., 1997). A histone’s
central region interacts with the other histones, DNA of the nucleosome (Felsenfeld and
Groudine, 2003) and other non-histone proteins (Wolffe and Hayes, 1999). Early
dialysis studies indicated the nucleosome consisted of a (H3/H4), histone tetramer and
two H2A/H2B histone heterodimers associated with a length of DNA (Eickbush and
Moudrianakis, 1978; Ruiz-Carrillo et al., 1979). Nucleosome assembly in vitro at
physiological ionic strength begins with formation of (H3/H4), tetramers on the DNA
followed by H2A/H2B heterodimers (Ruiz-Carrillo et al., 1979). However, in Vvivo
nucleosome assembly is not spontaneous or unregulated. Histone chaperone proteins

prevent random association of histones with DNA, and target histones to nucleosome



assembly complexes (Akey and Luger, 2003). The histones of the octomer are known as
the core histones and are the principle protein components of chromatin (Figure 1)
(Arents and Moudrianakis, 1993; Luger et al., 1997; Wolffe and Hayes, 1999). The four
canonical core histones all have the histone fold consisting of two tandem helix-strand-
helix motifs that enables hetero-dimerisation and combine to form DNA interaction
sites (Arents et al., 1991; Arents and Moudrianakis, 1995; Baxevanis et al., 1995). The
histone fold domains provide each histone dimer in the octomer with three DNA
binding sites: two P bridge motifs and a single PEH (paired ends of helices) motif
(Arents et al., 1991; Luger et al.,, 1997). The B bridges begin with two positively
charged amino acids (Arents et al., 1991; Luger et al., 1997). Fourteen a helices per
nucleosome have amino terminals in the path of DNA around the octomer that form
hydrogen bonds with the DNA (Luger et al., 1997). In addition to these interactions
within the path of DNA around the octomer, the histones’ protruding tails are positively
charged, thus tail-DNA charge interactions can alter the accessibility of negatively
charged DNA (Arents et al., 1991; Arents and Moudrianakis, 1993; Luger et al., 1997).
X-ray crystallography of the nucleosome demonstrated that almost two turns of DNA
(approximately 147bp) wraps around the nucleosome core in the completed nucleosome
(Figure 1) (Arents et al., 1991; Luger et al., 1997). The complete nucleosome is a
flattened ‘disc’ (Figure 1) with the DNA wrapped around the outer edge (Arents et al.,

1991; Luger et al., 1997).



Figure 1 Nucleosome core particle. A) Octomer of histone proteins (yellow, H2A; red, H2B;
blue, H3; green, H4) with 147bp of DNA (phosphodiester backbones in dark green and brown),
view from above the DNA superhelix. B) As ‘A’ except the view is perpendicular to the DNA
superhelix. (Adapted from (Luger et al., 1997)).

1.1.2 Higher order chromatin structures
The structure of chromatin is hierarchical (Figure 2). At the lowest level nucleosomes

on DNA can be envisaged as ‘beads on a string’, though the DNA wraps around the
nucleosome cores rather than passing through them (Arents et al., 1991; Luger et al.,
1997). This structure is known as the 10nm fibre corresponding to the diameter of
nucleosomes (Horn and Peterson, 2002; Wolffe and Hayes, 1999). Between each
nucleosome a linker histone such as HI can associate with the DNA (Doenecke et al.,
1997; Horn and Peterson, 2002). Other nuclear proteins can also associate with either
the DNA or the histones (refer to 1.1.3). For example transcription factors, proteins that
bind to specific DNA sequences to regulate transcription, can function by altering
chromatin structure such as promoting loops in 10nm fibres (Green, 2005; Hahn, 2004;

Thomas and Chiang, 2006).
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Figure 2 Chromatin folding. The first level of compaction is the association of DNA with
nucleosomes to create the 10nm ‘beads on a string structure’. This can condense into a 30nm
diameter fibre. Further compaction of chromosomes is observed in vivo, 60-300nm diameter
fibres are observed at interphase, these can be further compacted into fibres of around 700nm
diameter and finally fully condensed mitotic chromosomes occur during mitosis and meiosis
(Adapted from (Felsenfeld and Groudine, 2003)).

Interactions between nucleosomes and between nucleosomes and linker histones can
compact the 10nm ‘beads on a string’ into higher order structures (Belmont and Bruce,
1994) (Figure 3). In vitro compaction of 10nm fibres first produces 30nm fibres, and
30nm fibres are also observed in fixed cells (Belmont and Bruce, 1994; Gordon et al.,
2005). Interactions between H4 amino-terminal (N-terminal) tails and an H2A acidic
patch domain on adjacent nucleosomes are required for 30nm fibre formation
(Robinson and Rhodes, 2006). Currently, two models compete for the structure of the
30nm fibre (Figure 3). The solenoid model places nucleosomes into a simple helix

(Finch and Klug, 1976; Robinson and Rhodes, 2006) (Figure 3). In the competing



‘zigzag® model the 10nm fibre is twisted (-71.3° rotation of adjacent nucleosomes) so
nucleosomes alternate between two halves of a two start helix (Bednar et al., 1998;
Dorigo et al., 2004; Schalch et al., 2005) (Figure 3). The zigzag model is supported by
cross-linking studies on arrays of 12 nucleosomes (Dorigo et al., 2004) and a low
resolution (92) crystal structure for an array of four nucleosomes condensed into a short
30nm fibre sufficient to determine the positions and orientations of nucleosomes

(Schalch et al., 2005).

Solenoid Zigzag
One-start helix Two-start helix

V\WT Nsr* D

Nucleosomé 1 {MN1)

Figure 3 Models of the 30nm Chromatin Fibre: (Left) In the solenoid model proposed by
Rhodes and colleagues, the fibre is an interdigitated one-start helix (Robinson and Rhodes,
2006). Alternative helical gyres are coloured blue and magenta. The linker DNA has not been
modelled. (Right) In the zigzag model suggested by Richmond and colleagues, the fibre is a
two-start helix with the linker DNA criss-crossing between the adjacent rows of
nucleosomes(Dorigo et al., 2004). Alternative gyres are coloured blue and orange. Views have
the fibre axis running vertically. Image courtesy of D. Rhodes, figure from (Tremethick, 2007).

At higher ionic strengths in vitro the 30nm fibres oligomerise to form thicker
chromonema fibres (Gordon et al., 2005). Fibres 60-400nm in diameter are observed in
fixed cells at interphase (Belmont and Bruce, 1994). During mitosis condensed
chromatids (anaphase and telophase) have 400-600nm diameters (Gordon et al., 2005;
Woodcock and Dimitrov, 2001) (Figure 2), however the exact structures and formation
in vivo of fibres are unknown (Woodcock and Dimitrov, 2001).

In vivo chromatin domains can be classified by the degree of compaction as either
euchromatin or heterochromatin (Grewal and Jia, 2007). Euchromatin is largely non-

condensed chromatin such as predominates during interphase. Conversely,



heterochromatin continues to be condensed throughout interphase and provides
regulated activation of some genes as well as repression (Grewal and Jia, 2007).
Heterochromatin is further divided into two classes, constitutive and facultative
heterochromatin (Sexton et al., 2007). Constitutive heterochromatin occurs at regions
along the DNA that are in this condensed form in all cells of the organism. Constitutive
heterochromatin forms on regions containing a high density of repetitive DNA
sequences such as the satellite sequences found within the constitutive heterochromatin
of the centromere. Facultative heterochromatin loci are differentially condensed during
development in different cell types. Heterochromatin has traditionally been associated
with transcriptional repression while euchromatin was associated with activation of
transcription. This notion was supported by work in several systems including
positional variegation and artificially inserting endogenously active genes within the
telomeres in D. melanogaster, and mating-type loci in S. cerevisiae (Laurenson and
Rine, 1992). However, for some genes heterochromatin formation is required for
activation because heterochromatin has structural diversity allowing some genes within
heterochromatin to be more accessible than others (Hahn, 2004).

Higher order chromatin structures beyond the degree of compaction of the 10nm fibres
include well-known large scale chromatin structures such as the condensed
chromosomes of mitosis. That individual chromosomes occupy specific domains within
the nucleus has been known for some time (Heard and Bickmore, 2007). More recently
it was discovered that chromatin from different chromosomes protrudes into the inter-
chromosome domain and within this domain gene-poor chromatin regions are more
centrally located (Heard and Bickmore, 2007; Misteli, 2007). Evidence has emerged for
high order structural organisation such as large scale looping of chromatin into

‘transcription  factories’ containing actively transcribed regions of different



chromosomes (Akhtar and Gasser, 2007; Sexton et al., 2007). Chromatin dynamically
associates with the nuclear envelope with transcriptionally active chromatin
predominantly attached to nuclear pores (Akhtar and Gasser, 2007). To summarise,
chromatin structure is hierarchical, dynamic, and varies non-randomly across the

genome and the cells of the organism (Misteli, 2007).

1.1.3 Alterations to chromatin structure
That the nucleosome’s octomer core has subunits and contains sites for post-

translational modification allows variations in chromatin structure influencing
accessibility or affinity of chromatin components to each other or other proteins, such as
the transcriptional machinery, chromatin remodellers, transcription factors, and
enzymes  responsible  for  histone  post-translational = modification, or
methylation/demethylation of the DNA, thereby altering transcription (Fan et al., 2002;
Kuo et al., 1998; Li et al.,, 1998; Nagy et al., 1997; Varga-Weisz et al., 1995;
Whitehouse et al., 1999). Chromatin higher-order folding is dependent on interactions
within and between nucleosomes, nucleosomes and linker histones, and the spacing of
nucleosomes along the DNA. At the nucleosome level these interactions can be
modified through chromatin remodelling machines, post-translational histone
modifications, and incorporation of histone variants. For example, in the condensed
structure of the centromere, H3 is replaced by centromere protein A (CENP-A)
(Sullivan and Karpen, 2001; Sullivan, 2001). Short interfering RNAs (siRNAs) also
have roles in targeting heterochromatin initiation sites, though at this point the
mechanism remains unknown (Grewal and Jia, 2007). In reality several alterations to
chromatin contribute to any functional state. For example in X. laevis histone
acetylation by p300 and CREB binding protein (CBP) at promoters for some

developmentally regulated genes, including Siamois, leads to decompaction and



recruitment of the TATA-binding protein (a transcription factor), and eventual
recruitment of remodelling machinery for transcription (Hecht et al., 2000).

Recently, genes encoding proteins that remodel chromatin or post-translationally
modify histones were found to have a large number of connections (hub genes) within
genetic networks for developmental signalling genes in C. elegans (Lehner et al., 2006).
These hub genes were experimentally confirmed to be key modulators of numerous
biological processes, including developmental signalling, indicating the central role of

chromatin (Lehner et al., 2006).

1.1.3.1 Chromatin remodelling machines
Chromatin remodelling machines are multi-protein complexes containing an ATPase

subunit, ATP hydrolysis is necessary to mobilise otherwise stable nucleosomes (Bao
and Shen, 2007; Bouazoune and Brehm, 2006; Mohrmann and Verrijzer, 2005).
Chromatin remodelling outcomes include: separation of end-DNA from the
nucleosome, sliding of histone octomers relative to the DNA, removal of histones as
single proteins, dimers or octomers, and substitution of histone variants (Akey and
Luger, 2003; Belotserkovskaya et al., 2003; Jin et al., 2005; Li et al., 2007).
Nucleosomes can act as an obstacle to transcription, replication, and repair, or in some
cases to improve transcription by positioning factors and promoting access to DNA
(Ehrenhofer-Murray, 2004; Jin et al., 2005; Kireeva et al., 2002; Li et al., 2007). Yeast
studies have shown DNA surrounding transcription start sites is globally depleted of
nucleosomes; an outcome of remodelling machine action (Owen-Hughes and
Engeholm, 2007). The actions of remodelling machines alter the accessibility of DNA
to transcription factors, sites on histones for post translational modification, or other
protein-protein interactions (Hirschhorn et al., 1992; Horn and Peterson, 2002). Other

subunits within chromatin remodelling machines have functions including DNA



binding, complex assembly or stability, post translational modification, targeting of
specific chromatin regions, or protein binding (Mohrmann and Verrijzer, 2005).
Variation in remodelling machine subunit composition enables different complexes to
remodel chromatin in ways appropriate to a range of biological functions at specific
regions of the genome (Akey and Luger, 2003; Belotserkovskaya et al., 2003; Li et al.,
2007; Saha et al., 2006).

There are five families of chromatin remodelers; SWI/SNF, ISWI, NuRD, INO80 and
SWRI1 (Driscoll et al., 2007; Felsenfeld and Groudine, 2003; Mueller et al., 1985;
Nathan et al., 2006; Peterson and Laniel, 2004; Xu et al., 2005; Zhang et al., 2003)
(Table 1, complex names are expanded in the List of Abbreviations). RNA and DNA
polymerases are chromatin remodelling machines directly involved in transcription
(Kireeva et al., 2002; Wolffe and Hayes, 1999). The remodelling complexes and their
individual subunits are conserved. For example two SWI/SNF family members, S.
cerevisiae SWI/SNF and H. sapiens PBAF, share multiple homologous subunits
including SWI2/SNF2 and BRG1, SWI3 and BAF55, and SNF5 subunits (Table 1).
Conservation of chromatin remodelling machinery indicates the importance of
chromatin remodelling for an organism’s survival. Interestingly, it has been shown that
remodelling machines show stages and tissues specific enrichment during X. laevis
development (Linder et al., 2004) and CHD4 has been demonstrated to have a
developmental role in X. laevis (Linder et al., 2007). Other proteins associated with
chromatin, such as those responsible for post translational modifications to histones, are

also conserved (Kouzarides, 2007) indicating the broader importance of chromatin.



10

Remodelling Example Known biological functions Known subunits (equivalents) References
complex family | remodelling
complexes (species)
SWI/SNF SWI/SNF Polll  activation, elongation, | SWI2/SNF2, SWP61/ARP7, SWP59/ARP9 SWII/ADR6, SWI3, SWP73, | (Mohrmann and Verrijzer,
(S. cerevisiae) double strand break (DSB) repair, | SNF5, SWP82, SWP29/TFG3/TAF30/ANC1, SNF6, SNF11. 2005), (Mohrmann and
gene activation and repression Verrijzer, 2005)
PBAF Development, tumour suppressor, | BRG1 (SWI2/SNF2, STHI1), Polybromo/BAF180 (RSC1, RSC2, RSC4), | (Mohrmann and Verrijzer,
(H. sapiens) cell cycle BAF170 and BAF55 (SWI3), BAF57 (BAP111), BAF60A OR BAF60B | 2005; Pepin et al., 2007; Saha
(SWP73), BAF53 (BAPSS5), Actin, HSNF5/INI1 (SNF5) et al., 2006)
ISWI CHRAC (H. sapiens) | Nucleosome assembly and | SNF2H (ISWI, SNF2L, ISW2), WCRF180, CHRAC15, CHRAC17, (Mohrmann and  Verrijzer,
spacing 2005; Pepin et al., 2007; Saha
et al., 2006)
NuRF Transcriptional activation SNF2L (ISWI, ISW2) , BPTF, RBAP46, RBAP48 (Bao and Shen, 2007; Saha et
(H. sapiens) al., 2006)
INO80 INOS8O DNA double strand break repair | INO80, RVB1, RVB2, ARP4, ARP5, ARP8, Actin, NHP10, ANCI1/TAF14, | (Bao and Shen, 2007; Saha et
(S. cerevisiae) (recruited by  phosphorylated | IESI to 6, al., 2006)
H2A.X), Polll activation, gene
specific regulation.
INOS8O Homologous recombination, gene | INO80, RVB1, RVB2 (Bao and Shen, 2007; Saha et
(A. thaliana) transcription al., 2006, Wu et al., 2005)
SWR1 SWRI1 DNA double strand break repair, | SWR1 (DOM-A, SRCAP, P400), ARP4, ARP6, SWC3, SWC4/EAF2/GODI1, | (Bao and  Shen, 2007;
(S. cerevisiae) Htz1 deposition, SWCS5/AOR1, SWC6/VPS71, SWC7, SWR2/VP372, YAF9, BDFI1, Actin, | Bouazoune and Brehm, 2006;
RVBI1, RVB2 Saha et al., 2006)
Tip60 DNA double strand break repair, | DOM-A (SWR1, SRCAP, P400),TIP60, PON, REP, MRG15, H2AV, TRAI, | (Denslow and Wade, 2007;
(D. melanogaster) H2A.Z deposition and acetylation | GAS41, ING3, E(PC), H2B Saha et al., 2006)
NuRD/Mi- NuRD Transcriptional repression and | Mi-2, MBD2 OR 3, HDACI1, HDAC2, RBA P46, RBAP48, P66A OR P66B, | (Bouazoune and Brehm, 2006;
2/CHD (H. sapiens) silencing, histone deacetylation, | MTAI, 2, OR 3 (MTA), Denslow and Wade, 2007)
development
NuRD (D. | Transcriptional regulation, | Mi-2, P55, RPD3 (HDAC1, HDAC2), MBD2 OR 3, MTA, P66/68 (Saha et al., 2006)
melanogaster) development

Table 1: A selection of chromatin remodelling complexes. The five known families of chromatin remodelling complexes with two example complexes from
each family. Subunits are listed with items in parenthesis indicating equivalents (homologues or structurally similar proteins). A slash ‘/’ indicates alternative
names. The first subunit listed for each complex is the ATPase. Adapted from (Saha et al., 2006).
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1.1.3.2 Post translational modification
Post translational histone modifications include phosphorylation (ph), ubiquitylation,

ADP-ribosylation, methylation (me), SUMOylation, and acetylation (ac) of histone
amino acid residues (Berger, 2007; Kouzarides, 2007). Proline isomerisation (Nelson et
al., 2006) and deamination (arginine to citrulline conversion) can also occur (Cuthbert
et al,, 2004). Lysines (K) can be mono-, di- or tri-methylated (Me, Me2, Me3)
(Kouzarides, 2007). Arginines (R) can be mono- or di-methylated (Kouzarides, 2007).
Both canonical and variant histones can be modified (Kouzarides, 2007). Over 60
different residues on histones are known to harbour modifications (Kouzarides, 2007).
Modifications thus far described are mostly in tail regions (Xu et al., 2005), however
some residues within core domains can be modified, including H3 lysine 56 acetylation
(H4K56ac) in S. cerevisiae and methylation of the equivalent residue (H4K59me) in
mammals (Zhang et al., 2003). The number, sites, and types of post translational
modification taken together provide a system with huge combinatorial power. These
modifications are non-randomly distributed, most are reversible (no known enzyme can
reverse arginine deamination or arginine methylation (Berger, 2007; Kouzarides,
2007)), and can alter chromatin’s structural and functional properties providing a
sophisticated regulatory system for the genome. Post translational modification function
can be context dependent. Function can sometimes be determined directly by structure
or indirectly by reading by ‘adaptors’, that are often components of remodelling
machinery.

Post translation modification is required for in vivo chromatin assembly. Nucleosome
assembly requires (H3/H4), tetramers with particular post translational modifications
(Sobel et al., 1995). Histone post translational modification can affect higher order

chromatin structure, for example H4 acetylation at lysine 16 (H4K16ac) is an obstacle
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to the 30nm fibres formation and higher order folding of these fibres (Shogren-Knaak et
al., 2006). All core histone tail domains can shield the charge of DNA though they
repress or potentiate oligomerisation of 30nm fibres into larger structures largely
through other undefined interactions (Gordon et al., 2005; Wolffe and Hayes, 1999).
Post-translational modification can modify transcription directly, indirectly or both.
Directly, by altering electrostatic charge or interactions between nucleosomes or
histones and DNA, thus changing the accessibility of targets for DNA binding proteins
(Becker, 2006; Peterson and Laniel, 2004). For example, histone hyperacetylation
results in 10nm fibres decompaction providing access for transcription factors, one
mechanism of this decompaction, alteration of the charge of the H4 N-terminal tail (free
amino group terminal of an amino acid chain) by H4K16ac (acetylation neutralises the
basic lysine) weakens interactions with the acidic patch of H2A on adjacent
nucleosomes (Shogren-Knaak et al., 2006). An example of alteration to histone—-DNA
electrostatic interactions may be H3K56ac, since acetylation neutralises this residue’s
charge and fills most of the DNA-histone gap (Bernstein and Hake, 2006; Ehrenhofer-
Murray, 2004; Shogren-Knaak et al., 2006). Post-translational modifications can act
indirectly by altering/creating binding sites for chromatin binding proteins or complexes
(Berger, 2007). For example H3K9me at promoter regions recruits HP1, promoting
repressive heterochromatin formation (Ayyanathan et al., 2003) and H4K16ac prevents
the action of the ACF remodelling complex (Shogren-Knaak et al., 2006).

Traditionally, particular post translational modifications at specific sites were correlated
with either transcription or repression. More recently it has become apparent that some
post translational modifications can recruit transcriptional activators and repressors. For
example H3K9 methylation in mammals is restricted to promoter regions of inactive

genes (Ayyanathan et al., 2003) and transcribed regions of active genes (Vakoc et al.,
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2005), the mark is also enriched in pericentric heterochromatin where it is thought to
promote silencing (Schotta et al., 2004). Variable function is due to the chromatin
context, including variable protein-protein interaction sites, and cell type specific
availability of associating proteins (Li et al., 2007; Peterson and Laniel, 2004). Context
for post translational modifications can also be established by post translational
modifications affecting each other, this can occur in several ways. Firstly, multiple
modifications cannot occur on the same site so they are mutually exclusive, for example
SUMOylation is repressive to transcription because it prevents acetylation or
ubiquitylation of the modified residue (Nathan et al., 2006). Secondly, interference by
adjacent modifications, for example binding of HP1 to H3K9me is blocked by H3S10ph
(S: serine) (Fischle et al., 2005). Thirdly, alteration of an enzyme’s recognition epitope
reduces the enzyme’s catalytic activity, for example isomerisation of H3P38 affects
H3K36me by Set2 (Nelson et al., 2006). Also additional modifications enhance
recognition of binding site by enzymes, for example the HAT GCNS5 may recognise H3
better if H3S10 is phosphorylated (Lo et al., 2000). Finally, combinations of
modifications on different tails can act together, for example H3K9me and H4K20me3

at pericentric heterochromatin (Li et al., 2007; Shogren-Knaak et al., 2006).
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Post translational | Sites Selected functions/locations References

modifications

Acetylated lysine | H2A(5,9,13), H3K9: transcriptionally poised genes in | (Azuara et al,
H2B(12,15,20), embryonic stem cells. H3K9 and | 2006; Bernstein et
H3(9,12,14,18,59), | H3K14: active genes in human and | al., 2005; Driscoll
H4(5,8,13,16) mouse; mitotic chromosome | et al.,, 2007

condensation regulation. H3K12: DNA | Fischle et al,
damage repair. H4K16: obstacle to | 2005; Schotta et
30nm fibre formation and higher order | al., 2004,
folding. Shogren-Knaak et
al.,, 2006; Xu et
al., 2005; Zhang et
al., 2003)
Phosphorylated H3(3,10,28), H4(1) | H3T3: possible role in metaphase | (Dai and Higgins,
serine/threonine chromosome alignment. H3S10: mitotic | 2005; Fischle et
chromosome condensation regulation. | al., 2005;
H4S1: DNA  packaging  during | Krishnamoorthy et
gametogenesis. al., 2006; Zhang et
al., 2003)

Methylated H3(17,23), H4(3) Multiple sites: transcriptional activation | (Wang et al,

arginine and targeting for deimination 2004)

Methylated lysine | H3(4,9,27,36,79), | H3K4:  transcriptional  elongation, | (Ayyanathan et
H3 (56 in yeast, 59 | transcriptionally ‘poised’ domains in | al., 2003; Azuara
in mammals), | embryonic stem cells, and remodelling | et al.,  2006;
H4(20) complex binding at trimethylated | Bannister et al.,

transcription  start  sites.  H3K9: | 2005; Bernstein et
repression and transcription through | al., 2005;
recruitment of different HP1 isoforms. | Carrozza et al.,
H3K27: X-inactivation, transcriptionally | 2005; de Napoles
‘poised’ domains in embryonic stem | et al., 2004;
cells, and transcriptional repression in | Huyen et al,
somatic cells. H3K36: transcriptional | 2004; Sanders et
activation when present in coding | al., 2004; Schotta
regions and prevents inappropriate | et  al.,  2004;
transcriptional initiation within coding | Shukla and
regions of active genes. H3KS59: | Bhaumik, 2007;
transcriptional silencing. H3K79: | Vakoc et al.,
double strand break repair. H4K20: | 2005; Wysocka et
pericentric heterochromatin | al., 2006; Zhang et
maintenance  in  metazoans, gene | al., 2003)
silencing, and DNA repair after ionizing

radiation in yeast.

Ubiquitylated H2A(119), H2AK119: transcriptional repression | (de Napoles et al.,

lysine H2B(120 or 123 in | and X inactivation in metazoans. | 2004; Shukla and
S. cerevisiae) H2BK120: transcriptional elongation. Bhaumik, 2007)

SUMOylated H2A(126), H2B(6 | Multiple sites: transcriptional repression | (Nathan et al.,

lysine or7) 2006)

Isomerised proline | H3(30,38) Multiple sites: transcriptional activation | (Nelson et al.,

and repression 2006)

Deimination

H3 (2.,8,17,26)
H4 (3)

Multiple sites: transcriptional repression

(Cuthbert et al.,
2004; Wang et al.,
2004)

Table 2: Post translational modifications to canonical histones. For each modification the
canonical histones modified (and amino acid numbers) are given as well as examples of
functions and/or genomic locations affected. Adapted from (Peterson and Laniel, 2004).
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1.1.3.3 DNA methylation
As well as histone post translational modification, the chromatin’s DNA component can

be chemically altered by methylation of cytosine (Doerfler, 1981; Wyatt, 1951),
typically at CG dinucleotides or CNG trinucleotides (Doerfler, 1981; Grandjean et al.,
2007), though some cytosine methylation is targeted to other sites (Grandjean et al.,
2007). DNA methylation is generally associated with transcriptional repression
(Doerfler, 1981; Naveh-Many and Cedar, 1981) and commonly occurs in repeats
(Bestor, 2000; Doerfler, 1981; Roizes, 1976), transposons (Bestor, 2000; Walsh et al.,
1998), and within genes (Bestor, 2000; Doerfler, 1981; Miller et al., 1978). DNA
methylation is excluded from most promoter regions at CpG islands (Bestor, 2000;
McClelland and Ivarie, 1982) further linking DNA methylation with transcriptional

regulation.

1.1.3.4 Histone variants
The canonical histones make up the bulk of the histone content in all mitotic eukaryotic

cells and are defined by several features: they have multiple gene copies in clustered
cassettes in the genome, the genes contain introns, the non-polyadenylated transcripts
are produced exclusively in S-phase, and the proteins are incorporated behind the
replication fork during this period (Bernstein and Hake, 2006; Jin et al., 2005). Histone
variants all have the histone fold though they need not have all the features of canonical
histones listed above (Jin et al., 2005). Variants have different tails and can alter the
octomer core structure, therefore variant incorporation can alter chromatin function by
changing post translational modification sites, protein-protein interactions with
remodellers or transcription factors, or by directly altering chromatin structure (eg.
10nm fibre compaction) and thereby DNA accessibility (Fan et al., 2002; Jin et al.,
2005). These changes to function can be global, regional, or loci specific. Some

examples: the variant HI1° globally represses transcription in early X. laevis
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development (Costanzi et al., 2000), CENP-A (an H3 variant) is required for
centromere formation (Suto et al., 2000), while the variant H1b interacts with Msx1 to
form a complex that binds the Core Enhancer Region (CER), an important regulatory
DNA sequence for MyoD (Lee et al., 2004), to induce a repressive chromatin state
(Bernstein and Hake, 2006).

Variant histones can replace H2A, H2B, H3, or linker histones but no H4 variants have
been uncovered. Most known variants are of the H2A histone family (Costanzi et al.,
2000). A selection from the numerous H2A variants known is given in Table 3. The
most abundant H2A variants are H2A.Z and H2A.X (Costanzi et al., 2000). Studies in
multiple organisms have found H2A.Z makes up approximately 10% of the H2A
content (Jin et al., 2005; Kobor et al., 2004; Mizuguchi et al., 2004; Redon et al., 2002).

The variant H2A.Z is the focus of this project.

H2A variant | Function/expression. Reference

MacroH2A1.2 | Concentrated on the inactive X of female mammals. (Costanzi et al., 2000)

H2A.Bbd Almost completely excluded from the inactive X | (Chadwick and Willard,
chromosome in mammals. 2001)

H2AX Phosphorylated at double strand breaks in mammals. | (Paull et al., 2000; Rogakou
Present in X. laevis oocytes. et al., 1998)

H2AvVD D. melanogaster H2A.Z and has functional activities of | (Madigan et al., 2002)
both H2A.Z and H2AX.

H2A.Z Plays a structural role in centric chromatin and is | (Farris et al., 2005; Greaves
associated with transcriptional regulation. et al., 2007; Thatcher and

Gorovsky, 1994)

Table 3 Selected H2A variants adapted from (Bernstein and Hake, 2006).

1.2 The histone variant H2A.Z

1.2.1 Gene and transcript
The H2A.Z gene is highly conserved. Orthologs for H2A.Z have been found in many

organisms including mammals (Hatch and Bonner, 1990), chicken (Harvey et al., 1983),
trout (Nickel et al., 1987), C. elegans (Updike and Mango, 2006), sea urchin (Ernst et
al., 1987), yeast (Carr et al., 1994), tetrahymena (Allis et al., 1986), and the slime

mould Physarum (Mueller et al., 1985). In the human gene a 234bp proximal promoter
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region has been defined containing six transcription factor binding sites; three CCAAT
(sites for CCAAT box family transcription factors), two GC (GGGCGG binding sites
for transcription factor Sp1l), and a TATA box (Hatch and Bonner, 1996). In addition to
this proximal promoter two more distal transcription factor binding sites exist between
-234 to -361bp from the transcription start site (Hatch and Bonner, 1990). Some sites
are conserved between species (Bernstein and Hake, 2006). In X. laevis the major
H2A.Z transcript is ~869bp not including the poly-A tail (Iouzalen et al., 1996) with a
~381bp translated region (Iouzalen et al., 1996). H2A.Z transcription is not limited to S
phase as with canonical core histones; a conclusion supported by the transcript’s lack of
the 3’ stem loop structure found in S-phase transcribed histones (Hatch and Bonner,
1990). The transcribed region contains introns; four in human and chicken (Hatch and
Bonner, 1990). Intron and exon lengths vary between species (Hatch and Bonner,
1990). In the human gene these introns are 276 to 438bp in size (Hatch and Bonner,
1990). The gene also contains a polyadenylation signal (Ernst et al., 1987; Hatch and
Bonner, 1990; Iouzalen et al., 1996) and the transcript is polyadenylated in most species
(Hatch and Bonner, 1990). In X. laevis, H2A.Z mRNA has polyadenylated and non-
polyadenylated forms (Iouzalen et al., 1996), which is likely to affect mRNA stability

and translation in vivo (Allende et al., 1974; Beilharz and Preiss, 2007).

1.2.2 Protein
When translated from the mRNA transcript described above, a 127aa, 14.1kDa protein

is produced (Ernst et al., 1987; Iouzalen et al., 1996). The H2A.Z amino acid sequence
is sufficiently conserved from canonical H2A (~57%) to replace the canonical histone
within the nucleosome (the histone fold is conserved) and includes the ‘H2A box’
identifying it as a H2A variant (Jackson et al., 1996). H2A.Z’s amino acid sequence is

highly conserved, even in distantly related organisms such as humans and S. pombe, in
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fact H2A.Z is more conserved than canonical H2A (Thatcher and Gorovsky, 1994).
Despite small differences in codon usage, H2A.Z’s protein sequence is 100% identical
for rat, bovine, and human (Clarkson et al., 1999).

Any roles specific to H2A.Z must be linked to one or more differences from canonical
H2A. Differences in protein sequence compared to canonical H2A include alterations to
the core and tail regions (Harvey et al., 1983). The H2A.Z-containing nucleosome’s
crystal structure shows changes to the amino acid sequence alter nucleosome stability
and surface features (Figure 4) (Suto et al., 2000). An acidic patch on the nucleosome
surface is extended in H2A.Z by alterations in the C-terminal a-helix (Figure 4) (Suto et
al., 2000). The acidic patch interacts with the H4 tail of adjacent nucleosomes (Fan et
al., 2002). Consistent with the predicted H2A.Z-H4 inter-nucleosome interaction, in
vitro H2A.Z facilitates 30nm fibre compaction (Fan et al., 2002). Changes to the L1
loop H2A-H2A interaction site favour incorporation of a second H2A.Z (Suto et al.,
2000). A conserved histidine motif (HIH) within the core region bound a metal ion in
crystal structure studies (Figure 4) (Suto et al., 2000). In vivo the HIH motif is likely to
be a protein-protein interaction site (Suto et al., 2000). Three hydrogen bonds removed
from the nucleosome interior results in less stable H2A-H3 interaction (Park et al.,
2004). However, experimentally H2A.Z incorporation does not produce destabilisation,

rather it produces greater H2A.Z/H2B-(H3/H4), stability (Suto et al., 2000).



19

Figure 4 H2A.Z incorporation alters nucleosome structure. Comparison of nucleosomal
surfaces of H2A.Z (a) and H2A (b) containing nucleosome cores at 2.6A resolution.
Electrostatic potentials at the accessible solvent surface (1.4A, the radius of a water molecule,
from the nucleosome surfaces) colour coded from +7.0 (deep violet) to -7.0 (deep red) kcal mol
' e have been mapped onto the nucleosomal surface (Getzoff et al., 1983). Molecular surfaces
were modelled with MSMS (Sanner et al., 1996) using a 1.4A spherical probe. The black arrow
indicates the acidic patch (deep red region) on the nucleosome surface that in H2A.Z
nucleosomes is extended compared to canonical nucleosomes. The coloured green area on ‘@’
is the manganese ion bound to the HIH motif not present on the surface of canonical
nucleosomes. Figure adapted from (Suto et al., 2000).

1.2.3 Incorporation of H2A.Z into chromatin
This section discusses H2A.Z incorporation into chromatin from the initial targeting and

assembly into the nucleosome through to the consequences for higher order structure.
Interestingly, in vitro H2A.Z incorporation inhibits 30nm fibre oligomerisation (Fan et
al., 2002). H2A.Z is enriched in centric and pericentric heterochromatin, and binds
INCENP (inner centromere protein), which 1is associated with pericentric
heterochromatin (Carr et al., 1994; Greaves et al.,, 2007; Krogan et al., 2004;
Rangasamy et al., 2003; Rangasamy et al., 2004). H2A.Z plays a structural role in
centromeres which may explain why H2A.Z depletion leads to chromosome segregation
defects and genome instability (Rangasamy et al., 2004). Clearly, H2A.Z assembly can

lead to specialised structural chromatin domains.
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H2A.Z incorporation is non-random (indicating the process is targeted) and occurs
throughout the cell cycle (Leach et al.,, 2000; Raisner et al., 2005). Indeed H2A.Z
incorporation requires chromatin remodelling machinery and chaperones distinct from
canonical H2A (Luk et al., 2007; Ruhl et al., 2006; Wu et al., 2005). H2A.Z localisation
is related to possible structural and functional roles, such as mitotic chromosome
segregation (Rangasamy et al., 2004) and transcriptional regulation (Meneghini et al.,
2003; Raisner et al., 2005; Santisteban et al., 2000). H2A.Z must therefore be targeted
to specific chromosomal regions. Work done largely in yeast is now starting to produce
a detailed picture of how H2A.Z is targeted to and incorporated into chromatin by an
ATP-dependent chromatin remodelling machine (Jin et al., 2005). In yeast this complex
is called SWRI1 (named for the Swrl ATPase subunit), in human SRCAP, and in
Drosophila melanogaster (D. melanogaster) dTip60 (named for its Tip60 histone acetyl
transferase subunit) (Jin et al., 2005; Krogan et al., 2003; Mizuguchi et al., 2004; Ruhl
et al., 2006).

H2A.Z is assembled into nucleosomes flanking transcription initiation sites containing a
22bp DNA sequence within promoters (Raisner et al., 2005). However, exactly how
H2A.Z and SWRI1 are targeted to other heterochromatin regions remains unknown (Jin
et al.,, 2005). It has been proposed that histone post translational marks allow a
component of SWR1 to bind to nucleosomes, candidates include subunits Swc6 and
Arp6, which are required to bind SWR1 to nucleosomes (Wu et al., 2005) and Bdfl and
2 which bind acetylated H4 (Raisner et al., 2005) (see Table 1 section 1.1.3.1). This
then recruits the other SWR1 complex subunits (Jin et al., 2005; Mizuguchi et al.,
2004). SWRI then facilitates the removal of the H2A/H2B dimer, though the precise

mechanisms remains unknown (Luk et al., 2007). Note though that the 22bp DNA
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sequence alone is not sufficient to recruit H2A.Z and therefore requires a second
currently undescribed mechanism for H2A.Z recruitment (Raisner et al., 2005).

In yeast, the H2A.Z/H2B dimer is associated with a chaperone, Napl or the H2A.Z
specific Chzl (called HIRIP3 in metazoans), that binds to the Swc2 (YL-1 in
metazoans) SWR1 component (Luk et al, 2007; Wu et al., 2005), then SWRI1
exchanges H2A.Z/H2B into the nucleosome structure (Mizuguchi et al., 2004; Wu et
al., 2005). Swc2 binds to the H2A.Z a-C-helix, which differs from the corresponding
domain in core H2A, demonstrating that this is an H2A.Z specific interaction (Luk et
al., 2007; Wu et al., 2005). Due to changes in the L1 loop that prevent canonical H2A
and H2A.Z from co-existing in a nucleosome a second H2A.Z is incorporated into the

nucleosome (Suto et al., 2000).

1.2.4 H2A.Z and transcription

H2A.Z is implicated in transcriptional regulation by its non-random distribution
throughout different organisms’ genomes, though localisation of H2A.Z offers
conflicting indications of its role in transcription (Jin et al., 2005; Redon et al., 2002). In
Tetrahymena H2A.Z is localised to the transcriptionally active macronucleus (Allis et
al., 1986) while in yeast Htz (the H2A.Z homologue) has been associated with silencing
and activation (Meneghini et al., 2003; Raisner et al., 2005; Santisteban et al., 2000).
More specifically in yeast, Htz is enriched at particular DNA motifs associated with
promoters, typically immediately downstream of transcription start sites (Albert et al.,
2007; Raisner et al., 2005) and to euchromatin adjacent to silenced regions where it
prevents the spread of silencing (Meneghini et al., 2003; Millar et al., 2006). The
positioning of H2A.Z-containing nucleosomes on promoter DNA in yeast is more
variable than in other genomic regions, suggesting that H2A.Z positioning nucleosomes

may regulate the promoter regions’ accessibility to non-histone proteins in this
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organism (Albert et al., 2007). H2A.Z is also found in nucleosomes flanking the
transcription start site within both active and inactive promoters (Raisner et al., 2005).
H2A.Z is associated with both transcriptionally repressive and active histone post
translational modifications. In yeast Htz interacts genetically with the pathway for H3
lysine 4 methylation (H3 K4me) to produce more pronounced phenotypes than
mutations in either alone (Ng et al., 2003). H3 K4 dimethylation (H3K4me?2) correlates
with genes poised for activation, while H3 K4 trimethylation (H3K4me3) is associated
with recent transcription by polymerase II (Ng et al.,, 2003). Efficiency of H2A.Z
incorporation flanking transcription start sites is increased by H3K4 methylation,
H3K79 methylation, and H4K16 acetylation, marks associated with transcription, but
these marks are not essential for H2A.Z incorporation (Raisner et al., 2005). H2A.Z is
also less often SUMOylated than canonical H2A (Nathan et al., 2006). SUMOylation is
a repressive post-translational modification (Nathan et al., 2006). H2A.ZK14ac is
enriched at transcribed genes, while hypoacetylated H2A.Z is associated with repression
(Millar et al., 2006).

H2A.Z localisation in several metazoan genomes offers similarly contradictory
evidence. In D. melanogaster H2Av is more widely, though still non-randomly, spread
over the genome (Leach et al.,, 2000) and is associated with silenced regions
(Swaminathan et al., 2005). In mice H2A.Z is enriched in the compact gene-poor
pericentric and centric heterochromatin (Greaves et al., 2007; Rangasamy et al., 2004).
Potentially H2A.Z has a role in genome stability (Greaves et al., 2007; Rangasamy et
al., 2004). Whether H2A.Z plays a role in transcriptional silencing at the centromere or
has a purely structural role in this region remains an open question. Additionally,
vertebrate H2A.Z distribution is not limited to the centromere. Evidence from

mammalian cells indicates that, as with yeast, vertebrate H2A.Z is localised upstream of
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genes and downstream of transcription start sites (Farris et al.,, 2005). In cells not
expressing the gene c-myc, H2A.Z is present in both the promoter and transcribed
regions, though depleted toward the transcribed region’s 3’ end. When transcription is
induced H2A.Z is depleted from the transcribed region (Farris et al., 2005). In the
housekeeping gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase), H2A.Z was
present within the promoter not the transcribed region (Farris et al., 2005). As already
noted, exactly how H2A.Z is targeted to specific genomic regions is unclear (see section
1.2.3).

Two mechanisms have been proposed for transcriptional modulation by H2A.Z. Firstly,
that H2A.Z containing regions act as a barrier to the spread of silencing, the variant
histone could be involved in the maintenance and/or establishment of boundary
structures, into actively transcribed regions (Meneghini et al., 2003). Secondly,
remodelling of H2A.Z-containing nucleosomes is required for transcription (Farris et
al., 2005).

The second mechanism involves H2A.Z exchange for H2A. As already discussed,
H2A.Z-containing nucleosomes are more stable in vitro than their canonical
counterparts (Park et al., 2004) (see section 1.2.3), therefore exchange of H2A.Z for
H2A and vice versa may alter the accessibility of DNA associated with the nucleosome.
Initially, H2A.Z is incorporated into nucleosomes near promoters, then H2A.Z is
removed from the nucleosome and transcription occurs, however the timing and
detailed mechanisms remain unknown (Jin et al., 2005).

One possible model, suggested by Farris (2005), for H2A.Z’s role in transcription is that
H2A.Z incorporation is repressive and marks regions poised for transcription. With
H2A.Z incorporation (see also 1.2.3), genes may be transcriptionally poised because

H2A.Z favours 10nm fibre compaction into 30nm fibres, though not further compaction
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(Park et al., 2004). Favouring the 30nm fibre may also contribute to establishing
chromatin structures that prevent the spread of silencing. Within the transcribed region
the presence of stable H2A.Z nucleosomes (Park et al., 2004) is thought to repress
transcription (Farris et al., 2005). To extend this model, the variable positioning of
H2A.Z nucleosomes within promoters (Albert et al., 2007) may modulate
transcriptional regulation. As can be surmised from this model, our understanding of
H2A.Z in transcriptional regulation has come a long way since the early studies that
correlated H2A.Z with either repression or activation. However, we do not yet have
complete understanding of the molecular mechanisms behind the models. How H2A.Z
is targeted to particular genomic regions and the details of H2A.Z exchange for H2A

upon transcription remain unclear.

1.3 Chromatin and transcriptional regulation during

metazoan development
Chromatin has essential roles in the control of gene transcription throughout metazoan

development. Often early embryonic transcription is globally repressed until after a
specific developmental stage, such as the mid-blastula in X. laevis (see section 3.1.1.2).
Histone variants, as well as other mechanisms that alter chromatin structure, have been
implicated in the regulation of key developmental genes and global changes to
transcription. For example, many transcription factors are either implicated in
development, and/or have developmentally regulated expression (Latinkic and Smith,
1999; Saka et al., 2000; Tada et al., 1998; Tintignac et al., 2004; Veenstra et al., 2000).
In metazoans distinct histone combinations are found in germ, undifferentiated
embryonic, and different somatic cell types (Bouvet et al., 1994; Dimitrov et al., 1993).
This section presents an overview of changes to chromatin throughout early

development in X. laevis.
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In X. laevis the first twelve divisions are synchronous, and proceed without transcription
or gap phases (Graham, 1966; Newport and Kirschner, 1982). These ‘cleavage
divisions’ are facilitated by large maternal stores of histone protein that contribute to a
globally repressive chromatin structure (Prioleau et al., 1994). Germ cell DNA is highly
methylated. Methylation at specific gene promoters decreases during the cleavage
divisions eventually activating these genes thereby inducing the mid-blastula transition
(Stancheva et al., 2002).

After the cleavage divisions, the mid-blastula transition (MBT) marks the beginning of
zygotic transcription. Chromatin at the MBT has lost most of the maternal proteins
including the maternal store of core histones. Titration out of these maternal histones by
DNA replication contributes globally to less repressive chromatin structures
immediately post MBT (Almouzni and Wolffe, 1995; Prioleau et al., 1994). Later
transcriptionally permissive histone post-translational modifications that characterise
pre-MBT blastomeres are replaced with modifications, such as H4 hyperacetylation that
establish transcriptionally repressed domains (Kikyo and Wolffe, 2000). The
importance of post translational modifications to development is dramatically
demonstrated by experimental global histone hyperacetylation (such as by TSA
treatment, (Stewart et al., 2006)), which prevents proper gastrulation in X. laevis by
perturbing transcriptional regulation (Almouzni et al., 1994). With each cell division a
decline in the chromatin’s totipotent character occurs as new patterns of chromatin
causing tissue specific expression are established (Kikyo and Wolffe, 2000). These
alternations continue into gastrulation transforming totipotent into somatic cells (Kikyo
and Wolffe, 2000).

Histone variant expression is often developmentally regulated (Aul and Oko, 2001;

Iouzalen et al., 1996; Ohsumi and Katagiri, 1991). For example X. laevis oocytes have
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large stores of the variant H2A.X that are titrated out as cell divisions proceed
(Dimitrov et al., 1994; Ohsumi and Katagiri, 1991). Another example is B4, the
dominant linker histone at the mid-blastula transition that is replaced by the end of
gastrulation by H1 (Dimitrov et al., 1993). Moreover, histone variants have functional
implications for development, for example H1b is required for regulation of MyoD, a

key developmental gene (Lee et al., 2004).

1.4 H2A.Z is essential for metazoan development

Several lines of evidence suggest a developmental role for H2A.Z in metazoans. Firstly,
knock-out experiments have shown H2A.Z is essential in organisms including fly and
mouse (Faast et al., 2001; van Daal and Elgin, 1992), though not yeast (Carr et al.,
1994; Jackson and Gorovsky, 2000), indicating that H2A.Z may have additional
functions in more complex organisms. Secondly, H2A.Z expression is developmentally
regulated in metazoans (Ernst et al., 1987; Harvey et al., 1983; Iouzalen et al., 1996;
Rangasamy et al., 2003). Taken together, evidence suggests H2A.Z might regulate
developmental transcription or have a more general function in chromosome

segregation.

1.4.1 H2A.Z is targeted to a selection of foregut genes during C.

elegans development
In Caenorhabditis elegans (C. elegans) H2A.Z and the remodelling complex SWR1 are

recruited to a subset of foregut gene promoters in vivo when transcription is initiated
(Updike and Mango, 2006). Only the tissue specific genes Myosin-2 (myo-2) and
RO7B1.9 were identified within this subset (Updike and Mango, 2006). Reduction of
H2A.Z levels by RNAI results in delayed expression of these genes, defects in

pharyngeal and intestinal development (the organs were misshapen), and was eventually
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lethal (Updike and Mango, 2006). This observation is consistent with the proposed

‘poised’ chromatin state of H2A.Z-containing nucleosomes (see section 1.2.4).

1.4.2 Essential regions of H2Av during fly development
In D. melanogaster the variant H2Av is within the H2A.Z family and is also

phosphorylated at double strand DNA breaks, an H2A.X function in mammals (Paull et
al., 2000) and of canonical H2A in yeasts (Madigan et al., 2002). Following the work
that determined that H2Av was essential in D. melanogaster (van Daal and Elgin, 1992)
rescue experiments identified protein regions important to fly development (Clarkson et
al., 1999). A region including the C-terminal a-helix was found to be essential (region
M6) and three regions resulting in partial rescue were also identified (Clarkson et al.,
1999). These were: portions of the C-terminal (region M7); the N-terminal tail
including important post-translational modification sites (M1); and a portion of the
histone fold a2 helix (M4) (Clarkson et al., 1999). Regions M6 and M7 were essential

for survival into adulthood (Clarkson et al., 1999) (Figure 5).

M6 M7
X. laevis H2A DEELNKLLGRVIIAQGGVLPNIQSVLLPKKTESSKSAKSK
X. laevis H2A.Z| DEELDALIK-ATIAGGGVIPHIHKSLIGKKGQQOKTV
Drosophila H2A.vD DEELDSLIK-ATIAGGGVIPHIHKSLIGKKEETVQDPQRKGNVILSQAY
Tetrahymena hvl DEELDILIK-ATIAGGGVIPHIHKALLGKHSTKNRSSAKTAEPR
Mouse H2A.Z DEELDSLIK-ATIAGGGVIPHIHKSLIGKKGQQKTV
Sea urchin H2A,F/Z DEELDSLIK-ATIAGGGVIPHIHKSLIGKKGSQKAT

S. pombe pht 1 DEELDTLIR-ATIAGGGVLPHINKQLL]RTKEKYPEEEEII
S.cerevisiae HTZ1 DDELDSLIR-ATIASGGVLPHINKALLLKVEKKGSKK

docking domain

Figure 5 A histidine motif in H2A.Z is conserved in metazoans. Sequence comparison of
H2A.Z protein from different species. The two histidine residues required for normal
development are bold, the M6 and M7 essential domains for D. melanogaster development are
boxed (Clarkson et al., 1999), and the docking domain is indicated with a dotted line.
Sequences were from the following: X. laevis H2A and mouse H2A.Z (Suto et al., 2000), X.
laevis H2A.Z1 (louzalen et al., 1996), D. melanogaster H2A.vD (Clarkson et al., 1999),
Tetrahymena hv1 (White et al., 1988), sea urchin H2A.F/Z (Ernst et al., 1987), S. pombe pht1
(Carr et al., 1994), and S. cerevisiae HTZ1 (Jackson et al., 1996) (figure adapted from (Ridgway
et al., 2004a))
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The essential region M7 contained a conserved histidine motif (Rangasamy et al., 2003)
(see section 1.2.3). Since H2A.Z’s histidine motif is conserved in metazoans though not
in yeast (Figure 5) and also conserved in C. elegans (swissprot: locus H2AV CAEEL,
accession Q27511.3)), this indicates that H2A.Z has acquired an additional function in
metazoans (Suto et al., 2000). The histidine motif is likely to be a protein-protein
interaction site in vivo (Suto et al., 2000) possibly with transcriptional consequences for

the developmental regulation of genes (see section 1.2.4).

1.4.3 H2A.Z localisation in early mouse development
H2A.Z transcription and localisation are developmentally regulated in the mouse. Semi-

quantitative RT-PCR from different parts of the early mouse blastocyst found that the
inner cell mass was depleted of H2A.Z mRNA at least twelve-fold compared to
trophoblast cells (Rangasamy et al., 2003). When cell differentiation begins in the
mouse embryo H2A.Z is first localised to the pericentric heterochromatin in specific
cells then is localised to other nuclear regions except the nucleolus (Rangasamy et al.,
2003). In these studies, the M6 region was determined to be essential for INCENP
binding (Rangasamy et al., 2003). However, M7 region containing the histidine motif
was not necessary (Rangasamy et al., 2003). This indicates that H2A.Z’s general
structural role at the centromere (discussed in section 1.2.3) may be initiated in early
mammalian zygotic cells and indicates that H2A.Z may have additional separate roles
that rely on distinct features of the H2A.Z containing nucleosome surface.

H2A.Z expression is also developmentally regulated in mouse spermatogenesis. The
protein and transcript levels that increase more than five- and two-fold respectively by
pachytene are not detected in mature spermatozoa (Greaves et al., 2006). The timing of
H2A.Z expression correlates with meiotic sex chromosome inactivation (Greaves et al.,

2006). Post-mitotically H2A.Z replaces macroH2A maintaining the sex chromosomes
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in transcriptionally silent facultative heterochromatin (Greaves et al., 2006). This
demonstrates that H2A.Z can influence transcriptional activity in a developmentally
regulated fashion during vertebrate differentiation. Taken together with H2A.Z’s
developmentally regulated expression in early mouse embryos these results indicate that
low H2A.Z levels are a feature of undifferentiated cells. As differentiation proceeds
H2A.Z expression increases and H2A.Z plays a role in establishing proper

heterochromatin structures in the differentiated cells (Greaves et al., 2006).

1.4.4 H2A.Z is essential for correct mesoderm development in X.

laevis
Studies in mice did not address whether H2A.Z has a specific role in transcriptional

regulation in the early embryo distinct from its role in the centromere. To investigate
H2A.Z’s role during vertebrate development, X. laevis was used because it is a tractable

vertebrate model for developmental studies (Sive et al., 2000).

1.4.5 Morphological observations indicate defective mesoderm

formation
Reducing H2A.Z expression in X. laevis embryos by siRNA resulted in a developmental

defect with the blastopore failing to close during gastrulation (Figure 6, B). Gastrulation
is the stage of development when the three primary tissue types are established by
extensive morphogenic shape changes. The defect induced by H2A.Z depletion is
consistent with defective gastrulation and mesoderm formation (Smith et al., 1991). As
embryos continue to develop, the dorsal surface of neurula and later stage embryos
remains open resulting in a neural tube defect. By the tailbud stage the embryo is
forming a head and tail bud, however the neural tube remains open and the trunk is
shortened (Figure 6). Trunk elongation in normal development is due to notochord

convergent extension; however, in the defective embryos the trunk is shortened. The
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notochord is descended from the marginal zone involuting cells that form the third
tissue layer, the mesoderm, through gastrulation. The defect observed is therefore
consistent with defective progression of mesoderm formation at gastrulation, (the
normal head development indicates that prechordal mesoderm and other non-
mesodermal tissues are developing normally). Based on these observations we
developed the hypothesis that the histone variant H2A.Z is important for gastrulation

and mesodermal development (Ridgway et al., 2004a).

Figure 6 Inhibition of H2A.Z by siRNA produces a gastrulation defect. The blastopore fails
to close and the trunk is shortened. Embryos shown are at stage 33/34; A untreated sibling, B
siRNA injected embryo displaying the defect, C and D examples of rescue experiments where
co-injection of H2A.Z mRNA has a dose dependent rescue effect on the H2A.Z RNAI indicating
that defect is specific to H2A.Z (Ridgway et al., 2004a).

1.4.6 A histidine motif on the H2A.Z-containing nucleosome surface

is important for vertebrate development
To determine the minimal region of H2A.Z required to maintain normal development in

X laevis plasmids containing mutations in H2A.Z mRNA were created based on
information from rescue experiments in D. melanogaster (Clarkson et al., 1999) and
crystal structure studies (Suto et al., 2000). These included several encoding proteins
with exchange of residues in surface features unique to H2A.Z containing nucleosomes

(Figure 7); the extended acidic patch and HIH motif (see section 1.2.3) (Ridgway et al.,



31

2004a). The mRNAs produced in vitro from these plasmids were injected into two cell
embryos where they overexpressed the encoded proteins. H2A.Z over-expression
slowed development and acidic patch removal (H2A.ZNK) prevented this
developmental delay (Figure 8) (Ridgway et al., 2004a). Therefore H2A.ZNK may
mimic canonical H2A (Fan et al., 2002). Three C-terminal region mutations produce
defect higher rates, H2A.ZCS, H2A.ZNH, and H2A.ZNQ. H2A.ZCS has the entire a-C
helix swapped for that of canonical H2A. This region is the ‘M6’ region found to be
essential in D. melanogaster (see 1.4.2). H2A.ZNH and H2A.ZNQ exchange one or
both histidine residues of the histidine (HIH) motif respectively for the equivalent
canonical H2A residue. H2A.ZNH, H2A.ZNQ or H2A.ZCS mRNA over expression
resulted in an identical phenotype to that produced by H2A.Z siRNA depletion,
indicating these proteins were acting as dominant negatives (Ridgway et al., 2004a).
The defect arising from injection of mRNA encoding the dominant negative H2A.ZNQ
will be referred to as the H2A.Zdn defect. Since disrupting even a single histidine
residue of the motif causes the H2A.Zdn defect, we concluded that the histidine motif
on the surface of H2A.Z-containing nucleosomes is important for proper development

in X. laevis (Ridgway et al., 2004a).
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n
A B no injection 203

a-C

H2A NK NQ buffer 169
H2A.Z [ DS _HH ] H2A 90
H2A.ZNH [ DS _NH ] H2A.Z 231
H2A.ZNQ [ DS_NO ] H2A.ZNH 125
H2A.ZCS [ NKHH ] H2A.ZNQ 346
H2A.ZNK [ NE_HH ] H2A.ZCS 56
H2A.ZNK 122

0 20 40 60 80 100
% embryos at tailbud stage

Figure 7 Specific mutations in H2A.Z have a dominant negative effect (A) Schematic of the
proteins expressed by microinjected RNAs in X. laevis embryos. Grey indicates regions with the
peptide sequence of canonical H2A. Letters indicate amino acid substitutions at two key motifs,
the acidic patch (DS to NK) and the histidine motif (HH to NH or NQ). Position of the a-C helix is
indicated. The plasmids to produce these RNAs are described in 02.1. (B) Percentage survival
and defect rates for embryos expressing the various exogenous proteins. Percentage survival is
given in grey. The percentage defective is given in black. The number of embryos for each is
given to the right. Results are pooled from several experiments (Ridgway et al., 2004a).

gastrulation tailbud
stage 12 stage 23

control

Figure 8 Defective morphology of embryos over-expressing altered H2A.Z indicates a
dominant negative effect. Embryos at stage 12 and 23. A and B uninjected controls; C and D,
H2A.Z RNA injected showing morphology consistent with delayed development; E and F
H2A.ZNK RNA injected have normal development, G and H defective development in H2A.ZNQ
RNA injected embryos; | and J H2A.ZCS RNA injection produces defective morphology. The
morphology of embryos G-J has the same defects as embryos depleted in H2A.Z by siRNA.
The defects seen in G-J and siRNA treated embryos are consistent with a disruption to proper
mesoderm development (Ridgway et al., 2004a).
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1.5 Scope of thesis

The histone variant H2A.Z is essential for embryonic survival in several organisms.
RNAi and H2A.Z dominant negative experiments in X. laevis indicate that H2A.Z
function is required for correct mesodermal development. Since it has been determined
that H2A.Z’s histidine motif is required for the histone’s function in development this
thesis project characterises H2A.Z’s developmental function in the X. laevis model.
The dn H2A.ZNQ embryos were used as a model for loss of H2A.Z function. Several
specific aims were formulated to test the hypothesis that H2A.Z is important for correct
gastrulation and mesodermal formation in early X. laevis development.
1. To determine H2A.Z’s spatial and temporal expression in early X. laevis
embryos;
2. To determine whether H2A.Z plays a role in cell fate determination in
mesodermal cell lineages;
3. To determine whether H2A.Z has a role in regulating cell movement during
convergent extension of mesoderm tissue.
Spatial and temporal expression patterns were determined by in Situ hybridisation and
semi-quantitative RT-PCR methods, and these findings are described in Chapter 3.
H2A.Z mRNA is present in the early blastula at low levels and is enriched on the
prospective dorsal side. Later H2A.Z mRNA levels rise, peaking at gastrulation and are
enriched in mesodermal tissues. These results show that H2A.Z has expression
consistent with a role in regulating developmental expression of mesoderm genes. The
second aim is addressed in Chapter 4, where I compared the levels of critical
developmental genes in dnH2A.ZNQ embryos where H2A.Z function is perturbed to
their normal siblings. Based on these findings, a role for H2A.Z in determining
mesoderm cell fate was excluded. In Chapter 5, the final aim was addressed first by in

situ hybridisation for localisation of mesodermal markers, then by RT real-time PCR of
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a key gene known to control cell movement in both dnH2A.ZNQ embryos and normal
siblings. The findings of these investigations are evidence that a critical cell motility
process (convergent extension) is disrupted when H2A.Z function is perturbed,
suggesting a role for H2A.Z in regulating the expression of genes required for

convergent extension.
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2 Materials and methods

2.1 Production of plasmids
Several plasmids for production of probes for in situ hybridisation (2.4) or for

production of RNA for microinjection (2.3.2) were constructed from the RN3P vector
(Zernicka-Goetz et al., 1996) as previously described (Ridgway et al., 2004a; Ridgway
et al., 2004b; Zernicka-Goetz et al., 1996). This section (2) briefly describes plasmid

production.

Hindlll 3626

| p-globin 5'UTR

———
H2A.Z cDNA

Bglll, EcoRl, Pstl,BamHI,200

Notl 636

‘ p-globin 3UTR

H2A.Z/RN3P
3636 bp

Pstl, Sfil, Kpnl 796

AmpR

Figure 9 H2A.Z/RN3P plasmid. Example of the plasmid used for production of RNA for
microinjection. AmpR: ampicillin resistance, Ori: origin of replication for amplification of plasmid
within bacteria, T3: T3 RNA polymerase binding site (arrow indicates direction of transcription),
T7: T7 RNA polymerase binding site (arrow indicates direction of transcription), B-globulin 5’
UTR: B-globulin 5 untranslated region, B-globulin 3' UTR: B-globulin 3’ untranslated region,
Hindlll, Bglll, Pstl, BamHI, Notl, Sfil, and Kpnl: restriction enzyme binding sites, H2A.Z cDNA:
transcribed insert (Ridgway et al., 2004b; Zernicka-Goetz et al., 1996).

The RN3P plasmid has several features pertinent to this project. The 5’-capping site and

B-globin 5’ and 3’ untranslated region sequences confer greater translational efficiency
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(Krieg and Melton, 1984). Finally, the plasmid offers numerous restriction sites for

cloning including BamH1, Notl and Kpnl1 sites.

2.1.1Plasmids constructed for production of mRNA for
microinjection

RN3P plasmid and PCR produced inserts were digested by BamH1 and Not1 restriction

enzymes (2.1.4.1) prior to ligation (2.1.4.2). The plasmids used for RNA production for

microinjection were: RN3P-H2A.Z-EGFP, RN3P-H2A.ZNQ, RN3P-H2A, and RN3P-

H2A.Z. Plasmids RN3P-H2A.ZNQ, RN3P-H2A, and RN3P-H2A.Z were sub-cloned

from plasmids produced by D. Rangasamy (Ridgway et al., 2004a). RN3P-H2A.Z-

EGFP plasmid was originally produced by P. Ridgway (Ridgway et al., 2004b).

2.1.2 Plasmids constructed for production of RNA probes for in situ
hybridisation
RN3P plasmid and PCR produced inserts were digested by Kpnl and BamH]1 restriction
enzymes (2.1.4.1) prior to ligation (2.1.4.2). Plasmids were designed as templates to
produce anti-sense (AS) probes. Due to the location of the restriction digest sites used in
creation of these plasmids, RNA probes for in situ hybridisation where neither 5°-
capped nor contained the stabilizing B-globin 5° and 3’ untranslated regions found in the
RNAs for microinjection. The plasmids for probe production were: RN3P-H2A.ZAS,
RN3P-XbraAS, RN3P-XMyoDAS, and RN3P-XbcanAS. All plasmid and insert sizes
were confirmed by agarose gel electrophoresis (2.1.4.4) and restriction enzyme

digestion (2.1.4.1). Inserted sequences for all plasmids were confirmed by DNA

sequencing (2.1.4.6).

2.1.3 Polymerase chain reaction
Polymerase chain reactions (PCRs) were used to produce inserts for construction of

plasmids and for semi-quantitative RT-PCR. PCRs used Platinum Taq Hi Fi (high
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fidelity) polymerase (Invitrogen) as per the manufacturer’s instructions except scaled to
20ul reaction size, and 1ul of dimethyl sulfoxide (DMSO) was included to prevent
secondary structure formation in the RNAs. Reactions were performed on an iCycler
thermocycler (BioRad). All oligonucleotide primers were from Proligo.

Primers for production of templates for reverse transcription (RT) to produce RNA
probes for in situ hybridisation are given in Table 4. Lower case is used in the
sequences to indicate flanking sequences added to original primer sequences to enable
cloning and reverse transcription. The following PCR conditions were used for the
production of all inserts: hold 1x 2min at 94°C, 25 cycles of 1min at 94°C, 2min at

55°C, 3min at 68°C, a final extension at 63°C for 10min, and then hold at 10°C.

Primer Sequences Source
Set
XbraAS XbraASF: 5’ tttttt ggatcc gat gaa tca gta tg TAT ATC CAC CCA | Modified from
GACTCA CCC 3’ (Smith et al,
XbraASR: 5’ ftttecattt ggtacc GAT AGA GAG AGA GGT GCC | 1991).
CCG¥
XMyoDAS | XMyoDASEF: 5’ tttttt ggatcc gat gaa tca gta tg AAC TGC TCC GAT | Modified from
GGC ATG ATG GATTA 3’ (Hopwood et al.,
XMyoDASR: 5’ tttccattt ggtacc ATT GCT GGG AGA AGG GAT | 1989).
GGT GATTA 3
XbcanAS XbcanASF: 5’ tttttt ggatcc gat gaa tca gta tg AAT CAG TAT GCC | Xbcan primers
CCT GCT CTT TGA GAA CTG 3° were designed with
XbcanASR 5’ tttccattt ggtacc CAT TGG GGA TGC AGC TTG T 3°. | Primer3 (Rozen
and Skaletsky,
2000).

Table 4 Oligonucleotide primers for constructing plasmid inserts for digoxigenin labelled
RNA probe production for in situ hybridisation. Lower case is used in the sequences to
indicate flanking sequences added to original primer sequences to enable cloning and reverse
transcription.

Primers for RT-PCR reactions are given in Table 5. Each reaction contained 2pul of
cDNA produced from total RNA (2.5.2, 2.5.1). All PCR reactions in RT-PCR
experiments included primers for the H4 internal control. All RT-PCR experiments
included no reverse transcriptase (—RT) and no total RNA (-RNA) controls. PCR
conditions used for all RT-PCR primers were as follows: 94°C for 2min; 34 cycles of
94°C for 30s, 58°C for 30s, and 68°C for Imin; then a final annealing step of 68°C for

15min before holding at 10°C until collection.
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Primer | Sequence Source

set

H4 RTHA4F: 5° CGG GAT AAC ATT CAG GGT ATC ACT 3’ (Gawantka et al., 1995;
RTHA4R: 5> ATC CAT GGC GGT AAC TGT CTT CCT 3’ Niehrs et al., 1994)

Xbra RTXBraF: 5> TAT ATC CAC CCA GAC TCA CCC 3’ (Smith et al., 1991)

RTXBraR: 5° GAT AGA GAG AGA GGT GCC CCG ¥’

XMyoD | RTXMyoDF: 5° AAC TGC TCC GAT GGC ATG ATG GAT | (Hopwood et al., 1989)
TA 3

RTXMyoDR: 5° ATT GCT GGG AGA AGG GAT GGT
GATTA 3’

XVent2 RTXvent2F: 5° TGA GAC TTG GGC ACT GTC TG (Onichtchouk et al., 1996)
RTXvent2R: 5 CCT CTG TTG AAT GGC TTG CT

Gsc RTGSCEF: 5> AGG CAC AGGACCATCTTCACCG 3’ (Blumberg et al., 1991)
RTGSCR: 5 CACTTT TAA CCT CTT CGT CCG C 3’

XH2A.Z | X385F: 5> ATG GCT GGA GGC AAG GCT GGC 3’ (Ridgway et al., 2004a)
X385R: 5" AGA CTG TTT TCT GTT GTCC 3’

Table 5 Oligonucleotide primers for RT-PCR

2.1.4 Molecular cloning

2.1.4.1 Restriction Digests
Restriction digests were required to construct plasmids with the desired inserts. BamH]1,

Knpl and Notl (New England Biolabs) single digests, and BamH1/Not1 double digests
were performed as per the manufacturer’s instructions. Where DNA required BamH1

and Kpnl digestion sequential digests were performed.

2.1.4.2 DNA Ligation
All ligations were performed with T4 DNA ligase (Invitrogen) as per the

manufacturer’s instructions. Briefly, purified and digested PCR product inserts and
plasmid (1:5 ratio) were incubated in the supplied ligation buffer with 2.5U of T4 ligase

at 16°C for 12-16h.

2.1.4.3 Gel extraction for plasmid purification
Ligation products were checked for quality and quality of desired DNA and purified by

agarose gel electrophoresis and agarose gel extraction using a QIAquick Gel Extraction

Kit (Qiagen, catalogue number 28704).

2.1.4.4 Agarose gel electrophoresis
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Agarose gel electrophoresis (Sambrook et al., 1989) was used to determine size of PCR,
DNA ligation, plasmid amplification, and RT products. Briefly, electrophoresis used
1% agarose TAE gels electrophoresed at 90mV. Gels were stained with Imgml”
ethidium bromide (Sigma). DNA was visualised with short (most applications) or long

(gel extraction) wavelength UV light.

2.1.4.5 Agarose gel extraction
DNA was excised from agarose gels with a scalpel blade and purified with a QIAquick

Gel Extraction Kit (Qiagen catalogue number 28704) according to the manufacturer’s
instructions except that extracted DNA was eluted with Milli-pore purified water or

DEPC (diethyl pyrocarbonate treated) water (Ambion).

2.1.4.6 DNA Sequencing
Sequencing reactions used the Big Dye Terminator mix (Applied Biosystems) and

appropriate primers as per the manufacturer’s instructions with the iCycler thermocycler
(BioRad). DNA sequencing was performed with the ABI 3730 cycle sequencing system
according to the manufacturer’s instructions (Applied Biosystems). Electrophoresis of
sequencing reaction products and automated sequence data collection was performed by
the staff of the Australian Cancer Research Foundation (ACRF) Biomolecular Resource
Facility (BRF).

2.1.4.7 Preparation of electrocompetent E. coli bacterial cells

Stock E. coli DH5a cells (in 10% glycerol) were streaked onto Luria Broth (LB) agar
plates and incubated for 12-16h at 37°C with agitation. A single colony was selected
and used to inoculate 10ml LB. The culture was incubated for 12-16h at 37°C. This
starter culture was diluted 1:100 into 250ml of LB and incubated at 37°C with 250rpm
agitation until ODggo reached 0.5 to 1.0 Absorbance (Abs). Cultures were centrifuged at
2800g (6000rpm) and 4°C for 15min in a Sorval RC5C centrifuge. The pellets were

washed twice in 250ml of ice cold sterile MilliQ filtered water, centrifuged at 2800g
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(Sorvall RC5C centrifuge with SLA 3000 rotor at 6000rpm) and 4°C for 15min. The
pellet was resuspended in 10% sterile glycerol (10ml), centrifuged at 6500g for 10min
at 4°C (SS34 rotor at 7000rpm) and the pellet resuspended in 1ml of 10% glycerol. 50ul
aliquots were stored at -70°C. Competency was determined by electroporation of a

serial dilution of plasmid DNA.

2.1.4.8 Transformation of electrocompetent E. coli bacterial cells
Electrocompetent cells (50ul) were thawed on ice and mixed with supercoiled plasmid

(1pg in 20pl water) and electroporated in the Gene Pulser II (Biorad) (capacitance
25uF, 2.5kV, Pulse Controller Plus set to Low Range 200 Ohms). The cells were
transferred to 1ml LB for 1h at 37°C before selection on LB ampicillin (100pgml™,
Sigma) agar plates.

2.1.4.9 Plasmid amplification

Transformed E. coli were cultured in 5ml of LB ampicillin (100pgml™”, Sigma) at 37°C
for 12-16h to produce a starter culture. This was used to inoculate 200ml LB ampicillin
(100pgml™”, Sigma) cultures grown at 37°C for 12-16h. Purification of plasmids from
bacterial cultures was achieved by either the QIAfilter Plasmid Mini Purification Kit
(Qiagen catalogue number 12123) or QIAfilter Plasmid Maxi Purification Kit (Qiagen
catalogue number 12262) as per the manufacturer’s instructions. Plasmid DNA was

stored in TE buffer (10mM Tris, pH 7.5, and EDTA pH 8.0) at -20°C.

2.2 In vitro transcription

RNA for microinjection was prepared as previously described (Ridgway et al., 2004a;
Zernicka-Goetz et al., 1996). Briefly, template plasmids for the production probe RNA
were linearised by restriction digestion with Kpnl (2.1.4.1). Linearised DNA templates
were purified with the QIAquick PCR Purification Kit as per manufacturer’s

instructions with a final elution in 30pul of MilliQ water. Reverse transcription reactions
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used T3 RNA polymerase (Fermentas) as per the manufacturer’s instructions with DTT
to prevent formation of RNA secondary structures, Human Placental RNase Inhibitor
(HPRI) (Fermentas) as a precaution against degradation, and RNA cap analog (Ambion)
(10mM) that adds a 5’ cap structure to the RNA to ensure efficient translation after
injection (Krieg and Melton, 1984). RT products were extracted with an equal volume
of phenol/chloroform/isoamyl alcohol (Sambrook et al., 1989) and purified with
Sephadex G-50 spin columns (Roche) to remove unincorporated nucleotides as per
manufacturer’s instructions. Concentration and quality of RNA was determined
spectrographically (2.2.1) and by gel electrophoresis (2.1.4.4). RNA was stored in 3pl
aliquots at -70°C.

Production of digoxigenin labelled RNA probes for in situ hybridisation was conducted
similarly with the following exceptions: 10mM DIG-NTP mix (with digoxigenin-11
UTP (Boehringer Mannheim) (1:10dilution of 100mM stock containing 10ul of
100mMof CTP, GTP, ATP, and 6.5ul of 10mM UTP and 3.5ul of 10mM of
digoxigenin-11 UTP) replaced the standard NTP mix; and T7 RNA polymerase
(Fermantas) was used instead of the T3 RNA polymerase. These changes produced

digoxigenin labelled probes antisense to the endogenous mRNA targets.

2.2.1 Determination of nucleic acid concentration
Concentration of nucleic acids (DNA or RNA) in solution was determined by

spectrophotometry utilising standard methods (Sambrook et al., 1989). Concentrations
were calculated from optical density (OD) at 260nm. RNA quality was determined by

260/280 OD ratio (Sambrook et al., 1989).
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2.3 X. laevis as a model animal
X. laevis has several advantages as a vertebrate system for developmental studies.

Firstly, it is easy to maintain and handle. Egg laying can be induced by a simple
hormone injection at any time of the year and eggs can be fertilised in vitro (Sive et al.,
2000). The embryos produced can be monitored in a culture dish, are large in size and
develop rapidly. Each developmental stage is well characterised and standard
developmental tables were use to stage embryos throughout this project (Nieuwkoop
and Faber, 1994). The chief disadvantages of the species are the long generation time
and pseudo-tetraploidy (Sive et al., 2000). These will not impact on the techniques

utilised within this project.

2.3.1 In vitro fertilization and culture of X. laevis embryos
X. laevis embryos were obtained from in vitro fertilisation of eggs and cultured

according to standard protocols (Ridgway et al., 2004b; Sive et al., 2000). Briefly,
Female X. laevis were injected in the dorsal lymph sac with 1000 IU in 300ul of
chorionic gonadotrophin and left overnight. A male was sacrificed by cervical
dislocation and the testes surgically removed and stored at 4°C for up to 48 hours in
OR2 media (Sive et al., 2000). Females were manually induced to lay eggs into a glass
Petri dish and the eggs were fertilised with mashed testes for five minutes. Eggs were
then covered with 0.1x MBSH (Modified Barth’s Saline with HEPES (Sive et al.,
2000)) and left to stand until cortical rotation was complete (approximately 30-40min).
Jelly was then digested from the eggs by washing with 2% L-cysteine/HCl1 0.1x MBSH
pH7.8. Fertilised eggs were then rinsed at least four times with 0.1x MBSH before
incubation in 0.1x Marc’s Modified Ringer’s solution (MMR (Sive et al., 2000)).
Embryos were typically cultured at 18°C and staged by the normal development tables

(Nieuwkoop and Faber, 1994).
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For TSA treatment embryos were cultured using standard techniques (2.3.1, (Sive et al.,
2000)) with TSA (final concentration SuM) added to the 0.1x MMR media as described
previously (Almouzni et al.,, 1994; Xu et al., 2000). Media was changed daily and

culture dishes wrapped in foil to avoid degradation of TSA by light.

2.3.2 mRNA microinjection
Microinjection of embryos was to a single blastomere at the two cell stage as described

previously (Almouzni and Wolffe, 1995). Briefly, RNA for injection was produced by
in vitro transcription (2.2), embryos in 1x MMR with 6% Ficoll (Sigma) were injected
with Ing of RNA in 9.2nl of injection buffer (15mM HEPES KOH (pH 7.6), 88mM
NaCl) using the Nanoject injection system (Drummond) while viewing under the MZFL
IIT microscope (Leica). After injection salt and Ficoll concentrations were progressively

reduced to 0.1MMR over approximately 5 hours.

2.4 Whole mount in situ hybridisation
Embryos for in situ hybridisation were fixed in MEMFA (0.1 M MOPS (pH 7.4), 2mM

EGTA, 1mM MgS04, 3.7% formaldehyde) as described previously (Harland, 1991;
Sive et al., 2000), except embryos were stored in ethanol rather than methanol. Whole
mount in situ hybridisation was performed as described previously (Hayward et al.,
2001), except without xylene for removal of lipids and hydrolysis of probes was
unnecessary due to the short length (<400nt) of the probes (Sive et al., 2000). Embryos
were collected and immediately fixed in MEMFA before dehydration in an ethanol
series and stored in ethanol at -20°C. Embryos stored in ethanol were rehydrated by
serial 2-5min washes with 75%, 50% and 25% ethanol PBT (phosphate buffered saline
with 0.1% v/v Tween 20) and finally PBT. Embryos were then permeablised with radio-

immuno-precipitation assay buffer (RIPA) (Rosen and Beddington, 1993) overnight at
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4°C, rinsed with PBS then PBT and transferred to 1 part PBT: 1 part hybridisation
buffer for 10min. After final equalisation with hybridisation buffer at 57°C, probes were
hybridised at 57°C for at least 48 hours. Embryos were then rinsed, washed several
times (30 min, overnight, then for 20min) at 57°C in hybridisation wash. Embryos were
equalised to PBT then washed in PBT. Hybridised embryos were then incubated with
anti-digoxygenin Fab fragments (Roche) (1:1600) in PBT for 4h at room temperature
before washing in PBT. Following this wash they were rinsed with Tris 0.1M pH 9.5
then in alkaline phosphatase buffer. For detection 5-Bromo-4-chloro-3-indolyl-
phosphate/nitro blue tetrazolium (Sigma) or BM Purple (Roche) was used as the colour
substrate. Embryos were dehydrated in a series of glycerol solutions of increasing
concentration and stored in 70% glycerol. Alternately, embryos were dehydrated in a
series of ethanol solutions of increasing concentration and transferred to 1:2 benzyl
benzoate, benzyl alcohol (BB: BA). A MZFL III microscope with IM50 software

(Leica) was used for image capture.

2.5 Gene expression analysis

2.5.1 Total RNA extraction from whole embryos

RNA extraction for RT-PCR and RT real-time PCR was conducted as follows. For each
sample, ten embryos were collected and immediately homogenised by pipetting in
150ul of RNALater (Ambion) and transferred to 4°C. Samples where extracted in
1500ul of Trizol (Invitrogen), as per the manufacturer’s instructions, except that a
volume of Trizol ten times that of the RNALater was used as recommended (Ambion).
The extracted RNA was isopropanol precipitated (Sambrook et al., 1989) and
redissolved in DEPC water (Ambion). Samples were treated with TURBO DNase

(Ambion) according to manufacturer’s instructions to remove any genomic DNA
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(gDNA) contamination. DEPC treated water (Ambion) was used throughout and
standard precautions to prevent RNase contamination including using fresh bench
cover, regularly changing gloves and use of RNase Zap RNase inhibitor (Ambion) were
taken. RNA quality and concentration were assessed by standard gel electrophoresis
(2.1.4.4) and spectrographic methods (2.2.1). 3ul aliquots were frozen in liquid nitrogen

and stored at -70°C.

2.5.2 Reverse transcription
Reverse transcription (RT) for RT-PCR and RT real-time PCR was performed using the

by Super Script III enzyme system (Invitrogen) was as per the manufacturer’s protocols,
with anchored oligo d(T);s (3.5uM final concentration) (Sigma) as primers and 1pg of

total RNA template in a 20ul reaction. cDNAs were stored at -20°C.

2.5.3 Densitometry of PCR products

To perform densitometry, 10ul of PCR products were subjected to standard agarose gel
electrophoresis (1% agarose, 90V, 85 min) with ethidium bromide staining, except that
samples were loaded with Orange G loading dye (Becker et al., 1996). Low Mass DNA
ladder (Invitrogen) was also included in each gel. Imaging was by the Gene Genius bio
imaging system (Syngene). Quantification was performed with the GeneTools program
(Syngene) using manual band selection, automatic background -correction, and
calibrated against the DNA low mass ladder (Invitrogen). The resulting data was
normalised against matching H4 internal standards to produce results in units relative to

H4 mRNA levels and normalised to a reference sample.

2.5.3.1 Calibration of RT-PCR
To ensure the amount of product obtained from the RT-PCR was proportional to the

concentration of mRNA in the total RNA original sample two calibration experiments

were carried out for each primer pair. In the first experiment samples were collected
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after different numbers of cycles and densitometry performed (2.5.3). From these results
a number of cycles from those within the linear portion of the curves for all primers (34
cycles) was chosen. To ensure that the amount of PCR product from the selected
number of cycles was proportional to the concentration of mRNA a serial dilution

experiment was performed for each primer pair and densitometry performed.

2.5.4 RT real-time PCR

2.5.4.1 Real-time PCR conditions and primers
Primers for RT real-time PCR given in Table 6 were designed with Primer3 (Rozen and

Skaletsky, 2000), selecting primers with product lengths of 100-250bp, melting
temperature (Tm) ~60°C, 40-50% GC content, and primer lengths under 22nt. All

primers were manufactured by Proligo.

Primer Set Sequences
H4 RLTH4F 5’ ATA ACA TCC AGG GCA TCA CC 3’
RLTH4R 5° ATC CGT ACA GAG TGC GTC CT 3’
H2A.Z RLTH2A.ZF 5° CTG GCA AAG ATA CCG GAA AA %
RLTH2A.ZR 5° TTC CAG CCA ATT CAA GAACC 3’
Gsc RLTGscF 5' CGA AGA GCA AAA TGG AGG AG 3’
RLTGscR 5' GCA TCC AGC TAT CCC AATGT 3’
Xbra RLTXbraF 5' GAG CAT GGA GCA CAA ACA GA 3’
RLTXbraR 5' CAA TTC AGG CCC AGG AAATA 3
MyoD RLTMyoDF 5” GCT GGT TGC TGA ATT TCC AT 3’
RLTMyoDR 5° TCA ACA CAA CAT TGG CAG GT 3’
Dsh RLTDshF 5 ATT TAT TGC TGC CCCTTCCT 3’
RLTDshR 5 GGT GGG CTT CCC ATT CTT AT 3°

Table 6: Oligonucleotide primers for RT-PCR

RNA extraction and cDNA production were as previously described (sections 2.5.1 and
2.5.2). Reactions used SYBR Green JumpStart Tag ReadyMix (Sigma-Aldrich)
according to the manufacturer’s instructions adjusted for 20ul reaction volumes. Every
experiment included an —RT sample for each primer set as a negative control and
sample matched reactions with H4 primers. All reactions were performed in triplicate.
Templates were cDNA produced from 1ug of total RNA. Experiments were conducted

in the ABI PRISM 7700 Sequence Detection System (Perkin Elmer/Applied
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Biosystems) using the software supplied with the instrument. Reaction conditions were
40 cycles of: 95°C for 15 seconds, 60°C for 15 seconds, and 95°C for 15 seconds.
Dissociation curves were examined after each run to ensure unexpected products from

contaminants were not present.

2.5.4.2 Analysis of real-time PCR data
Analysis of real-time PCR data was based on methods described in the ABI PRISM

7700 Sequence Detection System Instrument Manual (Perkin Elmer/Applied
Biosystems). Real-time PCR produces results in cycles at threshold (Ct) which is the
number of cycles at which the level of fluorescence reaches an arbitrary threshold.
Baseline fluorescence (the mean fluorescence over a set range of cycles before product
amplification is judged to have reached a detectable range) is subtracted from all results.
For the first experiment for each primer set the start of the range of cycles for the
calculation of baseline was set at three (default) and the end of this range at cycles equal
to the lowest Ct in the experiment minus two (using the default threshold calculated by
the ABI PRISM 7700 Sequence Detection System). The start and stop numbers of
cycles for calculation of baseline and the threshold level was recorded for each primer
pair and used in subsequent experiments. Data was exported to Excel (Microsoft) for
further analysis.

In summary, further analysis of the data (adapted from (Applied Biosystems, 2004))
was as follows: All reactions were in triplicate. If the Ct’s from a triplicate were more
than 0.6 cycles apart data from that triplicate was discarded. The mean Ct from each of
the remaining triplicates was calculated. Relative expression compared to H4
expression was calculated for each sample (2“““"™). This result was divided by the

fold expression compared to H4 of a reference sample (i.e. (2(Ct'Cﬂ'”))test/(Z(Ct'CtH4>)ref,).
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Final results are therefore arbitrary units relative to a reference sample and H4

expression.

2.5.5 Statistical Analysis
The probability (p), determined by a two tailed Student’s t-test, was used to determine

whether treatment groups were significantly different (Student, 1908). P is the
likelihood that two samples are actually taken from the same population. Therefore, the
lower the p value, the more likely that the difference in means is significant. Generally,
in the biological sciences, p values of 0.05 or less are considered to be sufficiently

unlikely to be due to chance and thus reflect a real difference between the two groups.

2.6 Regulatory Considerations

All protocols involving recombinant DNA were in accordance with the regulations of
the Genetic Manipulation Advisory Committee and the Australian National University
Council and had the approval of those authorities.

Importation and subsequent laboratory work involving X. laevis was in accordance with
and approved by the Australian Quarantine Inspection Service (AQIS) (facility
numbers: A0049 and A1265, transfer approval number 2006/006) and performed by
licensed individuals. Protocols utilising X. laevis also had the approval of Animal
Experimentation Ethics Committee (AEEC) (approval number J.MB.29.06) of the
ANU and conformed to the ACT Animal Welfare Act (1992) and the NHMRC

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
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3 Temporal and spatial expression of
H2A.Z mRNA during early X. laevis
development

3.1 Introduction

While it is well established that H2A.Z is essential for metazoan development (Clarkson
et al., 1999) (as discussed in section 1.4), determining the function of H2A.Z during
development requires further investigation. Disrupting H2A.Z function in C. elegans
prevents proper digestive tract development (Updike and Mango, 2006) (discussed in
section 1.4.1). In D. melanogaster mutations in the region of H2Av containing the
histidine motif (named region M7 in Clarkson’s 1999 publication) is ‘partially’ lethal
(Ridgway et al., 2004a) (see section 1.4.2). A proportion of embryos survive until the
pupal stage, however 81% did not eclose indicating that development is defective
during or prior to pupation (Clarkson et al., 1999). However, the defects in the M7
rescued D. melanogaster were not fully characterised in that investigation. Given this
evidence, and considering that the histidine motif is highly conserved (discussed in
section 1.4.6), we hypothesised that the histidine motif of H2A.Z has a conserved
developmental function (Ridgway et al., 2004a). An important process in the life of the
early vertebrate embryo is gastrulation. Therefore, this study was focused on the
potential role of H2A.Z in gastrulation. In this chapter our objective was to determine if
the spatial and temporal expression of H2A.Z correlated with gastrulation and formation

of mesodermal tissues.
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3.1.1 Overview of X. laevis development to gastrulation
In this section an overview of early development in X. laevis is presented as background

to investigations of the role H2A.Z during this period.

3.1.1.1 Early cleavage divisions
In X. laevis the first twelve divisions are fast, synchronous, proceed without

transcription or gap phases (Graham, 1966; Newport and Kirschner, 1982) and are
reliant on maternal protein stores (Earnshaw et al., 1980; Prioleau et al., 1994). These
are termed cleavage divisions (Prioleau et al., 1994). There is no cell motility during
this period (Newport and Kirschner, 1982). During these divisions cytoplasmic bridges
connect sister blastomeres enabling some cytoplasm to be exchanged (Dale and Slack,
1987a). Embryos of 16-64 cells are sometimes called morula even though recent
observations have determined a minute blastocoel is present following the first cell
division. Following these first twelve divisions the mid-blastula transition (MBT) is
reached after which the cell cycle and transcriptional activity of the blastomeres

becomes progressively more somatic.

3.1.1.2 Mid-blastula transition
The mid-blastula transition (MBT) occurs at stage 8 on the standard developmental

tables and marks the beginning of zygotic transcription (Newport and Kirschner, 1982)
(see section 1.3), the introduction of the G1 phase to the cell cycle (Newport and
Kirschner, 1982), desynchronised cell cycles (Bachvarova and Davidson, 1966), and the
first instances of cell motility (Dale and Slack, 1987a). Asynchronous divisions produce
an outer layer of cells and ‘deep’ cells beneath.

Enabled by the patterns of determinants laid down shortly after fertilisation (Miller et
al., 1999; Weaver et al., 2003), further cell fate determinations and chromatin

remodelling occur in the blastula during this period (Chalmers, 2003; Prioleau et al.,
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1994). For example, by late blastula the deep cells are receptive to neuronal
development signals while the superficial cells are unresponsive (Chalmers, 2003).
Correlated with these changes is a transition from totipotency to pluripotency (Kikyo

and Wolffe, 2000).

3.1.1.3 Gastrulation and mesoderm formation
Shortly after the MBT (stage 10) the process of gastrulation begins with the formation

of the blastopore lip (Dale and Slack, 1987a) (Gerhart and Keller, 1986; Winklbauer,
1990). During gastrulation processes that determine cell fate and movement in the
blastula continue to be refined. At the dorsal side the blastopore lip forms and the edge
of the blastopore spreads from this point to encircle the vegetal pole. A portion of the
marginal zone of the embryo involutes through this pore to create a third layer of tissue,
the mesoderm. Concurrently, the pore constricts until the ectoderm covers the entire
surface of the embryo (Dale and Slack, 1987a). Meanwhile, the mesoderm within the
embryo (endomesoderm) continues to differentiate. The first cells to involute form the
prechordal mesoderm and migrate to form head mesodermal tissues (Winklbauer,
1990). Cells that involute after this become chordamesoderm that forms the notochord
and other dorsal structures (Gerhart and Keller, 1986; Winklbauer, 1990). From stage
10.5 cells of notochord fate undergo convergent extension to lengthen the embryo along
the anterior-posterior (A-P) axis (Keller et al., 1992). These processes of cell fate
determination and cell movement must proceed correctly if normal development is to

occur.

3.1.2 Expression and localisation of H2A.Z mRNA in early X. laevis

development
Histone variants often have developmentally regulated expression (see 1.3). Levels of

H2A.Z transcripts have previously been shown to rise sharply in the ‘gastrula’
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compared to the ‘blastula’ (Iouzalen et al., 1996), however, exact developmental stages
were not specified. The initial description of H2A.Z in X. laevis failed to detect H2A.Z
mRNA before gastrulation (Iouzalen et al., 1996). In light of results from the mouse
zygote (Rangasamy et al., 2003) (see section 1.4.3) it seemed likely that low levels of
H2A.Z expression should be found in the early zygote, prompting investigation of pre-
and post MBT blastulae. My objective was to temporally measure the precise level of

the H2A.Z transcripts to extend and clarify the earlier result.

3.1.3 Experimental approach
To investigate the hypothesis ‘hypothesis that H2A.Z is important for correct

gastrulation and mesodermal formation in early X. laevis development’ 1 sought to
determine whether changes in H2A.Z expression level and localisation in normal
embryos correlates with important developmental events. Semi-quantitative RT-PCR
and real-time PCR provided quantitative evidence of the levels of H2A.Z mRNA in
whole embryos at different stages of development. As well as quantitative changes to
H2A.Z there might also be accumulation of endogenous H2A.Z in specific tissues
where it has specific function(s). Therefore, localisation of H2A.Z mRNA within the
embryos was determined by in-situ hybridisation.

The developmental stages chosen for investigation represent key periods in early
development that are disrupted in the dominant-negative treated embryos. Stages 5 and
9 flank the mid-blastula transition. Stages 10 and 12 follow the progress of the embryo
through gastrulation. Stages 20 and 33/34 were chosen as a representative of later stage
embryos when the H2A.Zdn defect is very apparent and development of the notochord
elongates the trunk. If my hypothesis is correct then endogenous H2A.Z would most
likely be enriched in involuting and mesodermal tissues during gastrulation

(developmental stages 9 to 13) and possibly in later mesodermal tissues. Determining
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temporal and spatial distribution of H2A.Z mRNA during these developmental stages

was the first step in testing the hypothesis.

3.2 Results

3.2.1 H2A.Z mRNA levels in the early embryo
For semi-quantitative RT-PCR the amount of PCR product should be proportional to the

amount of target mRNA. To ensure this was the case serial dilutions were performed.
The result of the serial dilution experiment for H2A.Z is given as an example (Figure
10). This figure clearly shows that the amount of PCR product is proportional to the

amount of total mRNA in the sample.

H2A.Z: RT-PCR from serial dilution of

total RNA
35

30 -
25 A
20 A
15

——H2AZ

10
’//:/ = H2A.Z duplicate
S {g —A— mean

0 I I I I T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Total RNA (ug)

RT-PCR product (ng)

Figure 10 H2A.Z serial dilution. A serial dilution of total RNA was performed and RT-PCR
performed at a number of cycles (34) within the linear range. Mass of PCR product (ng) was
determined by densitometry (2.5.3). Dilution is given in fold concentration compared to the
amount of MRNA used in later experiments (1ug RNA from 10 embryos). Duplicate experiments
and mean (red) are shown.

These initial experiments used semi-quantitative RT-PCR to investigate the levels of

H2A.Z mRNA expression during early development. Figure 11 shows a typical gel from
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these experiments. Two different concentrations of a Low Mass DNA ladder were used
as indicators of band sizes and as standards for quantitation. A —RNA control
demonstrates that the reagents were free of contamination and a —RT control
demonstrates that the samples are free of genomic DNA. A serial dilution of a stage 12
sample demonstrates that linear amplification from different concentrations of template
is occurring. This gel has H2A.Z (385bp) and H4 (188bp) PCR products amplified from
cDNA derived from embryos of stages 5, 8, 10, 12 and 20. H4 was used as an internal
standard as H4 mRNA levels are stable throughout this period of development (see
Figure 13, section 3.2.2), and are a commonly used standard in X. laevis work that
investigates mRNA levels of genes during early development (Aybar et al., 2003;
Onichtchouk et al., 1996; Panitz et al., 1998). It can be seen from Figure 11 that H2A.Z

mRNA is present at all the developmental stages investigated.

Stage 12
mass mass
Bp ng ladder -RNA -RT 5 8 10 12 20 2ng 1ng 0.5ng ladder Bp ng
800 80 800 160
400 40 400 80
200 20 200 40
100 10 100 20

Figure 11 H2A.Z RT-PCR gel example. Numbers above the lanes indicate developmental
stage. The upper band is the amplicon from H2A.Z and the lower from the H4. The DNA mass
ladder has known amounts of DNA in each band as indicated. During densitometry the
automatic background feature of the GeneQuant software compensates for the variable
background in different region of the gel. A serial dilution of a stage 12 sample is illustrated at
right.
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Densitometry was performed on the gels; the results are given as Figure 12. This figure
gives the mean expression of H2A.Z relative to endogenous H4 at developmental stages
5,8,9,10, 12, 14, 16 and 20. Where the number of samples in a given stage is sufficient
to allow calculation, error bars are given for standard error of the mean (SEM). H2A.Z
mRNA is at its lowest level at stage 5, after this a moving mean line of best fit trend line
shows that levels rise sharply to the onset of gastrulation (stage 10) and remains above
pre-gastrulation levels though to the tailbud stage. The detection of H2A.Z mRNA here
was supported by later in-situ hybridisation results (see 3.2.3). In summary H2A.Z
mRNA was shown to be present at every stage of development investigated and levels

rose sharply before gastrulation.

H2A.Z mRNA
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Figure 12 Endogenous H2A.Z mRNA expression. X axis units are relative to result from 1ug
stage 10 wild type total RNA with H2A.Z normalised to an H4 internal control as discussed in
2.5.3.1. Blue squares indicate the mean. Where applicable error bars are given as standard
error of the mean. Black line is a moving mean line of best fit. Number of repetitions was three
for stages 5, 9, 10, and 14; four repetitions for stages12 and 20. Stages 5 and 19 have no error
bars as these stages had only two repeats each. Stages 8 and 16 have no error bars as these
where single samples.

The results of these experiments are generally consistent with previous work in the
literature. Stage 5 is during the early cleavage divisions before the initiation of zygotic

transcription therefore mRNA detected at this stage must be of maternal origin (Prioleau
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et al., 1994). After the MBT (stage 8) transcript levels in the whole embryo were higher,
most likely indicating zygotic transcription of H2A.Z mRNA (Iouzalen et al., 1996).
The previous investigation of H2A.Z mRNA expression in early X. laevis embryos
failed to detect H2A.Z mRNA in morula (stages 4-6) and blastula (stages 7-8) embryos
by northern blot, concluding that maternal stores were exhausted in the zygote (Iouzalen
et al., 1996). The reason for this discrepancy may be the higher sensitivity of the PCR-
based methods used here. It is significant to note that this is the first report of H2A.Z
mRNA in the pre-MBT X. laevis embryo. This may reflect the requirement for low
levels of H2A.Z to maintain its structural role in chromosome segregation. These results
also detected low levels of mRNA during the cleavage stages, supporting the suggestion
that maternal stores are becoming depleted (Bachvarova and Davidson, 1966). The
increase in H2A.Z mRNA at the MBT matches the timing of activation of transcription
in mesoderm and endoderm (Iouzalen et al., 1996). This supports a role for H2A.Z in
either or both of these tissues. In summary, H2A.Z mRNA is detected at low levels in
the early blastula consistent with depletion of maternal stores (Bachvarova and
Davidson, 1966) then rises after the MBT consistent with the onset of zygotic
transcription in the endoderm and mesoderm (Bachvarova and Davidson, 1966;
Iouzalen et al., 1996).

The error bars indicate that there was a great amount of variability in the measurements
of H2A.Z mRNA levels obtained using RT-PCR. This variability prompted the change
to a different technique leaving the number of data points for some stages of
development investigated by RT-PCR very small. Having determined that H2A.Z
mRNA rises sharply at gastrulation I proceeded to confirm this result with a more

precise technique.
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3.2.2 Determining H2A.Z mRNA levels by RT real-time PCR
After the repeat experiments using the semi-quantitative RT-PCR for H2A.Z (3.2.1

above) and other developmentally important genes (see section 4.2.1.2) showed a great
deal of variability in the data a more precise method was sought, and RT real-time PCR
was chosen (Klein, 2002). RT real-time PCR is a sensitive technique for determining

the level of specific mRNAs within samples.

3.2.2.1 Real-time PCR optimisation
Before RT real-time PCR could be used to determine the levels of H2A.Z mRNA at

selected stages of development the technique needed to be optimised for this system.
The first step in optimisation was to determine if the selected internal standard gene was
suitable. The canonical histone H4 is commonly used as an internal control in RT-PCR
and real-time PCR analysis of early development in X. laevis (Aybar et al., 2003;
Onichtchouk et al., 1996; Yokotal et al., 1995). To confirm that H4 is a suitable control
under the conditions of our protocol, Ct values across the investigated developmental
stages were compared (Figure 13). An explanation of Ct values can be found in chapter
2 (2.5.4.2). There was little variation found in H4 mRNA levels between the stages
investigated (Stages 9, 10, 12 and 20, Figure 14) and between individual stages and the
combined data from all stages (far right, Figure 14). Therefore H4 was determined to be
an appropriate gene to use as an internal control for the stages of development

investigated.
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Figure 13 H4 is an appropriate internal control. Error bars show standard deviations. ‘All’ is
the mean of all the individual data points for H4 at all stages from all experiments.

As a positive control for the RT real-time PCR analysis, MyoD mRNA levels in
trichostatin A (TSA) treated embryos were compared to untreated embryos (Figure 14).
It has been shown previously that TSA treatment greatly represses MyoD mRNA

transcription after gastrulation (Steinbach et al., 2000).

MyoD mRNA TSA treatment
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Figure 14 TSA treatment represses MyoD expression. Untreated results for stage 9, 10 and
12, n = 3, 4, and 8 respectively, All others n=1. Where applicable error bars from the mean
indicate SEM. Data is given as expression relative to H4 and a reference sample at stage 9 as
described in 2.5.4.2.
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As expected, MyoD mRNA levels in TSA treated embryos are greatly reduced
compared to untreated controls (Figure 14). This preliminary experiment indicates that
the real-time PCR technique was effective and that experiments to determine

endogenous H2A.Z mRNA levels could proceed.

3.2.2.2 Endogenous H2A.Z mRNA levels peak at gastrulation.
Having optimised the RT real-time PCR technique, the level of endogenous H2A.Z

mRNA at selected stages of development was determined. Embryo stages were selected
to investigate H2A.Z mRNA levels during gastrulation and to confirm the elevated
levels in neurula stage embryos. Stage 9 represents embryos just prior to gastrulation.
Stage 10 represents the onset of gastrulation, and stage 12 the late gastrula after the
peak seen in the RT-PCR data. Stage 20 is a post-gastrula stage that RT-PCR results

indicated may also have elevated H2A.Z mRNA levels (see Figure 12).
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Figure 15 H2A.Z mRNA levels rise at gastrulation Filled blue squares indicate the means.
Error bars from the mean indicate SEM. Data is given as expression relative to H4 and a
reference sample at stage 9 as described in 2.5.4.2. Results for stages 9 and 20 are from three
repetitions while results for stages 10 and 12 are from three repetitions.
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The real-time PCR (Figure 15), like the RT-PCR, indicates a sharp rise in H2A.Z
mRNA at the onset of gastrulation. Unlike the previous experiments, here H2A.Z
mRNA continues to rise at stage 12. These results also confirm that H2A.Z mRNA is at

higher than pre-gastrulation levels in late neurula (stage 20) embryos.

3.2.3 H2A.Z mRNA localisation during development

3.2.3.1 H2A.Z mRNA is enriched in a subset of blastomeres at stage 5
As already noted, in the mouse H2A.Z levels rise when differentiation begins

(Rangasamy et al., 2003). Mouse H2A.Z is enriched in differentiated cells relative to
the inner cell mass (Rangasamy et al., 2003). This raises the question of whether in the
frog H2A.Z is found in all cells, differentiated cells, or only cells of particular lineages.
Since previous northern blot analysis failed to detect H2A.Z transcripts in the pre-MBT
blastula (Iouzalen et al., 1996), localisation of mRNA during these early stages
remained unknown. For this reason I performed in situ hybridisation for H2A.Z mRNA

on pre-MBT blastulas.

Figure 16 H2A.Z mRNA is enriched in dorsal animal blastomeres at stage 5. (A) H2A.Z
mRNA detected by BM Purple stain (deep blue) is confined to animal and not vegetal cells.
Stain is confined to left most animal blastomeres only. (B) Stain is limited to dorsal blastomeres
only. (C, D) diagrams of A and B respectively. v = vegetal, a = animal, d = dorsal and ve =
ventral. Stained blastomeres are coloured blue. Staging and drawings for diagrams from
(Nieuwkoop and Faber, 1994).
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A surprising finding was the asymmetric enrichment of H2A.Z mRNA in the dorsal
blastomeres of the stage 5 embryo (Figure 16). Blastomeres are identified as dorsal by
the slightly lighter endogenous pigmentation (Nieuwkoop and Faber, 1994). As
discussed previously (3.1.1.1) there is no zygotic transcription at this stage therefore,
this RNA must be of maternal origin. Since the enrichment and asymmetric localisation
cannot be due to preferential transcription within these cells, the mRNA must
preferentially locate to the dorsal region very early in development. This result confirms
the detection of H2A.Z mRNA in whole embryos at stage 5 by RT-PCR (Figure 11).
Simultaneous application of this technique to other genes with different patterns of

expression acted as a control for non-specific expression (shown in section 4.2.2).

3.3 H2A.Z mRNA is enriched in the marginal zone and

some mesodermal tissues.
Having determined that maternal H2A.Z mRNA is enriched in dorsal blastomeres pre-

MBT, knowing that a dominant negative of H2A.Z causes a mesodermal defect, and
having confirmed that H2A.Z mRNA levels rise sharply at gastrulation, I next
determined whether H2A.Z is enriched in mesodermal or dorsal tissues at later stages. |
applied in situ hybridisation to embryos just prior to, and during gastrulation (stages 9,
10, and 12) to determine whether H2A.Z mRNA is enriched in mesoderm and
prospective mesoderm. I also investigated two later stages (stages 20 and 33/34) to
determine whether there was enrichment of H2A.Z mRNA in later dorsal and/or
mesodermal tissues.

In situ hybridisation was limited to providing spatial information only. Variability in the
time required for the stain development in individual embryos makes comparison of the

degree to which embryos are stained not quantitative. The spatial data provided by this
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technique, however, compliments the quantitative information measured by RT real-

time PCR.

Stage

10

12

20

33/34

Figure 17 Endogenous H2A.Z mRNA is enriched in
the marginal zone and some mesodermal tissues.
Orientation of the embryos and diagrams is indicated
a = animal pole, v = vegetal pole, d = dorsal, ve =
ventral, an = anterior, and p = posterior. * in stage 9

embryos indicates the probable
dorsal side. Given that stain is
present in the dorsal region of
stage 10 embryos, the region with
stronger stain in stage 9 embryos
is likely to be the dorsal side.
Individual embryos are numbered.
In situ hybridisation stains H2A.Z
mRNA containing tissue a deep
blue/purple. Areas stained in the
embryos are coloured blue on the
diagrams A-E. Diagrams A, B, C
illustrate stages 9, 10 and 12
respectively from a vegetal
viewpoint. D: dorsal view of at
stage 20. E: lateral view at stage
33/34. All diagrams adapted from
standard tables (Nieuwkoop and
Faber, 1994). Stage 9: embryo 1,
vegetal view stain is seen through
the vegetal endoderm made
transparent by BB/BA clearing; 2,
lateral view; 3, lateral view; 4,
animal view stain is seen through
the intervening tissues made
transparent by BB/BA clearing
(see methods 2.4). Stain was
allowed to further develop in
embryos 3 and 4 than in embryos
1 and 2. Stage 10: embryo 5,
lateral view; 6, ventral view (area
of stain to right is on dorsal side
made visible by the puncture to
blastocoel required by the
protocol); 7, vegetal view; 8, lateral
view with dark pigment of
blastopore pore lip especially
visible. Stage 12: embryos 9 and
11, lateral view stain is
concentrated in the dorsal midline
and is visible due to transparency
of intervening tissues; 10, view
through animal pole with internal
structures visible. In embryo 10
stain was allowed to develop
further than in other embryos in
this figure to allow tissues only
lightly stained in other embryos to
be clearly marked. Embryo 12:
ventral view with focus adjusted to
show lateral marginal zone tissues
are lightly stained. Stage 20:
embryos 13 and 15 lateral view, 14
and 16 dorsal views. Stage 33/34:
embryo 17 lateral view.
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In situ hybridisation showed that H2A.Z mRNA was localised to specific tissues during
early development. Before gastrulation (stage 9, Figure 17, embryos 1-4) H2A.Z mRNA
is enriched in a band corresponding to the marginal zone of the embryo. The stain is
darker and thicker in one quadrant which, on the basis of observations at later stages, is
thought to be the dorsal side. When gastrulation begins (stage 10, Figure 17, embryos 5-
8) the pattern of H2A.Z mRNA staining remains similar, though the dorsal portion of
the marginal zone is more stained relative to the rest of the marginal zone. As
gastrulation progresses (stage 12) the concentrated area of stain extends into the
chordamesoderm (Figure 17, embryos 9-12) due to convergence of marginal zone cells
fated to become this tissue during gastrulation (Gerhart and Keller, 1986; Winklbauer,
1990). The identification of the stained tissue in the gastrulae is supported by the
distribution of stain to tissues of chordamesodermal origin in tailbud embryos (Figure
17, embryos 13-16). At stage 20 the notochord is stained as are portions of the
prospective eye and the mesencephalon (Figure 17, embryos 13-16). In the final stage
investigated (33/34) the notochord, otic vesicles, and portions of the mid- and hindbrain
stained for H2A.Z mRNA (Figure 17, embryo 17). The localisation of endogenous
H2A.Z to mesodermal and pre-mesodermal tissues supports the suggestion from the
morphological observations of H2A.Zdn defective embryos, that H2A.Z may have a

role in mesoderm formation.

3.4 Discussion

This chapter has examined the localisation and expression level of H2A.Z mRNA in the
early X. laevis embryo through gastrulation and tailbud stages. The spatial and temporal

distribution of endogenous H2A.Z mRNA was determined by in situ hybridisation, RT-
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PCR, and RT real-time PCR. These results demonstrated that H2A.Z mRNA is enriched
in a particular lineage of cells and H2A.Z mRNA levels are developmentally regulated.
H2A.Z transcripts were detected for the first time in the early blastula (stage 5). A large
pool of maternal mRNAs for other histones including canonical core histones and
blastula specific variant linker histones exists in mature oocytes and early blastula
(Dimitrov et al., 1993) so the existence of maternal H2A.Z mRNA is not unprecedented.
A previous study failed to detect H2A.Z mRNA at this early stage, concluding that
maternal H2A.Z transcripts were depleted by the time an oocyte was mature and that
H2A.Z mRNA was not present again until zygotic transcripts were produced after the
MBT (Iouzalen et al., 1996). This discrepancy can be explained by the use here of more
sensitive PCR-based methods rather than northern blotting. At later stages when H2A.Z
mRNA levels are higher, the RT-PCR and RT real-time PCR results presented here are
in good agreement with this earlier study.

At the early blastula stage transcripts were enriched in dorsal animal blastomeres. This
is the first time that a histone variant has been shown to be localised to specific cells of
a vertebrate morula (early blastula of X. laevis). In mouse early H2A.Z mRNA
expression is detected by RT-PCR in the differentiated trophoectoderm, not the stem
cells of the inner cell mass indicating that H2A.Z mRNA expression increases with
differentiation in eutherians also (Rangasamy et al., 2003). It seems likely that, as
shown here for X. laevis, very low levels of maternal H2A.Z mRNA in the
undifferentiated inner cell mass of the mouse await detection by more sensitive methods
(such as RT real-time PCR) (see also 1.4.3). The presence of H2A.Z mRNA before the
onset of zygotic transcription must be due to maternal stores originating in the oocyte
before fertilisation. Therefore H2A.Z has not been preferentially transcribed within

these early blastomeres, instead H2A.Z mRNA must have been moved to its current
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location after fertilisation determined the future dorsal ventral axis (Gerhart et al., 1989;
Kikkawa et al., 1996; Vincent et al., 1986). It is known that after fertilisation the
cortical cytoplasm rotates around 30° from the sperm entry point relative to deeper
cytoplasm (Gerhart et al., 1989; Kikkawa et al., 1996; Rowning et al., 1997), thus
establishing the previously radially symmetrical cytoplasm into distinct dorsal-ventral
(D-V) symmetry. This cortical rotation is thought to align microtubules along which
organelles containing dorsalising determinants are transported up to 90° from the
vegetal pole (Miller et al.,, 1999; Weaver et al.,, 2003). For example the protein
dishevelled (Dsh) is initially located at the radial pole of the oocyte, then on fertilisation
this protein is displaced by cortical rotation to the prospective dorsal region of the
cytoplasm (Dale and Slack, 1987a). It is likely that the same process concentrates pre-
existing maternal H2A.Z mRNA into the region of the cytoplasm of the fertilised oocyte
fated to become dorsal blastomeres. Alternatively, cytoplasmic bridges exist between
early blastomeres allowing the transport of material between cells even after cell
division has begun (Dale and Slack, 1987a). In summary, maternal H2A.Z mRNA is
present at low levels in the early blastula and is localised to dorsal animal blastomeres.

After the MBT the levels of H2A.Z transcripts at least double compared to the levels in
the early blastula. A rise in mRNA levels after the MBT also occurs for canonical
histones and other variants, the exception being some H1 variants (Dimitrov et al.,
1993). Localisation of H2A.Z transcripts post-MBT is concentrated in the cells of the
marginal zone especially in the dorsal portion of this region. These cells are a subset of
the descendants of the dorsal blastomeres of stage 5 embryos (Dale and Slack, 1987a).
Little is known about the tissue localisation of canonical and variant histones in the
early X. laevis embryo, though canonical histones are assumed to be present in all

tissues (Turner et al., 1988). Taken together these results indicate that maternal H2A.Z
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mRNA is present in a subset of blastomeres before the MBT, and on initiation of
zygotic transcription some of the descendants of these cells transcribe H2A.Z. This
raises the possibility that H2A.Z is an enhancer or marker for its own transcription. As
already discussed the presence of H2A.Z is likely to poise genes for transcription (see
section 1.2.4). This could be due H2A.Z protein incorporated into the chromatin of its
own regulatory regions. Alternatively, H2A.Z protein could be being incorporated into
regulatory regions of genes that are part of a pathway controlling H2A.Z expression. In
summary the patterns of localisation and levels of H2A.Z mRNA expression in the
blastula before and after MBT have opened up important avenues for future
investigation of H2A.Z’s role in autoregulation and regulation of expression of other
zygotic genes.

H2A.Z mRNA expression overlaps with that of genes for mesoderm fate and cell
movement. For example the spatial expression of H2A.Z mRNA in the late blastula
(stage 8) matches that of Xbra, a pan-mesodermal marker at this stage and an important
protein for mesodermal cell fate determinations (Conlon et al., 1996; Smith et al.,
1991). By stage 12 the more limited enrichment of H2A.Z more resembles Gsc, which
like H2A.Z also has peak expression during gastrulation (Niehrs et al., 1994). Gsc is an
important protein for mesodermal cell fate determinations (Laurent et al., 1997; Niehrs
et al,, 1994). In neurula and tailbud embryos H2A.Z mRNA is enriched in the
notochord, a mesodermal tissue undergoing convergent extension. A variety of
developmental gene products are enriched in this tissue including Xbra and Xbcan
(Latinkic and Smith, 1999; Sander et al., 2001). Co-localisation of H2A.Z mRNA
enrichment to mesodermal tissues indicates H2A.Z function may be important for

proper differentiation of these tissues.
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A fate map for the blastomeres at stage 6 has been constructed (Figure 18) (Bauer et al.,
1994). Although no blastomere’s descendants deterministically follow exactly the same
fate in every embryo, high proportions of them make up the bulk of specific tissues in
later-stage embryos. Therefore the probable descendants of a blastomere in any
particular embryo can be determined. The localisation of H2A.Z may follow the

descendant tissues of the marginal zone and these blastomeres.

Animal

Figure 18 Locations of cells derived from midline blastomeres of the stage 6 blastula. (A)
Nomenclature of blastomeres in the stage 6 embryo as per Nakamura and Kishiyama 1971
(reviewed Bauer et al. 1994) superimposed on the standard staging diagram for stage 6 animal
view (Bauer et al., 1994). (B) Nomenclature of blastomeres in the stage 6 embryo (Kageura,
1997). (B-G) Lateral view dorsal to the right adapted from Bauer et al. 1994. (C-D) Summary
diagrams illustrating the locations of the clones derived from the midline blastomeres of the
stage 6 embryo. (C) Stage 8, (D) Stage 9, (E) Stage 10, (F) stage 11, (G) Stage 12.5.

In situ hybridisation enables us to determine whether localisation of H2A.Z mRNA
enrichment is following the descendants of the blastomeres enriched for H2A.Z at stage
5. In the late blastula and early gastrula H2A.Z transcripts are localised to the marginal
zone and appear to be more abundant and extend further animally on the dorsal side.
The marginal zone tissues are descended from the row C blastomeres (third from the
animal pole Figure 18), and the distribution of H2A.Z to the dorsal portion may derive

from the B1 blastomere. Dorsal row C and B1 blastomeres are descendants of the dorsal
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blastomeres enriched in H2A.Z mRNA at stage 5 (Figure 16). Together with blastomere
DI, cortical cytoplasm from these blastomeres (C1 and Bl) is able to induce a
secondary axis, including mesodermal tissues when transplanted (Gerhart and Keller,
1986). However, more animally located blastomeres descended from the dorsal
blastomeres, enriched in H2A.Z mRNA at stage 5, are not enriched in H2A.Z mRNA.
As gastrulation progresses H2A.Z mRNA levels remain high (Figure 12 and Figure 15)
and become concentrated in the prospective chordamesoderm on the dorsal side of the
embryo. This is consistent with the convergence of marginal zone tissues toward the
dorsal side during gastrulation (Gerhart and Keller, 1986). As gastrulation proceeds the
chordamesoderm eventually involutes and develops into the dorsal structures of the
embryo (Dale and Slack, 1987a). To follow the tissue specific expression of H2A.Z
mRNA as the embryo develops two later stages of development were investigated,
stages 20 and 33/34. Stage 20 is a late neurula/early tailbud stage. At this stage H2A.Z
is enriched in the notochord, tailbud, eyes and mesencephalon (see Figure 17 embryo
17). These tissues are all at least partially descended from the mesoderm, which in turn
is descended primarily from a few dorsal blastomeres of the 36 cell (stage 6) embryo
(Figure 18 blastomeres B1, C1, and C2) (Iouzalen et al., 1996).

The pattern of H2A.Z expression determined by in situ hybridisation was previously
interpreted as ubiquitous expression. The unstained regions were interpreted as difficult
to stain yolky regions of the embryo. These yolky regions were also less stained in in
situ hybridisations detecting the ubiquitously expressed canonical H2A (Iouzalen et al.,
1996). From the Iouzalen et al. figure (reproduced as Figure 19 below) the stain for
H2A.Z is overdeveloped and concentrated in the head, tailbud and in a line along the
dorsal axis that could be the notochord. Another interpretation, drawn from the results

presented here, is that the stain for H2A.Z is not lighter because reagents failed to
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penetrate the yolky tissues but rather H2A.Z mRNA is more highly localised to specific
tissues. Under this interpretation of their figure the result would be consistent with my

own findings.

Figure 19 Spatial expression pattern of H2A.Z and H2A mRNA in stage 25/26 X. laevis
embryos. Whole mount in situ hybridisation was used. (A) H2A, (B) H2A.Z, and (C) Chordin
probe hybridisation signals are shown. (D) No hybridisation signal was detected in an embryo
probed with a sense probe. Figure from louzalen et al. 1996.

A large scale in situ hybridisation study of randomly picked clones identified one clone
as H2A.Z (Gawantka et al., 1998) (Figure 20). A single in situ hybridisation image of a
stage 30 embryo hybridized to H2A.Z mRNA showed ubiquitous staining. Only the
cement gland was completely unstained, though this may be because cement gland is
refractory to stain. The protocol for this work used simultaneous development of stain
of multiple ‘baskets’ each investigating a different gene in many embryos preventing
careful monitoring of individual embryos, therefore I believe that the image is of an
over-stained embryo. Despite this the notochord clearly shows enrichment of stain in
Figure 20 consistent with my in situ staining pattern. My experiments have made
significant improvements to understanding of H2A.Z’s tissue specific expression in the
X. laevis embryo highlighting the importance of extending and refining the results of

large scale screening projects and initial characterisations.
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Figure 20 Whole mount in situ hybridisation, sequence similarity and functional
classification of a cDNA clone. One of 273 partially sequenced cDNAs representing unique
differentially expressed genes. (A) cDNA number within the study; accession number of best hit;
P-value; name of best hit is H2A.Z; Xl, a known X. laevis gene; s, structural gene; functional
classification. The P-value is the probability provided by the BLAST programme and calculated
using Karlin-Altschul statistics that the sequence similarity is due to randomness. (B) in situ
hybridisation of stage 30 embryo, lateral view. Figure adapted from Gawantka 1998.

By stage 33/34 H2A.Z mRNA remains enriched in the notochord, though is not detected
in the tailbud. In the head, H2A.Z mRNA levels are enriched in the otic vesical as well
as portions of the mid- and hindbrain. Interestingly, a large scale screening of gene
expression patterns identified a ‘chromatin synexpression group’ that included
canonical H3 that was detected by in situ hybridisation in most tissues but depleted in
cement gland, notochord and anterior somites (Gawantka et al., 1998). That H2A.Z is
enriched differently to the other chromatin related proteins and canonical H3 further
implies a specific developmental function for H2A.Z. The fate map of the 32 cell
blastula shows that at stage 28-30 the otic vesicle is descended from A2, A3, B2, B3,
and C3 blastomeres. Of these blastomeres the A2 and B2 are in the dorsal hemisphere
of the embryo that was observed to be stained for H2A.Z mRNA at stage 5. The portions
of the brain enriched in stage 33/34 embryos are descended from the mesencephalon
which was enriched for H2A.Z mRNA at stage 20 (Gawantka et al., 1998). All of these
tissues contain cells descended from the dorsal blastomeres of the stage 6 blastula (Dale
and Slack, 1987a). It could be that H2A.Z expression is enriched in dorsal blastomeres,
then as development proceeds is selectively and progressively repressed remaining in
only a subset of descendent tissues where it is still required.

Both the temporal and spatial expression of H2A.Z mRNA is consistent with a role in

gastrulation and mesodermal development. Localisation of H2A.Z mRNA follows
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specific lineages of cells from the blastula through gastrulation and on into later stages
of development. These findings lead to the hypothesis that H2A.Z regulates
developmental gene expression patterns that determine and maintain specific dorsal cell
fates. In the next chapter the mRNA level and localisation of selected genes important
for proper cell fate determination, and markers of specific tissues were investigated in
normal and dominant-negative H2A.Z mRNA injected embryos to determine whether

H2A.Z has a role in regulating cell fate.
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4 H2A.Z and cell fate in mesodermal
lineages

4.1 Introduction

Developmental gene expression pathways are now being integrated with information
from classical fate maps (Altmann et al., 2000; Vize, 2003). The early development of
tissues in X. laevis has been characterised in great detail (Nieuwkoop and Faber, 1994)
including cell fate determinants and cell movements in the blastula and gastrula stages
(Bauer et al., 1994; Dale and Slack, 1987a) (see section 3.4, Figure 18). Perturbing
developmental gene expression pathways can affect cell fate and/or movement resulting
in defective morphology (Dosch et al., 1997; Gloy et al., 2002; Hopwood et al., 1992;
Kurth et al., 2005; Lerchner et al., 2000; Onichtchouk et al., 1996; Smith, 2001; Tada et
al., 1998; Tada and Smith, 2000; Wallingford and Harland, 2001). For example, if the
down-stream Xbra target Bix1 is overexpressed then X. laevis embryos develop lacking
head and dorsal structures (Smith, 2001; Tada et al., 1998). We propose that the
H2A.Zdn defect seen when H2A.Z function is perturbed (see section 1.4.5) results from
disruption of gene expression pathways controlling cell fate and/or movement. In
chapter 5 the possibility that H2A.Z plays a role in regulation of cell movement is
investigated. Here [ investigate the possibility that H2A.Z is involved in cell
fate/determination.

As discussed in section 1.1.3 there are numerous ways in which chromatin structure can
be altered to regulate transcription. There are many examples of alterations to chromatin
structure during development, including incorporation of some histone variants, shown
to have transcriptional consequences for developmentally important genes (see section

1.3), including the requirement for the B4 variant linker histone for mesodermal
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competence (Steinbach et al., 1997). The work presented here and by others (discussed
in section 1.4) demonstrates that the expression of the histone variant H2A.Z is
developmentally regulated and that its function is essential for metazoan development.
Having established that H2A.Z is important for proper mesoderm development and is
enriched primarily in mesodermal tissue, we hypothesised that H2A.Z is involved in
mesodermal cell fate determination because it is a component of a particular chromatin
structure(s) necessary for proper regulation of key mesodermal genes. Previous
investigations of the function of H2A.Z in several organisms support this idea, with
evidence that the histone variant has a role in the regulation of transcription (Allis et al.,
1980; Allis et al., 1986; Dhillon and Kamakaka, 2000; Donahue et al., 1986; Larochelle
and Gaudreau, 2003; Santisteban et al., 2000; Stargell et al., 1993). Early differentiation
of notochord, a mesodermal tissue, is reliant on the FoxA2 transcription factor, an
orthologue of pha-4 (Ang and Rossant, 1994), which is necessary for targeting H2A.Z
to the promoter of the mesodermal gene Myosin heavy chain 2 (myo-2) in C. elegans
(Updike and Mango, 2006) (see section 1.4.1). In vertebrates, H2A.Z could have a role
in the early differentiation events in the embryo that set the stage for mesoderm
formation at gastrulation. Alternatively, H2A.Z could have a role at gastrulation when
mesoderm is established. This chapter investigates whether H2A.Z has a role in

determining mesodermal cell fate in early X. laevis embryos.

4.1.1 A possible role for H2A.Z in the blastula
Since maternal H2A.Z transcripts are present before the MBT, H2A.Z may play a role in

the development of the blastula. In situ hybridisation of endogenous H2A.Z in this study
has shown that H2A.Z mRNA is enriched in stage 5 dorsal blastomeres (see Figure 16,
section 3.2.3.1) consistent with H2A.Z having a role in dorsal cell fate specification,

perhaps by being required for chromatin structures necessary for regulation of
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transcription of specific early developmental genes. Notably, the dorsal tier B
blastomeres that are daughter cells of the blastomeres enriched for H2A.Z mRNA at
stage 5 (section 3.3, Figure 16) are within the Nieuwkoop Centre (Gimlich and Gerhart,
1984). The Nieuwkoop Centre induces formation of the Spemann’s Organiser that in
turn induces gastrulation and mesoderm formation (Gimlich and Gerhart, 1984). As part
of the Nieuwkoop Centre the blastomeres contain maternal -catenin and other dorsal
determinants (Gimlich and Gerhart, 1984). H2A.Z with these other dorsal determinants
may be important to establishing the dorsal-ventral axis and thus set the stage for
gastrulation. This would explain why when H2A.Z function is perturbed gastrulation is

disrupted and the H2A.Zdn defect becomes visible only after the onset of gastrulation.

4.1.2 A possible role for H2A.Z in the gastrula
Alternatively, H2A.Z may be important at gastrulation. I have already shown that

H2A.Z mRNA levels rise sharply during gastrulation (see section 3.2.2.2) and that
H2A.Z mRNA is enriched in the marginal zone and mesodermal tissues during
gastrulation (section 3.3). In summary, H2A.Z is expressed in the right time and place
to affect mesodermal cell fate decisions during gastrulation. Furthermore, when H2A.Z
function is perturbed the H2A.Zdn defect becomes visible shortly after gastrulation (see
1.4.5). Gastrulation is a period when many cell fate determinations are being made and
the anterior-posterior axis established, prior to gastrulation the prospective mesoderm of
the blastula is differentiated only as dorsal or ventral (Agius et al., 2000; Dale and
Slack, 1987b; Wylie et al., 1996), therefore H2A.Z may be important for proper cell
fate determination during gastrulation. Disruption of the anterior-posterior axis would
be consistent with the shortened trunks and improper mesoderm formation (Kieker and
Niehrs, 2001) of the H2A.Zdn defect, possibly resulting from disruption of Wnt and/or

chordin pathways.
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4.1.3 Marker genes for mesoderm
Genes with mRNA or protein expression temporally and spatially limited to particular

tissues can act as molecular markers for cells of those tissues (Dosch et al., 1997;
Hopwood et al., 1992; Kurth et al., 2005; Lerchner et al., 2000). If disruption of H2A.Z
affects cell fate then marker genes for particular tissues will have altered expression.
Several genes are characteristic markers of mesodermal tissue including Gooscoid
(Gsc), Xenopus Brachyury (Xbra), Xenopus myogenic determinant (XMyoD), and
Xenopus Ventral 2 (XVent2) (Figure 21). A discussion of these genes as markers

follows.

Figure 21: Spatial distribution of mesodermal marker gene expression in the stage 12
gastrula. Red: Gsc mRNA is present in the endomesoderm that eventually becomes head
mesoderm. Actual expression of Gsc is weak at this stage. Violet: Xbra mRNA is expressed in
involuting tissue that becomes chordamesoderm and later notochord. Orange: XMyoD mRNA
levels are strongest in paraxial mesoderm with more ventral/lateral fates such as somites.
XVent2 mRNA spatial distribution (not shown) resembles that of XMyoD mRNA except it
becomes restricted to the tailbud in later stages(Dosch et al., 1997; Gawantka et al., 1998).
Modified from original diagram for stage 12 from standard tables (Nieuwkoop and Faber, 1994).

At the onset of gastrulation Gooscoid (Gsc) mRNA transcription, stimulated by the Wnt
pathway via the transcription factor Siamois (Brannon et al., 1997; Fan and Sokol,
1997), begins in the Spemann’s organiser (dorsal lip of the forming blastopore) (see
Figure 21) (Niehrs et al., 1994). Gsc is an early response to Wnt signalling, and is not
maternally transcribed. An eight-fold gradient of Gsc expression patterns the organiser
and, directly or indirectly, other mesodermal tissues (Niehrs et al., 1994). Later Gsc is

transcribed in the endomesoderm (see Figure 21), then head mesoderm (Niehrs et al.,
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1994); tissues primarily descended from blastomere B1 of the stage 6 embryo (see
Figure 18, section 3.4). Gsc is a transcriptional repressor that acts directly on another
important gene for mesodermal fate determination Brachyury (Xbra) (Artinger et al.,
1997; Latinkic and Smith, 1999).

Xbra mRNA is found throughout the marginal zone in the late blastula. Early Xbra
expression specifies mesodermal cell fate (Conlon et al., 1996; Cunliffe and Smith,
1992; Cunliffe and Smith, 1994; Kispert et al., 1995; Latinkic et al., 1997). On
gastrulation, Xbra transcription is inhibited in the endomesoderm and Xbra mRNA
expression remains strong in the prospective notochord and thus is later restricted to the
notochord (see Figure 21) (Artinger et al., 1997; Gont et al., 1993; Herrmann et al.,
1990; Latinkic and Smith, 1999; Latinkic et al., 1997; Panitz et al., 1998; Smith et al.,
1991; Xu et al., 2000). Xbra can induce its own expression in dorsal tissues through
intermediates including fibroblast growth factor (FGF) (Conlon et al., 1996; Panitz et
al., 1998; Tada et al., 1997). Xbra is a transcription factor important for the
concentration-dependant mesodermal patterning (O'Reilly et al., 1995) required for
proper dorsal and anterior-lateral mesoderm development (Conlon et al., 1996; Kispert
et al., 1995).

XMyoD (abbreviation for Xenopus myogenic determinant) is another commonly used
mesodermal marker gene (Dosch et al., 1997; Rupp and Weintraub, 1991; Steinbach et
al., 1998). After the MBT Wnt signalling induces ubiquitous low level XMyoD
expression before auto-activated tissue specific (muscle precursor) expression begins
(Rupp and Weintraub, 1991; Steinbach et al., 1998) in two lateral regions of the later
gastrula (see Figure 21). In the gastrula XMyoD is one of the transcription factors that
specifies lateral mesoderm fate (Dale and Slack, 1987a; Dosch et al., 1997), and later

becomes prominent in the somites (Dosch et al., 1997). Interestingly, MyoD levels are
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reduced when histones are globally hyperacetylated (Figure 14) and acetylation of H3
and H4 may have a role in H2A.Z incorporation into chromatin (see 1.2.3).

Finally, Xvent2 is another gene expressed in lateral mesoderm of the blastula, it has the
same expression pattern as XMyoD during gastrulation, then later becomes restricted to
the tailbud (Dosch et al., 1997; Gawantka et al., 1998).

In summary, Gsc, Xbra, XMyoD, and Xvent2 mRNA expression can be used for
identification of mesoderm tissue by RT real-time and spatial localisation by in situ

hybridisation.

4.1.4 Experimental approach
If H2A.Z has a role in determining cell fate then disrupting that function would perturb

cell fate decisions, leading to improper expression of cell fate marker genes. The
H2A.Zdn defect would therefore be due to perturbation of correct cell fate
determination. This idea can be tested by determining the expression levels and
localisation of mRNA from selected marker genes in defective embryos, and comparing
them to normal embryos. In this chapter we perturbed H2A.Z function by injecting
RNA expressing a dominant negative protein (H2A.ZNQ) (see 1.4.6 and 1.4.5) to
monitor changes to marker gene expression associated with the HIH motif of H2A.Z
(see section 1.4.4). These injected embryos will be referred to as NQdn embryos or, if
advanced enough to show the H2A.Zdn defect (stage 10+), H2A.Zdn embryos.
Mesoderm marker genes (discussed in 4.1.3) were chosen because: A) the morphology
of the H2A.Zdn defect (the blastopore fails to close, trunks are shortened, and heads
develop normally) indicates that specific mesodermal lineages (such as the
chordamesoderm) may be affected; B) many mesodermal marker genes are up-regulated

during gastrulation when endogenous H2A.Z is most highly expressed.
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To determine whether mesoderm cell fate was being disrupted, H2A.Zdn defect
embryos were compared to normal control embryos, H2A.Z mRNA, and H2A mRNA
injected embryos by measuring the mRNA expression from the selected marker genes.
A H2A mRNA injection control was used to control for the general repressive affect of
overexpressed histones (Wolffe and Hayes, 1999). H2A.Z mRNA injected embryos
controlled for effects caused by over-expression of this specific variant. Quantification
was by semi-quantitative RT-PCR, and RT real-time PCR (the reasons for this change
of technique are discussed in 3.2.1). As well as abnormal expression levels of
mesodermal genes, mesodermal genes may be expressed in inappropriate locations,
with or without detectable changes to the levels of mRNA transcripts in the whole
embryos. To investigate this possibility the spatial distribution of XMyoD and Xbra
mRNA was determined by in situ hybridisation, as these transcripts are molecular
markers for the dorsal and dorsal-lateral mesodermal tissues most likely to be affected

when H2A.Z function is perturbed based on the morphology of the H2A.Zdn defect.

4.2 Results

4.2 1 Effect of perturbing H2A.Z function on the expression levels of
mesodermal marker genes

4.2.1.1 Optimisation of microinjection
To determine whether the injected mRNAs were translated I used a H2A.Z-EGFP

fusion protein to visually monitor, by microscopy, the expression of microinjected
mRNA (Figure 22). EGFP fusion proteins have been widely used as markers in X.
laevis (Ridgway et al., 2004a; Sive et al., 2000). The H2A.Z-EGFP image (Figure 22)
demonstrates that protein was translated from introduced H2A.Z-EGFP mRNA. The
localisation of H2A.Z-EGFP protein was consistent with earlier experiments, diffuse

before the MBT and then localised to the nucleus (Ridgway et al., 2004a). This
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experiment confirmed that proteins were translated from microinjected mRNA,
indicating that these techniques of in vitro mRNA production and microinjection were
successful. Therefore microinjection of mRNA encoding H2A.Z, H2A and H2A.ZNQ
could proceed. Injection of these mRNAs produced morphologies consistent with
earlier work in this laboratory (discussed in 1.4.5, (Ridgway et al., 2004a)). Note that
defect levels were never 100% due to the low amounts of RNA used to prevent non-
specific defects and that use of small amounts of RNA is typical of studies employing
this technique (Nakano et al., 2000; Sive et al., 2000; Tada et al., 1997). Although only
a single blastomere is injected the effects are bilateral because cytoplasmic connections
exist between the blastomeres at this stage allowing passage of the injected mRNA
(Newport and Kirschner, 1982). As I was now able to produce H2A.Zdn defect embryos
for study I proceeded to determine the mRNA levels and localisation of marker genes

for mesodermal cell fate.

Figure 22 Microinjected H2A.Z-EGFP mRNA is translated into protein. Embryos were
injected with 1ng of H2A.Z-EGFP mRNA at the two cell stage. (A) Embryos stages 11 to 12
seen under fluorescence with a Leica GFPII filter set. Strongest signal is on the injected side
though expression of H2A.Z-EGFP is widespread in the embryos. (B) The same embryos under
transmitted light.
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4.2.1.2 mRNA levels of mesodermal marker genes are unaffected when
H2A.Z function is perturbed

I investigated both the levels and localisation of mRNA from selected marker genes for
mesodermal cell fate. Section 4.2.2 describes the localisation and this section deals with
the mRNA levels of these genes. Two methods were used to determine mRNA levels of
selected genes in the embryos, semi-quantitative RT-PCR and RT real-time PCR. First I
will describe the results from semi-quantitative RT-PCR analysis then the results from
real-time PCR.

To ensure that the mass of PCR product was proportional to the template cDNA, and
therefore to the mRNA for the investigated gene in the sample, the RT-PCRs were run
for a number of identical aliquots from the same sample and PCR product was retrieved
at various numbers of cycles. After quantitation (as described in 2.5.3.1) a sigmoidal
curve was produced for each primer set. Figure 23 is the curve for products from the
Gsc primers from identical aliquots of a stage 12 sample. This figure illustrates the
sigmoidal curve common to all of these experiments. A number of cycles within the

linear region was selected for use with further reactions for each primer set (see section

2.5.3.1).

Gsc: Linear Range Determination
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Figure 23: Determining the range of cycle giving a linear increase in product from an RT-
PCR reaction. Uninjected embryos were collected at stage 12 (late gastrula) then analysed by
RT-PCR with primer sets for Gsc, MyoD, Xbra, XVent2, and H4. Gsc primer amplification
results shown as an example. Samples were collected after various numbers of cycles and the
amount of PCR product determined.
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RT-PCR gels determined that the genes investigated, Gsc, Xbra, Xvent2 and XMyoD,
were present in NQdn embryos at the same stages as in uninjected control embryos
(Figure 24). Typical results from RT-PCR analysis are shown (Figure 24). In this figure
—RT is a sample where the extracted total RNA was processed without reverse
transcriptase. The —RT panels demonstrate that the total RNA was free of gDNA

contamination (Figure 24). H4 was used as an internal standard (loading control).
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Figure 24 Expression of mesodermal cell fate genes when H2A.Z function is perturbed. A:
Embryos injected with H2A.ZNQ or H2A.Z were collected at stage 12 (late gastrula) then
analysed by RT-PCR with primer sets for Gsc, MyoD, Xbra, XVent2, and H4. Uninjected
embryos and a sample that had not been reverse transcribed were included in every
experiment. Each experiment has been repeated 3-5 times. B: An example of a serial dilution
used to confirm that the RT-PCR products were proportional to the concentration of template in
the sample. Uninjected embryos were collected at stage 12 (late gastrula). After RT the cDNA
was serially diluted then analysed by RT-PCR with primer sets for Gsc, MyoD, Xbra, XVent2,
and H4. XMyoD primer amplification results shown.

The mRNA levels of the selected marker genes were then determined for NQdn and
uninjected control embryos. Mean results are given and where sufficient data was
obtained standard error of the mean (SEM) (shown by error bars) and p values (given

within the text) were calculated (2.5.5).
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The mRNA levels of Gsc were analysed through gastrulation when Gsc mRNA was
expected to be most highly expressed (Niehrs et al., 1994) (stage 9, 10, 12) as well as in
a later tailbud stage when Gsc mRNA levels were expected to be lower (Nichrs et al.,
1994) to ensure the technique was responding to changes in RNA levels within the
samples (Figure 25). A single sibling set of uninjected embryos were also analysed for
Gsc mRNA levels at neurulation, stage 14. The tailbud stage samples (stage 20) would
also determine if there was anomalous Gsc mRNA levels in the dominant negative
injected embryos compared to H2A.Zdn siblings at a stage of development after
gastrulation. GsC mRNA levels were highest at the first stage investigated (stage 9) in
both the NQdn and the uninjected embryos (Figure 25). At this stage the mean values
for both treatments appeared to be almost identical (expression relative to H4:
uninjected 2.0, injected 2.1) however this technique was abandoned before sufficient
replicates were generated for the calculation of p values at this stage. After stage 9 these
results indicate a decline in Gs¢ mRNA. Gsc mRNA was only weakly detected at stage
20 in both treatments and in one uninjected sibling set was not detected (NQdn 0.5 n =
1; uninjected mean 0.4, n = 5) (Figure 25). The mean values for the uninjected and
injected differed most at stage 12 (NQdn 1.4 n = 3; uninjected mean 0.6, n = 4) (Figure
25) however this difference was not significant (p=0.31). The results did detect changes
in expression levels during cell development. However, these results do not provide any
indication that Gsc mRNA expression is affected by perturbation of H2A.Z function at
the stages investigated, including during gastrulation. This conclusion was somewhat
surprising, given the morphology of H2A.Zdn embryos (see 1.4.5) indicate a defect in
mesoderm development and Gsc is a key gene for mesoderm cell fate during
gastrulation (discussed in 4.1.3). Two possible explanations come to mind. Firstly, that

cell fate is not affected, an idea explored in chapter 5. Secondly, that changes to gene
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expression affecting cell fate are occurring downstream or sideways of GsC in the gene
expression pathways for cell fate. This possibility could be examined by investigating

further marker genes for mesodermal cell fate.
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Figure 25 Levels of Gsc mRNA after disruption of H2A.Z function. Embryos were injected
with mRNA encoding a dominant negative H2A.Z (H2A.ZNQ) or left uninjected, sibling sets
pooled, and analysed by RT-PCR. Y axis units are relative to result from 1ug stage 10 wild type
total RNA with Gsc normalised to a H4 internal control as discussed in 2.5.3.1. Mean results
given. Where applicable SEM is given as error bars. For uninjected sibling sets at stages 9 and
10 n = 2, and at stage 12 n = 4. For H2A.ZNQ mRNA injected sibling sets at stage 12 n = 3. For
all other results n = 1. The black line is a moving mean line of best fit for the uninjected results.
The mauve line is a moving mean line of best fit for the H2A.ZNQ injected results.

One downstream target of Gsc is Xbra. If H2A.Z’s developmental function is
downstream of Gsc then Xbra mRNA levels may be affected. Previous studies have
shown that when Xbra function is disrupted gastrulation is late, the blastopore fails to
close, and later shortened trunks result (Conlon et al., 1996). The similarity of this
phenotype to the H2A.Zdn defect (see 1.4.5) may have indicated reduced Xbra mRNA
levels in these defective embryos at some point in early development. If Xbra mRNA
levels were affected then this would indicate that H2A.Z’s normal developmental role
directly or indirectly influences Xbra mRNA expression. To answer these questions the
Xbra mRNA levels relative to H4 for uninjected and H2A.Zdn defect embryos were

determined by semi-quantitative RT-PCR and are given in Figure 26. The stages used
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were 9, 10, 12 14, 16 and 20, selected for when Xbra mRNA expression is present in
normal embryos and to investigate both gastrulation and later developmental changes
that may result. Xbra mRNA was detected in all the developmental stages and
treatments investigated. Xbra mRNA expression peaked at the onset of gastrulation
(stage 10, relative expression 2.22) in the control embryos and just prior to gastrulation
(stage 9, relative expression 2.50) in a single NQdn sample. This may be because in
practice stage 9 and stage 10 embryos are collected only a small time apart. Despite
matched uninjected siblings the NQdn embryos in the stage 9 sample here may have
been entering stage 10, however due to the delay in initiating gastrulation were
indistinguishable from embryos at stage 9. That this single NQdn stage 9 sample might
not be representative is supported by the similarity in Xbra mRNA expression levels
between the two treatments at stages 12 (relative expressions: uninjected 1.85, NQdn
1.70, p = 0.74) and 20 (relative expressions: uninjected 1.65, NQdn 1.70, insufficient
data to calculate a p value). After peaking, Xbra mRNA expression levels in both
samples declines over the further stages investigated. These results do not support a
reduction in Xbra mRNA expression at any stage nor a change in Xbra mRNA
expression levels at most stages. The only indication that changes to Xbra mRNA
expression may be related to the morphology of defective embryos was a single data
point indicating a possible early peak in Xbra mRNA levels. Further investigation was
needed to confirm this result and was conducted using a more precise technique; RT
real-time (see Figure 28). If the expression or function of Gsc, Xbra, or other key cell
fate genes was perturbed this would be expected to effect the expressions of mRNAs
downstream in the developmental genes expression programs. I investigated one such

gene XMyoD by RT real-time PCR (see Figure 29).
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Figure 26 Levels of Xbra mRNA after disruption of H2A.Z function. Embryos were injected
with mRNA encoding a dominant negative H2A.Z (H2A.ZNQ) or left uninjected, sibling sets
pooled, and analysed by RT-PCR. Y axis units are relative to result from 1ug stage 10 wild type
total RNA with Xbra normalised to a H4 internal control as discussed in 2.5.3.1. Mean results
given. Where applicable SEM is given as error bars. For uninjected sibling sets at stages 10
and 12 n = 2. For H2A.ZNQ mRNA injected sibling sets at stage 12 n = 2. For all other results n
= 1. The black line is a moving mean line of best fit for the uninjected results. The mauve line is
a moving mean line of best fit for the H2A.ZNQ injected results.

As can be seen from the SEM (error bars Figure 25 and Figure 26) the data for a given
stage and treatment combination can be variable, for example for stage 12 Xbra mean
relative expression is 1.85 and the SEM is 0.25. This indicates that any differences
between the injected and NQdn embryos may not be significant. To determine if this
was the case p values comparing the data for relative expression of each marker gene
mRNA in NQdn with that from uninjected embryos were calculated at stage 12 where
there were sufficient data points. For Gsc mRNA relative expression level data p =0.31
and for Xbra mRNA p = 0.74. P values of 0.05 or lower were considered significant. To
exclude the possibility that the inability to detect any significant difference in marker
gene mRNA expression levels and the variability in the data was due to limitations in
the precision of the semi-quantitative RT-PCR technique, further experiments to
quantifying levels of marker genes when H2A.Z function was perturbed utilised the

more precise RT real-time PCR method. Experiments using the semi-quantitative RT-
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PCR method were discontinued. The RT real-time technique had already proven to be
effective for determining endogenous H2A.Z mRNA levels (see 3.2.2.2, Figure 15).

The relative expression of mRNA from the genes Gsc, Xbra and XMyoD was
determined for uninjected embryos, and those injected with RNA encoding H2A,
H2A.Z or the dominant negative H2A.ZNQ by RT real-time PCR. All RT real-time
experiments included —RT and —RNA controls. Results are relative to a selected stage 9
uninjected reference sample, all marker gene mRNAs were expected to be present at a
low level at this stage. Stages 9, 10 and 12 were analysed by RT real-time PCR to
confirm that there were no changes in the mRNA expression levels of the selected cell
fate marker genes during gastrulation when the defect is first detected in embryos with
perturbed H2A.Z function (see 1.4.5). To determine if any of the differences in mRNA
expression levels between the two treatments were significant, p values for the various
treatments compared to controls of the same stage were calculated, these are given
separately to the expression level results (Table 7).

Firstly, we examined the mRNA levels of a key mesodermal determinant Gsc at three
stages of development: 9, 10, and 12 (Figure 27). In uninjected embryos GSC mRNA
was detected at all three developmental stages investigated with the mean relative
expression highest at stage 10 (Figure 27). Gsc mRNA was detected at all stages in all
treatments. In all treatments mean GSC mRNA levels were higher at stage 12, for
example at stage 9 in uninjected embryos mean relative Gsc mRNA level is 0.45, at
stage 10, 0.61, then reduced to 0.44 by stage 12. These results in the uninjected embryos
Gsc mRNA (Figure 27) agree closely with previous studies where Gsc mRNA was
detected by Northern blot at stage 8.5, peaked at stage 10.5 and was reduced by stage 13
(Blumberg et al., 1991; Panitz et al., 1998). The data is also supported by the findings of

the semi-quantitative RT-PCR analysis of mRNA levels for this gene (see Figure 25).
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Mean mRNA levels in all of the mRNA injected embryos were lower than uninjected
embryos at the same stage with one exception, the H2A.Z mRNA injected embryos at
stage 10 (Figure 27). The largest differences between the uninjected and the injected
embryos was at stage 9 where the mean GSc mRNA levels in the uninjected embryos
were more than two-fold higher than all of the results for injected embryos at that stage
(Figure 27). With such small differences in GSc mRNA levels between the uninjected
and mRNA injected and large variation between individual samples, determination of p
values were necessary before concluding whether Gs¢ mRNA levels were perturbed or

not in any of the treatments (see Table 7).
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Figure 27 Levels of Gsc mRNA when H2A.Z function is perturbed. Embryos were injected
with mRNA encoding H2A, H2A.Z or a dominant negative H2A.Z (H2A.ZNQ). Histograms are
means of results from pooled sibling sets. Error bars indicate SEM. For uninjected sibling sets
stages 9 and 10, and H2A.ZNQ mRNA injected sibling sets stages 9 and 10 n = 4. For all other
results n = 3. Data is given as expression relative to H4 and a reference sample at stage 9 as
described in 2.5.4.2.
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The next gene I investigated was Xbra, another important marker for mesodermal cell
fate in gastrula stage embryos (see 4.1.3). Xbra mRNA was detected in all samples and
stages analysed (Figure 28). No result is given for H2A mRNA injected embryos at
stage 9 because no sample cDNA remained for this experiment. For similar reasons,
only a single sample of H2A mRNA injected embryos at stage 10 was analysed by
real-time RT-PCR for relative Xbra mRNA level. In all treatments mean relative Xbra
mRNA was highest in stage 12 embryos and uninjected embryos had higher mean
relative mRNA levels than injected embryos at all stages with the exception of NQdn
embryos at stage 12 uninjected embryos Xbra mRNA mean relative level 4.02,
compared to 4.23 for NQdn). The uninjected embryos mean relative Xbra mRNA level
was always less than three-fold more than any injected embryo result at the same stage
(largest fold difference 2.70 for uninjected over H2A.Z mRNA injected embryos at
stage 9). These results support the trends seen in the semi-quantitative RT-PCR which
detected Xbra mRNA at all three developmental stages investigated (stages 9, 10, and
12) in uninjected and NQdn embryos, and the mean relative expression was higher at
stage 12 than stages 9 and 10 in both set of samples (Figure 26). Other researchers have
detected Xbra mRNA RT-PCR first at stage 9.5, with maximal expression at stage 11.5
(Eimon and Harland, 2002; Panitz et al., 1998). As with Gsc the difference between
uninjected and NQdn embryos was not significant (p=0.20 at stage 12). There was no
evidence that expression of Xbra, an important mesodermal marker downstream of Gsc,
was affected when H2A.Z’s developmental function was perturbed. The Xbra results do
not support a role for H2A.Z in cell fate before and during gastrulation. Next I looked

further downstream in cell fate by investigating expression of XMyoD.
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Figure 28 Levels of Xbra mRNA when H2A.Z function is perturbed. Embryos were injected
with mRNA encoding H2A, H2A.Z or a dominant negative H2A.Z (H2A.ZNQ). Histograms are
means of pooled sibling sets. Error bars from the mean indicate SEM. For uninjected sibling
sets at stage 9 n = 4, stage 10 n = 3 and stage 12 n = 6. For H2A mRNA injected sibling sets at
stage 10 n = 1 and stage 12 n = 4. For H2A.Z mRNA injected sibling sets at stage 9 and 10 n =
3, and for stage 12 n = 5. For H2A.ZNQ mRNA injected sibling sets at stage 9 and 12 n = 3, and
for stage 10 n = 2. Data is given as expression relative to H4 and a reference sample at stage 9
as described in 2.5.4.2.

Figure 29 shows the expression levels of XMyoDb a downstream marker of mesoderm
tissue. There are two XMyoD genes in X. laevis, I chose to examine the XMyoDb
transcript here since it has the advantage of not being present in maternal transcripts
(Steinbach et al., 1997) and of being expressed at levels at least 10x higher than
XMyoDa (Steinbach et al., 1998). In uninjected embryos XMyoDb mRNA was detected
at all three developmental stages investigated (stages 9, 10, and 12) with the mean
relative expression higher at stage 12 than stages 9 and 10. XMyoD was previously
detected by Northern Blot from stage 10 onward with maximal expression at stages 11-
19. In these experiments stages 11, 13, and 19 had very similar expression levels,
however, the blot was over exposed and may not accurately reflect slight differences in

quantity (Hopwood et al., 1989). The other treatments all followed the same trend; there
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was minimal or undetectable expression of XMyoD mRNA before stage 12. XMyoD
mRNA levels rose sharply in all treatments at stage 12. These results are given in Figure
29. The highest mean XMyoD mRNA levels were from H2A injected embryos (15.4)
with uninjected and H2A.Z mRNA injected embryos having similar mean
measurements (11.4 and 11.8) and NQdn the lowest mean XMyoD mRNA level (9.7).
However, as with Gsc mRNA the differences in XMyoD mRNA levels were not
significant (p = 0.11 see Table 7) between the various treatments. _XMyoD was chosen
for investigation because it was a later downstream mesodermal gene and therefore
likely to be perturbed if cell fate was affected. These results find no significant
difference from normal in NQdn embryos and therefore no evidence for H2A.Z function

being essential for cell fate.
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Figure 29 XMyoDb mRNA when H2A.Z function is perturbed. Embryos were injected with
mRNA encoding H2A, H2A.Z or a dominant negative H2A.Z (H2A.ZNQ). Histograms are means
of data from pooled sibling sets. Error bars indicate SEM. For uninjected sibling sets at stage 9
n = 3, stage 10 n = 4 and stage 12 n = 8. For H2A mRNA injected sibling sets at stage 10 n = 1
and stage 12 n = 3. For H2A.Z mRNA injected sibling sets at stage 9 n = 3, and for stages 10
and 12 n = 3. For H2A.ZNQ mRNA injected sibling sets at stage 9 and 10 n = 1, and for stage
10 n = 3. Data is given as expression relative to H4 and a reference sample at stage 9 as
described in 2.5.4.2.



91

Table 7 provides the p values for all the results from injected embryos (Figure 27-
Figure 29) for which sufficient repeats were performed before abandoning the RT-PCR
technique. The mRNA expression of the investigated marker genes in the injected
embryos was never significantly different for uninjected siblings, the lowest p value
was 0.07 for Xbra mRNA expression in H2A.Z mRNA injected embryos, the highest
0.94 for Gsc mRNA expression in NQdn embryos. These p values where not
unexpected considering the variability in the data for these results (as indicated by the
SEM error bars Figure 27 to Figure 28, and p values Table 7). Certainly the differences
between the various treatments used in these experiments are small (less than three-
fold) compared to the more than ten-fold decrease in XMyoD mRNA expression at stage
12 with TSA treatment (see 3.2.2.1, Figure 14). The RT real-time PCR technique is
capable of producing lower p values as is demonstrated by analysis of the data for
endogenous H2A.Z mRNA expression from section 3.2.2.2, Figure 15. The p values of
endogenous H2A.Z mRNA expression in wild type embryos at stages 10, 12 and 20 is
compared to stage 9 endogenous H2A.Z mRNA expression (Table 7). It is assumed that
the higher p value for stage 10 is due to similarities in H2A.Z levels in stage 10 and late
stage 9 embryos. From these results I conclude that when H2A.Z function is perturbed
the expression levels of early (Gsc, Xbra) and downstream (XMyoD) markers for
mesodermal cell fate are not perturbed. If perturbing H2A.Z function does not alter the
mRNA expression levels of mesodermal marker genes this is likely to be because
H2A.Z does not play a major role in cell fate determination. However, on the basis of
these results the expression of mesodermal genes in inappropriate locations cannot be
excluded. Therefore, localisation of marker gene mRNA by whole mount in-situ

hybridisation was examined.
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cDNA amplified
Gsc XMyoD Xbra H2A.Z
Uninj. NA NA NA Stage 10: 0.1589
Stage 12: 0.0002
Stage 20: 0.0162
H2A Stage 9: 0.3134 Stage 9: NA Stage 9: NA NA
mMRNA Stage 10: 0.5744 Stage 10: NA Stage 10: NA
injected Stage 12: 0.1582 Stage 12: 0.1144 | Stage 12: 0.1963
H2A.Z Stage 9: 0.3118 Stage 9: 0.8206 Stage 9: 0.0653 | NA
Stage 10: 0.6485 Stage 10: 0.9772 | Stage 10: 0.1808
Stage 12: 0.2195 Stage 12: 0.8911 | Stage 12: 0.9254
H2A.Z Stage 9: 0.2009 Stage 9: NA Stage 9: 0.6705 | NA
NQ Stage 10: 0.9398 Stage 10: NA Stage 10: 0.4849
Stage 12: 0.2989 Stage 12: 0.4147 | Stage 12: 0.9207

Table 7 P values for differences in mRNA levels for different treatments. P values for
treatments compared to uninjected controls at the same stage of development for the results
given in figures 27, 28, and 29. H2A, H2A.Z, and H2A.ZNQ mRNA was injected into the
embryos at the two cell stage and Uninj. is uninjected wild type control embryos. NA indicates
not applicable or insufficient repeat to calculate P value.

4.2.2 Impaired H2A.Z function and the localisation of mesodermal
MRNA

Though mRNA levels of the mesodermal marker genes in whole embryo extracts were
not abnormal in the investigated stages when H2A.Z function was perturbed, the
morphology of the embryos indicates that there is a defect in mesoderm formation. One
possible explanation is that where H2A.Z function is perturbed there is aberrant
localisation of differentiated cells without measurable changes in overall mRNA levels
for mesodermal marker genes from the whole embryo extracts. To investigate this
possibility whole mount in situ hybridisation was used to localise mRNA expression
from selected mesodermal marker genes at developmental stages during (10 and 12),
and just prior to (stage 9), gastrulation, the period when mesodermal cell fates emerge
(Figure 30). In these experiments I compared localisation of key mesodermal genes in
normal and H2A.Zdn embryos.

At stage 10 Xbra mRNA is detected in the marginal zone of both the uninjected (Figure
30, A) and H2A.Zdn (Figure 30, B) embryos. At stage 12 in control embryos (Figure

30, C) Xbra mRNA is detected in the marginal zone except for a gap on the dorsal side.
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At the same stage the uninjected embryos (Figure 30, D) have a comparable staining
pattern for Xbra mRNA except that the dorsal gap in staining is wider. At stage 12
injected embryos have the morphological features of stage 11%2 embryos. In stage 12
defective embryos the dorsal gap in surface Xbra mRNA appears wider in the injected
embryos than in the controls (Figure 30). Localisation of Xbra mRNA is also an
indicator for expression of its repressor Gsc. Expanded expression of Gsc would also
result in a wider dorsal gap in Xbra expression. However, this explanation is
inconsistent with the morphology of the defective embryos since anterior head
structures reliant on Gsc are not perturbed.

Similarly, at stage 12 stain for XMyoD mRNA is detected in two dorsal-lateral regions
in both injected (F) and uninjected (E) embryos. By stage 19/20 stain for XMyoD
mRNA is restricted to the somites in injected (H) and uninjected (G) embryos though in
injected embryos the open blastopore has displaced the stain laterally. This is consistent
with developmentally lagging appearance of the embryos. In summary, localisation of
Xbra and XMyoD mRNA in the H2A.Z dominant negative treated embryos appears to

be displaced by gross changes in morphology, though the embryo is otherwise normal.
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Stage
MmRNA

Uninj. H2A.ZNQ

10
Xbra

12
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Figure 30: Xbra and XMyoD mRNA localisation displaced by abnormal morphology are
otherwise normal. Embryos were uninjected or injected with mRNA encoding a dominant
negative H2A.Z (H2A.ZNQ). mRNA detected by BM Purple stain (deep blue to violet). For
diagrams A — H: d = dorsal, ve = ventral, an = anterior, and p = posterior. Stained tissues are
coloured blue. Drawings for diagrams modified from (Nieuwkoop and Faber, 1994).

4.3 Discussion
This chapter has investigated the level and localisation of transcripts of marker genes

for the mesodermal lineage when the function of H2A.Z is perturbed in order to
investigate the possibility that H2A.Z is important for correct mesodermal cell fate.
That this might be the case was suggested by the morphology of embryos when H2A.Z
function was perturbed (see section 1.4.5). H2A.Z could affect mesoderm fate genes by
acting to de-repress promoter regions of early dorsal genes such as Siamois into a

‘poised’ state receptive to B-catenin/Tcf-3 or other transcription factors (Fan and Sokol,
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1997; Kessler, 1997; Laurent et al., 1997). These could then affect the expression of
mesodermal genes downstream, for example Siamois is a transcriptional activator of
Gsc (Fan and Sokol, 1997; Kessler, 1997; Laurent et al., 1997), eventually producing
proper mesoderm formation and morphology which in H2A.Z dominant negative
expressing embryos is perturbed (see 1.4.5). The pathways that determine mesodermal
cell fate are conserved (Rocheleau et al., 1997) and applied in numerous contexts
throughout an organism’s life (Ishikawa et al., 2001; Kuhnert et al., 2004; Pinto et al.,
2003; Shackleton et al., 2006; Wright et al., 1999). Understanding these pathways is
important for advancing biological knowledge and developing new medical treatments.
For example, throughout the life of an organism the Wnt pathway acts in numerous
contexts. Wnts are known to have numerous functions including cell fate, axis
determination, proliferation, cell polarity and migration (Bocchinfuso et al., 1999;
Ishikawa et al., 2001; Pinto et al., 2003; van de Wetering et al., 2002; Wright et al.,
1999). More specifically, Wnt signalling is implicated in maintenance of adult stem cell
niches (Kuhnert et al., 2004; Shackleton et al., 2006) and the ontogeny of cancers of the
colon, prostate and melanoma (Hwang et al., 2007; Polakis, 2000; Rubinfeld et al.,
1996; van de Wetering et al., 2002; van Es et al., 2003). During early development the
canonical Wnt pathway functions in the blastula and gastrula to specify the dorsal-
ventral then anterior-posterior axis respectively, and to differentiate mesoderm (Kieker
and Niehrs, 2001; Kimelman et al., 1992; Larabell et al., 1997). If H2A.Z is implicated
in one or more key developmental signalling pathways for cell fate this would be an
important addition to biological knowledge and have medical relevance.

To determine whether H2A.Z has a role in regulating cell fate determination the
function of H2A.Z was perturbed by introducing exogenous dominant negative H2A.Z

mRNA to X. laevis embryos at the two-cell stage and comparing the levels and
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localisation of marker genes for specific mesodermal tissues at later stages of
development, particularly during gastrulation. When the dominant negative H2A.Z
(H2A.ZNQ) was introduced the levels of the selected marker genes during gastrulation
were not altered (i.e. differences from control embryos were not statistically significant)
(Figure 27 to Figure 28, Table 7). Similarly, the localisation of two key transcripts,
Xbra and XMyoD, determined by in situ hybridisation at gastrulation and tailbud stages
were not perturbed beyond the displacement caused by the gross distortions in
morphology (Figure 30). These results demonstrate that cell fate determination is not
affected when H2A.Z function is perturbed.

Several mesodermal marker genes were investigated; Gsc, Xbra, Xvent2, and XMyoD.
Gooscoid transcription is a very early zygotic response to maternal canonical Wnt
(Wntl1) signalling (Tao et al., 2005). Unlike the other genes Xvent2 was only
investigated with RT-PCR. Gsc mRNA levels are not altered when H2A.Z function is
perturbed. This is not completely unexpected since maternal Wnt signalling components
are most concentrated in dorsal equatorial vegetal blastomeres (blastomeres C1 at stage
6 see section 3.4, Figure 18) (Bauer et al., 1994; Larabell et al., 1997; Wylie et al.,
1996), whereas H2A.Z transcripts are concentrated animally (section 3.2.3.1, Figure 16).
The mesodermal tissues of the trunk form from cells that differentiate and involute
through the blastopore later than the prospective head mesoderm. Unlike the head, the
trunk morphology is highly perturbed when H2A.Z function was disrupted. The
majority of the genes used in this analysis were markers for trunk mesoderm. The levels
of markers for dorsal, dorsal-lateral, and ventral-lateral mesoderm, Xbra, XMyoD, and
Xvent2 mRNA respectively, are not measurably altered. Xbra mRNA levels are normal,
supporting the normal (though displaced) localisation of Xbra mRNA. The explanation

for the wider dorsal gap in Xbra mRNA expression when H2A.Z function is perturbed
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is not due to repression of transcription by Gsc, as GS¢ mRNA levels are normal and the
delayed appearance of the morphology of the defective embryos during gastrulation
adequately explains the localisation of the Xbra transcripts. Interestingly, treatment of
embryos with the histone deacetylase TSA produces similar defects in morphology
(failure of the blastopore to close and shortened trunk) to perturbing H2A.Z function
and reduces the mRNA levels of at least one of these marker genes, XMyoD (see
3.2.2.1, Figure 14, and also (Steinbach et al., 2000)). This difference between the two
treatments indicates that despite similar changes in the morphological appearance of
embryos from each treatment the processes that produce these morphologies are
different.

Together the selection of genes chosen for RT-PCR, RT real-time PCR, and in situ
hybridisation investigate the cell fate determinations for numerous mesodermal tissues
at several stages of development when normal H2A.Z function is perturbed. No
evidence for changes in cell fate determinations was discovered. From these results I
conclude that normal H2A.Z function does not have a major role in mesodermal cell

fate determinations at gastrulation.
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5 H2A.Z has a role in regulating cell
movement during early development

5.1 Introduction
This chapter investigates the possibility that H2A.Z affects cell movement by regulating

expression of key genes through alterations in chromatin structure (as outlined in 1.1.3
and 4.1). As discussed in Chapter 4 two crucial processes are required for gastrulation
and mesoderm formation: cell fate and cell movement. Chapter 4 investigated whether
H2A.Z has a role in mesodermal cell fate by determination of the levels and localisation
of mRNA for several mesodermal cell fate marker genes in NQdn embryos. No
disruption of cell fate was detected in these embryos (see 4.2.1 and 4.2.2). The
exclusion of cell fate perturbation led to an alternative explanation for the gross changes
in morphology when H2A.Z’s developmental function is perturbed; alterations to cell
movement.

When H2A.Z function is perturbed larger dorsal gaps are seen in Xbra mRNA
localisation in gastrula stage embryos (see Figure 30, section 4.2.2). This difference in
Xbra mRNA localisation compared to normal embryos is not due to lower levels of
Xbra mRNA (4.2.1.2, Figure 28); rather it is consistent with improper cell movement
during convergent extension of marginal zone cells. A disruption to convergent
extension would also explain the apparent delay in gastrulation and defective blastopore
closure in NQdn embryos (Ridgway et al., 2004a) (Sive et al., 2000). Therefore this

chapter will investigate the possibility that H2A.Z has a role in cell movement.
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5.1.1 Cell movement during early development
Cell movements during development are of several types including involution,

convergent extension, epiboly, and migration. Involution is the folding in of one layer
of cells to move beneath another layer. Convergent extension is a process where cells
slide over and between each other toward a midline or mid-point reducing surface area
and creating a thicker tissue. Epiboly is a similar movement of cells sliding over each
other, this time away from a central point or centre-line creating a thinning sheet of
tissue with a greater surface area, and migration is the movement of cells relative to an
underlying surface. Cells conduct coordinated cell movements in specific directions at
particular times during development to produce embryonic patterning.One context
where coordinated cell movements are both important and well described is gastrulation
in X. laevis embryos (Figure 31 and Figure 32). During cleavage divisions there is no
cell movement, it is shortly after the MBT that movements begin. By stage 10 bottle
cells (dark green cells Figure 31 and Figure 32) deform to begin an involution that
creates the lip of the forming blastopore (Figure 31, B; Figure 32, B and F). At the same
time a layer of tissue originating at the animal cap is undergoing epiboly, partially
driven by outward osmotic forces generated in the blastocoel (Bauer et al., 1994).
Forces generated by this epiboly displace marginal zone cells vegetally. A subset of
marginal zone cells undergo convergent extension toward the dorsal midline (purple
and dark blue cells Figure 31, A and B) driving more vegetal cells towards the
blastopore lip and involution thus creating a mesodermal layer (purple and orange cells
Figure 31, B and C; Figure 32, F, G, J and K). Formation of further involuting bottle
cells laterally extends the lip until it encircles the yolky vegetal cells (stage 11) and
epiboly away from the animal pole pushes more marginal zone cells down and around
the blastopore lip (Figure 32, G and K). The leading edge of the dorsal mesoderm, the

endomesoderm (orange cells Figure 31 and Figure 32), migrates across the roof of the
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blastocoel guided by fibronectin adhesion (orange cells, Figure 31, C; Figure 32, F, G;
and J, K) (Tada and Smith, 2000) while the trailing mesodermal tissue continues to
undergo convergent extension progressively lengthening the embryo (purple cells,
Figure 32, G, and H). By stage 14 the anterior-posterior (A-P) axis has been lengthened
by combination of forces including a convergent extension and a push from epiboly of
ectoderm descended from animal cap cells. These same forces close the blastopore
thereby ending gastrulation (Figure 32, D, H, and L) (Keller, 2002). Clearly this

program of cell movement is essential for correct morphological development.

Figure 31 Initial cell movements in gastrulation. Diagrams illustrate initial movement of cells
and tissues during gastrulation. The presumptive bottle cells (green) undergo apical constriction
and apical-basal elongation (A-C). Bottle cell apical constriction (black arrow, A) and Winklbauer
vegetal endodermal rotation movements (white arrows, A) form the blastopore lip and place
mesendoderm (orange) against the blastocoel roof (A-B), initiating the involution of the IMZ
(black arrows, B). This is followed by convergence and extension of the neural and mesodermal
tissue (black arrows, C). Mesendoderm migrates over the blastocoel roof (grey arrow, C).
Adapted from (Keller et al., 2003).
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Figure 32 Cell and tissue movement during gastrulation. Cell movements given as arrows.
Views in diagrams are: (A-D) right lateral, (E-H) midsagittal plane, and (I-L) perspective diagram
of the involuting marginal zone (IMZ) tissues. Cell fates colour coded: dark green, bottle cells;
orange, dorsal IMZ/endomesoderm; purple, prospective notochord/notochord; light blue,
prospective epidermis (Ep); aqua, prospective forebrain (Fb); dark blue, prospective spinal cord
(Sc); yellow, superficial endoderm; light green, vegetal endoderm (VE); purple, notochord; red,
somitic mesoderm; orange, endomesoderm of the head (hd), heart (ht), and lateral ventral body
(Iv). (H) ‘A’ indicates archenteron. Taken from (Keller et al., 2003).

A principle tissue for A-P lengthening of embryos is the notochord (purple cells, Figure
32, H and L), a rod of cells formed by convergent extension of a subset of mesodermal
cells toward the dorsal midline (purple cells, Figure 31 and Figure 32). Convergent
extension of the mesodermal cells is illustrated in Figure 33. Intercalcation of cells
produces tissue lengthening in the A-P axis while reducing its dimensions in both the D-
V and sagittal axes. The formation of the resulting rod of tissue applies force, stretching

the entire trunk along the A-P axis. The notochord also forms a physical support for
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folding of the neural plate (dark blue cells, Figure 32) that eventually closes to form the
neural tube (Montcouquiol et al., 2006). The morphology of H2A.Zdn embryos (see

1.4.5) includes failure of neural tube closure, therefore investigation of convergent

extension may shed light on the role of H2A.Z in vertebrate development.

Figure 33 Convergent extension in X. laevis mesoderm. Diagram showing how convergent
extension of mesoderm toward the A-P midline produces an elongation of tissue along the A-P
axis. Adapted from (Wallingford et al., 2002).

5.1.2 H2A.Z expression has a role in convergent extension?
Cell movements are regulated by intracellular signalling pathways. Figure 34 is a

schematic showing three cell signalling pathways important for development; the
canonical Wnt pathway (green), the planar cell polarity (PCP) pathway (purple) and the
calcium mediated pathway (blue). Different Wnt proteins signal each pathway, eg.
Wnt8 signals the canonical pathway (Fagotto et al., 1997), whereas Wntl1 can initiate
both PCP and canonical Wnt responses and Wnt5a calcium mediated signalling (Figure
34) (Tao et al., 2005; Wallingford et al., 2002; Wallingford et al., 2001). The canonical
Wnt pathway (green labelled portions of Figure 34) is distinguished from other Wnt
pathways by its disrupting B-catenin stabilisation via GSK-3 to produce dorsal cell fates
(Larabell et al., 1997; Tao et al., 2005; Weaver and Kimelman, 2004), inducing markers
such as MyoD (Hoppler et al., 1996). Since in Chapter 4 we demonstrated H2A.Z does

not influence cell fate, the canonical Wnt pathway will not be discussed at length.
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The PCP pathway (purple labelled portions of Figure 34) was discovered when Xwntl 1
was found to signal gastrulation movements using Wnt pathway components such as
Frizzled (Fz) and Dishevelled (Dsh), without key components of the canonical Wnt
pathway such as B-catenin and GSK-3 (Cadigan and Nusse, 1997). Instead the signal is
transduced through other molecules including Prickle (Gubb et al., 1999; Wallingford et
al., 2002), Strabismus (Stbm) (Torban et al., 2004) and Knypek (Topczewski et al.,
2001). The PCP pathway is also important for convergent extension of mesoderm and
notochord (Keller, 2002; Wallingford et al., 2000). Given that cell fate is not affected,
the PCP signalling pathway that regulates convergent extension becomes an obvious
target for further investigation.
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Figure 34 Canonical Wnt, PCP and Ca’* mediated signalling pathways. PCP pathway
components are shown in purple, canonical Wnt components in green and components of the
calcium mediated Wnt pathway in blue. Conserved domains of Dsh are shown schematically
DEP (blue), PDZ (red), DIX (black). Adapted from (Wallingford et al., 2002).

The final pathway is the calcium mediated pathway (blue components of Figure 34)

(Kuhl et al., 2001; Kuhl et al., 2000; Wallingford et al., 2001) where a Wnt signal
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invokes an intracellular calcium release as part of a signalling pathway that inhibits cell
adhesion. Whether the calcium mediated pathway inhibits convergent extension is
uncertain, with experiments blocking the Ca®" mediated pathway producing conflicting
results (Torres et al., 1996; Wallingford et al., 2002; Winklbauer et al., 2001). To
explain the discrepancies it has also been proposed that this pathway modulates both the
PCP and canonical Wnt pathways (Kuhl et al., 2001).

Previous results indicate that H2A.Z may have a role in convergent extension. If this is
the case then it may be through perturbing expression of signalling genes. Interestingly,
perturbed expression of PCP pathway components, including Wntl1, Fz-7, Stbm, Dsh,
and Daam-1, disrupts convergent extension resulting in X. laevis embryos with a similar
phenotype to the H2A.Zdn embryos (open blastopore, failure of the neural tube to close
properly and shortened trunk) (Djiane et al., 2000; Habas et al., 2001; Itoh et al., 2005;
Tada and Smith, 2000; Torban et al., 2004; Wallingford et al., 2000). For example,
overexpression of Fz7 and/or Wntl1 produces the above defect (Djiane et al., 2000).
Expression levels of markers for cell fate, Gsc and Xbra, are unaffected when Fz7 is
overexpressed. However, overexpression of Fz7 and/or Wntll, does perturb the
localisation of these markers and convergent extension is disrupted (Djiane et al., 2000).
Like H2A.Zdn embryos, disruption of PCP components does not perturb cell fate
(Djiane et al., 2005; Wallingford et al., 2000; Wallingford et al., 2001). It is thought that
in the example above over-stimulation of PCP signalling perturbs cell polarity by
increasing motility of cytoskeletal elements (Axelrod et al., 1998; Wallingford et al.,
2002).

A key protein in Wnt signalling is dishevelled (Dsh). Lowering Dsh expression resulted
in a defect strikingly similar to H2A.Zdn embryos (see Figure 35 compare to Figure 6

section 1.4.5) (Itoh et al., 2005; Wallingford et al., 2000). Convergent extension is
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disrupted when Dsh levels are lowered (Tada and Smith, 2000; Wallingford and
Harland, 2001; Wallingford et al., 2000). Since the H2A.Zdn defect is consistent with
disrupted convergent extension by perturbation of the PCP pathway, and Dsh plays a
central role in that pathway, | investigated whether convergent extension is disrupted in

H2A.Zdn embryos and whether Dsh expression is perturbed.

Uninjected

Figure 35 Morphology of embryos when Dsh function is disrupted. (Xdd1) Four-cell
embryos were injected with 0.6 ng Xdd1 RNA into two vegetal dorsal blastomeres. The injected
embryos were allowed to develop until the sibling embryos reached stage 32. (Uninjected)
uninjected stage 32 siblings to the embryos shown in the Xdd1 panel. Adapted from (ltoh et al.,
2005).

5.2 Results

5.2.1 Is H2A.Z affecting morphology by disrupting cell movements?
5.2.1.1 Localisation of notochord tissue is altered when H2A.Z function is
perturbed.

If H2A.Z has a role in determining proper cell movements during development, and not
cell fate, then we would expect that cells for various tissues would be present though
spatially displaced. Normal notochord is a sharply defined tissue that requires proper
convergent extension to form. Xbra is a transcription factor its expression is pan-
mesodermal in the early embryo then becomes restricted to the notochord in neurula

and tailbud embryos (Artinger et al., 1997; Gont et al., 1993; Herrmann et al., 1990;

Latinkic and Smith, 1999; Latinkic et al., 1997; Panitz et al., 1998; Smith et al., 1991;
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Xu et al., 2000). In X. laevis a combination of Xbra co-expressed with another
transcription factor Pintallavis induces notochord formation (O'Reilly et al., 1995).
Since Xbra mRNA levels are unchanged when H2A.Z function is perturbed (see
4.2.1.2, Figure 28) it is likely that a normal number of notochord cells are present.
However, morphology and Xbra mRNA localisation indicate these embryos may not
undergo sufficient convergent extension to properly form a notochord and thus elongate
the embryo. To determine if this is the case a molecular marker for notochord cells,
Xbcan mRNA (Sander et al., 2001), was used to detect the presence and localisation of
notochord cells in uninjected and NQdn embryos.

Embryos were collected at two stages when the notochord is present and well
developed, stages 20 and 33/34 (Nieuwkoop and Faber, 1994). As shown in Figure 36,
at stage 20 the uninjected embryos show a well defined notochord at the midline below
fused neural folds (Figure 36, A-C). In embryos where H2A.Z function is perturbed the
notochord is bifurcated and improperly organised (Figure 36, D-F) indicating that
gastrulation is incomplete and that the increased distance between the neural folds
prevents closure of the neural tube. This morphology is consistent with previous
experiments to disrupt H2A.Z function (compare to Figure 6 section 1.4.5, (Itoh et al.,
2005)) and those that disrupt Dsh’s function in convergent extension (Figure 35,
(Ridgway et al., 2004a)). At stage 33/34 uninjected embryos are normally developed
(Figure 36, G and H) (the bowing of the uninjected embryos is due to dehydration
during the procedure) and a well defined notochord was stained for Xbcan mRNA. In
the stage 33/34 NQdn embryos initial experiments failed to detect any staining, perhaps
because of more dispersed nature of Xbcan mRNA-expressing cells in these embryos.
Allowing stain to further develop resulted in specifically stained tissues near the edge of

the open blastopore, though not until non-specific staining made this observation
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difficult. The image provided (Figure 36, 1) is therefore somewhat understained. When
H2A.Z function is perturbed the notochord remains bifurcated at stage 33/34 and is
shortened and diffuse compared to uninjected embryos. The neural folds also continue
to fail to fuse resulting in the persistence of the dorsal opening and two short ‘tails’ of
tissue posteriorly (Figure 36, J). Despite these deformities anterior head structures
including the eye and cement gland appear normal. In the NQdn embryos a molecular
marker for notochord, Xbcan mRNA, is present (Figure 36, I and J) indicating that cells
are still being induced into the notochord cell fate and it is the movements necessary for

proper convergent extension during notochord formation that are disrupted.
Uninj.
Stage 20

H2A.ZNQ
Stage 20

Unin,;.
Stage 33/34

H2A.ZNQ
Stage 33/34

Figure 36: Notochord development is disrupted when H2A.Z function is perturbed.
Embryos were either injected with H2A.ZNQ mRNA (D, F and I) or uninjected (A, C and G).
Embryos were collected for in situ hybridisation staining of Xbcan a marker for notochord at
stages 20 (A-F) and 33/34 (G-J). Schematics showing morphology and staining (B,E,H and J)
are adapted from standard tables (Nieuwkoop and Faber, 1994). Orientation is shown thus: d,
dorsal; ve, ventral; p, posterior; an, anterior.
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5.2.1.2 Perturbing H2A.Z function does not alter the expression levels of
Dishevelled.

Dsh is a key signalling protein for initiating convergent extension (Djiane et al., 2005;
Wallingford et al., 2000; Wallingford et al., 2001) (Figure 34). That Daam-1 links Dsh
to actin of the cytoskeleton and depletion of Daam-1 prevents convergent extension
provides hints at a mechanism of Dsh in convergent extension (Habas et al., 2001). If
Dsh levels are lowered or raised this affects cell movement without perturbing cell fate
(Djiane et al., 2005; Wallingford et al., 2000; Wallingford et al., 2001). Therefore I next
determined whether H2A.Z’s developmental function was related to Dsh expression.

To determine the levels of Dsh mRNA RT real-time PCR was used to compare normal
embryos to those injected with RNA encoding H2A, H2A.Z, or the dominant negative
H2A.ZNQ. The reasoning behind selecting these various mRNAs for injection was to
determine if any changes seen in Dsh mRNA level were specific to those embryos
injected with the dominant negative (NQdn), and therefore a result of H2A.Z’s
developmental function as discussed in section 4.1.4.

The relative levels of Dsh mRNA are given in Figure 37. Results are relative to a
selected stage 9 uninjected reference sample, all marker gene mRNAs were expected to
be present at a low level at this stage. Dsh mRNA levels were determined at two
gastrulation stages, 10 and 12; a period when convergent extension and other cell
movements are crucial for proper development (Wallingford et al., 2000). Dsh mRNA
was detected at both developmental stages for all of the treatments. Similarly, in all
stages and treatments Dsh mRNA levels were lower in stage 12 than stage 10, this
general decrease in Dsh mRNA level is consistent with earlier reports (Sokol et al.,
1995). There was no correlation between H2A.Zdn morphology and Dsh mRNA levels.
At both stages of development the Dsh mRNA level in H2A.Zdn embryos was less than

uninjected embryos (never more than 0.6 less) and within 0.09 of H2A mRNA injected
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embryos. This indicates that differences in Dsh mRNA between H2A.Zdn embryos and
uninjected controls are not specific to H2A.Z’s developmental function. Rather the
differences may be due to the generalized repressive effect of histone overexpression
(Clark-Adams et al., 1988). Interestingly, the highest Dsh mRNA levels in both stages
were recorded in H2A.Z injected embryos. These embryos appear normal except for a
delay in development (Ridgway et al., 2004a). Given that Dsh mRNA levels fall during
development (Sokol et al., 1995) the higher levels in H2A.Z mRNA injected embryos is
consistent with the observed developmental delay. To further test my conclusion that
H2A.Z does not play a specific role in Dsh expression I next determined the

significance of these results.

Dsh mRNA Expression
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Figure 37 Levels of Dsh mRNA when H2A.Z function is perturbed. Embryos were injected
with mRNA encoding H2A, H2A.Z or a dominant negative H2A.Z (H2A.ZNQ). Histograms are
means of results from pooled sibling sets. Error bars indicate SEM. For uninjected sibling sets
at stage 10 n = 4 and stage 12 n = 5. For all injected sibling sets n = 3 Data is given as
expression relative to H4 and a reference sample at stage 9 as described in 2.5.4.2.

Final evaluation of the RT real-time PCR results required determination of whether

these differences are significant (Table 8), because the variability of the results obtained
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was high (as indicated by the size of the SEM error bars relative to the means (Figure
37) and the differences between the mean results for each treatment so small (the largest
fold difference was H2A.Z mRNA injected embryos compared to NQdn embryos at
stage 12, 2.24 fold)). Interpretation of p values was as previously discussed (section
2.5.5). None of the p values were low enough (p < 0.05) for any treatment mean Dsh
mRNA level to be considered significantly different to the mean result for uninjected
embryos at the same stage. Taken together with the high variability for each Dsh
mRNA level result and low fold difference between mean Dsh mRNA levels of the
injected treatments with those from uninjected embryos of the same developmental
stage I concluded that there was no significant difference in Dsh mRNA levels (Figure
37). Since Dsh mRNA is not significantly changed when the developmental function of
H2A.Z is perturbed I conclude that H2A.Z does not affect Dsh mRNA expression.
Therefore, perturbing H2A.Z’s developmental function affects cell movement (see

5.2.1.1) and the mechanism is not through regulation of Dsh mRNA expression levels.

MRNA P value

injected

H2A Stage 10: 0.258
Stage 12: 0.245

H2A.Z Stage 10: 0.259
Stage 12: 0.736

H2A.ZNQ Stage 10: 0.459
Stage 12: 0.324

Table 8 P values for differences in Dsh mRNA levels for different treatments. P values for
injected embryos compared to uninjected embryos at the same stage of development for the
results given in Figure 37. H2A, H2A.Z, and H2A.ZNQ indicate the mRNA injected into the
embryos at the two cell stage and Uninj. indicates uninjected wild type embryos.
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5.3 Discussion
Previously, a developmental function has been proposed for H2A.Z in metazoans that is

linked to a conserved histidine motif (Ridgway et al., 2004a). The results presented here
support a role for H2A.Z in convergent extension cell movement during development.
Firstly, in embryos with H2A.Z perturbed, though notochord cells are present the
notochord is not properly formed, producing embryos with shortened trunks indicating
H2A.Z is necessary for proper cell movement rather than cell fate. Secondly, head
structures including the cement gland and the eye appear normal suggesting migration
of the endomesoderm is unaffected. Taken together these morphological observations
are consistent with convergent extension being affected when H2A.Z’s function is
perturbed. As with disruption to H2A.Z’s function, perturbations of PCP pathway
molecules have been shown to disrupt convergent extension and not cell fate
(Wallingford et al., 2002). The embryos resulting from perturbations of PCP pathway
components including Wntl1, Stbm, and Fz-7 also have morphology similar to embryos
where H2A.Z’s function is perturbed (see section 5.1.2 including Figure 34 Figure 35)
(Djiane et al., 2000; Tada and Smith, 2000; Torban et al., 2004). Given these
similarities, I investigated whether H2A.Z’s role in convergent extension was due to
disruption of the PCP pathway. Dsh is a key molecule for PCP signalling. A
combination of altered Dsh levels and preferential cellular localisation of the Dsh could
explain the observed disruption of convergent extension. My investigation revealed that
H2A.Z’s normal developmental function is not regulating Dsh transcription directly or
indirectly. Future work will investigate the mechanism of H2A.Z’s role in convergent
extension.

There are many possible ways H2A.Z function could impact on cell movement. H2A.Z

could affect transcription of other signaling components upstream or downstream of
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Dsh (such as Frizzled-7 (Djiane et al., 2000), or JNK (Yamanaka et al., 2002)) or
molecules affecting translation, or cellular localization of Dsh protein. Wntl1 (upstream
of Dsh in the PCP pathway) is a downstream target of Xbra (Tada and Smith, 2000) and
I have shown Xbra expression is unaffected by perturbing H2A.Z function (4.2.1). This
indicates the perturbation could be after Wntl1 in the PCP pathway, such as a block of
signal transduction because of Fz over- or under-expression (Tada and Smith, 2000)
(Figure 34 section 5.1.2). More work is needed to test this idea.

Alternatively, since both correct Dsh levels and proper cellular localisation are required
for regulation of Dsh’s functions (Djiane et al., 2000), H2A.Z could be affecting one or
more molecules required for correct Dsh localisation. The importance of Dsh
localisation begins shortly after fertilisation when small vesicles containing the Dsh
protein are transported to the dorsal side of the egg. This initial localisation establishes
the dorsal-ventral axis by specifying dorsal cell fates (Miller et al., 1999; Rowning et
al., 1997; Weaver et al., 2003; Weaver and Kimelman, 2004). The cells that do not
inherit maternal Dsh follow the default ventral cell fate (Miller et al., 1999; Rowning et
al.,, 1997; Weaver et al.,, 2003; Weaver and Kimelman, 2004). At later stages of
development, including the period of gastrulation, the localisation of Dsh is generally
cytoplasmic, except Dsh translocates to the cell membrane in cells undergoing
convergent extension (Wallingford et al., 2000). The protein Stabismus (Stbm) has been
shown to be crucial for the localisation of Dsh to the cell membrane and an agonist of
canonical Wnt signalling (Park and Moon, 2002) (in human and mouse there are two
homologues, Vangll and Vangl2 (Kibar et al., 2001; Torban et al., 2004). Stbm is one
of the PCP pathway components that when perturbed produces a H2A.Zdn-like
phenotype (Park and Moon, 2002) (section 5.1.2). Conversely, transient nuclear

localisation is required for Dsh’s function in the canonical Wnt pathway (Itoh et al.,
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2005). Given the central role localization has in Dsh function future work will
investigate whether localization of Dsh to the cell membrane or transduction out of the
nucleus to the cytoplasm is disrupted when H2A.Z function is perturbed. The ability to
manipulate Dsh localization by mutating the DIX and DEP domains (Tada and Smith,

2000) provides a crucial tool for these further investigations.
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6 General discussion

This project investigated the developmental role of H2A.Z during gastrulation and
mesoderm formation in X. laevis. It was determined that H2A.Z is required for
mesoderm cell movement including convergent extension. The evidence for this is
threefold. Firstly, H2A.Z mRNA localises to mesodermal lineages that undergo cell
movement from the early blastula (3.2.3.1) through to tailbud (3.3) and the expression
levels of H2A.Z mRNA peak during gastrulation, a period of intensive cell movement
(3.2.2.2). Secondly, there is no evidence to implicate H2A.Z in mesodermal cell fate
determination, the other major process of development at this stage (4.2). Finally, the
disruption of H2A.Z perturbs movement of specific tissues in a manner consistent with
convergent extension (5.2.1.1).

This chapter clarifies how H2A.Z, a nuclear protein, could effect cell movement during
development and may be involved in specifying cell lineages in the early blastula that
will later undergo cell movement. The significance of this work is discussed, including
its contribution toward understanding the aetiologies of congenital defects and wider
implications beyond embryonic development. Finally, directions for future

investigations of H2A.Z’s developmental role are given.

6.1 H2A.Z incorporation in chromatin structure and gene
expression

As discussed in section 1.1 chromatin structure can alter the transcription of genes in a
global and targeted manner. Global changes to expression occur through the
establishment of large structural domains, whereas targeted changes are produced by
localised changes to chromatin structure. H2A.Z occurs in large chromatin domains

(1.2.3) (Greaves et al., 2006; Greaves et al., 2007; Meneghini et al., 2003), for example
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it is located in the centromere (Greaves et al., 2007). H2A.Z’s function in chromosome
segregation and genome stability are due to it’s presence in this structural domain
(Greaves et al., 2007). This role of H2A.Z has been suggested to be dependent on an
extended acidic patch on the H2A.Z-containing nucleosome’s surface that alters
interactions with the H4 tail of the adjacent nucleosome (Suto et al., 2000), thus
favouring 30nm fibre formation promoting a ‘poised’ chromatin state that can be further
modified (Fan et al., 2002). H2A.Z is known to bind to INCENP (Greaves et al., 2006).
The M6 region was essential for this binding (Greaves et al., 2006). The M7 region
containing the histidine motif was not (Greaves et al., 2006). This indicates that
H2A.Z’s localisation to the centromere and potential role in genome stability (discussed
in section 1.2.3) may be initiated in early zygotic cells of mammals. This evidence also
indicates that H2A.Z may have a separate role in development, relying distinct features
of the H2A.Z containing nucleosome. This project has shown that the role of H2A.Z in
vertebrate gastrulation is not likely to be due to the effect of the H2A.Z extended acidic
patch on chromatin structure. A histidine motif, separate from the extended acidic
patch, is required for H2A.Z’s developmental function (Ridgway et al., 2004a). This
motif is a putative protein-protein interaction site (Suto et al., 2000), suggesting that
H2A.Z may specifically alter the transcription of genes encoded by DNA associated
with H2A.Z-containing nucleosomes through interactions with as yet unidentified
proteins. H2A.Z is incorporated into nucleosomes by targeted chromatin remodelling
(1.2.3) (Jin et al., 2005; Kobor et al., 2004; Mizuguchi et al., 2004; Redon et al., 2002),
providing a mechanism whereby specific genes can be affected and H2A.Z non-
randomly distributed (Jin et al., 2005; Krogan et al., 2003; Mizuguchi et al., 2004; Ruhl
et al., 2006). In C. elegans targeting of H2A.Z to specific foregut genes requires PHA-4

(Updike and Mango, 2006), a homologue of transcription factor human FoxA, however
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the mechanism has yet to be elucidated. The authors were careful to point out that their
experiments do not preclude H2A.Z’s interaction with other transcription factors
(Updike and Mango, 2006). The relationship between this histidine motif and the
transcription factor dependent targeting of H2A.Z seen in C. elegans remains unknown.
It is tantalising to speculate that the targeting of H2A.Z to developmentally important
genes by context specific transcription factors in metazoans is as widespread and
conserved as the SWR1 incorporation of H2A.Z into nucleosomes (see 1.2.3).

In this thesis I have shown that H2A.Z may be targeted to genes within signalling
pathways for cell movement (or target genes of these pathways) required for proper
development (5.2.1, 5.3) not to gene expression pathways for cell fate (4.2.1). With the
information now at hand we can propose a preliminary model for H2A.Z’s action
during development. H2A.Z is incorporated into chromatin at specific sites targeted by
the SRCAP complex (Ruhl et al., 2006). Once incorporated, the presence of H2A.Z
favours a ‘poised’ chromatin structure due to interactions between the extended acidic
patch and H4 tail of an adjacent nucleosome (Fan et al., 2002; Suto et al., 2000).
Interactions between the histidine motif and unidentified proteins could then target the
chromatin for further modifications to produce open or closed structures, or binding
sites, resulting in repression or enhancement of transcription (there is a wealth of
evidence for H2A.Z’s involvement in transcriptional regulation (1.2.4) (Albert et al.,
2007; Farris et al., 2005). The altered transcription of the targeted genes could then,
through their products, regulate signalling pathways for cell movement such as the PCP

pathway.
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6.2 H2A.Z and cell movement specification from the early
blastula

That early maternal H2A.Z mRNA expression is asymmetrically restricted in the early
blastula, (stage 5) before the mid-blastula transition, to lineages that later undergo cell
movement indicates H2A.Z may contribute to specification of cell movement.
Asymmetrical localization of maternal mRNA is not unprecedented, some other
maternal mRNAs are localized to the future dorsal region of the cytoplasm of the
fertilized egg by cortical cytoplasm rotation and cytoskeletal movement of organelles
(Elinson and Rowning, 1988; Tao et al., 2005; Vincent et al., 1986; White and
Heasman, 2007). It seems likely that the same mechanisms localize maternal H2A.Z
transcripts.

Two signals later implicated in cell movement are present as maternal transcripts in pre-
MBT X. laevis embryos; Wnt5a and Wntll. WntS5a can signal convergent extension
through the Calcium (Ca2+) mediated pathway, however maternal mRNA is not
localized to the dorsal side (Moon et al., 1993) and therefore cannot specify which cells
undergo convergent extension. Wntl1 from maternal mRNA is the axis determinant
found to act through the canonical Wnt pathway and cell fate after the MBT (Tao et al.,
2005). The PCP pathway does not activate until gastrulation and Wntl1 can signal
though both pathways at this point (Djiane et al., 2000; Tada and Smith, 2000; Tao et
al., 2005). Something more is needed to specify PCP signaling through Wntll in
gastrula mesoderm. Since neither of these maternally expressed cell movement
signaling molecules are cell movement determinants the identity of the molecule that
first specifies cell movement is unknown.

This thesis research places H2A.Z as a candidate for the cell movement determinant.
The increased presence of maternally transcribed H2A.Z in specific dorsal lineages may

facilitate the completion of signaling pathways for cell movement, such as the PCP and
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calcium mediated pathways, by regulating the expression of key genes. One hypothesis
worth testing is that the enrichment of maternal H2A.Z enables Wntl1 signaling
through the PCP pathway. If true, cells without maternal H2A.Z enrichment only
respond to Wntll via the canonical pathway. In this way maternal H2A.Z would

specify lineages to undergo cell movement post MBT.

6.2.1 H2A.Z is co-localized to PCP pathway components in

mesoderm
Beyond the initial presence of H2A.Z within the blastula, the variant continues to be

enriched in mesodermal tissues that undergo cell movements in gastrulae, specifically
the dorsal and lateral regions of the marginal zone. In neurulae and tailbud embryos
H2A.Z becomes enriched in notochord, a tissue undergoing convergent extension
movements. This pattern of localization overlaps with key genes for cell movement.
Xbra while not part of a pathway for cell movement has a spatial expression pattern that
matches regions of H2A.Z enrichment (i.e. Xbra is expressed in the marginal zone and
mesodermal tissues of the gastrula and is enriched in notochord) (4.1.3) (Artinger et al.,
1997; Gont et al., 1993; Herrmann et al., 1990; Latinkic and Smith, 1999; Latinkic et
al., 1997; Panitz et al., 1998; Smith et al., 1991; Xu et al., 2000). This similarity in
expression patterns was a reason for determining whether H2A.Z had a role in cell fate
determination. While Xbra expression determines mesoderm cell fate not cell
movement, Xbra expression induces expression of Wntll and Dsh, key proteins for
both PCP and canonical Wnt signaling (Sokol, 1996; Tada and Smith, 2000). In
mesoderm tissues H2A.Z enrichment matches the localization of gene expression
involved in signaling cell movement, supporting a role for H2A.Z in regulating these

signaling pathways in mesodermal tissues throughout development.
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6.3 H2A.Z and developmental processes

This work is important because it advances our understanding of the role chromatin, and
specifically H2A.Z, play in regulation of developmental gene expression and
developmental signalling pathways such as the canonical Wnt pathway. Greater
understanding of developmental processes will provide foundations for the solutions to
problems relating to early developmental processes, such as the detection and treatment
of congenital defects and strategies to prevent reproduction in genetically modified or
feral animals harmful to the environment.

It may be that the aetiologies of many developmental defects that are inadequately
understood may involve chromatin’s role in gene regulation. Genetic networks for
developmental signalling genes within C. elegans found a selection of genes with a
large number of connections (hub genes) (Lehner et al., 2006). All hub genes identified
are chromatin remodelling components, indicating a central role for chromatin in
developmental signalling pathways. Though this study was performed in C. elegans
these genes have orthologues in other metazoans suggesting that the hub gene
characteristic of chromatin remodelling is conserved (Lehner et al., 2006). Interestingly,
the expression patterns of remodelling genes are enriched in a stage and tissue specific
manner during X. laevis development indicating an important role development (Linder
et al., 2004). Hub genes are likely to cause susceptibility to genetic diseases for two
reasons. Firstly, they are important to diverse functions including signalling, DNA
repair, extracellular matrix, and cytoskeletal functions (Lehner et al., 2006). Secondly, it
is proposed that the hub genes modulate gene expression to ensure proper biological
outcomes despite mutations in signalling molecules or other problems in signalling
pathways such as the Wnt or PCP pathways (Lehner et al., 2006). Incorporation of

H2A.Z is reliant on one of these chromatin remodelling complexes, SRCAP, and
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therefore could be essential to proper regulation of numerous genes and resilience

against congenital defects (Ruhl et al., 2006).

6.3.1 Gastrulation, neurulation, and neural tube defects
Neural tube defects (NTDs) are the second most common congenital defects in humans,

after heart defects (Frey and Hauser, 2003), affecting approximately 1 in 1000 live
births (Padmanabhan, 2006). NTDs are a significant cause of mortality in the first year
of human life (Padmanabhan, 2006). Care of NTD patients also has financial and
quality of life costs (Padmanabhan, 2006). Neural tube defects in humans have their
root in cell movement and cell fate determinations very early in development, however
exact aetiologies remain unknown (Keller, 2002; Padmanabhan, 2006) though the role
of dietary folic acid in preventing NTDs is well established (Berry et al., 1999). Better
understanding of the events that lead to NTDs should improve prevention, detection,
and perhaps treatment.

Work already performed in X. laevis indicates that perturbing H2A.Z’s function during
early development leads to improper gastrulation, defective mesoderm development,
and neural tube defects (Ridgway et al., 2004a). The use of X. laevis was critical to the
discovery of this link between H2A.Z and defective neural tube development. The
characteristics of other commonly used developmental models would have prevented
the discovery. D. melanogaster is an invertebrate. In zebrafish the movements of neural
tube closure are unlike those of higher vertebrates, zebrafish with a disrupted PCP
pathway do not show NTDs (Papan and Campos-Ortega, 1994; Ueno and Greene,
2003). The mouse may be useful in further work, however as a eutherian is technically
difficult as an experimental embryonic model.

NTDs occur where there is a failure of neural tube closure, there are two contexts where

failure of convergent extension results in these defects (Wallingford and Harland,
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2001). Convergent extension is involved during gastrulation for establishing proper
mesodermal structures (Keller, 2002). The notochord then induces neural differentiation
in overlying ectoderm tissue (Murdoch et al.,, 2001). In the induced neural plate
convergent extension is required for neural tube closure at neurula stages in mice and X.
laevis (Copp et al., 2003; Kibar et al., 2001; Murdoch et al., 2001; Wallingford et al.,
2002). PCP pathway components have been shown to be required for neural tube
closure in both organisms (Copp et al., 2003; Kibar et al., 2001; Murdoch et al., 2001;
Wallingford et al., 2002).

In embryos where H2A.Z function is perturbed (Ridgway et al., 2004a), improper
gastrulation disrupts normal neurulation. X. laevis H2A.Zdn embryos phenocopy the
most severe human NTD, where the craniorachischisis, cranial neural tube fails to close
from the midbrain down the length of the spinal cord (Ueno and Greene, 2003;
Wallingford and Harland, 2001). Craniorachischisis accounts for 10-20% of human
NTDs (Berry et al., 1999; Murdoch et al., 2001; Seller, 1987). Mesodermal convergent
extension failure in X. laevis results in neural folds too separated to fuse; therefore
defects in mesodermal convergent extension are also causes for some neural tube
defects (Keller, 2002). A similar phenotype has been seen in mice when the PCP
pathway is disrupted (Kibar et al., 2001; Wang et al., 2006). In mouse, Dv12 (a Dsh
homologue) is required for lengthening and narrowing of the neural plate consistent
with convergent extension, and dominant negative DVvI2s produce NTDs because the
wider gap between the neural folds prevents neural tube closure (Wang et al., 2006).
While the blastopore appears to close in these mouse embryos notochord cell
localisation is perturbed (Wang et al., 2006), indicating that convergent extension of
mesodermal tissues occurs in mammals as observed in X. laevis. X laevis embryos with

neural plate defects similar to those seen in mouse can be obtained by grafting neural
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tissue with blocked PCP signalling onto embryos with normal mesoderm (Wallingford
and Harland, 2001). However, even when the morphological movements of X. laevis
models of NTD do not precisely reiterate the human aetiology the differences may be
informative regarding the molecular control of the genes and signalling pathways
involved. I have shown that H2A.Z mRNA is enriched in mesoderm and notochord, not
the neural plate. H2A.Z is required for establishing convergent extension at gastrulation
and maintaining it in the developing notochord. The developing neural tissue also
undergoes convergent extension. H2A.Z may not have a role in neural convergent
extension (it is not detectably enriched in this tissue) perhaps due to different details for
the same convergent extension pathway(s) in the two tissue types or related to the

interplay of the PCP and Ca®" mediated pathways during convergent extension.

6.3.2 Wider Implications

The pathways that determine developmental gene expression in the early embryo are
also central to numerous biological processes throughout an organism’s life, including
wound healing and the progression of cancer (Sato et al., 2004; Sparmann and van
Lohuizen, 2006; Ueno and Greene, 2003; van Es et al., 2003). Embryonic development
is therefore a model for the basic processes of multicellular life. Interestingly, a
macroarray-based analysis identified H2A.Z as up regulated during tail regeneration in
X. laevis larvae (Tazaki et al., 2005) indicating that the histone variant is utilised in later
regulation of differentiation pathways. A better understanding of the regulation of
developmental gene expression would improve our understanding of numerous
biological processes and illnesses. Applications of this understanding would include
new treatments based on the growth of specific differentiated cells to repair damaged

tissues, and anti-cancer drugs with greater specificity for cancerous cells.
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6.4 Future work

6.4.1 Localization of Dsh

This work found no change in Dsh mRNA levels when H2A.Z’s developmental
function was disrupted. However, in addition to expression levels, cellular localization
of Dsh is important to Dsh function. H2A.Z may affect the PCP pathway by perturbing
the expression of genes whose products regulate Dsh localization. Three conserved
domains within Dsh are involved in the proteins localization and signaling functions.
The DIX domain is required for canonical Wnt signaling, the DEP domain for PCP
(including translocation of Dsh to the cell membrane and a signaling function to
activate Rac GTPase), and the PDZ domain which functions in both (Park et al., 2005).
DEP is required for localization of Dsh to the cell membrane necessary for PCP
signaling but not for signaling through the canonical Wnt pathway (Wang et al., 2000).
The DEP domain and targeting of Dvl to cell membrane are required for mouse
neuralation (Torban et al., 2004; Wallingford and Harland, 2001; Wallingford et al.,
2000; Wang et al., 2006). DEP and PDZ are required for PCP and interaction of Dsh
with Stbm in mouse neural plate and X. laevis mesoderm (Park and Moon, 2002). What
remains to be determined is if the developmental function of H2A.Z is acting through
Dsh/PCP signaling.

Several experiments could investigate whether H2A.Z indirectly affects Dsh cellular
localization. After co-injection of H2A.ZNQ and Dsh-EGFP mRNA the cellular
localization of Dsh-EGFP could be compared to embryos with Dsh-EGFP alone.
Alternatively, immunofluorescence detection of endogenous Dsh protein could be used
overcoming the need for introduced Dsh-EGFP mRNA. The results could be confirmed

by co-injection of H2A.ZNQ and Dsh-caax mRNA (Axelrod, 2001; Axelrod et al.,
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1998; Park et al., 2005) that localizes to the cell membrane independently of DEP to see

if this rescues the convergent extension in defective embryos

6.4.2 Gene expression/rescue experiments
Having shown that H2A.Z’s developmental function is important for the regulation of

the pathway for cell movement, it remains unclear whether H2A.Z is affecting the Ca"
mediated or PCP pathway, and at what point(s) H2A.Z may be required for expression
of the appropriate gene(s). For example if H2A.Z affects the expression of the
membrane bound Stbm then this would block the localisation of Dsh to the cell
membrane and the PCP pathway. This hypothesis could be tested by determining Stbm
mRNA levels and confirmed by rescue of NQdn embryos by co-injection of Stbm
mRNA. More generally, gene expression levels and localisation experiments like those
used in this project applied to selected genes could be used to define which pathway(s)
are regulated by H2A.Z and where this regulation of expression is occurring. However,
a more efficient approach would be to employ microarrays of the Xenopus genome
(available from Affymetrix) to material from whole embryos or dissected tissues of
interest such as the marginal zone of late blastula embryos. Microarray results of
interest could then be confirmed by RT real-time PCR and in situ hybridisation or

immunofluorescence.

6.4.3 Functional studies
In X. laevis activin acts in a concentration-dependant manner to induce numerous

mesodermal tissues (Fukui and Asashima, 1994). For example, moderate activin
concentrations induce Xbra, higher concentrations inhibit Xbra and induce Gsc and
chordin (Kurth et al., 2005). At appropriate activin concentrations, X. laevis animal caps

excised at an appropriate stage of development (stage 8 or 8.5) develop mesodermal
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characteristics and undergo convergent extension (Sive et al., 2000; Taverner et al.,
2005). Therefore, activin assays on excised animal caps can determine competence for
both mesodermal fate (Korner et al., 2003) and convergent extension (Leise and
Mueller, 2004), the technique may be used to separate the effects of differentiation/gene
expression from those of improper convergent extension (Leise and Mueller, 2004).
Simple morphology can demonstrate competence for convergent extension, as
competent caps become elongated when cultured with activin. Failure of H2A.Zdn caps
to undergo convergent extension would support the conclusion of this research that
H2A.Z function is required for proper convergent extension of mesodermal tissues.
Mesodermal character of the caps can be determined by RT real-time PCR of marker
genes as performed for whole embryos in this project (Leise and Mueller, 2004).
Microarray comparison of H2A.Zdn and uninjected animal caps (as discussed in 6.4.2)
would also provide information on gene expression patterns within the cultured animal

caps.

6.5 Conclusion

The control of cell movement remains a major unanswered question of biology. This
work provides some inroads into understanding the regulation of cell movements during
development. It has shown that the histone variant H2A.Z is enriched in cell lineages
where it is required for cell movement including maternal mRNA localised to dorsal
blastomeres, the involuting marginal zone, mesoderm and notochord. The
developmental function of H2A.Z is not implicated in cell fate determination because
markers for cell fate are normally expressed when H2A.Z is disrupted. Alternatively,
gastrulation and notochord formation are perturbed indicating a role in convergent
extension. Not only does this work contribute towards understanding of a basic process

of biology, in doing so it has implications for the aetiologies of congenital defects and
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future medical treatments based on growth of specific tissues for a wide range of

ailments.
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