The Role of H1.X and H2A.X in Early Development

1. Abstract
Eukaryotic DNA is packaged in the form of chromatin and this process is mediated by histones (Wollfe, 1992). There are 5 different histones proteins, the linker histone H1 and the core histones H2A, H2B, H3 and H4 (Happel & Doenecke, 2009) which are extremely important in the maintenance of the chromatin structure. Each histone has several histone variants whose differences range from subtle changes in amino acids to changes in many of the amino acids (Kamakaka & Biggins, 2005) and these variants are thought to have specific roles in particular regions of the genome (Leeuwen & Gottschling, 2003). H2A.X is a variant of the core histone H2A and has been found to have a role in growth (Celeste, et al., 2002). H1.X is a variant of the linker histone H1 which has been found to have a role in regulation of developmental genes (Mariño-Ramírez et al., 2007), chromosome alignment and segregation (Takata et al., 2007) and muscle growth and function in Caenorhabditis elegans (Jedrusik et al., 2002).

The aim of this project was to identify the roles of H2A.X and H1.X in early Xenopus laevis development, by testing the effect the loss of these histone variants has on specific gene expression. X. laevis embryos were injected at the one cell stage with antisense morpholino oligonucleotides (MOs) against H2A.X and H1.X and their development was observed and compared to development of embryos injected with a control MO and uninjected embryos, and any abnormal phenotypes were observed. Wholemount in situ hybridisation were then carried out at different stages of embryos that had been injected with H2A.X MOs, H1.X MOs and control MOs using Otx, Sox2 and xbra probes on the H2A.X depleted embryos and Sox2, Neuro D, Neuro tubulin (N-tubulin) and Pax3 probes for the H1.X depleted embryos to test whether the expression of those genes is affected by the loss of H2A.X and H1.X, respectively.

It was found that the loss of H2A.X caused failures in neural tube closures and gastrulation and the loss of Otx and Sox2 expression. It was concluded that H2A.X or the genes whose expression it regulates is essential for development and survival of X. laevis embryos since H2A.X depleted embryos died around stage 19. It was also found that knockdown of H1.X causes defects in locomotion but does not affect the expression of Sox2, N tubulin, Neuro D or Pax3.
2. Introduction

2.1 Chromatin structure and histones
Eukaryotic organisms contain an extraordinary amount of DNA in their cells. A human cell's DNA would extend to about 3 metres in length if unravelled (Mithcell, Campbell, & Reece, 1997) and this astonishing amount of DNA needs to be packaged into a cell's nucleus of only 10-5 m diameter (Wollfe, 1992). To accomplish this, DNA is packaged in the form of chromatin and this process is mediated by histones, a family of positively charged proteins (Wollfe, 1992). There are five different histone proteins, H2A, H2B, H3 and H4, referred to as the core histones (Mariño-Ramírez et al., 2006) and the linker histone H1 which is located outside the nucleosomal histone octamer (Happel & Doenecke, 2009) and these are all extremely important for the maintenance of the structure of chromatin. The fundamental repeating structural unit of chromatin is the nucleosome, which contains an octamer of histones to which DNA is wrapped around (Wollfe, 1992). Thousands of nucelosomes are linked together by the DNA strand running between them, and these give the appearance of beads on a string (Annunziato, 2008). The histone proteins are the structural units of nucleosomes and are therefore involved in chromatin organisation, they are also involved in DNA transcription and replication (Mariño-Ramírez et al., 2007). The core and linker histones control gene regulation at the chromatin level by their chemical modification or by exchanging with a variant form. Stedman and Stedman suggested in 1951 that the distribution of the histones allows the expression of different genes. Remodelling of chromatin opens up promoter regions and therefore initiating transcription by allowing transcription factors to bind (Hendzel et al., 2004). H1 linker histones have also been found to repress gene transcription and it has been suggested that variants of H1 repress different genes (Sera & Wolffe, 1998).
2.2 Histone variants
The core histones and the linker histones have several histone variants, whose differences range from few amino acid differences to changes in many of the amino acids (Kamakaka & Biggins, 2005) (West & Bonner, 1980). Histone variants have been found in all eukaryotes and have different functions from the core histones (Leeuwen & Gottschling, 2003). They are thought to have specific roles in certain regions of the genome, for example macroH2A is localised to the inactive X chromosome in mammals (Leeuwen & Gottschling, 2003) and has a role of establishing or maintaining transcriptionally silent chromatin domains (Costanzi & Pehrson, 2001). In contrast another H2A variant, H2A.Bbd (found in humans) which is only 48% identical to H2A, has been found to be depleted in the inactive X chromosome but present in the active X chromosome and autosomes (Chadwick & Willard, 2001). This suggests that macroH2A and H2A.Bbd mark alternative epigenetic states (Chadwick & Willard, 2002).

Histone variants are classified into two families, heteromorphous and homomorphous families, depending on the difference in the amino acid sequences from the main canonical histones (West & Bonner, 1980). Heteromorphous histone variants have variations in their amino acid sequences that affect a larger portion of the histone molecules than in homomorphous variants. Heteromorphous variants include H2A.Z, H2A.X and macroH2A and homomorphous variants include H2A.1, H2A.2, H3.1, H3.2 and H3.3 (Ausio, 2006). The conservation of the histone variants through evolution suggests they have fundamental roles in nuclear processes (Jingji, et al., 2005). Histone variants are expressed from orphan genes throughout the cell cycle (Sarma & Reinberg, 2005). Orphan genes are genes unique to one species or taxonomic group but not in any other (Khalturin et al., 2008). The variants CenH3, H3.3, H2A.X and H2A.Z have a role in processes such as chromosome segregation, DNA repair, histone replacement and transcriptional regulation (Talbert & Henikoff, 2010). The first indication for the role of the histone variant H2A.Z in gene expression came from studies using Tetrahymena thermophila (Allis, et al., 1986). It was found that H2A.Z was found only in the transcriptionally active macronucleus of Tetrahymena thermophila and was expressed in the silent micronucleus during conjugation before gene activation. Faast et al., 2001, found that loss of H2A.Z in mice leads to early embryonic death (Faast, et al., 2001).

Loss of function of many of the histone variants results in severe phenotypes which are often related to faults in DNA repair, sex chromosome activation, kinetochore formation and developmental regulation. However, the phenotypes caused by loss of the histone variants can sometimes be mild (for example loss of H3.3 in Drosophila melanogaster) which suggests an overlap in function with the other histones (Talbert & Henikoff, 2010).
2.3 H2A.X
The core histone H2A has the largest number of variants, including H2A.X (Kamakaka & Biggins, 2005), which has been found to replace H2A in some metazoans (Shechtera et al., 2008). H2A.X is 9 amino acids longer than the canonical histone H2A (Shechtera et al., 2008) and has a unique amino acid SQE motif at the C-terminal tail (José et al., 2005) which is a phosphorylation target for checkpoint kinases (Lowndes & Toh, 2005). In response to DNA damage (double strand breaks-DSB), H2A.X is rapidly phosphorylated at the C-terminal (Lowndes & Toh, 2005). Fernandez-Capetillo et al. (2004) found that the amount of H2A.X phosphorylated per double strand break contains roughly 2 megabases of chromatin. Mouse cells modified to produce non-phosphorylated forms of H2A.X have been found to be sensitive to DNA damaging agents, confirming that H2A.X has a role in DSB repair (Lowndes & Toh, 2005). Previous studies have found that the H2A.X variant in Xenopus laevis has a C-terminal phenylalanine instead of the canonical tyrosine (Shechtera et al., 2008).

Malik and Henikoff, 2003 (cited in Sarma & Reinberg, 2005) found that the copy number of the variant gene correlates with the extent of homologous recombination. For example they found that in humans, which have high levels of homologus recombination, the copy number of the gene that encodes H2A.X is low, and nematodes, which have small levels of homologous recombination, do not contain H2A.X at all. They also found that T. thermophila, which have high levels of homologous recombination, have a large number of genes that encode H2A.X.

Shechter et al. (2008) found that at least half of the H2A in eggs and early X. laevis embryos is composed of H2A.X. They also found an isoform of H2A.X called H2A.X-F which they found to be present in late stage oocytes, eggs and pre-midblastula transition embryos where its incorporated into chromatin but not at the tadpole stage or in somatic cells. They found that the abundance of H2A.X-F is highest during egg laying and after the midblastula transition (stages 8-9) the levels decrease whereas the levels of the canonical H2A increase. A study by Dimitrov et al. (1994) found that during pro-nucleus chromatin assembly, only stored H2A.X protein was assembled into chromatin, and no H2A.X was synthesised during the process.

H2A.X has been found to have a role in growth. Celeste et al. (2002) found that mice that were H2A.X deficient were growth retarded, as well as radiation sensitive, immune deficient and males were infertile.
2.4 H1.X
The linker histone H1 has ten variants, which are involved in formation of higher-order compaction of chromatin, as they faciliate interactions between nucleosomes, and regulation of developmental genes (Mariño-Ramírez et al., 2007). It includes the maternally inherited H1.X which binds between the nucleosome and forms a macromolecule structure of chromatin fibre (Winiewski et al., 2007). H1.X has differences in its biochemical behaviour compared to the canonical H1 (Happel, Schulze, & Doenecke, 2005). H1.X is a chromatin protein enriched in the micrococcal nuclease resistant part of chromatin (Happel, Schulze, & Doenecke, Characterisation of human histone H1X, 2005). Takata et al. (2007) study showed that H1.X is found at the chromosome periphery during mitosis and in the nucleolus during interphase. They also demonstrated that H1.X is needed for chromosome alignment and segregation. The protein accumulates in nucleoli during the G1 phase of the cell cycle and is redistributed to the nucleoplasm at the end of G1 phase (Happel & Doenecke, 2009). It's concentration in chromatin then decreases after gastrulation (Ohsumi & Katagiri, 1991). H1.X genes are found in mammals, amphibians, fish and birds (Happel, Schulze, & Doenecke, Characterisation of human histone H1X, 2005).

H1.X in Caenorhabditis elegans is a cytoplasmic protein which has been found to be expressed in its body wall and vulva muscle cells, excretory cells, some neurons and in nucleoli of embryonic blastomeres. H1.X RNA interference experiments in C. elegans results in defects in egg laying, reduction of body size (they reach only half the body length of control C. elegans) and uncoordinated and a slow mode of locomotion suggesting H1.X has a role in muscle growth and function (Jedrusik et al., 2002).

Ohsumi & Katagiri, 1991, found that H1.X is present in the nuclei of X. laevis embryos up to the blastula stage but then disappears during the gastrula stages. They concluded that H1.X is a maternally stored histone variant which is specific to the nuclei of cleaving embryos.
2.5 Xenopus laevis as a model organism
X. laevis is widely used as a vertebrate model for developmental, molecular and cellular biology research and in recent years as a vertebrate genetic model. X. laevis is used a lot in developmental research due to its large eggs and embryos which develop externally and as they can be obtained in large quantities whenever suitable as ovulation and mating can be induced at any time of the year (Amaya, Offield, & Grainger, 1998). These eggs and embryos can easily be manipulated (for example micro-surgery) from which they can quickly recover. A great deal of what is currently known about vertebrate development stems from research using X. laevis. For example the mechanisms involved in patterning of the vertebrate body plan, early organogenesis and early fate decisions (Grainger et al., 1999) have been identified using X. laevis. Mechanisms of the BMP and Wnt signalling pathways and identification of genes involved in tissue and organ formation were also discovered using X. laevis (Grainger et al., 1999). Research using X. laevis has contributed to the mechanisms of chromatin and nuclear assembly, chromosome replication and control of the cell cycle (Grainger et al., 1999). X. laevis eggs contain a large store of histone proteins (Shechtera et al., 2008) and using X. laevis to study histone variants in their embryos is therefore a good organism to use.
2.6 Antisense morpholino oligonucleotides
Inhibition of gene activity at specific developmental stages is of vital importance to developmental biologists. This can be achieved using antisense MOs which are uncharged, water soluble molecules that inhibit translation of mRNA, redirect splicing of pre-mRNA and inhibit maturation of miRNA (Moulton & Yan, 2008) by preventing ribosomes from binding. MOs are non-ionic DNA analogs which have altered negatively charged backbones compared to RNA and DNA (see 1) (Corey & Abrams, 2001) where morpholine rings replace the ribose or deoxyribose sugars (Moulton, A Brief Introduction to Morpholino Antisense). This altered backbone makes the MOs resistant to digestion by nucleases and decreases the chance of the MO interacting non-selectively with cellular proteins (Corey & Abrams, 2001). MOs block translation when their sequence is complementary to the first 25 bases 3' to the AUG translational start side or the 5' leader sequence (Heasman, 2002). The first use of MOs in developmental biology research started 10 years ago (Eisen & Smith, 2008) and they have been widely used in loss of function studies since then. However, despite the wide use of MOs and its usefulness there are some problems that could arise which could lead to misleading results and these therefore need to be accounted for (Eisen & Smith, 2008). One of those problems is the off-target action of the MOs for example when the MO inhibits translation of an irrelevant gene as well as or instead of the targeted gene (Eisen & Smith, 2008). The use of controls alongside MO use is therefore very important to ensure that the phenotypic observations observed are due to knockdown of the target gene and not to this off-target action of the MOs. A standard control MO can be used. These are designed either to have a random sequence, inverted sequence or it may differ in about 5 nucleotides from the target sequence (Eisen & Smith, 2008).
1 - The structure of a conventional DNA and a morpholino oligonucleotide (Corey & Abrams, 2001)
2.7 Aims and objectives of proposed research
The aim of this project is to identify the roles of H2A.X and H1.X in early X. laevis development, by testing the effect the loss of these histone variants has on specific gene expression during early X. laevis development. X. laevis embryos will be injected with antisense morpholino oligonucleotides to prevent translation of each mRNA and the development of the embryos will be observed to determine the phenotypes resulting from the inhibition of translation of the H2A.X and H1.X mRNAs. Wholemount in situ hybridisations will then be performed, using appropriate probe markers.
3. Materials and Methods
3.1 Morpholino oligonucleotide injections and fixing of embryos
To study the effects the knock-down of H2A.X and H1.X histone variants has on the development of Xenopus laevis, H2A.X and H1.X morpholino oligonucleotides (MOs) injections were performed, which were targeted to the animal pole of one cell X. laevis embryos. The MOs were purchased from Gene Tools (Philomath, OR, USA). Before the injections, the embryos were de-jellied in 2% cysteine, pH 7.8. The embryos were then placed in a 3% ficoll solution in 1 x MBS (Modified Barth's saline) (see appendix 1) in a petri dish containing a nylon mesh to hold them in place during the injection process. Before the injections were performed, the MOs were heated to 65°C for 10 minutes to ensure that the MO has dissolved and then spun in a microcentrifuge to remove any debris that could block the needle during the injection process. MO injections were performed several times, injecting different concentrations of the MO each time. A standard control MO (with a random sequence) was also injected to ensure that any abnormalities found in the embryos were definitely due to knock down of the histone variants and not due to non-specific toxicity of the MO. The different concentrations used were; 5nl containing 9ng of each MO, 10nl containing 18ng of each MO, 10nl containing 88ng of each MO and 5nl containing 44ng of each MO. The MOs were injected at the one cell stage apart from the 88ng and 44ng which were injected at the two cell stage, half the amount into each cell. The embryos were then incubated at 14°C or 18°C and were examined throughout development and any abnormal phenotypes were recorded. The observations from these can be seen in the Results section. From using the different concentrations of MO, it was deduced that injecting 5nl containing 44ng of the MO at the one cell stage was the most effective. Therefore a further 2 sets of 120 embryos were injected with 44ng of H2A.X and H1.X and a control morpholino at the one cell stage to carry out in situ hybridisations on. Embryos injected with H2A.X were allowed to develop to stages 15 or 18 and embryos injected with H1.X were allowed to develop to stages 18 or 30. These were then collected at these stages and fixed in MEMFA (MOPS / EGTS / Magnesium Sulfate / Formaldehyde buffer) (see appendix 2), to prepare them for in situ hybridisations. The MEMFA was washed off after 30 minutes and replaced with methanol.
3.2 In situ hybridisation
Wholemount in situ hybridisations were carried out on embryos injected with H2A.X and a standard control MOs that had been fixed in MEMFA at stages 15 and 18 and embryos injected with H1.X and a standard control MOs at stages 18 and 30.

The embryos were rehydrated in 1 ml of 75%, 50% and 25% methanol in PBSTw (see appendix 3) for 5 minutes each and then in PBSTw alone for a further 5 minutes. They were then bleached using a bleaching solution (containing 5% formamide, 0.5 x SSC, 10% hydrogen peroxide) for 10 minutes on a light box until all the pigment had disappeared. The bleaching solution was then removed by washing the embryos in 1 ml of PBSTw three times for 5 minutes each time. Acetylation of the embryos was performed by washing them twice in 0.1 M triethanolamine for 5 minutes each time, with 2.5µl acetic anhydride added to the second wash and a further 2.5µl added after 5 minutes. After 5 minutes, the embryos were washed again in PBSTw twice for 5 minutes. For prehybridisation, 0.5 ml of hybridisation buffer (see appendix 4) was added and the embryos were prehybridised for 6 hours at 60°C. After prehybridisation, a buffer containing 500ng/ml of one probe (Otx, Sox2 or xbra for the H2A.X depleted embryos and Sox2, Neuro D, N.tubulin or Pax3 for H1.X depleted embryos) was added to the embryos at each stage and the embryos were allowed to hybridise overnight at 60°C. The probes were then removed and 1ml of 5 x SSC (see appendix 5) added. This was incubated for 10 minutes at 60°C. The embryos were then washed 5 times at 60°C with 25% deionised formamide / 2 x SSC, 12.5% deionised formamide / 2 x SSC, 2 x SSC 0.1% Tween for 10 minutes each and 0.2 X SSC 0.1% Tween for 30 minutes and then again in 1 ml of PBSTw for five minutes, three times, at room temperature. The PBSTw was removed and 1 ml of MAB (Maleic Acid Buffer) (appendix 5) added for 10 minutes. MAB containing 2% Boehringer Mannheim blocking solution was then added for 4 hours. The embryos were then incubated overnight at 4°C whilst rocking gently, with a 1:2000 dilution of anti-digoxigenin AP Fab fragment antibody in MAB blocking solution to detect the dig labelled RNA probe. Following overnight incubation, any unbound excess antibody was removed by washing them for an hour five times with MAB at room temperature with gentle rocking. Following that, 1 ml AP buffer (Alkaline Phosphatase) was added twice for five minutes each. After the second wash, the AP buffer was replaced with AP buffer containing BCIP/NBT for the colour reaction. The embryos were then transferred to Petri dishes which were covered in foil to keep light out for the colour to develop. Once the colour had developed, the embryos were washed with PBSTw several times and then with methanol for 5 minutes. The embryos were then washed in AP buffer for 5 minutes before being refixed in MEMFA for 20 minutes. The MEMFA was then removed and replaced with methanol for 30 minutes. After 30 minutes, methanol was replaced with fresh methanol until the embryos were ready to be examined under a Zeiss lumar v12 microscope and photographed.
4. Results
4.1 Knockdown of H2A.X and H1.X causes phenotypic changes in embryos
To test the functions of H2A.X and H1.X in early development, X. laevis embryos were injected with different amounts of H2A.X and H1.X MOs at the one cell stage. They were then incubated at different temperatures and their development and survival was observed under a stereomicroscope. The developmental stages of the embryos were assigned at different time intervals and any abnormal phenotypes were recorded. These can be seen in tables 1 to 6. 

Day 1

Day 2

Day 3

Day 4

Day 5

14:00

17:00

9:00

14:30

17:00

9:00

16:00

11:00

18:00

10:00

16:00

H2A.X

4/5

6 ½

9 ½

10 ½

10 ½ / 11

12

14

DEAD around stages 18/19

H1.X

4/5

6 ½

9 ½

10 ½

10 ½ / 11

13

14/15

22/23

24/25

27/28

31/32

Standard control

5/6

6 ½

10

10 ½

10 ½ / 11

13

16/17

22/23

24/25

27/28

32

Uninjected

4/5

7

9 ½

10 ½

11

13

16/17

23/24

25/26

28/29

31/32
Table 1 - 9ng MO injections incubated at 15°C. Embryos from single female X. laevis were injected at the one cell stage with 9ng of MO and incubated at 15°C. Development and survival was monitored under a stereomicroscope and stages assigned according to Nieuwkoop and Faber (1967).
Stages

Day 1

Day 2

Day 3

Day 4

12:00

14:30

17:00

9:00

12:00

16:00

11:00

18:00

10:00

16:00

H2A.X

4

6 ½

7

12

12 ½

15

25

26/27

30/31

32/33

H1.X

4

6 ½

7

12 ½

13

13 /14 /15

25/26

27/28

29/30

33/34

Standard control

4 ½

6 ½ / 7

7 ½ / 8

12

12 ½

14/15

25/26

26/27

30/31

33/34

Uninjected

4

6 ½ / 7

7 ½ / 8

12 ½

13

14/15

26/27

27/28

31/32

35/36
Table 2 - 9 ng MO injections incubated at 15°C. Embryos from single female X. laevis were injected at the one cell stage with 9ng of MO and incubated at 18°C. Development and survival was monitored under a stereomicroscope and stages assigned according to Nieuwkoop and Faber (1967).
Stages

Day 1

Day 2

Day 3

Day 4

13:00

16:30

9:30

13:00

16:00

14:00

10:00

17:00

H2A.X

4/5

7

12

12 ½ / 13

14

20

33/34

35/36

H1.X

4/5

7

12

12 ½ / 13

14

20

33/34

35/36

Standard control

5

7

12

12 ½ / 13

15

21

33/34

35/36

Uninjected

5

7

12 /

12 ½

13

15

21

33/34

35/36
Table 3 - 18 ng MO injections incubated at 18°C. Embryos from single female X. laevis were injected at the one cell stage with 18ng of MO and incubated at 18°C. Development and survival was monitored under a stereomicroscope and stages assigned according to Nieuwkoop and Faber (1996).
Stages

Day 1

Day 2

Day 3

Day 4

17:00

10:00

13:00

16:00

14:00

10:00

17:00

H2A.X

2/3

9

9

9/10

17

19/20

20/22

H1.X

2/3

9

9

10

17/18

19/20

21/22

Standard control

2/3

9

9/10

10

17/18

19/20

21

Uninjected

2/3

9

9/10

10/ 10 ½

18

19/20

21
Table 4 - 18 ng MO injections incubated at 15°C. Embryos from single female X. laevis were injected at the one cell stage with 18ng of MO and incubated at 15°C. Development and survival was monitored under a stereomicroscope and stages assigned according to Nieuwkoop and Faber (1967).
Stages

Day 1

Day 2

Day 3

14:30

17:00

11:00

16:30

10:00

16:00

H2A.X

4/5

6 ½

Started to die around stage 19

All dead. Few reached stages 24/25, others died earlier

H1.X

4

6 ½

19

20

31/32
Paralysed

32/33
Paralysed

Standard control

4/5

6 ½ / 7

19

20/21

32/33

37/38

Uninjected

5

6 ½ / 7

19

21/22

33

37/38
Table 5 - 44 ng MO injections incubated at 23°C. Embryos from single female X. laevis were injected at the two cell stage with 44ng of MO and allowed to recover at 15°C and then incubated at 23°C. Development and survival was monitored under a stereomicroscope and stages assigned according to Nieuwkoop and Faber (1967).
Stages

Day 1

Day 2

Day 3

14:30

17:00

11:00

16:30

10:00

16:0

H2A.X

4/5

6 ½

Dead

H1.X

4/5

6 ½

19

21/22

31/32
Paralysed

32/33
Paralysed

Standard control

4/5

6 ½ / 7

18/19

20/21

32

35/36

Uninjected

5

6 ½ / 7

18/19

21/22

33

37/38
Table 6 - 88 ng MO injections incubated at 23°C. Embryos from single female X. laevis were injected at the two cell stage with 88ng of MO and allowed to recover at 15°C and then incubated at 23°C.
Development and survival was monitored under a stereomicroscope and stages assigned according to Nieuwkoop and Faber (1967). Six of the embryos injected with the standard control MO and eight of the uninjected ones had died by 11 o'clock on the 2nd day, this could be due to the high temperature they were incubated at (the optimum temperature for X. laevis growth is 18°C) or it could be due to the high amount of MO injected.

In those embryos that had been injected with 44ng of H2A.X MO (see Table 5), the neural tube failed to close properly and the embryos started dying at neurulation. All the embryos injected with 88ng of H2A.X MO (see table 6) had died by 11 o'clock one day after the injections and failed to gastrulate. Out of the 25 embryos injected with 44 ng H1.X MO, 11 had died by 11 o'clock on the second day, and a further 6 by the third day. The embryos injected with H1.X MO appeared to have defects in their locomotion (were slightly paralysed). Six of the embryos injected with 88ng of the standard control MO and 8 of the uninjected ones had died by 11 o'clock on the second day. This could be due to the high temperature they were incubated at (23oC, the optimum temperature for X. laevis growth is 18oC) or in case of the standard control MO to the high amount injected. From these observations it was therefore decided that 44 ng of each MO was the optimum amount to inject, and that the embryos should be incubated at 18oC. Therefore a further 120 embryos were injected with 44ng of H2A.X MO at the one cell stage along with a standard control MO and 120 embryos were injected with 44ng of H1.X MO along with a standard control MO to form in situ hybridisations on. From these observations it was decided to perform wholemount in situ hybridisations using Sox2, Otx and xbra probes for the H2A.X depleted embryos and Sox2, Neuro D, N tubulin and Pax3 probes for the H1.X depleted embryos to determine whether any of those genes' expression is being affected by the knockdown of the histone variants.

Xbra is involved in mesoderm formation (is a mesoderm marker) (Cunliffe, 1992) . Sox2 is involved in neural differentiation of early X. laevis ectoderm (Kishi et al., 2000) and is the earliest neural plate marker in vertebrates (Papanayotou, et al., 2008). Otx genes are involved in specifying the rostral region of the vertebrate head and are expressed in the most anterior part of the embryo (Kablar, et al., 1996).

The probes used in the H1.X depleted embryos were Sox2, Neuro D and N-tubulin which are involved in the neurogenesis pathway (Seo et al.,2007, Bourguignon et al., 1998, Kishi, et al., 2000) and Pax3 which is a neural plate marker (Bang et al., 1997). The embryos injected with H1.X MO showed slight paralysis, therefore probe for genes involved in the neurogenesis pathway were chosen. Pax3 was chosen to determine whether it is just the neurogenesis genes that affected by the knockdown of H1.X or other genes as well. Neuro D induces neurogenesis in ectodermal cells, it acts as a neuronal determination gene and can convert presumptive epidermal cells into neurons (Lee et al., 1995). N-tubulin is a marker for differentiated neurons (Bourguignon et al., 1998) and is expressed in the neural tube (Chitnis et al., 1995). As mentioned above, Sox2 is the earliest neural plate marker in vertebrates (Papanayotou, et al., 2008) and is involved in neural differentiation of early X. laevis ectoderm (Kishi et al., 2000). The neural plate marker Pax3 is expressed in the dorsal and posterior neural tube (Bang et al., 1997).
4.2 In situ hybridisation analysis
H2A.X

Stages 15 Stages 18

MO SC MO SC

2 - X. laevis embryos were injected with 44ng H2A.X MO or control MO and allowed to develop to stages 15 or 18. Wholemount in situ hybridisation analysis of Otx, Sox2 and xbra mRNA expression in H2A.X depleted embryos (MO) and control embryos (SC) at stages 15 and 18 can be seen. F: anterior view.

H: dorsal view. A-D: Otx expression. E-H: Sox2 expression. I-L: xbra expression.

H1.X

Stages 18 Stages 30

MO SC MO SC

3 - X. laevis embryos were injected with 44ng H1.X MO or control MO and allowed to develop to stages 18 or 30. Wholemount in situ hybridisations were carried out using N-tubulin, Neuro D, Pax 3 and Sox 2 probes. A-D: N-tubulin probes. E-H: Neuro D probes. I-L: Pax 3 probes. M-P: Sox 2 probes. A, B, C, (D), K, L, O, P: dorsal views. G,H: lateral views.
5. Discussion
The aim of this project was to identify the role of the histone variants H2A.X and H1.X in early X. laevis development. This was done by injecting antisense MOs, which inhibit translation of the histone variants mRNA, into the embryos at the 1 cell stage and studying the effects this has on specific gene expression. Control MOs were also injected into embryos at the same time and uninjected embryos were developed alongside the injected ones to allow comparisons between them and to make sure that simply injecting the embryos did not cause any developmental defects.

Injection of varying amounts of MO against H2A.X into X. laevis embryos (5nl containing 9ng of MO, 5nl containing 44ng of MO and 10nl containing 88ng of MO) resulted in deaths around stage 19 (see section 4.1) but the control embryos survived past this stage. Those injected with 44ng of MO targeting H2A.X showed failures in neural tube closures during the neurula stage whereas the embryos injected with a control MO did not, and those injected with 88ng of MO targeting H2A.X failed to gastrulate whereas the embryos injected with the control MO showed no defects in the gastrulation process.

A further 44ng of H2A.X MO were then injected into 120 embryos and a standard control MO into another 120 embryos which were then fixed in MEMFA at stages 15 or 18 ready for wholemount in situ hybridisations. Wholemount in situ hybridisations were carried out using Otx, Sox2 and xbra probes. The mRNA expression of these genes can be seen in 2, where they are compared to control embryos (injected with a random sequence MO) to allow comparisons of the expression of those genes in embryos where H2A.X translation has been inhibited and in embryos where it has not been inhibited. No staining for Otx expression was present in any of the H2A.X depleted stage 15 embryos and it was greatly reduced in the stage 18 embryos compared to the control embryos where staining is very dark (see 2. a-d), suggesting that loss of H2A.X is inhibiting its expression. Sox2 expression is greatly reduced in the H2A.X depleted stage 15 embryos compared to the control ones (compare 2.e and 1.f) and in s g and h it can be seen that Sox2 expression is completely inhibited in the H2A.X depleted stage 18 embryos compared to the control embryos which showed staining around the neural tube, suggesting that loss of H2A.X is also inhibiting Sox2 expression as well as Otx expression.

Expression of xbra is not affected by knockdown of H2A.X as can be seen in s 1. i-k, there is no difference in staining between the H2A.X deficient embryos and the control embryos and it can therefore be concluded that xbra expression is not dependent on H2A.X. Expression of xbra decreases from stage 15 to 18. As the injection of H2A.X MO caused death of the embryos around stage 19 it suggests that H2A.X is essential for development or that the expression of Otx or Sox2 is needed for survival of the embryos past stage 19. It could also be that H2A.X is causing loss of other genes which are vital for development and future experiments could carry out in situ hybridisations using probes for other important genes.

As H2A.X depletion led to inhibition of Sox2 expression but not Xbra expression in the embryos it demonstrates that neural induction did not take place, as Sox2 is involved in neural plate differentiation, but mesoderm induction did occur, as Xbra is a mesoderm induction marker.

H1.X MO injected embryos survived up until stage 35 (when they were frozen for disposal) without obvious deaths being caused by H1.X depletion. However, those embryos injected with H1.X appeared to be slightly paralysed when compared to the swimming control tadpoles as they appeared to be slower at swimming when poked compared to when the control tadpoles were poked. A previous study by Jedrusik et al., 2002 found that C. elegans lacking H1.X showed uncoordinated and a slow mode of locomotion and therefore the lack of H1.X could be having the same effect in X. laevis. It was therefore decided to carry out wholemount in situ hybridisations using Sox2, Neuro D and N-tubulin which are neural markers to see if these genes are affected by knockdown of H1.X and therefore causing the paralysis, and Pax3 which is a neural plate marker to see if a pathway other than the neural pathway was being affected. However, as can be seen in 3, knockdown of H1.X did not have any effect on the expression of those genes as the staining of the various genes in the H1.X depleted embryos is near identical to the control embryos. N-tubulin was detectable at both stages examined in both the H1.X depleted embryos and control embryos, where it is abundant in the neural tube (see 3.a-d). Very little staining was visible for Neuro D at stages 18 and 30 in the H1.X depleted embryos and control embryos suggesting Neuro D is normally not expressed at those stages during normal development (see 3.e-h). Pax 3 and Sox2 expression can be seen in the neural tube in both stage 18 H1.X depleted embryos and control embryos and at stage 30 it is seen in the anterior region of the neural tube of the embryos. No differences are seen in the staining between the H1.X depleted embryos and control embryos.

Previous research has found that inhibition of linker histone H1 in Aspergillus nidulans and Saccharomyces cerevisiae does not lead to any abnormal phenotypes (Ramón et al., 2002, Patterton et al., 1998) therefore suggesting H1 linker histones are not vital. However, inactivation of H1 in the fungi Ascobolus immerses has been found to decrease accessibility of chromatin and cause a stop in growth 6-13 days after germination (Barra et al., 2000).
6. Conclusions
The aim of this project was to identify the roles of H2A.X and H1.X in early X. laevis development. It can be concluded that the loss of the histone variant H2A.X causes failure in neural tube closures and gastrulation and loss of expression of the genes Otx and Sox2, and that H2A.X or the genes whose expression it regulates is essential for development and survival of the embryos since H2A.X depleted embryos died at around stage 19. However, it is not known whether it is the loss of Otx, Sox2 or other genes that are causing this premature death. From these experiments it can also be concluded that the loss of the histone variant H1.X causes defects in locomotion but does not affect the expression of N-tubulin, Neuro D, Pax3 and Sox2. However, it could be that the loss of H1.X is affecting the expression of those genes at other stages than the ones tested and therefore future experiments could involve carrying out in situ hybridisations using the same probes at different stages to see if this is the case. Previous research has found that loss of function of various histone variants such as H3.3 in Drosophila melanogaster only results in mild phenotypes since there is an overlap in function with the canonical histone (Talbert & Henikoff, 2010) and this could be why the knockdown of H1.X is not leading to defects in expression of the Sox2, N-tubulin, Neuro D and Pax 3 genes - the linker histone H1 may be compensating for the loss of H1.X.

Further future experiments could involve using known muscle determinant probes to see if the expression of these is affected by loss of H1.X for example Xmyf-5 which is important in muscle cell commitment and differentiation in Xenopus (Mei et al., 1999) and Myoskeletin which is essential for hypaxial muscle formation in Xenopus (knockdown of it using antisense MOs leads to suppression of hypaxial muscle formation) (Zhao et al., 2007).

Another experiment that could be conducted in the future is to over express the variants and see how that affects gene expression. Previous studies have found that over expression of the core histone H3 results in decreased expression of the genes VegF-D and FR, whereas over expression of the histone variant H3.3 results in increased expression of these genes (Jin & Felsenfeld, 2006).

To confirm whether the knockdown of H2A.X is definitely causing the loss in expression of Otx and Sox2, mRNA rescue experiments could have been performed (this was not done due to time restrictions) where the H2A.X mRNA could have been injected into embryos previously injected with H2A.X MO and see if the gene expression of Otx and Sox2 is recovered. If it is recovered it would confirm that the loss of H2A.X is causing the inhibition of Otx and Sox2 gene expression.
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9.1 Appendix 1
3% ficoll solution in 1 x MBS (Modified Barth's saline)

3g of ficoll added to 100 ml of 1 x MBS

Stirred on a magnetic stirrer

MBS solution

88 mM NaCl

1 mM KCl

2.4 mM NaHCO3

15 mM HEPES-NaOh (pH 7.6)

0.3 mM CaNO3

0.41 Mm CaCl2

0.82 mM MgSO4

10 U/ml sodium penicillin

10µg/ml streptomycin sulphate

1 x MBS made by adding 